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Abstract

In western regions of the Canadian boreal forest, mean annual temperature has increased
by 1.5 to 2.5 °C, significantly exceeding the mean global temperature increase. Climate
conditions have also become drier and together these climate trends have induced widespread
growth reductions, dieback and mortality of tree populations due to drought stress, with white
spruce having been identified as particularly vulnerable. Here I evaluate genetic population
differentiation in a 40-year old provenance test and simultaneously conduct seedling trials with
the original seed that has been stored for 40 years to investigate drought traits in controlled

greenhouse environments.

Patterns of height growth differed between seedlings and adult trees. Seedling growth
potential was highest in eastern provenances. In contrast, local sources matched or exceeded
eastern trees in adult field trials in north central Alberta. This variation in growth indicates that
eastern trees may be adapted to high competition at the seedling stage but are maladapted to the
cooler and drier climates of western Canada. Fluorescence measurements used to investigate
impairment of photosynthesis during drought indicated the far eastern Maritime provenances and
far north western Yukon provenances were the first to seize photosynthesis under drought.
Carbon isotopes showed strong variation between provenances and indicated greater stomatal
response in Ontario trees, indicating no trade-off between growth and stomatal response in these
trees. Maritime and Yukon provenances adapted to less drought-prone conditions showed little
stomatal response. Surprisingly, Alberta provenances, which were expected to be drought

tolerant, also showed relatively low stomatal response to drought.

We further observed associations of growth and drought traits with the origin climate of

the seed sources. Populations vulnerable to drought were found at opposite ends of the spectrum:



warm and wet provenances from the maritime and very cold and dry provenances from northern
Alberta and the Yukon, indicating that neither of these populations is selected for by drought
(due to cold in the northwest and due to ample precipitation in the eastern maritime). The study
highlights genetic variation in white spruce populations. This variation between populations
indicates particular vulnerability of northern populations where climate shifts are likely to be
most significant. These results indicate assisted migration should be possible to replace
vulnerable Yukon populations with more drought tolerant populations from Ontario and

Southern Alberta.
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1. Introduction

1.1 Recent Climate Trends

The last century has seen global mean surface temperature increases of nearly 1°C. This
temperature change has been accompanied by an increase in extreme heat events and a decrease
in extreme cold events (Hartmann et al. 2014). These trends are expected to continue for the
upcoming century and rates of warming are likely to increase. These changing temperatures have
also been accompanied by changes in water resources due to changing precipitation or melting

snow and ice (Jefferson 2015).

There are expected to be strong regional differences within our changing global climate,
with more northern latitudes being at increased risk of warming and drought. It is estimated that
1983-2012 was the warmest 30-year period in 1400 years in the Northern Hemisphere
(Hartmann et al. 2014). This warming has additionally shifted the amount of water stored as
snow runoff and snowpack, thus decreasing the amount of water available as spring runoff and
altering the timing of this runoff (IPCC 2014). Increased warming also increases the annual
precipitation at northern latitudes. This change is accompanied by large seasonal differences in
precipitation, which cause increased runoff and flood risks in early spring yet increased

likelihood of drought during summer months (Trenberth 2011).

Within the northern hemisphere Canadian boreal ecosystems in particular have already
seen a temperature increase of 1.5°C since 1900 and are expected to warm 2°C by 2050 (relative

to 2000). These temperature increases will almost certainly be accompanied by more frequent
1



and intense drought events with the potential to seriously impact boreal ecosystems (Price et al.

2013).

Drought may be caused by decreased precipitation, increased evapotranspiration, or a
combination of the two. Because increases in evapotranspiration are often a result of higher
temperatures it is important to identify the potential increase in expected drought that is caused
by a changing temperature and precipitation combined. Increases in potential evapotranspiration
are expected to cause further increases in the occurrence of drought even in areas with little to no
change in predicted precipitation, with particularly strong increases in potential
evapotranspiration expected at northern latitudes (Cook et al. 2014). Expected increases in global
temperatures are likely to further exacerbate changes in precipitation. Although annual
precipitation is unlikely to decrease in all regions, low-precipitation years are more likely to
cause drought events when accompanied by higher temperatures, thereby increasing the
likelihood of drought events as temperatures increase (Diffenbaugh et al. 2015). Warming
temperatures are likely to exacerbate drought events despite predicted increases in annual
precipitation at northern latitudes. Warming in snow-dominated regions is expected to decrease
winter snowfall and cause seasonal snow melt to occur earlier in the spring. Regions unable to

hold this early runoff will be at increased risk of summer drought events (Barnett et al. 2005).

1.2 Resulting Forest Dieback



Forest dieback as a result of drought has been documented globally, with no forest type
or climate zone being immune to the effects of climate change. Although water is not a limiting
resource in all environments, future warming is likely to push more environments into drought
conditions, with some forests already exhibiting shifts due to climate (Fensham and Holman
1999, Phillips et al. 2009, Allen et al. 2010, Peng et al. 2011). Predicted increases in warming are
likely to exacerbate die-off events by shortening the length of drought able to cause drought-
induced mortality by as much as a third (Adams et al. 2009). These drought events are also likely
to push further into wetter areas of the species distribution than previous drought events, creating
larger scale dieback than previously seen (Breshears et al. 2005). This pervasive increase in
forest dieback is likely to affect tree species differently and is likely to cause rapid shifts in
ecosystem structures (Anderegg et al. 2013).

Forest sensitivity to climate of northern tree species is likely to be greater than that of
other regions with higher latitudes being disproportionately impacted by drought (Charney et al.
2016). Drought in the northern hemisphere has progressively become more disruptive, with long-
term effects of temperature, water stress, and tree density increasing defoliation and related tree
mortality (Carnicer et al. 2011). Within the northern hemisphere the Canadian boreal forests are
likely to exhibit particularly strong responses to future climate change. Boreal forests are of
particular importance as they make up 30% of the world’s forest area and 75% of Canada’s
forested area (Bonan 2008), but are vulnerable to both mortality and range shifts as a result of
climate change-related permafrost thaw and increase in disturbance by fungi and insects (IPCC
2014). Tree mortality rates within Canada’s boreal forest have increased considerably since

1963, regardless of species. However, these increasing mortality rates are variable, with western
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regions exhibiting mortality rates twice as large as those in eastern Canada (Peng et al. 2011).
This variability between eastern and western regions may have further implications for
management under climate change. In eastern Canada the positive effects for tree growth of a
longer growing season and higher growth rates due to a warming climate likely outweigh the
potential negative effects of low water availability, creating a potential refuge for the more
western regions that are negatively impacted by pervasive increases in drought (D'Orangeville et
al. 2016). However, this beneficial impact of climate warming in eastern Canada could also
potentially be temporary and could result in substantial growth declines if future temperatures
rise more than 2°C (D'Orangeville et al. 2018). Such declines have already been observed in a
number of important boreal tree species, likely with lasting impacts on ecosystem health.

Recent research suggests that some boreal species, such as lodgepole pine (Pinus
contorta), may be physiologically maladapted to cope with increasingly dry conditions prevalent
in western Canada, and northern die-off may be expected (Isaac-Renton et al. 2018). Drought has
also caused large-scale mortality of trembling aspen (Populus tremuloides) near the southern
boundary of the Canadian boreal, with an estimated 13% increase in dead biomass of broadleaf
forests following a severe drought event (Michaelian et al. 2011). In addition to increased
mortality rates, decreased growth rates are also expected in response to multi-year decreases in
soil moisture following drought (Hogg et al. 2013). These growth reductions and increased
mortality rates are also evident in white spruce (Picea glauca) populations across Canada (Hogg
et al. 2017). Mixed aspen and white spruce stands are less susceptible to drought than separate
stands but may be impacted if southern range limits of the two species begin to shift (Chhin and

Wang 2016).



In addition to the direct impacts of climate change on tree populations, drought is also a
catalyst for other disturbances. Forest fire is a natural occurrence in many regions of the
Canadian boreal but is becoming increasingly frequent and severe (de Groot et al. 2013,
Abatzoglou and Williams 2016). The increased severity of these fires is made worse by the fact
that hotter and drier weather makes regeneration after a fire more difficult for the boreal plant
communities (Hansen and Turner 2019). Fire may also be crossing to areas that are traditionally
wetter as they become more drought stressed and consume species that are not adapted to fire
regimes. In addition to the destruction caused by fire, mass mortality of forest species by insects
and fungal pathogens is also being aided by increasingly warm temperatures (Berg et al. 2006).
White spruce populations that are sensitive to warmer and drier conditions are also most
susceptible to beetle kill (Csank et al. 2016).

Although methods of drought tolerance have been of research interest for decades,
there is still little consensus on the mechanisms that drive tree mortality (Sala et al. 2010).
Currently the two main hypotheses proposed are hydraulic failure and carbon starvation.
Hydraulic failure occurs when plants become irreversibly desiccated, creating extremely high
xylem tension and resulting in lethal levels of cavitation. This cavitation eventually impedes the
transport of water from the roots to the canopy, leading to loss of conductivity, desiccation, and
death (Sperry et al. 1998, McDowell et al. 2008). The alternative hypothesis, carbon starvation,
is somewhat related, relying on the tree’s ability to avoid hydraulic failure. Carbon starvation is
thought to occur as a result of stomatal closure at the onset of drought to prevent desiccation.
This stomatal closure, if maintained long enough, eventually causes the tree to run out of carbon

stores while being unable to create more (McDowell et al. 2008). More recently, it has been
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suggested that tree mortality is likely a combination of these two mechanisms rather than strictly
one or the other (McDowell and Sevanto 2010, Sala et al. 2010, McDowell 2011). Hydraulic
stress limits turgor in the phloem, slowing access to carbon reserves, indicating the importance of
hydraulic failure, yet loss of tissue carbohydrates, due to carbon starvation, decreases the
integrity of hydraulic structures, making them more prone to damage and failure (Sevanto et al.
2014). However, examination of tree mortality across species indicates that hydraulic failure
always accompanies mortality but carbon starvation, while commonly associated with mortality,
is not universal (Adams et al. 2017). These mechanisms resulting in tree mortality can be
difficult to tease apart and as such require further research. Although the experiments performed
in this thesis do not contribute to further research in this area, tree mortality mechanisms are

inherently important to drought tolerance studies.

1.3 White Spruce Autecology

White spruce (Picea glauca [Moench] Voss) is a wide-ranging boreal forest species of
great importance ecological and economically, representing 20% of Canada’s total forest
inventory. The distribution of white spruce ranges from the northern tree line of Alaska to the
east coast of Canada and the northern United States. This large species covers a correspondingly
large range of temperature and precipitation. Across the wide species range, white spruce
exhibits highly variable growth potential and strong local adaptation making it ideal for studies
of climate adaptation (Rweyongeza 2011). The southern range limit of white spruce commonly
occurs in the aspen parkland in the transition between prairie and boreal. This southern
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distribution limit is constrained by summer moisture stress induced by high temperatures rather
than low precipitation(Chhin and Wang 2008). Growth of white spruce is additionally affected
by climatic variables related to drought, implying that white spruce may be particularly sensitive

to future climate change, particularly at the edges of the species distribution (Chhin et al. 2004).

1.4 Climate Change Adaptation Strategies

The expected forest dieback due to climate change is likely to continue as temperatures
continue to rise, creating more complex and challenging situations for forest management. This
indicates the need for adjustment of current management strategies. Such adjustments should
focus on reducing the vulnerability of forests without sacrificing productivity. Although climate
change has strong negative impacts on northern forests, warmer temperatures may also have
positive outcomes for forest productivity if managed efficiently. Currently, much of the
increased vulnerability of northern forests is the result of maladaptation of tree populations.
Maladaptation is of northern forest trees is well-documented and will likely continue to worsen
as warming continues to remove forest trees from their optimal climate zones (Isaac-Renton et
al. 2018). However, assisted migration of genotypes adapted to future climate scenarios in areas
expected to experience maladaptation may result in less negative impacts associated with
warming. By translocating local but maladapted populations from their suboptimal environment
to more favorable environments within their species range, their survival and growth in the long-
term is greatly improved. This is particularly important for white spruce populations as

thousands of hectares are planted each year for forestry and conservations purposes. By simply
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replacing locally-sourced planting stock with planting stock adapted to cope with the long term
climate outlook, the likelihood of future maladaptation is greatly reduced. Due to its large
species range, white spruce is an excellent candidate for assisted migration, and may be in
particular need as well. Suitable habitat for boreal white spruce populations has already shifted
207 km north (relative to 1961-1990) and is expected to continue this northward movement
(Gray and Hamann 2013). Western Canada in particular has experienced greater drying and
warming than eastern Canada in past decades and this trend is predicted to continue, indicating
the need for assisted migration of maladapted western populations. This assisted migration could
mean moving the maladapted western populations to eastern areas, which may be a potential

climate refuge in coming years (D'Orangeville et al. 2016).

1.5 Adaptations of Tree Populations

Due to the complexity of genetic research it is not always feasible to use direct genetic
assays in the screening for genetic adaptation of populations. Instead, provenance studies, or
common garden studies, are used to screen species and populations for genotypic variation.
These trials use seed sources from across the species range and are planted at field test sites to
identify genetic variation linked to environmental factors and to then identify the well-adapted
provenances for the management objective (Morgenstern 1996). Provenances trials are
particularly useful for identifying populations well-suited for use in assisted migration programs
and have been widely used as a tool to identify potentially drought and cold tolerant populations
necessary for seed transfers. Although provenances trials were originally devised to optimize
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productivity of forest products, they can now be utilized for climate change research by moving
seeds to more southern planting sites as a proxy for future climate conditions. Generally, locally
adapted provenances should perform best, but in some cases they may be outperformed by other
provenances, an indication of potential maladaptation to current or future climate (Isaac-Renton
et al. 2018). Provenance trials of trembling aspen and hybrid poplar identified substantial genetic
differences between species and populations in hydraulic traits related to drought tolerance
(Schreiber et al. 2013). Long term lodgepole pine field trials in Alberta identified possible seed
transfers representative of annual temperature increases of 0.5°C (Gray et al. 2016b). An
additional consideration in assisted migration in northern climates is frost-tolerance of potential
northward seed transfers. Although northward transfers have been identified as beneficial for
white spruce populations, it is also necessary to identify frost-tolerant genotypes that can
withstand the colder temperatures associated with more northern sites (Gray et al. 2016a).
Further provenance studies of white spruce cold hardiness were able to confirm that moderate
northward transfers are possible without significant trade-offs in growth or survival (Sebastian-
Azcona et al. 2019).The use of these provenance trials is reflective of the adaptive strategies of
populations to their local climate. This information may give greater insight into the climatic

drivers behind trait adaptations.

Adaptation to drought is particularly important to the current study. Conifers have
adapted to survive in some of the world’s harshest conditions and have developed a wide array of
strategies for surviving. Conifers have adapted two strategies of avoiding hydraulic failure due to

water stress. Isohydric trees close stomata in response to high levels of abscisic acid (ABA) and
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thus maintain internal water potentials where as anisohydric trees allow water potential to drop
and eventually low leaf water potential causes stomatal closure (Brodribb et al. 2014). These
strategies are accompanied by differences in xylem architecture. Because anisohydric trees allow
water potential to drop, they tend to have xylem that is more cavitation resistant (McDowell et al.
2008). Additional structural components have been identified as adaptations of drought tolerant
species including xylem conduit lumen width, tracheid/vessel cell wall thickness, rooting depth,
and xylem refilling (Moran et al. 2017). This large suite of adaptations may vary between species

and populations as well as within distinct populations due to local or species-level adaptation.

1.6 Methods for Evaluating Drought Tolerance

Drought tolerance in plants can generally be defined as the ability of plants to survive and
grow during periods of drought (Moran et al. 2017). In this context, drought may be defined as
water shortage great enough to cause reduced growth or yield in plants (Passioura 1996). The
many strategies plants have adapted in order to tolerate such drought conditions fall into the
following general categories: escaping water deficit, perhaps by finishing growth before seasonal
drought sets in; avoiding water deficit by reducing water loss or increasing water uptake;
maintaining growth despite water deficit; resisting water deficit (Tardieu 2005). Drought
tolerance differences at both the species and populations level are important to note for future
adaptation and are generally comprised of both genetic and environmental traits. Although
drought tolerance has been widely studied, the importance of various drought tolerance traits as
well as their genetic basis is complicated and still poorly understood (Moran et al. 2017). For this
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reason, provenance studies using a select number of drought tolerance indicators are useful for
determining the importance of impacts of such traits. In the present study, I chose to use
chlorophyll fluorescence and stable carbon isotope ratios to examine how drought may affect
photosynthesis and stomatal response in white spruce seedlings. While this approach has not
been widely applied to common garden studies, these approaches are widely used in tree
physiology. Although this study does not examine potential differences in other important
drought traits, previous studies have found fairly weak population differences in wood
anatomical and hydraulic traits in white spruce, suggesting that other physiological traits may be

of greater importance for heritability of drought tolerance (Sebastian-Azcona et al. 2018).

Chlorophyll fluorescence is a widely used and non-destructive measurement of
photosystem II (PSII) function, which provides a glimpse of plant health without damage. The
sensitivity of photosynthesis to stress makes fluorescence a relatively simple but important
technology for plant physiology (Maxwell and Johnson 2000, Murchie and Lawson 2013).
Although chlorophyll fluorescence is not a direct measure of photosynthesis it measures the re-
emitted light from PSII, or light that has not been used for photosynthesis, allowing us to see
changes in the photosynthesis via changes in fluorescence. One of the most common measures of
chlorophyll fluorescence is pulse-amplitude modulated fluorometry (Schreiber 2004). This
method uses pulses of measuring light of known wavelength to induce fluorescence yields, also
of known, longer, wavelength. Three measuring lights are used: a very weak initial light to detect
minimum fluorescence yield (Fo) when all reaction centers within PSII are “open,” a moderate

intensity actinic light used to induce photosynthesis, and a saturating pulse of high intensity light
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used to “close” reaction centers and give a measure of maximum fluorescence yield (Fm)
(Krause 2003). These measurements are taken using dark-adapted leaves to avoid variation due
to ambient light interference (Murchie and Lawson 2013). The difference between Fo and Fm is
a measure of variable fluorescence (Fv). The ratio of Fv/Fm is considered a strong indicator of
the maximum quantum yield of PSII chemistry, or the maximum quantum yield of
photosynthesis, and in unstressed leaves gives a value of approximately 0.83 (Demmig and
Bjorkman 1987). Fv/Fm is a useful indicator of plant drought stress due to the significant effect
water stress has on photosynthesis. As leaf water stress increases, photosynthesis declines due to
stomatal closure and decreased activity of the biochemical photosynthetic machinery (Chaves et
al. 2009).

The use of chlorophyll fluorescence as a measure of plant stress is not a particularly new
tool, yet there have been relatively few studies of the relationship between fluorescence and
drought in tree species, and in particular conifers (Mohammed et al. 1995). The relatively few
species studied, which include Picea abies (Ditmarova et al. 2010), Picea glauca (Bigras 2005),
and Pinus radiata (Conroy 1986) have all demonstrated the capacity to maintain photosynthesis
until water stress becomes particularly severe. Picea abies seedlings under drought conditions
were able to maintain photosynthesis until leaf water potentials were below -2 MPa, at which
point Fv/Fm sharply declined by nearly half (Ditmarova et al. 2010). This common ability to
maintain photosynthesis under water stress makes chlorophyll fluorescence a useful tool for
selection of particularly drought tolerant populations in forest trees. Although chlorophyll
fluorescence is commonly used as a screening tool for drought tolerant genotypes in agricultural

crops, it is comparatively rare for comparison of forest tree populations (Sayed 2003, Murchie

12



and Lawson 2013). Fluorescence measurements, used to asses health of white spruce seedlings
under water stress, revealed a trade-off between growth rate and susceptibility of photosynthetic
processes to drought. Trees with superior growth rates showed sharper decline at higher water
potentials than did those trees with intermediate or inferior growth rates (Bigras 2005). This
information suggests that fluorescence may be useful in selection of genotypes adapted to dry

periods or environment for use in future planting endeavors.

Stable isotopes are a particularly useful tool for evaluating plant response to drought. Gas
exchange in the leaves or needles of a plant is regulated through pores, known as stomata,
located on the leaf surface. Stomata allow carbon dioxide to enter the leaves, but are able to open
and close based on environmental factors such as wind, humidity, and soil water, so as to
maintain balance between water uptake and water loss. The opening and closing of the stomata,
facilitated by cells located at the opening called guard cells, alters stomatal conductance. When
stomata are open, and conductance is high, carbon dioxide passes into the leaf with relative ease.
Carbon dioxide contains carbon atoms that may take two forms, known as stable isotopes. An
isotope of an element is simply a variation in the number of neutrons compared to protons.
Carbon-13, the rarer isotope of carbon, has 7 neutrons and 6 protons, as compared to the more
common carbon-12 which has 6 neutrons and 6 protons. Although these isotopes have nearly
identical chemical processes, carbon-13’s extra neutron makes it slightly heavier than carbon-12,
which allows for discrimination against it during important biological processes (McCarroll and
Loader 2004). The ratio of '3C to '*C is expressed as compared to the Vienna-PDB standard in

parts per thousand (%o) using the following equation:
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613C = [( Rsample / Rsuandard )‘1] *1000

The carbon isotopic ratio of CO» in air is approximately -8%o, with plants having lower
813C than air due to the aforementioned discrimination. In plants, this discrimination against
13CO; occurs during diffusion through stomata and during use of carbon dioxide during
carboxylation (Farquhar and Sharkey 1982). The discrimination of both processes may result in
13C enrichment of the assimilated sugars. Changes in these physiological processes may
therefore be reflected in §'3C of plant tissues such as leaves and tree rings. When water stress
occurs, plants will close stomata, decreasing CO; inside the leaf. This decrease in CO; also
lowers the ability of the enzyme RuBisCo to discriminate against the carbon-13 isotope during
carboxylation, which then results in increased §'>C (less negative) in the sugars produced
(Farquhar et al. 1989). The subsequent increase in 8'3C of plant tissues is therefore indicative of
plants’ stomatal response to drier conditions. Although it is possible that increased &'°C may
result from either stomatal closure or increased carbon assimilation via carboxylation, the carbon
isotopic composition of plant tissues, particularly in moisture-limited environments, is chiefly
due to stomatal closure and water availability (Chaves et al. 2003, McCarroll and Loader 2004,
Brienen et al. 2011, Knutzen et al. 2015).

Stable carbon isotope ratios have been used for a variety of studies on the effects
of drought stress on plant physiology and to compare the drought response of different species
and populations (Chaves et al. 2003, Condon et al. 2004, McCarroll and Loader 2004). Previous

work using §'3C in genome screening reveals a genetic basis for 8'*C response to drought, likely
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via stomatal behavior, useful in potential breeding and selection programs (Dhanapal et al. 2015,
Avramova et al. 2019). The stomatal response of trees in previous provenance trials, as indicated
by changes in $'3C, shows more correlation to provenance of origin than water availability,
suggesting that there are heritable differences in this drought response trait (Knutzen et al. 2015).
Particularly, trees from drier climates exhibited more negative §'3C during moderate drought,
indicating less stomatal limitation than in trees originating from moister climates (Rose et al.
2009). Carbon isotope ratios have been established as a useful indicator of drought stress in
multiple species of conifers, exhibiting differences between species as well as between
populations of the same species (Guy and Holowachuk 2001, Warren et al. 2001). Provenance
trials pf Pinus contorta seedlings and saplings revealed strong population differences in §'C at
both seedling and sapling level (Guy and Holowachuk 2001). Additional studies using seedlings
of white spruce (Picea glauca) have similar results and confirm that the §'3C may be a useful

tool for the selection of drought tolerant white spruce genotypes (Sun et al. 1996).

1.7 Objectives

This thesis aims to investigate the physiology of drought tolerance of white spruce
populations and identify genotypes capable of coping with current and future drought events
without sacrificing productivity. Greenhouse trials coupled with 40-year-old field trials will be
used to investigate growth rates in seedlings under favorable conditions as well as long term field
performance. Greenhouse seedling provenances trials also allow me to determine if drought

tolerance in white spruce seedlings is a heritable trait and, if such heritability exists, what the
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relationship between drought tolerance and climate at seed origin is. These physiological
measures, coupled with growth trials, will give insight into trade-offs between drought tolerance
and growth among white spruce populations and the potential for future management of white

spruce stands.

2. Methods

2.1 Seed sources

I used white spruce (Picea glauca) seeds from 19 provenances across Canada. Seeds
were collected from parent trees of white spruce between the years 1968 and 1976. They were
then stored in a cooled seed vault at the Alberta Tree Improvement and Seed Centre, Smoky

Lake, AB, until planting in summer of 2017.

2.2 Growing conditions

In order to break dormancy, seeds were stratified before being planted. Seeds were placed
over a tray of water overnight for humidification, after which time they were soaked in distilled
water for a second night. They were then placed on moistened paper towel inside plastic bags
and refrigerated for 3 weeks at 4°C. After stratification, seeds were planted in styroblocks filled
with peat-based soil (Sunshine Mix #4, Sun Gro Horticulture, Agawam, USA) in June 2017 and

September 2017. Seeds were germinated and grown in a growth chamber at 24°C with 16 hours
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of daylight until November 2017. At this time, temperature, light, and humidity were gradually
lowered over 6 weeks, to ready them for simulated winter dormancy in a cold room at 4°C. The
dormancy period lasted 6 weeks, after which time they were returned to growth chambers to
gradually return to ideal growing conditions. Plants were watered with water of pH 5.5 and
fertilized using 20-10-20 fertilizer plus iron chelate added to water every two weeks. pH was
adjusted from pH 7.8 to pH 5.5 using 1mL phosphoric acid added to 6L water. In April 2018,
plants were repotted into square pots 5 in diameter filled with peat-based soil (Sunshine Mix #4,
Sun Gro Horticulture, Agawam, USA) and moved into a greenhouse. Pots were arranged in a
randomized block design of 13 total blocks with individuals from each provenance distributed

randomly among the blocks. The soil was kept at ~35% water content.

2.3 Long Term Growth

Long term data was collected from previously established provenance trials in Calling
Lake, Alberta. These trials were established in 1982 using four-year-old seedlings. Height and

survival data were collected after 32 growing seasons.

2.4 Drought Experiment

Beginning in July 2018, seedlings were divided between control and dry treatments. One-
third of total seedlings from each provenance were placed in the control group, two-thirds in the
dry group. The control group was held at ~30% soil water content for the duration of the
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experiment. During dry down, dry treatment seedlings were not watered for the duration of the
experiment. During drought treatment, soil water content was measured every 4-7 days using an
EC-5 soil moisture sensor (METER, Pullman, USA) attached to a ProCheck handheld data
readout (METER, Pullman, USA) which was calibrated for use in sunshine mix soil.

A soil water potential curve was measured for reference using a WP4 psychrometer
(METER, Pullman, USA) and known water potential standards. Standards were calculated using
KCl solutions of known osmolarity. Soil samples were oven dried and rehydrated to known

water contents for water potential measurements.

2.5 Fluorescence

Chlorophyll fluorescence was measured using a fluorometer (Mini-PAM, Heinz Walz
GmbH, Effeltrich, Germany). Measurements of maximal photosystem II (PSII) efficiency, or
F./Fm, were taken using dark adapted leaves. Dark adapted fluorescence values were measured
using leaf clips (Heinz Walz GmbH, Effeltrich, Germany) placed on groups of needles for 15
minutes. All measurements were conducted between 5 am and 12pm every 4-7 days.
Fluorescence was measured until plants reached F./Fn, values <0.1, or when the needles began
falling off when a leaf clip was applied. At this time, plants were considered dead and harvested

for later use.
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2.6 Isotopes

Approximately 70 mg of needles were collected from dead, dry treatment trees or oven-
dried controls and placed in glass vials. Trees were then submitted to the Natural Resources
Analytical Laboratory (NRAL) at the University of Alberta for analysis of '*C isotope ratio
(8'3C). A ThermoFinnigan Delta" Advantage Continuous Flow Isotope Ratio Mass Spectrometer
by Thermo Finnigan Corp was used to conduct isotope analysis. Samples were ground in a ball

mill and weighed before analysis.

2.7 Bud Break

Bud break was measured every two to four days after trees broke their simulated winter
dormancy beginning in March 2018. A visual scale of bud burst was determined with ranks from
0 to 5 (0-dormant, 1-Buds swelling, 2-Bud broken, 3-Needles twice bud length, 4- Needles

spreading, 5- Stem elongation).

2.8 Statistics

Seedlings were grown in a randomized block design with 13 blocks and 0 to 7 seedlings
per provenance and block due to variable germination rates (the median number of seedlings per
provenance and block was 3). Drought treatments were applied to random seedlings within
blocks, where two thirds of seedlings of the same provenance within a block received the

drought treatment and on third served as a well-watered control. Data analysis was completed
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using R statistical software. Significant differences between regions for growth, fluorescence,
and §'3C were assessed with analysis of variance (ANOVA) performed using a linear mixed
model with region of origin specified as a fixed effect, and provenance within region and block
as random affect.

Volumetric water content at 20% fluorescence values were used for regional comparisons
as they reflected sufficiently strong drought condition to reveal differences among regions and
provenances. Volumetric water content values at 20% fluorescence were estimated from curves
fitted to each provenance using a sigmoidal equation. Sigmoidal functions were generated using
the R package sicegar. The general sigmoidal equation used was ymax/(1+exp(slope*(X-Xmid)),
where ymax was the maximum F,/Fy, value, slope was the slope at the y midpoint (50% of ymax),
and xmig was the x value at 50% of ymax. To assess how the climate of provenance origins were
associated with physiological and growth characteristics, Pearson correlations were calculated
between mean provenance values for physiological and growth and the following climate
variables (Table 1). Climate variables used were mean annual temperature (MAT) in °C; degree
days above 5°C (DD>5), or growing degree days; mean warmest month temperature (MWMT) in
°C; frost free period (FFP) in number of days; mean coldest month temperature (MCMT) in °C;
degree days below 0°C (DD<O0), or chilling degree days; temperature difference (TD) between
MWMT and MCMT is a measure of continentality and is given in °C; mean annual precipitation
(MAP) is given in mm; mean summer precipitation (MSP) is given in mm; precipitation as snow
(PAS) between August in previous year and July in current year is given in mm; climatic
moisture deficit (CMD) is given in mm; annual heat moisture index (AHM); summer heat

moisture index (SHM). Climate data for provenance origins were based on a 1961-1990 climate
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normal period that was generated for point locations using the ClimateNA v5.10 software

package, available at http://tinyurl.com/ClimateNA, based on methodology described by Wang et

al. (2016).
Table 1. Average source climate variables from the years 1961 to 1990 are shown for the 8
regions.
Clirpate Yukon Northern Central Foothills Southern Westem Southqrn Maritime
Variable Alberta  Alberta  Alberta  Alberta  Ontario  Ontario
MAT -4.25 -0.25 0.27 1.3 1.6 0.3 53 3.17
DD>5 786 1351 1233.33 857 971.33 1275 1961 1292.67
MWMT 13.65 16.95 16.07 12.75 13.77 17.15 20.2 16.4
FFP 67.50 108 102 90 82.67 95.5 135 112
MCMT  -23.65 -22 -19.33 -10.35 -10.63 -19.45 -11.6 -9.43
DD<0 3055 2291.5  2015.67 1289 1281 2042 1090.5  1111.33
TD 37.3 38.85 354 23.1 24.47 36.55 31.8 25.83
MAP 330 411 453.67 636 593.67 746 830.5 1152
MSP 209 263 306.67 404.5 319 417.5 388 460.67
PAS 134 120.5 123.33 203 237.67 267.5 241 392.33
CMD 174 226.5 177.67 31 158.33 122.5 193.5 34
AHM 17.9 23.75 22.8 17.7 20.9 13.75 18.4 11.43
SHM 66.2 64.45 52.43 31.45 45.7 41 52.1 35.67

Climate variables include mean annual temperature (Berg et al.) in °C; degree days above 5°C
(DD>5), or growing degree days; mean warmest month temperature (MWMT) in °C; frost free
period (FFP) in number of days; mean coldest month temperature (MCMT) in °C; degree days
below 0°C (DD<0), or chilling degree days; temperature difference (TD) between MWMT and
MCMT is a measure of continentality and is given in °C; mean annual precipitation (MAP) is
given in mm; mean summer precipitation (MSP) is given in mm; precipitation as snow (PAS)

between August in previous year and July in current year is given in mm; climatic moisture

deficit (CMD) is given in mm; annual heat moisture index (AHM); summer heat moisture index

(SHM).
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3. Results

The 19 provenances were widely distributed across the white spruce (Picea glauca)
species range (Fig.1). Provenances varied greatly in both mean annual temperature (MAT, °C)
and mean annual precipitation (MAP, mm). Yukon and Maritime provenances fell at opposite
ends of the temperature-precipitation gradient, with Yukon provenances being at the cool and dry
extreme and Maritime provenances in the warm and wet end (Fig.1 inset). Southern Ontario
provenances were also warmer and wetter than most other provenances.

Seedlings were exposed to drought for 87 days with water contents at the end of the
drought ranging from 0.2% to 1% (Fig. 2). Volumetric soil water content was converted to water
potential with an exponential curve that shows the tight threshold at which soil water potential
begins a sharp decline (Fig. 3). Although water contents were intended to be kept in a consistent

decline, greenhouse leaks caused some irregularities.
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Figure 1. Map of white spruce (Picea glauca) species distribution across North America. The
seed source provenances are represented by circles and colored by their given region. In total 218
seedlings were used. Seedlings originated from nineteen provenance sites within eight
geographic regions. The inset map represents mean annual temperature (MAT, °C) and mean

annual precipitation (MAP, mm) at the site of origin for all provenances, colored by region.
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Figure 2. Soil volumetric water content (VWC) was measured using an EC-5 soil moisture
probe (METER, Pullman, USA) over the course of a 87 day drought for white spruce seedlings.
Although plants were not watered throughout the entire drought period, VWC fluctuated to some

extent presumably due to moisture entering through the roof of the greenhouse.
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Figure 3. Plot of soil water potential measured with a WP4 water potential meter (METER
Pullman, USA) and soil water content measured with an EC-5 soil moisture probe (METER,
Pullman, USA). Data points were then fitted to an exponential curve with function y = 56.47 -

56.24 (1 - &316),

3.1 Adult and Seedling Growth

Height was significantly different between regions in the long-term provenance trial and
seedling provenance trial (Fig.4). Adult height was clearly greatest in local provenances, with
Central Alberta, the nearest provenance to the common garden site, having the overall greatest
height. Northern Alberta provenances, also near the common garden site, performed similarly to
Central Alberta. In contrast, both Southern and Western Ontario showed similar growth

performance to Central and Northern Alberta and showed clearly greater heights than both the
25



Foothills and Southern Alberta provenances despite being non-local. Southern Alberta had
relatively low growth, especially compared to other Alberta provenances and was more similar to
the Maritimes performance. Yukon provenances, which are far more northwestern than all other
provenances, had the poorest growth performance in both adult and seedling provenance trials.
Under ideal growth conditions, seedlings from Southern Ontario exhibited significantly greater
height than all Alberta provenances despite similar heights in adult field trials. In additional
contrast, Maritime provenances performed quite well and significantly greater than both
Northern and Southern Alberta. Although Yukon seedlings exhibited the overall lowest growth
among seedlings, they had large variability and were quite similar to all Alberta provenances,
unlike their far lower height in adult trials. Budbreak in seedlings did not show clear geographic
trends. However, Alberta Foothills was surprisingly most similar to Ontario provenance and

these were significantly slower to break bud than Northern Alberta provenances (Fig. 5).
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Figure 4. Comparison of regional height averages for adult white spruce (A) from a long term
provenance trial and (B) white spruce seedlings from greenhouse provenance trials. Colors
represent regional height averages from all provenances within the region. Letters indicate
significant (p<0.05) differences between regions. Error bars represent the standard error of the

mean.
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Figure 5. Budburst was measured in white spruce seedlings after a simulated winter dormancy.
Budburst of regions over time as measured on a visual scale of bud burst was determined with
ranks from 0 to 5 (0-dormant, 1-Buds swelling, 2-Bud broken, 3-Needles twice bud length, 4-

Needles spreading, 5- Stem elongation).

3.2 Seedling Drought Response

The soil water content (VWC, %) at which white spruce seedlings reached 20% of their

healthy maximum photochemical efficiency (Fv/Fm), or an Fv/Fm reading of 0.16, varied
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between regions. The eastern and northwestern edges of the species range, Maritime and Yukon
provenances, showed the drop to 20% Fv/Fm at higher soil water contents than other regions,
reaching these low Fv/Fm rates at above 6% soil water content (Fig. 6). Provenances from both
regions experienced sharp drops in Fv/Fm relatively early on in the drought, with one Maritime
provenance beginning its decline at nearly 7% water content. Two of three Central Alberta
provenances also declined early on, similar to the Maritime and Yukon provenances (Fig. 7). The
two Northern Alberta provenances were quite different from each other, with one dropping to
low Fv/Fm levels at water contents more similar to Western Ontario, while the other was similar
to Yukon and Central Alberta provenances (Fig 7). In contrast, the Foothills and Southern
Alberta maintained Fv/Fm levels above 20% to significantly lower contents than Maritime
provenances. Western Ontario had the lowest water content at 20% Fv/Fm and notably lower

than Southern Ontario and Central Alberta.
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Figure 6. Soil water content (VWC) when needles reached 20% of healthy Fv/Fm (maximum
quantum efficiency of PSII photochemistry) during the drought treatment. Healthy Fv/Fm was
considered 0.8, and therefore 20% of the healthy level was 0.16. Values for each provenance at
20% Fv/Fm were calculated using a sigmoidal curve fit to Fv/Fm vs VWC measurements
collected over the course of the drought. Error bars represent standard error. Letters represent

significant (p<0.05) differences between regions.
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Figure 7. Maximal PS II photochemical efficiency (F./Fm) as a function of volumetric soil water
content (VWC) for all provenances within each region. F\/F, and VWC were measured over the
course of the 87 day drought period. Circles represent individual data points colored by region,
while curves represent provenance averages. Curves were fit using a sigmoidal equation to each
provenance in order to derive the parameter for 20% max F/Fn. Sigmoidal functions were
generated using the R package sicegar. The general sigmoidal equation used was
Ymax/(1+exp(slope®(X-Xmid)), where ymax was the maximum F./Fy, value, slope was the slope at

the y midpoint (50% of ymax), and Xmia was the x value at 50% of ymax.

Under control conditions, stable carbon isotope ratios (8'°C, %o) were similar between
most regions. However, Southern and Western Ontario provenances had the most negative ratios
under control conditions. Carbon isotope ratios under drought conditions were higher than under

control conditions for most provenances, but §'*C under drought varied between regions (Fig.8).
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Southern Ontario exhibited the highest carbon isotope ratio under drought and had the largest
difference between drought and control 8'*C. Plants from Western Ontario had similar change in
isotope ratios to plants from Southern Ontario (Fig. 9). When Ontario provenances were pooled
and compared to pooled Alberta provenances, Yukon, and Maritime, plants from Ontario had
significantly larger differences between control and drought carbon isotope ratios (Fig.9 inset).
Under drought conditions, Yukon provenances had both the lowest isotope ratio and the smallest
difference between treatments. All Alberta and Maritime provenances were similar and showed

similar differences between drought and control conditions.
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Figure 8. Box plot of needle 6'>C of drought and control treatments from each region. Lower
and upper limits of boxes represent the 25th and 75th percentiles, respectively. The line within
the box represents the median of the data. Whiskers represent the largest value no further than
1.5 * IQR (interquartile range, or the distance between the 25th and 75th percentiles). Data
outside the range of the whiskers are considered outliers and are plotted as circles above their

respective boxes.
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Figure 9. Drought-induced increase in 8'*C was measured as the difference in §'°C between
seedlings in the drought and control treatments. The inset represents the pooled means of Alberta
regions, and pooled means of all Ontario regions, compared to Maritime and Yukon provenances
to illustrate the significant difference between Ontario and other regions. Error bars represent

standard error. Letters represent significant (p<0.05) differences between regions.

3.3 Influence of Climate of Origin on Growth and Drought Traits

The observed drought-induced change in §'3C was greatest in provenances representing
intermediate to high levels of summer precipitation (Fig. 10A). Provenances representing lower

(e.g., Yukon) and higher (Maritime) levels of summer precipitation exhibited smaller changes in
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stomatal regulation. A positive linear relationship existed between the drought-induced change in
8'3C and the mean annual temperature of the provenances. Warmer temperatures were associated
with a greater degree of stomatal regulation; i.e., plants from warmer regions tended to regulate
water loss more strongly than plants originating from cooler provenances.

Climate of origin was also correlated with height growth in adult and seedling
provenances trials (Table 2). For both adult trees and seedlings, warmer temperatures at the site
of origin were strongly related to greater tree height. Unlike adult trees, seedling height strongly
correlated with precipitation. For seedlings, both greater precipitation and higher temperatures
were related to greater height. Similar to growth traits, temperature also correlated significantly

with drought-induced change in §!*C. There were no correlations with 20% Fv/Fm.
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Figure 10. Drought-induced increase in stable carbon isotope ratio (§'°C, %o) and the

relationship to mean summer precipitation (MSP, mm) and mean annual temperature (MAT, °C).

8'*C and MSP exhibited a nonlinear relationship with equation y=-9E05x> + 0.0678x - 10.602

(R?=0.522). 8'3C and MAT had a positive linear relationship explained by equations

y=0.2545x+1.1572 (R?>=0.4387). Circles represent provenance means colored by region.
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Table 2. Pearson correlation coefficients for mean values of provenances for adult and seedling
height as growth variables, 20% Fv/Fm and increase in stable carbon isotope ratios (5'°C) as
drought tolerance variables. 20% Fv/Fm was the volumetric water content (VWC) when plants
reached 20% of their healthy Fv/Fm rate. Increase in '3C was the difference between drought
and control §'°C . Statistically significant correlations at p < .05 are highlighted in bold.

MAT 0.46 0.72 -0.16 0.66
DD>5 0.57 0.64 -0.20 0.75
MWMT 0.58 0.60 -0.19 0.77
FFP 0.53 0.68 -0.07 0.69
MCMT 0.11 0.56 -0.02 0.38
DD<0 -0.36 -0.64 0.13 -0.53
TD 0.08 -0.39 -0.05 -0.14
MAP 0.09 0.75 0.13 0.41
MSP 0.32 0.78 0.02 0.52
PAS 0.01 0.56 0.19 0.23
CMD 0.20 -0.46 -0.33 0.07
AHM 0.24 -0.49 -0.30 -0.12
SHM -0.22 -0.62 -0.03 -0.31

Climate variables include mean annual temperature (MAT) in °C; degree days above 5°C
(DD>5), or growing degree days; mean warmest month temperature (MWMT) in °C; frost free
period (FFP) in number of days; mean coldest month temperature (MCMT) in °C; degree days
below 0°C (DD<0), or chilling degree days; temperature difference (TD) between MWMT and
MCMT is a measure of continentality and is given in °C; mean annual precipitation (MAP) is
given in mm; mean summer precipitation (MSP) is given in mm; precipitation as snow (PAS)
between August in previous year and July in current year is given in mm; climatic moisture
deficit (CMD) is given in mm; annual heat moisture index (AHM); summer heat moisture index
(SHM).
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4. Discussion

4.1 Genetic variation of height growth in seedlings and adult trees

My first objective was to determine whether seedlings showed variation in growth under
favorable conditions and whether this variation can be linked with source climate. Indeed, I
found variation in the seedlings’ growth potential; seedling height was positively correlated with
temperature and precipitation at the seed origin. The superior growth potential of Ontario and
Maritime provenances allows these seedlings to compete for sunlight and other resources under
favorable conditions. By contrast, the slower growth of seedlings from colder and drier regions
(Alberta and Yukon) may not be a disadvantage in habitats where long-term survival and growth
is more constrained by abiotic stress than competition for light (Hartmann 2011).

In order to further investigate variations in growth rate, I investigated the performance of
adult trees in long term provenance trials in north central Alberta. Regional growth differences in
adult field trials of white spruce generally support previous suggestions that local provenances
are best adapted to the home environment or test site (Gray et al. 2016b). Central Alberta, the
closest region to the test site, had the highest growth, nearly doubling that of Yukon
provenances. However, Ontario provenances were quite similar to the more local provenances
despite the potential setbacks of a drier and colder climate. The faster growth of Ontario
provenances at the seedling stage did not result in a height advantage in adult trees, although the

height of adult trees originating from Ontario was comparable to the best performers from
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Alberta. This indicates some maladaptation to central Alberta that is holding back growth of
southern Ontario provenances. More exposure to cold or drought may be limiting Ontario
provenances from outperforming local populations (Sebastian-Azcona et al. 2019).

Trees from the Yukon had the slowest growth of all the provenances, both at the seedling
stage and in field trials. This is likely due to a number of factors, including an inherently short
growing season. In their native environment, Yukon trees are constrained by a very early end of
the growing season. This early termination of growth is likely a prerequisite for developing cold-
tolerance in late summer (Sebastian-Azcona et al. 2019). There are likely other factors that
constrain growth potential in Yukon trees. This notion is supported by the slow growth of
seedlings in the greenhouse. In addition, the fact that adult trees from the Yukon only reached
approximately half the height of trees originating from Alberta and Ontario suggests that Yukon
trees invariably invest into features that confer resistance to abiotic stress, and that this comes at
the cost of height growth.

Adult trees originating from Maritime provenances also exhibited sub-optimal growth,
albeit to a smaller degree than Yukon trees. The growth reduction of Maritime trees in field trials
can probably be explained by a lack of drought tolerance and cold hardiness. In their native
environment, Maritime trees experience much warmer winter temperatures and more than double
the MAP than in the central Alberta field trial.

Across all provenances, adult tree growth was positively correlated with source
temperatures, but the correlation was weaker than in seedlings. Moreover, adult height was not
correlated with precipitation metrics. Again, this can be partially explained by the putative lack

of drought tolerance of Maritime provenances.
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The performance of seedlings growing under favorable greenhouse conditions reflects the
growth potential of genotypes and this turned out to be linked with climate parameters at the
seed sources. However, forest managers are primarily concerned with the actual performance of
adult trees in field trials and trends in actual field performance are much more complex than
patterns of growth potential observed under ideal greenhouse conditions. Height growth in the
field was not only influenced by the genetically determined growth potential of genotypes, but
was constrained by the harsh climate of central Alberta, namely very cold winter temperatures, a
short growing season, and limited moisture availability. It is therefore not surprising that the
actual growth of adult trees was not a simple function of temperature and precipitation at the
seed source. For instance, some of the Maritime provenances are characterized by high mean

annual temperatures, but this did not translate into higher growth, for reasons outlined above.

4.2 Variability of drought tolerance traits between provenances

I next studied drought tolerance and asked the following questions: (1) Is drought
tolerance a heritable trait in white spruce seedlings? (2) If so, how is genetic differentiation in
drought tolerance linked to the climate at the seed origin? Previous research on white spruce
provenances identified the onset of cold hardiness as an important adaptive trait that was
associated with cold winter temperatures and latitude at the site of seed origin (Sebastian-Azcona
et al. 2018, Sebastian-Azcona et al. 2019). I expected a weaker degree of heritability for drought
tolerance than what has been reported for cold hardiness, for two reasons. First, cold hardiness in

white spruce is a highly influential trait. It was negatively related to growth and positively to
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survival (Sebastian-Azcona et al. 2019). This indicates a strong selection pressure to optimize the
onset of cold hardiness in late summer/early fall. While drought tolerance could also be an
important trait for white spruce (Gray et al. 2016a), the link with growth and survival may be
less direct. Moreover, the “right” degree of drought tolerance may not be the subject of natural
selection year after year (if droughts occur infrequently), contrary to cold hardiness. Second,
drought tolerance is one of the most complex traits in plant biology (Moran et al. 2017) and is
determined by multiple genes. Much remains to be learned about the genes controlling drought
tolerance traits such as stomatal behavior, rooting patterns, aquaporin regulation, and xylem
cavitation resistance.

Although many traits can be measured to assess drought tolerance, previous studies of
white spruce have identified both §!*C and Fv/Fm as potential areas of genetic differentiation,
while wood anatomical and hydraulic traits showed very little populations differences (Sun et al.
1996, Bigras 2005, Sebastian-Azcona et al. 2018). For this reason, I chose to use carbon isotope
ratios (8'°C) as a proxy for stomatal response, and the decline in maximal PSII photochemical
efficiency (Fv/Fm), as a measure of the effects of drought on photosynthetic processes.

Under well-watered conditions, §'*C was similar across provenances with the exception
of Ontario provenances, which had slightly lower levels, indicative of greater discrimination.
Variation in 8'3C is used as a proxy for stomatal behavior. Although it is possible that increased
513C may be the result of increased assimilation rates, in moisture-limited environments stomatal
closure is likely the limiting factor and main contributor to §'*C (Farquhar and Sharkey 1982,
Chaves et al. 2003, McCarroll and Loader 2004). Higher (less negative) values of §'*C indicate

less discrimination against '*C (McCarroll and Loader 2004), which can be primarily attributed
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to stomatal closure. Therefore the lower §'*C observed in Ontario provenances compared to
other regions in the control group indicate more open stomata when under ideal growth
conditions. The lower 8'*C values of trees with higher growth potential are similar to findings in
Pinus halepensis (Voltas et al. 2015). This increase in stomatal conductance likely allows trees
from warmer and wetter climates to take advantage of available resources by allowing increased
gas exchange and photosynthesis. Importantly, Ontario provenances also exhibited the greatest
increase in 8'3C under drought conditions. This drought-induced increase in §'°C is consistent
with isohydric behavior and a sensitive stomatal control of water loss. Moreover, provenances
from Ontario and parts of Alberta were able to maintain PS II photochemistry (Fv/Fm) at low
water content levels.

I therefore conclude that Ontario provenances are well suited to drought-prone
environments despite the fact that they may experience less frequent and lower intensity
droughts in their native environment than populations from Alberta. However, it should be noted
that although inferred stomatal response and water-use efficiency seem to indicate high drought
tolerance, they do not necessarily indicate increased drought survival (Zhang et al. 1997).

Seedlings from Yukon seed sources exhibited no increase in §'*C under drought
conditions, suggesting poor stomatal control of water loss. These seedlings also reached 20% of
Fv/Fm at a relatively high soil water content; i.e. the decline in Fv/Fm occurred at a relatively
early stage of drought. Despite previous research suggesting that cold tolerance may indicate
increased drought tolerance (Bansal et al. 2016), Yukon provenances showed very little ability to
withstand drought. In addition to being unable to cope with drought, northern populations may

also be unable recover after drought (Isaac-Renton et al. 2018). The apparent inability of
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northern populations to regulate water loss may lead to future maladaptation of these populations

under predicted warming.

4.3 Trade-offs between growth potential and drought-tolerance

Many conifer species exhibit trade-offs between climate adaptation and growth traits.
Trade-offs have been found between drought tolerance and growth in multiple conifer species
(Bigras 2005, Montwe et al. 2015). Trees from dry environments may sacrifice high growth
potential in favor of greater investment in traits that may provide hydraulic safety such as
increased wood density and tracheid wall reinforcement (Hacke et al. 2001). In this study, |
found no evidence for a trade-off between growth and drought tolerance across regions. The lack
of expected trade-offs may indicate different adaptive strategies between white spruce
populations. Provenances from sites with greater summer drought, or more extreme temperatures
are generally less productive but may not show greater resistance to drought, they instead exhibit
faster recovery from drought events (Montwe et al. 2015). Similarly, Pinus pinaster forest trees
show variable adaptive strategies to drought, with those from wet climates being more resistant
to short drought, but dry forests exhibiting faster growth recovery after extensive drought
(Sanchez-Salguero et al. 2018). Fluorescence response may be used as an indicator of survival
under drought, and an important indicator of drought tolerance. Those trees that lose the ability
to photosynthesize earlier are also likely at risk of earlier mortality.

Seedlings from the Yukon had the slowest growth while also exhibiting poor stomatal

control of water loss and a relatively early decline in Fv/Fm. This poor performance in growth
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and drought response goes against the expected trade-off and may indicate that these
provenances are not adapted to drought during their growing season. It is possible that they don’t
respond to drought conditions due to the extremely short growing season during which they grow
quickly for a short amount of time and can’t afford to close stomata.

A similar trend is seen in Alberta provenances which show little trade-off between
drought and stomatal response. The stomatal response in these provenances would be expected to
be greater because of their lower growth potential in greenhouse trials. In contrast, they were
generally able to maintain photosynthesis levels at lower water contents, indicating some
response to drought that may not be related to stomatal control. This may indicate an adaptation
to drought that is less dependent on stomatal response and more dependent on their ability of
their hydraulic structures to withstand extreme water potentials and recover from long droughts.

Seedlings from southern Ontario had a strong stomatal response to drought as indicated
by their pronounced increase in 613C under drought conditions; yet they also had high growth
rates. In addition to relatively strong stomatal response they also maintained photosynthesis at
low water content, indicating the ability to survive during drought as well. Ontario provenances
experience summer droughts that are shorter and less intense than the slower-growing
provenances in Alberta, indicating that they may perform well in drought conditions but may
recover slower than less productive provenances.

Maritime provenances have high growth performance in greenhouse trials but both adult
field trials and seedling drought experiments indicate an inability to cope with water stress. They
are likely not adapted to drought and show little ability to respond to water limitation. However,

unlike the relatively low stomatal control exhibited in Alberta provenances the Maritimes
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displayed less ability to continue photosynthesis at low water contents indicating they may not be

adapted to longer droughts and could exhibit poor recovery and increased hydraulic damage.

4.4 Potential management implications

Future climate predictions suggest that more northern populations of white spruce are
likely to see substantial declines in both survival and growth as heat and drought events continue
to increase (Rweyongeza et al. 2007). Our experiments also indicate that Yukon provenances
show maladaptation to warmer climates in central Alberta, indicating future warming in the north
may induce similar maladaptation. Many forest populations are expected to be outside their
optimal climate range by more than 300km latitudinally in the next decade, likely more in
northern boreal populations (Gray and Hamann 2013). These risks posed by future climate
changes indicate a need for seeds and planting stock better adapted to these climate situations.
Provenances originating from southern Ontario, near the southern edge of the species range,
show similar growth to some of these northern populations and better drought tolerance, making
them a potentially suitable choice for seed transfers. Lu et al. (2014) found that provenances
originating from similar regions also demonstrated superior growth, outperforming populations
from western Canada and Alaska, suggesting they have the potential to be useful now for
northern planting. Although these provenances seem to be well adapted for transfer to more
northern sites there is still a risk of lower survival and growth due to less adaptation to frost
events, and as such caution should be used (Sebastian-Azcona et al. 2019). Future research is
needed to identify physiological mechanisms sensitive to drought in adult white spruce as adult
trees and seedlings tend to exhibit different vulnerabilities.
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4.5 Conclusions

The variation between populations at the seedling and adult stage indicates significant
genetic differences that may be helpful for future management of white spruce stands. The
experiments of drought tolerance in seedlings should be coupled with similar studies of adult
trees. Carbon isotope ratios in the long-term field trials may give insight into the performance of
different populations in variable climatic conditions. These studies would be highly valuable as
seedlings are often more vulnerable and have potentially different reactions to drought than adult
trees. Future research should aim at understanding the effects of drought on adult trees and future

management of theses adult stands.
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6. Appendices
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Figure S1. Scatterplots of correlations with significant relationships given lines. Climate
variables include mean annual temperature (MAT) in °C; degree days above 5°C (DD>5), or
growing degree days; mean warmest month temperature (MWMT) in °C; frost free period (FFP)
in number of days; mean coldest month temperature (MCMT) in °C; degree days below 0°C
(DD<0), or chilling degree days; temperature difference (TD) between MWMT and MCMT is a

measure of continentality and is given in °C.
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Figure S2. Scatterplots of correlations with significant relationships given lines. Climate
variables include mean annual precipitation (MAP) is given in mm; mean summer precipitation
(MSP) is given in mm; precipitation as snow (PAS) between August in previous year and July in
current year is given in mm; climatic moisture deficit (CMD) is given in mm; annual heat
moisture index (AHM); summer heat moisture index (SHM).
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