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Abstract

The movement of seed sources from south to north has been proposed as a tool to mitigate the
effect of climate change on forest productivity and mortality. Southern provenances, coming
from warmer regions are expected to better utilize the extended growing seasons expected under
climate warming. But even if temperatures are warming overall, early fall frost events or late
spring frost events may still occur at similar or even increased frequencies relative to the growth
phenology of plants. If trees are not correctly adapted to the length of the growing season, and

they release dormancy to early or stop growing too late, they will suffer frost damage.

To find the best adapted provenances I studied here different physiological adaptations to
climate that should help delineate safe transfer distances of white spruce (Picea glauca [Moench]
Voss), using a range-wide provenance trial in Central Alberta. I measured physiological and
anatomical traits related to drought resistance and cold hardiness, and implemented a novel tree

ring approach to detect xylem anomalies induced by past climate events.

My results showed tradeoffs between fall cold hardiness and tree growth primarily along
a latitudinal cline. Southern provenances showed higher growth but a later onset of cold
hardiness. Latitude of source origin was the most influential environmental variable for both tree
height and cold hardiness, suggesting a strong effect of day length regimes in the control of the
length of the growing season. Provenances from southern latitudes of origin and from eastern
maritime climate conditions showed high productivity, but were also more susceptible to the
occurrence of abnormally thin cell wall thickness and unlignified tracheids in the latewood
during cold years, indicating a mismatch of growth phenology with the available growing

season. Provenances from maritime and warm source environments also had higher mortality
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rates despite showing good growth. In contrast, provenances from the northern part of the
distribution were more vulnerable to late spring frosts when grown in at a warmer test site than
their origin climate. The physiological traits related to drought resistance and anatomy measured
in this study did not show any significant difference throughout the range of the species,

although we found some tradeoffs between hydraulic safety and efficiency.

Based on population differentiation observed in this study, hardiness zones could also be
used to limit the distance of seed transfers within the species range. The results of this study
support moderate northward movement of populations to address climate trends that have
already occurred over the last decades. The best performing provenances in this trial came from
the southern central part of the distribution (South East Manitoba), about 500 km south and
1,500 km east of the test site and a region with warmer summers and similar winter temperatures
and precipitation. These climatic conditions are consistent with expected climate change, and
therefore assisted migration prescriptions northward and upward in elevation to moderately

cooler temperature (—1 to —2°C difference) seem well supported by this study.
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Chapter 1. General introduction

1.1 Introduction

With 300 million hectares of forest, Canada is the country with the third largest forested
area (Canadian Forest Service 2017). This vast amount of natural resources is reflected in
the economy as the forestry industry employed 211,075 people and injected $23.1 billion to
Canada’s economy, accounting for 1.5% of the GDP in 2016 (Canadian Forest Service
2017). White spruce (Picea glauca [Moench] Voss) is one of the most characteristic tree
species in Canada. Its distribution covers almost all of Canada from Newfoundland and
Labrador in the South East to Yukon in the North West, where it reaches the arctic treeline
(Nienstaedt & Zasada 1990). Although white spruce is a plastic species that can grow in a
wide range of climate and soil conditions, it appears most often in well drained soils of
riparian, upland or treeline sites (Nienstaedt & Zasada 1990; Abrahamson 2015). White
spruce is also a very important commercial species of the boreal forest (Nienstaedt &

Zasada 1990) and particularly Alberta (Rweyongeza et al. 2007a).

1.2 Climate trends and projections

It is still uncertain how boreal forests will react to climate change. Over the period between
1880 and 2012, the average global temperature has increased by 0.82°C (IPCC 2014). In
the boreal regions, the effect of global change in temperatures has been more evident as
reflected by the 2°C increment in average annual temperatures in Western Canada during

the 1950-2003 period (Price et al. 2013). Future temperatures will depend on future



anthropogenic emissions, but current projections for global means of the 2081-2100 period
range between an increment of 0.3 and 4.8°C relative to the 1986-2005 period (IPCC 2014).
For the Boreal Plains ecozone in Canada, Price ef al. (2013) predicted an increment of 3.4
to 4.8°C for the 2071-2100 period respect the 1961-1990 baseline. Despite the obvious
warming trend in average temperatures, climate change is also expected to increase the
frequency and severity of extreme events, which have a higher potential to impact
vegetation communities (Lloret ef al. 2012). Changes in precipitation over the last decades
have been more spatially heterogeneous than for temperature, with no clear trends globally
(IPCC 2014). At a regional scale, Alberta experienced a reduction in precipitation of up to
20% in the 1997-2006 period compared to the 1961-1990 normal (Mbogga, Hamann &
Wang 2009) and this drying trend is likely to continue according to future projections

(Wang et al. 2014).

1.3 Impact of climate change in forests

The new environmental conditions created by climate change will directly impact forest
productivity and mortality rates at a global scale. The increased temperatures and elevated
COs concentration have increased forests’ productivity when other factors, such as drought
or nitrogen availability are not limiting (Norby ef al. 2005; Boisvenue & Running 2006;
Lindner ef al. 2010; Norby et al. 2010). However, the increased temperatures will also
increase water demand, so forests are becoming increasingly stressed by drought, even in
areas that were not previously limited by water (Williams ef al. 2013). This increased

drought stress has already caused higher mortality rates across the globe, either by drought-



induced hydraulic failure or as a facilitator for other stresses (McDowell ef al. 2008; Allen
et al. 2010). The combination of warmer temperatures and reduced tree vigor are ideal
conditions for insect outbreaks (Bentz ef al. 2010). Drought stressed forests also provide
better fuel for forest fires, which coupled with the warmer and drier weather conditions will

result in more frequent and intense forest fires (Flannigan, Stocks & Wotton 2000).

In boreal forests, warmer temperatures were initially expected to have beneficial
effects on forest productivity (Melillo ez al. 1993). Several studies in treeline populations
reported increased growth in response to warmer temperatures using dendrochronology
methods (MacDonald et al. 1998; Lloyd & Fastie 2002). In an experimental warming
study, Danby and Hik (2007) also observed a positive effect of temperatures on white
spruce growth and photosynthetic rates. Despite these studies showing a higher
productivity linked to warmer temperatures, an excessive increase in temperatures will
create a water deficit that will reverse the positive effect of warmer
temperatures.(D’Orangeville et al. 2018). In fact, drought seems to be an increasingly
important limitation in boreal forests as shown by the decreased productivity of aspen
(Hogg, Barr & Black 2013) and white spruce (Hogg ef al. 2017) in Western Canada.
Extreme drought events were also linked to aspen mortality in North American forests

(Michaelian ef al. 2011; Worrall et al. 2013).

As for white spruce, drought has been consistently reported as a main constrain for
growth (Chhin, Wang & Tardif 2004; Chhin & Wang 2008; Jiang ef al. 2016a; Alam et al.
2017; Chen et al. 2017; Hogg et al. 2017) and survival (Peng et al. 2011). In the most

recent study, Hogg et al. (2017) observed a drastic decline of tree growth during the severe



drought of 2001-2002 in Alberta and Saskatchewan, which was further intensified by the

subsequent droughts until the year 2015.

1.4 Assisted migration as a tool to mitigate climate change

Due to natural selection, local populations are normally adapted to the environmental
conditions of their habitat (Morgenstern 1996). Patterns of local adaptation have
traditionally been accounted for by establishing seed zones, so that only seeds from within
a seed zone could be used in reforestation practices. This practice would limit the
maximum seed transfer distances and therefore assure that reforestation stock would be
adequately adapted to that environment. However, climate change that we are experiencing
is shifting the environmental conditions too fast for trees to adapt (Aitken et al. 2008).
Besides adaptation to the new environment, tree populations may track their optimal
growth environment through seed and pollen dispersal, but migration distances appear too
large for migration to track predicted climate change (Davis & Shaw 2001). The inability to
keep up with climate change will create an adaptational lag that has already been reported
in several studies (Zhu, Woodall & Clark 2012; Corlett & Westcott 2013a). Gray and
Hamann (2013) estimated an already existing average lag of 130 km in latitude or 60m in

Western North America, which could increase to 590 km or 260 m by 2050.

As a potential solution to adaptational lag, human assisted migration has been
proposed to mitigate the effect of climate change on forests (Pedlar ez al. 2012; Aitken &
Bemmels 2016). The idea of assisted migration in a reforestation contest consists of using

seeds from areas that are already experiencing warmer conditions, instead of selecting seed
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sources solely based in geographical proximity. Assisted migration has also been proposed
as a conservation tool to move endangered species with small habitats that are likely to
disappear to areas that can support it but are too far to be reached by natural migration
(McLachlan, Hellmann & Schwartz 2007). However, in a forestry context we consider
assisted migration of populations within a species range or barely outside of it. This type of
assisted migration is sometimes denominated as “assisted gene flow” or “assisted
population migration” to differentiate it from the assisted migration performed for
conservation purposes. Assisted migration used for conservation has been a continuous
focus of debate due to its potential risks. Moving species outside of their natural range can
create new exotic invasive species, hybridization between the introduced species and local
species and a potential risk of introducing new diseases to other species. Assisted migration
in forestry still has similar potential risks, but at a much lower level since the species is

already present in the area (Pedlar et al. 2012).

The success of assisted migration practices in forestry relies on identifying seed
sources that will perform better than local populations. This information is obtained from
provenance trials that study differences between populations (Matyas 1996). In provenance
trials, seeds from different origins, or provenances, are planted in a common garden so that
genetic differences between populations can be observed. The observable characteristics of
an individual, or phenotype, are the result of the interaction between its genetic
information, or genotype, and the environment in which they occur (White, Adams & Neale
2007). By planting all the individuals in a single site, the environmental effect is removed
and all observed differences can be attributed to genetic differences. Finding more
productive provenances has been a goal of forest researchers for decades (Langlet 1971),
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but significantly more effort has been put recently in understanding the physiological
reasons behind population differentiation (Aitken & Bemmels 2016). If we are able to
identify the physiological characteristics that make some trees more successful than others,
we can use that information to select the seed sources that are best adapted to the new

environmental conditions, such as the expected increased drought stress.

1.5 Tree water relations and drought adaptation

Water is transported from the roots to the leaves of a tree through the xylem. The
mechanism responsible for this movement is explained by the Cohesion-Tension theory.
The evaporation occurring in the leaves creates a tension that is transmitted through a
continuous column of water to the rest of the plant. Water ascends through the xylem in a
metastable condition since the pressure inside the xylem is lower than the vapor pressure of
water (Dixon & Joly 1895). The metastable condition of the water column means that if this
column is broken, it will not rejoin until positive pressures occur in the xylem. The process
by which air is pulled inside the conduit breaking the water conduit and filling the whole
conduit is called cavitation. The two main mechanisms inducing cavitation are freezing-
induced cavitation and drought-induced cavitation (Hacke & Sperry 2001). When water
freezes in the xylem, dissolved gases form bubbles. If the tension in the conduit is too high
when the ice thaws, then those bubbles will expand and block the conduit. The most likely
mechanism inducing drought-induced cavitation is the air-seeding hypothesis. According to
this hypothesis, air is aspired from a contiguous air-filled conduit when the tension within

the conduit is higher than the capillary forces present in the pit connecting both conduits



(Sperry & Tyree 1988). The ability of plants to resist cavitation is usually measured with
vulnerability curves. Hydraulic conductivity is measured at different water stress levels and
the represented as a percentage of conductivity loss from the maximum conductivity. The
water potential needed to induced a 50% loss of conductivity is commonly used to report
the susceptibility of trees to cavitation (e.g. Sperry, Donnelly & Tyree 1988; Pammenter &

Van der Willigen 1998).

Since drought stress is predicted to become more common in the near future due to
climate change, trees with higher resistance to dry condition should be favored in
reforestation practices. Anderegg et al. (2016) found that the hydraulic safety margin was
the best predictor was the best predictor for species-specific mortality anomalies. Hydraulic
safety margin is defined as the difference between the typical minimum xylem water
potential and the water potential that would induce a 50% conductivity loss (Meinzer et al.
2009). The downside of xylem with high cavitation resistance is normally a tradeoff with
xylem conductivity. Trees cannot have high resistance and high conductivity xylem at the
same time, although low values of both characteristics are possible (Gleason et al. 2016a).
Trees that are resistant to drought stress are usually associated to more robust tissues, as
implied from the positive effect in drought resistance of traits such as high wood density,
low specific leaf area and low leaf-to-sapwood area (Hacke et al. 2001b; Gleason et al.

2016a; Greenwood et al. 2017).



1.6 The importance of cold hardiness in a warming world

Even if climate warming will likely reduce the number of freezing events (IPCC 2014), the
study of cold hardiness in plants is still a very relevant topic. Because assisted migration is
based on moving seed sources from warmer to colder areas, frost damage becomes a
serious risk for the newly introduced plants. Even after the warming period of the last few
decades, severe frost damage still occurs in natural populations as reported by Gu et al.

(2008) and Man ef al. (2009a) after a frost spell in spring 2007 in Eastern North America.

There are two main strategies against frost damage: avoidance and tolerance of
freezing (Levitt 1980). One strategy of frost damage avoidance is to prevent the formation
of ice by deep supercooling. When water is supercooled, it can reach temperatures below its
freezing point while remaining liquid. If water does not have contact with extracellular ice
or any other nucleating agent, it can stay in liquid form until about -40°C (Sutinen ef al.
2001). Frost tolerant tissues on the other hand, allow the formation of extracellular ice.
Since frozen water has a lower potential than liquid water, water will move from the
intracellular solution to the growing ice crystals outside the cells until the potential inside
the cell matches that of the ice crystals. This creates a dehydration stress similar to drought
stress (Palta 1990). In the boreal species, frost tolerance is the most common strategy while

freezing avoidance is often seen in temperate species (Sutinen ef al. 2001).

Cold hardiness is not uniform during the year. While temperatures just below
freezing can cause damage during the growing season, fully acclimated twigs have been
reported to tolerate temperatures as low as -196°C (Sakai & Sugawara 1973). Trees adapted

to cold temperatures must stop growing and become dormant before frosts occur. This cold



acclimation occurs in two or three stages (Sakai & Sugawara 1973). In the first stage,
growth ceases and the tree becomes partially resistant to low temperatures. The second
stage is triggered by low temperatures close to freezing, increasing cold hardiness. The
third stage is only present in species living in extreme environment and occurs at
temperatures between -30°C and -50°C. Dormancy is released after a period of temperatures
slightly above freezing, and after dormancy is released, growth starts when a certain sum of
growing degree days has been reached (Howe ef al. 2003a). Even if temperatures and
photoperiod are the main environmental queues for cold hardiness phenology, other factors
such as water, irradiance or mineral nutrients can also affect the cold hardiness of trees

(Bigras et al. 2001).

Because release of dormancy in spring and onset of dormancy in fall are controlled
by different environmental queues, the expected climate change will affect them
differently. The beginning of the growing season, which is controlled mainly by
temperatures, advances to an earlier day of year as the sum of temperatures required for the
onset of growth happens earlier in spring. In Europe, spring events have advanced 2.5
days/decade on average between 1971 and 2000 (Menzel ef al. 2006). In Canada, aspen
blooming advanced 2.7 days/decade between 1900 and 1997 (Beaubien & Freeland 2000).
Trends in fall phenology, which is mostly regulated by photoperiod but also influenced by
temperatures, are not so clear. Even though several studies report a delay of fall phenology,
this delay is usually smaller than the advance in spring. For instance Picea abies showed
ranges in population means of 4-12 days for budbreak and 17-32 days for budset (Aitken &

Hannerz 2001 and literature cited therein). The same European study that reported a 2.5



days/decade in spring, found a delay in fall of 1.0 days/decade on average (Menzel ef al.

2006).

1.7 Dendrochronological methods to study past climate events

The characteristic seasonality of tree growth in temperate and boreal forests induces the
formation of tree rings. Tree rings allow identifying the xylem growth corresponding to a
specific year. Measuring the width of these tree rings can be used to study growth trends
over the tree’s lifetime. These trends can then be attributed to climate or other
environmental variables (Fritts 1976). In the case of more extreme climate events, xylem
anomalies might form as a response. Frost damage caused by late spring or summer frosts
while the cambium is active manifest as “frost rings” (Glerum & Farrar 1966). A frost ring
will show thin and unlignified cell walls in the earlywood, followed by a zone of collapsed
cells. After this layer of collapsed cells, traumatic parenchyma cells are formed followed by
tracheids with lignified cell walls but abnormal shapes (Glerum & Farrar 1966). In years
with low temperatures at the beginning and end of the growing season, tree rings with
abnormally thin cell walls in the latewood might form. These tree rings are called “light
rings” (Filion et al. 1986). Low temperatures at the end of the growing season might also
induced the formation of unlignified cell walls in the latewood. These unlignified cells can
be identified with a double stain of safranin and astra blue, so lignified cells are stained red
by safranin while unlignified tracheids will show a blue stain. Tree rings with unlignified
latewood cell walls are called “blue rings” (Piermattei ef al. 2015). Another interesting

xylem anomaly is formed when a very dry summer is followed by a sudden increase in
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precipitation at the end of the growing season. This climate event might induce the
formation of latewood-like cells in the earlywood of the tree ring, giving the impression of

a “double ring”.

Combining dendrochronology analyses with provenance trial experiments can be a
powerful tool to understand how different populations reacted to past climate, so we can
better predict the effects of climate change in the future. This approach has been used
mostly to study drought susceptibility of different provenances and species (e.g. McLane,
Daniels & Aitken 2011; Taeger et al. 2013; Montwé¢ et al. 2016). Although this approach
has a great potential to observe differences in cold hardiness, these studies are much scarcer

(Montw¢ et al. 2018).

1.8 Thesis outline and objectives

The general objective of this thesis is to discover which anatomical or physiological
adaptations to climate are present in white spruce. Identifying frost or drought resistant
populations could inform proposed assisted migration practices based not only in the
productivity of the provenances, but also taking into account their adaptation to regional
climate conditions and climate extremes. This thesis consists of three research chapters that

systematically address these overall objectives:

In my first research chapter, I performed an exploratory analysis trying to identify
key traits that could be responsible for differences in tree performance. For that, I screened

many physiological and anatomical traits in a reduced number of provenances that
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represented the full geographic range of the species, with clearly different climates of origin

and contrasting performances in growth and survival. The objectives of this chapter were:

e Discovering genetic population differentiation among provenances from across
the entire range of the species for a wide selection of hydraulic, anatomical and
cold hardiness traits

e Analyzing how these traits are related to the climate of origin of the
provenances

e Detecting possible relationships between resistance to climate (cold and

drought), tree growth and survival

In my second research chapter, I investigated adaptive traits that showed strong
population differentiation in my previous chapter. After finding a strong association
between fall cold hardiness and tree mortality, [ measured this trait in more detail, sampling
more provenances from a more comprehensive range of environmental conditions and
testing cold hardiness at several times during the growing season. The main objectives of

this chapter were:

o Identifying possible tradeoffs between frost hardiness, growth and survival

e Analyzing the association of climate and latitude at the origin of seed sources
(as a proxy for day length regime) with growth, survival and frost hardiness

observed in the common garden trial
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¢ Quantifying the impact of long distance transfers to identify seed sources with
good hardiness characteristics as well as good growth performance as a

recommendation for assisted migration prescriptions.

In my third research chapter, I used dendrochronological analyses to identify if
past climate events, recorded in tree rings, compromised growth and survival. Specifically,
I looked for spring and summer frost damage in earlywood (frost rings), effect of cool
temperatures over the whole growing season (light and blue rings) and signatures of

drought conditions (double rings). The specific objectives of this chapter were:

Linking the presence of different tree ring anomalies to past climate events.

e Identifying differences between provenances tree ring anomalies that indicate

resistance or susceptibility to past climate events.

e Quantifying the relationship between the climate of origin of the seed sources

with tree ring anomalies to infer adaptation to climate conditions.

e Investigating whether the presence of the different tree rings impacted the growth
and survival rates of the different provenances, and analyzing its importance in

assisted migration prescriptions.
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Chapter 2. Adaptations of white spruce to climate: strong intra-specific

differences in cold hardiness linked to survival

2.1 Summary

Understanding local adaptation of tree populations to climate allows the development of assisted
migration guidelines as a tool for forest managers to address climate change. In this chapter, we
study relationships between climate, a wide range of physiological traits, and field performance
of selected white spruce provenances originating from throughout the species range. Tree height,
survival, cold hardiness, hydraulic and wood anatomical traits were measured in a 32-year-old,
common garden trial located in a central location of white spruce distribution. Provenance
performance included all combinations of high versus low survival and growth, with the most
prevalent population differentiation for adaptive traits observed in cold hardiness. Cold hardiness
showed a strong association with survival and was associated with cold winter temperatures at
the site of seed origin. Tree height was mostly explained by the length of the growing season at
the origin of the seed source. Although population differentiation was generally weak in wood
anatomical and hydraulic traits, within-population variation was substantial in some traits, and a
boundary analysis revealed that efficient water transport tended to be linked to vulnerable xylem
and low wood density, indicating that an optimal combination of high water transport efficiency
and high cavitation resistance is not possible. Our results suggest that assisted migration
prescriptions may be advantageous under warming climate conditions, but pronounced tradeoffs
between survival and cold hardiness require a careful consideration of the distances of these

transfers.
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2.2 Introduction

Geographic patterns of local adaptation of forest trees have been studied since the 18"century,
and most studies found that local populations were the best fit to a specific environment (Langlet
1971). This has led forest managers to develop so called “seed zones”, where areas of similar
conditions were defined assuming that individuals coming from that area would have superior
growth and survival when planted within the same seed zone. More recently, climate change has
led to locally adapted populations lagging behind their optimal climate niche, thus challenging
the assumption that “local is best” (Hacke et al. 2001a; Aitken et al. 2008). Gray and Hamann
(2013) found that based on observed climate trends, forest tree species in western North America
already lag behind their optimal climate niche by approximately 130 km in latitude. Furthermore,
Alberta also experienced a reduction in precipitation in the past 25 years (Mbogga, Hamann &
Wang 2009), and the trend toward drier conditions may continue during the 21 century (Wang
et al. 2014). Such data implies that trees may become increasingly maladapted to new climate

conditions.

One way of accommodating changes in climate is the use of seed sources from areas
already adapted to warmer temperatures as part of regular reforestation programs. This usually
implies selecting seeds from southern areas to be planted in a more northern region (Millar,
Stephenson & Stephens 2007). Such assisted migration prescriptions depend on identifying well-
adapted genotypes from matching climate regions. This can be done using provenance trials, in
which seed sources collected from different geographic regions and different environments are
planted in a common garden where genetic differences between populations may be observed. If

promising genotypes can be identified in provenance trials, then these genotypes could be moved
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and planted where their characteristics match the anticipated climate. Previous work on white
spruce provenances in different parts of its distribution suggests that northern transfers can
increase growth rates (e.g. Li, Beaulieu & Bousquet 1997b; Lesser & Parker 2004b; Rweyongeza
et al. 2007b; Lu et al. 2014b; Gray et al. 2016b). A recent study proposed relatively short
northward transfers for Alberta, putatively limited by cold temperatures in the north of the
province (Gray et al. 2016b). All these studies analyzed the response of tree growth to different
planting environments, but there is little understanding of the physiological causes of different

local adaptations.

In the boreal forest, increased temperatures may have a positive effect on tree growth as
has been observed in some white spruce populations (MacDonald ef al. 1998; Lloyd & Fastie
2002; Danby & Hik 2007). But this positive effect will only occur with adequate water
availability, since the opposite effect was found in drier areas or years, showing that drought can
be an important limitation for white spruce development in the future (Barber, Juday & Finney
2000; Lloyd & Fastie 2002; Danby & Hik 2007; Jiang et al. 2016b; Chen ef al. 2017). Even if
precipitation rates are not affected by climate change, increased temperatures will enhance
drought stress in plants by increasing transpiration. With higher transpiration, water reserves will
deplete faster inducing a drought stress caused by high temperatures (Breshears et al. 2005).
Moreover, snow reserves will melt earlier reducing water availability during the growing season
(Barnett, Adam & Lettenmaier 2005). Finding a productive and drought resistant genotype might
be a difficult challenge since tradeoffs between growth and heat/drought resistance have been
reported in white spruce (Bigras 2000; Bigras 2005). The tradeoff between hydraulic safety and

efficiency of the xylem was analyzed in detail by Gleason et al. (2016b), arriving at the
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conclusion that although the correlation between both traits is not always clear, the combination
of both high efficiency and high resistance is not possible. This tradeoff can be partially
explained by anatomical features of the tree such as wood density, conduit size or ratio between

photosynthetic and conductive tissue (Sperry, Hacke & Pittermann 2006; Gleason et al. 2016b).

Even though frost events are lower in frequency and severity now compared to the first
half of the 20" century, extreme climate events may still occur on rare occasions, especially if
overall variability in climate increases. A single unexpected frost event can cause great damage
to forests if it happens during the growing season (Gu et al. 2008). Man et al. (2009b) also
reported severe frost damage in a white spruce stand after a late frost spell. Since such frost
events that cause dieback and mortality are very rare, it remains difficult to assess the risk
involved in moving planting stock north, even with data from long-term provenance trials
because mature trees may not be as susceptible to frost damage as seedlings and saplings.
Generally, differences between provenances in the onset of cold hardiness in fall are greater than
in the release of cold hardiness in spring, so a movement in latitude might have a bigger effect in
changing susceptibility to early frosts in fall (Aitken & Hannerz 2001). Cold hardiness heavily
relies on the phenology of the onset and release of cold hardiness, and a tradeoff between growth
and cold hardiness is usually driven by how long trees extend their growing season in the fall
(Howe et al. 2003b). The effect of climate change in fall usually gets less attention than other
seasons even though fall events can have important ecological impact (Gallinat, Primack &

Wagner 2015).

While growth performance of white spruce provenances has been well studied, there is a
lack of understanding which physiological and anatomic traits are responsible for those genetic
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population differences. Tradeoffs between growth and cold hardiness or drought resistance pose
an extra challenge for forest managers to maintain the productivity and health of our forests
under climate change. We also wanted to analyze how adaptation relates to tree survival, a
parameter not usually studied in classical provenance trial studies. In this study, we used ten
provenances coming from five distinct climatic regions across the range of the species to assess
the importance of adaptive traits that could impact tree performance under various environmental
conditions. The specific goals were to 1) discover genetic population differentiation among
provenances from across the entire range of the species for a wide selection of hydraulic,
anatomical and cold hardiness traits, 2) detect possible relationships between resistance to
climate (cold and drought), tree growth and survival and 3) analyze how these traits are related to
the climate of origin of the provenances. The results of this range-wide experiment could point to
key traits for climate adaptation that could serve as a reference for more geographically limited

studies with higher sample densities to support regional assisted migration prescriptions.

2.3 Methods

2.3.1 Plant material

Plant material for this study came from two contiguous white spruce (Picea glauca [Moench]
Voss) trials in a single site in central Alberta, Canada (55°17'N, 113°10'W). Both trials belong to
a provenance trial experiment described in detail by Rweyongeza ef al. (2007b). One of the trials

is planted with provenances from only the province of Alberta, while the other trial has
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provenances covering the whole Canadian distribution of white spruce, with some provenances
present in both trials. Both trials have five blocks each, with nine trees per block for the Alberta
trial and five trees per block for the Canada-wide trial. They were established in 1982 with four-
year-old seedlings. Height was assessed after 32 growing seasons in the field and survival was
calculated as the ratio of living trees to the total planted. Diameter at breast height was also
measured after 27 growing seasons, but we only use height as a performance measure in this
thesis for simplification, due to the high correlation between height and diameter in the site

(Pearson’s r = 0.96, p <0.001).

We selected two provenances from five distinct regions that covered most of the white
spruce distribution (Fig. 2.1, Table 2.1). The regions in Alberta corresponded to the three
regions that showed genetic differences in previous studies (Rweyongeza et al. 2007b): northern
Alberta (nAB), central Alberta (cAB) and Foothills (FH). The other two provenances belong to
climatically and geographically different parts of the species range: Yukon (YU) in the north and
Ontario (ON) in the south. The same sample trees were used for all measurements so that an
individual comparison between variables was possible. A total of seven trees (at least one from
each block) were selected for each provenance, except for provenances nAB.2 and cAB.2 that
were present in both trials, for which five trees from each trial and provenance were selected.
The sample size was reduced for time consuming anatomic measurements (for details see notes
in Table 2.2). Climate data for the provenances and study site was extracted with the software

ClimateNA v5.21, available at http.//tinyurl.com/ClimateNA (Wang et al. 2014). We used the

standard reference normal period of 1961-1990 as a representation of the climate of origin to

which populations are putatively adapted.
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2.3.2 Hydraulic measurements

Samples for hydraulic measurements were collected between May 19 and June 8, 2015. Distal
branches from sun-exposed parts of the tree crown were cut with a pole pruner. The branches
were packed in plastic bags with wet paper towels to avoid desiccation and transported to a cold
room (+4°C) the same day. All hydraulic measurements were made within one week after
collection. We follow methodology described in Hacke and Jansen (2009) and Schoonmaker et
al. (2010) for conductivity measurements. Briefly, we cut approximately 15 cm long branch
segments under water and attached them to a conductivity apparatus that applied a 20 mM KCl+
1 mM CaCl: solution under controlled pressure to the segment. The outflow was measured every
10 seconds with an electronic balance (CP225D; Sartorius, Gottingen, Germany) until it
stabilized. The average of the last five measurements was used to calculate hydraulic
conductivity (Kx) with the following expression:

Water flow X segment length
H =

Pressure head

Hydraulic conductivity was first measured to assess the native conductivity of the
segments in the field. Then, samples were subjected to a partial vacuum in the measuring
solution to remove any native embolism and determine the maximum conductivity. Native
embolism was calculated as the ratio of the initial to the maximum conductivity. Vulnerability to
cavitation was assessed by applying a known pressure to the segment using a centrifuge and
calculating the percentage loss of conductivity (PLC) relative to the maximum conductivity. This

procedure was repeated for six pressure levels from -2 to -7 MPa and the results were fitted to
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two commonly used functions: the Weibull function (Cai ef al. 2014) and the exponential
sigmoidal function (Pammenter & Vander Willigen 1998). The best fitted function was selected
in each individual case. From these curves, we calculated the pressure at which the xylem loses
50% of its maximum conductivity (P50). Maximum Ky was used to calculate xylem-area
specific conductivity (Ks) and needle-area specific conductivity (Kz). Xylem area (4x) was
measured in the center of the segments using a stereomicroscope (MSS5, Leica, Wetzlar,
Germany). For the estimation of needle area (Ar), we first measured the projected area of a
subset of needles, and then the same subset was weighted after drying the needles in an oven.
Using the ratio of area to weight from the subset of needles, we could estimate the total area of
the needles distal to the segment by drying and weighting the remaining needles. Ks and K7 were

then calculated according to Tyree and Zimmermann (2002):

Ky
Kg = —1
.
Ky
K, =2

Lastly, the ratio of leaf area to xylem area (A41.4x) was also calculated as a measure of

hydraulic efficiency.

2.3.3 Wood anatomy

The same segments used for hydraulic measurements were also used for wood anatomy analysis.
Tracheid lumen diameter was measured for the most recent complete two rings of each segment

using a radial file of three cells wide with images taken with a Leica DM3000 microscope at
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200x. Only non-compression wood was analyzed. The hydraulically weighted mean lumen

diameter (7uiam) Was calculated using the Hagen-Poiseuille formula:

n

/4
yd)'
Tgiam = <_

where d is tracheid diameter and n is the total number of tracheids measured. Tracheid length
(Thengn) was measured using chemical macerations following (Schoonmaker et al. 2010). Wood
sections corresponding to the outer rings of each segment were digested in a 1:1 mixture of
glacial acetic acid (80%) and hydrogen peroxide at 60°C for 48 hours. Macerated tissue was
analyzed with a light microscope at 25x magnification to measure the length of 200 tracheids for
each sample. All the image analyses were performed with ImagePro Premier (Media

Cybernetics, Silver Spring, MD, USA) software.
2.3.4 Cold hardiness

Healthy, sun-exposed branches were collected for cold hardiness measurements from the same
trees on September 22 and brought to a cold room (+4°C) in plastic bags with wet paper towels
within the same day. The whole-plant freeze testing method (Burr ef al. 2001) was used to
estimate frost damage. Distal parts of the branches of approximately 20 cm length were frozen at
different temperatures in a programmable freezer (85-3.1A; ScienTemp, Adrian, MI, USA). We
used a cooling rate of 5°C/hour and maintained the samples at the test temperature for one hour,
followed by warming up to room temperature at the same rate of 5°C/hour. Three test
temperatures were used: -30°C, -40°C and -50°C. After the freezing treatment, samples were

transferred to a growth chamber where they were stored in transparent plastic bags with wet
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paper towels. Frost damage in the needles was assessed visually two weeks after the treatment as

a percentage of damaged tissue.

2.3.5 Data analysis

All statistical analyses were conducted with the R v3.2 programming environment (R Core R
Core Team 2015). We used a mixed effects model to calculate the means of the provenances
using the variable of interest as a fixed effect and block as a random effect with the /me4 package
(Bates et al. 2014). Means were calculated as least squares means with the Ismeans package
(Lenth 2016a). Multiple comparisons of the means were done with the general linear hypothesis
method of the multcomp package (Hothorn, Bretz & Westfall 2008). Differences among
provenances in survival were tested for statistical significance with Fischer’s exact z-test and
Holm’s adjustment for multiple inference, implemented with the p.adjust function of the R base
package. We visualized the effect of the climate of origin on the performance in the field using a
multivariate indirect gradient analysis. The ordination space consisted of standardized values of
height and survival, defined as standard deviations from the overall experimental mean set to
zero. We calculated the individual correlations of each climatic variable with this ordination
space using the function vf() from the package ecodist (Goslee & Urban 2007) and plotted them
as vectors in the figure. To analyze tradeoffs and relationships among specific hydraulic and
anatomical traits, we conducted boundary analyses with quantile regressions using the function
rq() from the package quantreg (Koenker 2013). A quantile regression can be used when a
response cannot change by more than some upper limit, but may change by less when other
unmeasured factors are limiting (Cade & Noon 2003). A quantile regression is similar to a linear
regression but it allows for the estimation of a quantile instead of the average. In this case we

30



calculated the 5% (P50) and 95% (wood density) quantiles. This regression can identify a region
of a scatter plot where it is very rare to find points and can point to a tradeoff even if the overall

correlation between variables for the majority of the sample points is weak.

2.4 Results

Provenance field testing results conformed to the expectation that “local is best”, with
provenances from the vicinity of the planning site showing the highest growth and good survival
(Fig. 2.2, upper right quadrant). Provenances from the Alberta Foothills represented the other
extreme, with below-average growth and survival. The remaining six provenances showed a
tradeoff between growth and survival, with provenances from Ontario having high growth but
relatively low survival and provenances from northern regions (Yukon and Northern Alberta)
exhibiting high survival but lower growth. The observed differences in growth and survival
among individual provenances were statistically significant as indicated in Table 2.2, and they
provide a reference to interpret the importance of physiological and anatomical adaptive traits as

causes of population performance in the field.

Among the physiological and wood anatomical variables measured, we found the
strongest differentiation in cold hardiness (Fig. 2.3, Table 2.2). At the time of sampling, the -
50°C test temperature resulted in the greatest range of observed damage from 1% to 96% in one
of the Yukon (YU.2) and one of the Foothills (FH.1) provenance samples, respectively.

Provenances within the same region generally behaved similarly, except for the Alberta

31



Foothills, which showed a statistically significant difference between its provenances. Most of
the provenances showed good resistance to -30°C temperatures at the time of assessment in mid-
September, and only Ontario showed significant damage (12%). We observed no significant
differences among provenances in hydraulic and anatomic variables putatively related to
adaptation to drought, except for leaf-to-xylem area ratio, due to high intra-population variance

(Table 2.2).

Frost hardiness was strongly related to survival (Fig. 2.4), but it did not show a
significant tradeoff with tree height (Table 2.3). There was a significant correlation between
height and both K1 and P50, but we did not find any relationship between survival and hydraulic
variables (Table 2.3). Despite weak correlations, the boundary analysis suggested tradeoffs
between xylem specific conductivity (Ks) and wood density (Fig. 2.5a), and between xylem
specific conductivity (Ks) and the pressure at which the xylem loses 50% of its maximum
conductivity (P50) (Fig. 2.5b). Using quantile regressions we are able to estimate a boundary
(dashed line in Fig. 2.5) beyond which values are very rare to find. Low transport efficiency (low
Ky values) was associated with a wide range of both P50s and xylem densities but the most
efficient branches were always linked to vulnerable xylem and low densities, indicating that an
ideal combination of high efficiency and high cavitation resistance is not possible (note the
absence of data points in the top right in Fig. 2.5a and bottom right in Fig. 2.5b). The leaf to
xylem area ratio appeared as an influential trait for hydraulic variables since it was significantly
correlated to both efficiency (Ks and K;) and cavitation resistance (P50; Table 2.3). Leaf specific
conductivity was strongly correlated to P50, so that the more vulnerable branches had also a

poorer ability to provide water to the needles. Wood density was the most influential among
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anatomic variables, as it was significantly correlated to tree survival and cold hardiness. Tracheid

size was not related to any variable measured.

The climate of origin was strongly associated with the field performance of provenances.
Climate vectors significantly correlated to height, survival, or a combination of both traits as per
indirect gradient analysis. This is displayed in Fig. 2.2, where the vector length with respect to
each axis represents the strength of the association. The variables that were most correlated with
survival are, in this order, mean average precipitation, mean coldest month temperature and
degree-days below 0°C, suggesting that provenances with better survival came from dry climates
with cold and long winters. For growth, the most important predictor variables were frost-free
period and mean annual temperature at the origin of the seed source. If we look at the beginning
and end of the frost free period separately, we can see the higher influence of the latter since it is
the only significant result (Table 2.4, Fig. 2.6). Annual heat-moisture index was not significantly
correlated to either height or survival alone (Table 2.4), but it was associated with high combined

survival and growth of central Alberta provenances (Fig. 2.2).

Cold hardiness was also associated with the climate of origin. Damage at -50°C was
mostly related to day length and winter temperatures, having the highest correlations with
latitude, mean coldest month temperature and degree-days below 0°C (Fig. 2.7a, Table 2.4).
Damage at -30°C was more correlated to variables corresponding to annual temperatures like
evapotranspiration and mean average temperature, and also to the date of the first frost event
(Fig. 2.7b, Table 2.4). It is important to note that by the time of sample collection (day of year
265), the first frost event at the location of origin for an average year would have already
happened for all provenances except for those originating from Ontario (Fig. 2.7b). We did not
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find any significant associations between climate at the origin of seed sources and hydraulic or

anatomic variables (Table 2.4).

2.5 Discussion

2.5.1 Local adaptation and tradeoffs

Although this study was not designed to study local optimality or to be used to derive practical
assisted migration guidelines, provenances that originated near the vicinity of the study site
showed the best combination of long-term performance in growth and survival in the field. Local
provenances (central Alberta) originated slightly southeast of the study site which corresponds to
a short northwest transfer as was recommended by (Gray et al. 2016b) to account for climate
change that has already occurred over the last several decades. The provenances that showed
both poor growth and low survival came from the Alberta Foothills (lower left quadrant in Fig.
2.2). This area corresponds to relatively mild climate conditions both in summer and winter with
short growing seasons due to the combination of high elevations and the presence of warm winds
from ocean origin. Possible introgression with Engelmann spruce, native to higher elevation than
white spruce, would enhance its adaptation to these mountainous conditions at the cost of lower
growth (De La Torre et al. 2014). Liepe et al. (2016) also reported that high-elevation sources of
spruce had short growing seasons, lacked strong cold tolerance, and tended to be poor growers.
The other six provenances in our study showed a clear tradeoff between growth and survival.

Northern provenances (Yukon and Northern Alberta), with the coldest winters and lowest
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precipitation, exhibited high survival but inferior growth. For Ontario provenances, coming from
areas with more favorable conditions for plant growth where inter- and intra-species competition

is presumably more important, the opposite was observed, an emphasis of growth over safety.

2.5.2 Strong population differentiation in cold hardiness

The adaptive trait with the strongest genetic population differentiation was cold hardiness, and
trait values showed strong associations to latitude and the mean coldest month temperature of
seed origin. Cold hardiness was measured in branches collected around mid-September and at
this time of year, only provenances from Ontario exhibited some frost damage after exposure to -
30°C. Ontario provenances usually do not experience any frost at this time of year at their
location of origin. Hence, there is no need to develop cold hardiness so early in the fall when
trees grow in their native climate. The other provenances do regularly experience mild frost
events earlier in September in their native climate and exhibited no significant damage when
exposed to -30°C at the test site. The fact that cold hardiness patterns could largely be explained
by the native climate of the selected provenances indicates that the seasonal dynamics of cold
hardiness were under strong genetic control, and that there was little potential for phenotypic
plasticity. These results conform to many other studies (Howe et al. 2003b and literature cited
therein). Of all the traits measured in this study, cold hardiness appeared as the most important
adaptive trait, clearly linked to survival of provenances in the field. Despite cold hardiness not
being significantly correlated to tree height, the influence of the end of the growing season at the
source of the provenances suggests that the timing of growth cessation plays an important role in

the growth potential of white spruce.
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2.5.3 Wood anatomical and hydraulic parameters

While it seems that patterns in survival and tree height could largely be explained by cold
tolerance and growing season length, respectively, we also measured a wide range of hydraulic
and wood anatomical parameters, putatively related to drought resistance. Wood density
emerged as a potentially influential variable as it was correlated with survival and cold
resistance. Lighter wood may increase the risk of stem breakage (Spatz & Bruechert 2000),
which may be important under heavy snow loads (Hlasny ez al. 2011). High wood density also
provides a stronger defense against pathogens as well as lower vulnerability to drought stress
(Hacke et al. 2001a; Chave et al. 2009; Rosner et al. 2014; Hacke et al. 2015). Higher wood
densities are often found in environments that are associated with stress. Positive correlations of

wood density with survival and cold hardiness seem consistent with these reports.

Tree height was negatively correlated with leaf-specific conductivity (Kp), i.e., taller trees
tended to show lower K values than shorter trees. Lower values of Ki corresponded to higher
needle area distal to the section measured relative to its ability to transport water. K1 was mostly
regulated by needle area rather than by a change in hydraulic conductivity as we can see from the
significant correlation between K; and A1:4x and the absence of a correlation between K; and Ks
(Table 2.3). Similar findings were reported from studies on pine populations sampled across
climate gradients (Martinez-Vilalta et al. 2009; Lopez et al. 2016). At a particular transpiration
rate (E), a branch with higher K1 will be able to maintain a smaller water potential gradient (4¥)
than a branch with lower K, because E = K; AY (Tyree & Zimmermann 2002). While having

high K; may seem conservative and advantageous from a hydraulic perspective, it comes with
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the disadvantage of having less photosynthetic area or having to invest more resources into non-

photosynthesizing xylem tissue to increase transport capacity.

In our study, Yukon and Foothill provenances exhibited the highest Ki. values. Both
Yukon and Foothills have the shortest frost-free periods. Trees in these regions must deal with
frozen soils for the longest time and they may also experience many freeze-thaw events in
spring. Drought stress can develop in the winter when water uptake from a frozen/cold soil is
impaired while needles continue to lose water (Mayr et al. 2006). Having a higher K1 may
reduce the tension in the xylem during this period and may therefore be advantageous over a

greater emphasis on leaf area and growth potential.

Hydraulic conductivity standardized by xylem area (Ks) was not correlated with growth
or survival, but showed complex relationships with wood density and P50. The boundary
analysis approach shown in Fig. 2.5 illustrates that high wood densities and Ks values were
mutually exclusive. This points to a strength versus hydraulic efficiency trade-off and is
understandable given constraints arising from the geometry of tracheid-based xylem (see detailed
discussion in Pittermann et al. 2006; Hacke et al. 2015). High hydraulic conductivity (Ks) values
also came at the expense of increased vulnerability to cavitation. The safety versus efficiency
trade-off is complex (Gleason et al. 2016b), but our boundary analysis indicates that certain trait

combinations are unattainable despite high within-population variation in either of these traits.
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2.5.4 Conclusion

In this range-wide common garden study we identified traits that could potentially play an
important role in tradeoffs between growth potential and resistance to climatic stress. We should
emphasize that the growing conditions can significantly affect the tradeoffs revealed in this
study. Differences in adaptive traits that did not have an effect on growth and survival either at
the population or individual tree level in this study, could be consequential under different
growing environments. Wood density and the leaf specific conductivity were identified as
potentially important traits, but fall cold hardiness stood out as key trait for tree survival and also
showed easily interpretable associations with climate of the provenance origin. Furthermore, the
relation between height and the end of the growing season points to the importance of the timing
of growth cessation in the growth potential of white spruce. Therefore, regional studies that make
use of a higher sampling density to develop assisted migration guidelines should focus on
measuring the effects of seed transfers on fall phenology and match provenances to new
locations so that their synchronization of the onset of frost hardiness matches new environmental

conditions under climate change.
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Table 2.1. Geographic location of the provenance origins and the common garden test site used in this

study.

Location Latitude Longitude Elevation (m)
nAB.1 58.73 -111.25 235
nAB.2 59.88 -111.72 813
cAB.1 54.37 -110.75 396
cAB.2 54.63 -110.22 610
FH.1 51.40 -115.22 1750
FH.2 49.65 -114.62 1585
ON.1 45.97 -77.43 170
ON.2 45.50 -77.02 121
YU.1 61.35 -139.00 792
YU.2 64.02 -139.00 609
Site 55.27 -113.16 635
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Table 2.2. Least squares means of field performance, anatomy, hydraulic and cold hardiness traits. Individual provenances that have the same
letter (in columns) are not significantly different at p<0.05. Absence of letters for a trait indicates that there were no significant differences among
provenances after an experiment-wise o-level adjustment for 45 pairwise comparisons.

Provenance Height Survival Cold30 Cold50 Ap:Ax Kt Ks P50 Embne:  Density Trpiam  TTrengn
nAB.1 79a 97ab 0 19ab 374ab 0.0136 0.478 -4.09 3.8 0.569 10.3 1.44
nAB.2 7.9 abe 97 a 0 19ab 329ab 0.0157 0.449 -4.25 7.4 0.581 11.4 1.29
cAB.1 109d 98ab 4 24ab 37.0ab 0.0120 0.420 -4.04 6.8 0.577 11.0 1.38
cAB.2 99d 93abe 2 49ac 353ab 0.0174 0.520  -4.28 1.9 0.544  10.7 1.46
FH.1 72a 89abe 2 44ac 29.1ab 0.0188 0.490  -4.34 12.1 0.552 10.5 1.24
FH.2 7.6a T5¢ 3 96 d 21.2a 0.0180 0336  -4.31 6.9 0.538 11.2 1.28
ON.1 10.3d 76 be 11 82ecd 459b 0.0108 0.534  -3.91 26.3 0.551 11.0 1.38
ON.2 9.6cd 84abec 14 91d 355ab 0.0154 0520 -4.14 33 0.547 10.3 1.46
YU.1 50b 9%abe 0 l6ab  339ab 0.0180 0.537 -4.20 4.2 0.555 10.4 1.30
YU.2 44b 92abe 0 1b 30.5ab 0.0186 0.461 -4.42 16.6 0.556 123 1.55

Tree height (m) and survival (%, N = 70 for nAB.2 and cAB.2; N =45 for nAB.1, cAB.1, FH.1 and FH.2; N =25 for ON.1, ON.2, YU.I and YU.2); Trrengh =
Tracheid length (mm, N = 1 tree/provenance; 200 tracheids/tree); Trpiam = Tracheid diameter (um, N = 2); Density = wood density (g/cm?®, N = 7); AL:Ax = leaf
to xylem area ratio (cm?* mm?, N = 4); Embn,, = native embolism (%, N = 7); Ks = xylem specific maximum conductivity (mg mm™' s!' kPa!, N = 7); K. = leaf
specific maximum conductivity (mg mm!' s”! kPa"!, N = 4); P50 = pressure at which 50% of the conductivity is lost (MPa, N = 7); Cold30 and Cold50 = frost
damage at -30 and -50 °C respectively (%, N =7)
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Table 2.3. Pearson’s correlation coefficients for the mean values of provenances for anatomy, hydraulic,
cold hardiness and performance variables. Statistically significant correlations at p<0.05 are highlighted
in bold.

Height Survival Cold30 Cold50 Ar:Ax Kt Ks P50 Density Trpiam

Survival -0.19

Cold30 0.61 -0.61

Cold50 0.49  -0.88 0.75

Av:Ax  0.50 0.12 044  -0.05

KL -0.71  0.05 -0.49 -0.15  -0.79

Ks 0.03 0.17 029 -0.10 0.68 -0.12

P50 0.67 -0.12 0.56 0.26 082 -0.94 0.30
Density 0.07  0.72 -0.34 -0.67 030 -043 -0.08 0.26

Trpiam  -0.39  -0.06 -031 -030 -0.29 0.20 -0.44 -0.44 0.13
Triengm  0.03 0.15 0.17 -0.18 033 -0.15 024 0.02 -0.05 0.30

Cold30 and Cold50 = frost damage at -30 and -50 °C respectively, Ar:Ax = leaf area to xylem area, Ki = leaf
specific conductivity, Ks = xylem specific conductivity, P50 = vulnerability to cavitation expressed as the pressure
at which 50% of the maximum conductivity is lost, Density = wood density, Trpiam = tracheid diameter, Triength =
tracheid length.
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Table 2.4. Pearson’s correlation coefficients for the relationship between climate variables and anatomy,
hydraulic, cold hardiness and performance variables. Statistically significant correlations at p<0.05 are
highlighted in bold.

Height SurvivalCold30 Cold50 Ar:Ax Kt Ks P50 Density Tpiam  Trengh
Latitude-0.68 -0.76 -0.85 -0.92 -0.17 035 -0.03 -044 049 042 0.19
MAT 0.78 -0.67 091 087 031 -047 009 054 -041 -041 -0.02
MWMTO0.69 -020 0.77 037 070 -0.74 030 068 0.11 -0.13 0.1
MCMT 046 -0.81 0.69 090 -0.13 -0.07 -0.13 0.19 -0.65 -034 -0.33
TD -0.14 070 -0.33 -0.71 043 -025 026 0.11 0.68 027 0.54
MAP 047 -0.85 084 088 0.12 -023 007 030 -056 -024 -0.11
MSP 058 -0.65 075 074 022 -024 021 031 -049 -036 -0.15
AHM 0.54 053 -0.06 -020 033 -044 001 045 043 -038 0.05
SHM -024 061 -036 -062 021 -0.18 0.01 005 066 032 042
DD<0 -0.65 0.74 -076 -091 -0.04 024 006 -035 0.55 043 0.26
DD>5 0.76 -034 0.88 053 067 -0.71 031 070 -0.04 -0.25 0.40
bFFP -0.74 0.01 -0.61 -0.22 -0.67 0.73 -022 -0.61 -022 0.07 -0.59
eFFP 081 -049 089 071 051 -0.67 0.16 0.66 -0.13 -035 0.17
FFP  0.82 -027 0.80 050 062 -0.74 020 067 005 -023 0.40

Cold30 and Cold50 = frost damage at -30 and -50 °C respectively , AL:Ax = leaf area to xylem area, Ki = leaf
specific conductivity, Ks = xylem specific conductivity, P50 = vulnerability to cavitation expressed as the pressure
at which 50% of the maximum conductivity is lost, Density = wood density, Tpiam = tracheid diameter, Trength =
tracheid length. MAT= mean annual temperature, MWMT = mean warmest month temperature, MCMT = mean
coldest month temperature, TD = continentality or temperature difference between MWMT and MCMT, MAP =
mean annual precipitation, MSP = May to September precipitation, AHM = annual heat-moisture index
(MAT+10)/(MAP/1000), SHM = summer heat-moisture index MWMT/(MSP/1000), DD<0 = degree-days below
0°C, DD>5 = degree-days above 5°C, bFFP = the day of the year on which FFP begins, eFFP = the day of the year
on which FFP ends, FFP = frost free period.
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Figure 2.1. Locations of origin of provenances and the common garden test site where they were grown.
The area in grey delineates the species range of white spruce.
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Figure 2.2. Performance of the provenances at the study site. Height and survival are expressed in units
of standard deviations from an overall mean of zero. The vectors represent significant associations of the
climate of the provenance origin with growth and survival in an indirect gradient analysis, where DD.0 =
degree-days below 0°C, AHM = annual heat-moisture index, FFP = frost-free period, MAT = mean
annual temperature, MCMT = mean coldest month temperature and MAP = mean annual precipitation.
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Figure 2.3. Percentage of damaged tissue shown by the different regions at three experimental freezing
temperatures. Error bars represent standard errors of the mean. Samples were collected on September
22nd,
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Figure 2.4. Tree survival was correlated to cold damage at a test temperature of -50°C (R? = 0.746, p <
0.001). Error bars correspond to one standard error.
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Figure 2.5. Relationship of individual values of xylem specific conductivity (Ks) and (a) wood density
(R?=0.077, p = 0.013) and (b) vulnerability to cavitation expressed as P50, the xylem pressure inducing
50% loss of hydraulic conductivity (R> = 0.048, p = 0.042). The dashed lines represent the 95% (a) and
5% (b) quantile regression lines to illustrate the scarcity/absence of data points in the upper right (a) and

lower right (b) corner.
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Figure 2.6. Relationship between tree height and the average date of the first frost event at the source of
the provenances (R? = 0.616, p = 0.004), showing the effect of the end of the growing season on tree
growth. Error bars represent the standard error of the mean.
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Figure 2.7. Relationship between cold hardiness (on the y-axis) and source climate (on the x-axis). (a)
Cold damage at -50°C showed a high correlation to the mean coldest month temperature (R* = 0.784, p <
0.001). (b) Cold damage at -30°C as a function of the average day of the year when the first frost event
occurs. Samples were collected on day 265 (September 22", dashed line). Only Ontario provenances
(closed triangles) showed damage significantly greater than 0, consistent with the absence of frost at their
native environment at that time of year. Error bars correspond to one standard error.
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Chapter 3. Survival, growth and cold hardiness tradeoffs in white spruce

populations: implications for assisted migration

3.1 Summary

Human assisted movement of reforestation stock poleward or upward in elevation has been
proposed as a tool to address climate change in regular reforestation programs. However, moving
warm adapted seed sources to colder environments could carry the risk of frost damage if seed
sources are moved too far. Here, we assess genetic differentiation in growth potential, survival
and cold hardiness of wide-ranging tree species, white spruce (Picea glauca [Moench] Voss).
We use data from a 34-year-old common garden experiment planted in the approximate center of
the species range. Cold hardiness was negatively related to growth and positively to survival.
Generalized additive models identified mean coldest month temperature and latitude (as a proxy
for the day length regime) as an exceptionally good predictor for the onset of cold hardiness
(R%.47=0.91). The results suggest that day length, an environmental factor that is not influenced
by climate change, is an important factor controlling the timing of the onset of hardiness.
Survival was only moderately well predicted, primarily by precipitation of the provenance origin
(R%.47=0.43) indicating that other adaptive traits besides cold hardiness should be considered in
assisted migration prescriptions. Survival of seed sources appears primarily compromised when
transplanting sources from wet origins to a dry location. Nevertheless, acceptable migration
distances without significant tradeoffs were up to 500km north and 1,500km west towards a

central planting location.
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3.2 Introduction

In widely distributed tree species, natural selection usually leads to populations that are
genetically adapted to specific climate conditions or other environmental factors (Morgenstern,
1996). This local adaptation is the basis for forest management rules that allow only locally
adapted genetic material to be used for reforestation purposes. These rules are typically
implemented by seed zone systems or seed transfer guidelines that limit the movement of
planting stock (Holst 1962a; Ying & Yanchuk 2006; Bower, Clair & Erickson 2014). Under
climate change, however, local adaptation of provenances is expected to lag behind new climate
conditions due to the long life cycle of trees (Aitken ef al. 2008; McKenney, Pedlar & O’Neill
2009). Several studies have documented this adaptational lag between the optimal and current
habitats, and this lag is expected to increase under projected climate (Zhu, Woodall & Clark

2012; Corlett & Westcott 2013Db).

One approach that has been proposed to mitigate the effect of climate change on survival
and growth performance of future forests is human assisted migration that can be implemented as
part of normal reforestation programs. Here, we refer to assisted migration as the transfer of
locally adapted planting stock to locations with colder climate within or somewhat beyond a
natural species range, following Gray and Hamann (2011). As a consequence of moving warm
adapted seed sources to colder environments, assisted migration prescriptions could carry the
risk of frost damage if seed sources are moved too far or if expected warmer climate conditions
have not yet materialized. Severe frost damage can even be observed in natural populations that
have not been moved (Gu ef al. 2008; Man et al. 2009a). This implies the need to quantify local

adaptation in cold hardiness to avoid maladaptation of planted forests.
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Population differentiation in growth and adaptive traits can be studied with common
garden experiments, usually referred to as provenance trials in a forestry context. Historically,
provenance trials have been established for many commercial forestry species to identify fast
growing seed sources, and they have now also become ideal climate change laboratories, where
we can observe how exposure of populations to different climatic conditions can influence tree
growth and survival (Matyas 1994). Generally, provenance trials have shown that population
survival is limited by low temperatures for sources that originate from the cold edge of the
species range (Woodward 1990) and by a combination of biotic and abiotic factors for
populations from the warm edge of the species range (Cahill ef al. 2014). These limitations
suggest a tradeoff between growth potential and cold hardiness (Loehle 1998; Howe et al.
2003a). Northern populations limit their growth by adapting to a shorter growing season and
spending their resources into thicker and more rigid cell walls that give structural stability to the
leaf tissues and by producing cryoprotectant substances, such as lipids, proteins or
carbohydrates, which protect the cell structures from frost damage (Sakai & Larcher 1987;

Zwiazek et al. 2001).

Frost hardiness can be evaluated through various protocols, including experimental freeze
testing and evaluation of cellular damage (Burr ef al. 2001), as well as morphological properties
of needles and hydraulic tissue (Schreiber et al. 2013; Montw¢ et al. 2018). The amount of
resources invested in the needles can be estimated with the ratio of projected leaf area to dry
mass, or specific leaf area. Specific leaf area is lower in plants growing under more adverse
conditions which have a slower growth and invest more resources to produce persistent leaves

(Poorter et al. 2009).
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White spruce (Picea glauca [Moench] Voss) is one of the most important commercial
species in Canada and significant efforts have been made to understand how climate change
might impact its growth and survival. An artificial warming experiment with open-top chambers
showed that a warmer climate can enhance white spruce growth under subartic climate
conditions (Danby & Hik 2007). Increased growth rates were also observed in a
dendrochronology study in Alberta for the last part of the 20" century, but the unusually dry
conditions experienced after 2001 induced a decrease in growth (Hogg et al. 2017). Several
provenance trial experiments have been conducted to study genetic population differentiation.
Seedling experiments in eastern Canada observed that southern provenances had a higher growth
potential (Li, Beaulieu & Bousquet 1997a; Lesser & Parker 2004a; Prud’homme et al. 2017).
Similar results were obtained in mature, range-wide provenance trials (Rweyyongeza, Barnhardt
& Hansen 2011a; Lu et al. 2014a), showing that southern sources had the fastest growth. Based
on a large set of provenance and progeny trials 7 to 32 years of age, Gray et al. (2016b)
concluded that short northward transfers are generally beneficial in a regional study for the
province of Alberta. Most of these authors cautioned against long distance transfers because of

the risk of maladaptation to cold temperatures.

In this paper we contribute a comprehensive cold hardiness assessment for white spruce
that covers provenance from throughout the species distribution, including a wide range of
source climate conditions. Cold hardiness assessments include experimental freeze testing as
well as morphological characteristics of needles. These data are evaluated in the context of long-
term growth and survival observed in a 35-year-old field trial. Cold hardiness is measured

experimentally through freeze tests. Specifically, we (1) investigate geographic patterns of
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genetic differentiation among provenances; (2) identify possible tradeoffs between frost
hardiness, growth and survival; (3) analyze the association of climate and latitude at the origin of
seed sources (as a proxy for day length regime) with growth, survival and frost hardiness
observed in the common garden trial; and (4) quantify the impact of long distance transfers to
identify seed sources with good hardiness characteristics as well as good growth performance as

a recommendation for assisted migration prescriptions.

3.3 Methods

3.3.1 Field trial and measurements

The common garden experiment includes bulk seed collections from 43 natural stands of white
spruce across the Canadian distribution of the species (Fig. 3.1). Seeds were collected between
1959 and 1976, and planted in 1982 as four-year-old seedlings in central Alberta, Canada
(55°17'N, 113°10'W). The experimental layout of the provenance trial was a randomized
complete block design of five blocks with five trees per provenance planted in each block in a
row plot with 2.5%2.5m spacing. Provenances were grouped by Canadian ecoregions to calculate
summary statistics for this analysis, indicated by different colors in Fig. 3.1. Height and survival

of all trees was assessed in 2014 after 32 growing seasons in the field trial.

Cold hardiness measurements were performed once in spring (May 12-14, 2016) and at
four dates in fall (August 25-27, September 9-11, September 23-25 and October 7-9, 2016).
Because of limitations on processing and freeze testing within a given time, we sampled only 28

of the 43 provenances for cold hardiness assessments (Fig. 3.1, circles). Six trees per provenance
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and date were chosen at each date (one from each block, and one block sampled twice). To avoid
excessive damage to trees, a different tree was chosen from each 5-tree row plot within each
block for different sampling dates. During each of the three-day field visits, we collected healthy,
sun-exposed branches from the upper part of the crown, approximately 60cm long to provide
enough material for freeze testing at multiple temperatures. Branches were labeled and stored in
plastic bags with wet paper towels to maintain humidity, and transferred to a cold room (+4°C)

on the same day.

Freeze testing was carried out generally following the protocol described by Burr et al.
(2001). Cold hardiness assessments were made with 20cm branch sections at two temperatures (-
25° and -40°C) in spring, and different sets of test temperatures for different dates in fall, starting
with a measurement series of -20°, -25°, -30° and -40°C in August, and ending with
measurement series of -30°, -40°, -50° and -60°C in October (Fig. 3.S1). A programmable
freezer (Model 85-3.1A; ScienTemp, Adrian, MI, USA) was used for a gradual ramp-down from
the +4°C storage temperature to the test temperature at a cooling rate of 5°C/hour. The test
temperature was held constant for one hour before bringing the branches to room temperature at
a warming rate of 5°C/hour. To let cold damaged tissue develop discoloration, we then stored the
samples in partially open clear plastic bags with wet paper towels in a growth chamber. Paper
towels were re-wetted as needed. The percentage of damaged (brown) needles was visually
assessed 14 days after the freezing treatment. Needles from the most recent growing season were
the most vulnerable to freeze damage, and we therefore only used scores for recent needles in the
analysis. A more precise and time consuming method, the electrolyte leakage method (Burr et al,

2001), was also considered. We compared both methods with a few samples in spring of 2016
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and, after getting similar results with both methods, we decided to continue using the visual

assessment which allowed the analysis of a higher sample size.

For the samples collected in October, we also assessed the ratio of leaf area to leaf dry
mass to assess whether some provenances differed in producing morphologically more robust
needles relative to the leaf area. For this purpose, approximately 150 needles from the current
year were removed. To calculate the specific leaf area, we first scanned fresh needles from
branches and measured their projected area using ImagePro Premier software (Media
Cybernetics, Silver Spring, MD, USA). The same needles were then oven-dried at 60°C for 48

hours and weighed. The specific leaf area was calculated as the ratio of needle area to dry mass.

3.3.2 Climate data

Climate data of the provenance origin locations and the study site were estimated with the
software ClimateNA v5.21 (Wang et al. 2016). We used the standard reference normal period of
1961-1990 to represent the climate of origin to which populations are adapted. The 1961-1990
period is largely prior to a strong anthropogenic warming signal, and weather station coverage
prior to this period becomes increasingly sparse. The climate variables considered in this study
as putatively biologically relevant were: mean annual temperature (MAT), mean warmest month
temperature (MWMT), mean coldest month temperature (MCMT), continentality (TD) measured
as the temperature difference between MCMT and MWMT, mean annual precipitation (MAP),
mean summer precipitation from May to September (MSP), an annual heat-moisture index
(AHM) calculated as (MAT+10)/MAP*1000, summer heat-moisture index (SHM) calculated as

MWMT/MSP*1000, chilling degree-days below 0°C (DDO0), growing degree-days above 5°C
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(DD5), frost-free period (FFP), day of year at which the frost-free period begins (FFPB) and

ends (FFPE), and Hargreaves’ climatic moisture deficit (CMD).

3.3.3 Statistical analysis

To determine the onset of cold hardiness, we calculated the date at which 50% of the needles of
freeze-tested samples suffered damage as follows. The damage scores for the two temperatures
that were tested in all four dates in fall (-30°C and -40°C) were used to fit a Weibull function
(similar to a sigmoidal function), using a non-linear regression function nls of the R base
package (R Core Team 2017). These regressions were then used to calculate the date at which
50% of the needles were damaged by each temperature (D50-30 and D50.49 describing the date of
50% damage at a test temperature of -30°C and -40°C, respectively). For spring measurements,
where hardiness was only assessed for one date, we fit a linear regression with the two
temperatures tested and then calculated the temperature at which 50% of the needles were

damaged (T50). No linear extrapolation was required at the provenance level to determinate T50.

Because different trees were sampled at each date for the assessment of the onset of fall
cold hardiness, only provenance averages were used for calculating the values of D50.39 and
D50.40. However, for all other measurements (height, mortality, specific leaf area and spring cold
hardiness), we took advantage of the experimental design to reduce the error of the estimate,
using linear mixed-effect models, treating block and rowplot within block as random effects. To
estimate mortality of provenances, we used a generalized linear mixed-effect with the logit link
function for a binomial distribution. The general linear mixed model was implemented with the
Imer function, and the generalized logit model were implemented with the g/mer function of the
Ime4 package (Bates et al. 2014) for the R programming environment (R Core Team 2017).
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Subsequently, best linear unbiased estimates with their standard errors of provenance means for
fixed effects (height, mortality, specific leaf area and spring cold hardiness) were extracted from
Imer and glmer objects with the Ismeans package (Lenth 2016b). We tested for statistically
significant differences among regions using a Tukey adjustment for multiple inference with the

cld function of the Ismeans package.

To test associations between the climate condition at the provenance source locations and
hardiness, height and mortality assessments, we used generalized additive models (GAM) using
the gam function of the package mgcv (Wood 2017) for the R programming environment (R
Core Team 2017). GAMs are flexible in that they fit cumulative curves for each independent
variable, without assuming any prior shape by fitting splines. We specified the Gaussian identity
link function as an option in the GAM model for normally distributed errors in height and
hardiness variables, and the logit function for the binomial distributed error of mortality. We
used a low basis dimension (k=3) to restrict the shape of the splines to straight lines or simple
curves, to avoid overfitting the data. Statistically significant variables for each model were
determined with the select option of the gam function, which can completely remove terms from
the model by assigning penalties to smoothing parameter estimation of individual predictor
variables. If the smoothing parameter is set to zero (i.e. the model term is removed), the
individual variable penalty is also set to zero, thereby avoiding overfitting not only by restricting
the number of basis dimensions, but also by restricting the number of predictor variables. The
contribution of each predictor variable was further quantified by an effect size measure,
calculated as the difference between the maximum and minimum value of individual splines

across the range of the predictor variable.
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3.4 Results

3.4.1 Population differentiation in cold hardiness

We found significant population differentiation in the onset of cold hardiness for the main test
temperatures (-30 and -40°C) that were evaluated at all four assessment dates (Fig. 3.2, Table
3.1). When plotting damage scores over test temperature separately for each measurement date,
the September and October dates at colder temperatures (-50 and -60°C) also showed
pronounced differentiation among provenances in the absolute cold hardiness values in fall (Fig
3.S1). In all cases, we observed a similar genetic cline, with the most northern region (Boreal
Cordillera) showing the earliest resistance to frost damage and the highest absolute resistance
values, followed by the two regions from central latitudes (Montane Cordillera and Boreal
Plains). The provenances in the south and east of the distribution (Boreal Shield, Temperate
Mixedwood and Maritime Mixedwood) were the most vulnerable for both absolute hardiness

values and the timing of onset in the last measurement (Fig. 3.2, Fig. 3.S1).

The observed regional differences were statistically significant for the fall hardiness
assessments, but not for spring cold hardiness (Table 3.1, indicated by letters). Provenance
variation of hardiness within regions was relatively homogeneous, with standard deviation of the
onset of cold hardiness typically around + 4 days (data not shown). The most resistant
provenances, from the northern edge of the distribution were resistant to 50% damage in the
needles as early as August 27 for a test temperature of -30°C, and at September 3™ for a

temperature of -40°C. The least resistant provenances on the other hand had a much later onset of
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cold hardiness, becoming 50% resistant to -30°C in September 18™ and to -40°C in October 13

(data not shown).

3.4.2 Correlation with growth and survival

We also observed significant differences between regions in growth and survival (Table 3.1). For
tree height, we found three groups that were clearly differentiated, with differences between their
means of about 2 m each. The superior growing group was comprised of the central and southern
regions, followed by the two coastal regions that showed intermediate growth. The lowest tree
growth was found in the most northern region. The region with the best survival was the Boreal
Plains from the central part of the distribution, which recorded less than 5% mortality in all its
provenances except for one source (16%). The region with the highest mortality was the Atlantic
coast (Maritime Mixedwood), where provenances showed mortality rates between 16 and 28%
when grown at a central location. There were no significant differences among regions for

specific leaf area due to high within-region and within-provenance variability.

When evaluating associations between growth and adaptive traits, we found correlations
that could indicate tradeoffs. The populations that were most vulnerable to cold damage in fall
(D50.40) also showed the best growth (Fig 3.3a). The same result was obtained for the D50.3¢
measurement with a Pearson’s R of 0.54 (p = 0.003). Trees that became resistant to low
temperatures later in the fall also showed higher mortality than those that started its cold
adaptation earlier (Fig. 3.3b). However, mortality was not linearly correlated, but showed a
significant curved response after fitting a GAM (R? = 0.18, p < 0.001). Spring cold hardiness,

measured as the temperature causing 50% damage, showed weak associations with growth and
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survival (Pearson’s R of -0.23 with height and —0.18 with mortality), meaning a tendency of
hardier provenances having better growth and lower survival. However, these relationships were

not statistically significant.

Specific leaf area was not significantly correlated to height or mortality and it was not

correlated to any cold hardiness variables either (data not shown).

3.4.3 Association with the climate of provenance origin

We analyzed relationships of traits with the climate of origin of the provenances to infer genetic
adaptation of white spruce populations to climate. The climate of provenance origin explained a
large proportion of the variance in height, mortality and fall cold hardiness observed in the
common garden experiment. For both cold hardiness models, latitude was the best predictor
variable (Table 3.2). The best model for the onset of cold hardiness represented by the D50.49
measurement included the predictor variables latitude and mean coldest month temperature, and
were able to explain 90.5% of the among provenance variance (Table 3.2, Fig 3.4). For the D50.
30 measurement, only latitude was included as a significant predictor variable with a lower
proportion of the variance explained. We used the D50.40 model to make spatial prediction from
gridded climate data for the onset of cold hardiness across Canada (Fig. 3.5). Using an interval
size of one week difference in the onset of cold hardiness, we obtain five fall hardiness zones for
areas covered by the sampled provenances, plus two extrapolated zones north and south of our

data coverage for the range of the species.
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The best model for tree height included latitude, mean annual temperature, mean annual
precipitation and frost free period, and explained 83.1% of the variance (Table 3.2). Latitude was
the most important predictor variable with the highest variance explained and the largest effect
size of all four variables (5.9 m), with southern provenances growing significantly better than
northern provenances (Figure 3.S2). Precipitation had a negative effect with provenances from
wetter origins growing worse than provenances from drier origins after other effects have been
accounted for. Annual temperature was optimal at levels close to the study site, with provenances
from warmer or colder origins performing worse after other effects have been accounted for by
the GAM. Provenances with longer growing seasons in their climate of origin also performed
better than provenances with shorter ones, but this variable had the lowest effect size (Table 3.2,

Fig. 3.52).

The climate variables that best explained tree mortality were mean annual precipitation
and mean annual temperature, although tree mortality was much less related to the climate of
origin than tree height and cold hardiness with an R? of 0.43 for this model (Table 3.2, Figure
3S3). Mean annual precipitation was the most important variable of the model, with an effect
size of 6.8 % (p<0.001). As for the height model, provenances with mean annual temperature
similar to that of the test site were optimal for tree survival. Precipitation had a negative effect,
with provenances with high precipitation in the environment where they originated showing

higher mortality.
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3.5 Discussion

3.5.1 Tradeoffs between growth and adaptive traits

The timing of phenological events is often associated with tradeoffs between growth and
survival. Full utilization of the available growing season may come at the expense of risks of
frost damage due to early fall frosts or late spring frosts (Aitken & Hannerz 2001; Howe ef al.
2003a). This tradeoff seems to apply for our fall hardiness measurements. Provenances from
southern locations that hardened later grew better but had lower survival rates, indicating that the
onset of frost hardiness needs to strike a balance between survival and growth. In contrast, we

did not observe strong genetic differentiation in spring cold hardiness.

Secondly, we tested the hypothesis that there may be a tradeoff between investment in
hardier tissues to morphologically adapt to cold environments and growth. We used specific leaf
area as a proxy for more resistant needle tissues. Although differences in specific leaf area can be
due to many chemical or anatomical components, a higher specific leaf area (i.e. a higher ratio of
leaf area to leaf dry weight) is usually related to faster growing species while species coming
from harsher environments tend to show lower specific leaf area. (Lambers & Poorter 1992). The
lack of correlation between specific leaf area and both height and cold hardiness observed in this
study does not support the hypothesis of a higher investment in more resistant needles of
northern provenances. We also failed to detect anatomical features in needle sections from

different provenances that could be linked with cold hardiness.

There are few studies that measure cold hardiness directly, and they are either limited in

sample size (Simpson 1994) or range (e.g., Hamilton ef al. 2016). However, tradeoffs between
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phenology and tree growth can also be estimated by observations of bud set and bud break,
which are often closely related to the timing of the onset and release of cold hardiness. For a
seedling study of eastern white spruce provenances, Li et al. (1993) reported strong population
differences in the timing of bud set, which was correlated with tree height, but no differences in
the timing of bud break, which conforms well to our results for cold hardiness testing. Other
studies reporting bud set got similar conclusions with northern provenances showing an earlier
bud set timing and lower growth in white spruce seedlings of eastern Canada (Li, Beaulieu &
Bousquet 1997a; Lesser & Parker 2004a). With respect to the timing of bud break, the same two
studies in eastern Canada reported a latitudinal cline with northern provenances flushing earlier,
but most of the variance (~90%) was within populations (Li, Beaulieu & Bousquet 1997a; Lesser
& Parker 2004a). In a similar study covering the same range of white spruce in Ontario and

Quebeck, Lu and Man (2011) did not find a cline in budbreak.

3.5.2 Environmental drivers of population differentiation

The environmental regulation of the onset and release of cold hardiness can explain the different
degree of genetic differentiation observed in fall and spring cold hardiness timing. Bud flush and
the release of cold hardiness in spring is mainly regulated by temperatures (Nienstaedt 1966;
Saxe et al. 2001). First, a certain amount of time with temperatures between 0°C and 5°C is
needed to satisfy chilling requirements. Subsequently, growth initiation occurs in response to
accumulation of degree days above a certain threshold. As a result release of dormancy is a
highly plastic trait that strongly responds to year to year variation in spring temperature, and may

therefore not require the same degree of genetic differentiation as the onset of fall hardiness.
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The environmental cue for bud set and the onset of cold hardiness in fall is usually
determined by day length (Hénninen et al. 1990; Saxe et al. 2001). This makes fall phenology a
much less plastic trait with relatively little inter-annual variation. Therefore, trees must adapt
genetically to different day length cues corresponding to local fall frost regimes. Temperature
plays a secondary role in the speed of cold acclimation. Unusually warm fall temperatures may
lead to a delay in the onset of dormancy in fall, but the opposite effect has also been observed:
higher photosynthetic rates under warmer tempertature can provide the resources necessary to
produce the cryoprotectant substances that lead to increases in cold hardiness at an earlier date

(Hamilton et al. 2016).

The type of environmental control of tree phenology will dictate the vulnerability to
climate change. Even though frost events are expected to be less frequent in the near future
(Thornton et al. 2014), populations must adapt their phenology to take advantage of the longer
growing seasons without increasing the risk to early or late frost events. Assisted migration can
be used for this purpose to find the best compromise between the use of the growing season and
vulnerability to frost. In spring, warmer temperatures will advance the timing of bud flush and
growth initiation of tree populations (Menzel et al. 2006). If this advance of the beginning of the
growing season is too fast, frost damage can occur following a late spring frost. Although this
study as well as previous results point to small differences in spring cold hardiness between
provenances, northward transfers could reduce the risk of such damage because southern
populations flush later (Li, Beaulieu & Bousquet 1997a; Lesser & Parker 2004a). Another
concern with warmer temperatures is whether the chilling requirement will be met. This should
not be a concern in boreal regions, where temperatures close to freezing will still occur every

year and where chilling requirements are usually low or nonexistent. However, under more
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maritime conditions, if temperatures remain too high during winter, growth start could be

delayed and subsequent growth rates may be reduced (Luedeling et al. 2011).

Because day length regimes are not affected by climate change, a mismatch between
climate and photoperiod is likely to occur in natural populations. However, this issue is not
associated with a risk of fall cold injury but rather with a missed opportunity to take advantage of
suitable growing conditions in fall. This mismatch should therefore be considered in tree
breeding programs and assisted migration prescriptions. If southern provenances with late
growth cessation are moved northwards, the change in the photoperiod regime will result in an
even later cessation at their new location (Way & Montgomery 2015). The latitudinal effect
observed in both fall cold hardiness and tree height models in our study (Table 3.2) conforms to
a strong influence of photoperiod on the timing of growth cessation and onset of cold hardiness.
Our freezing tests showed that all provenances were already resistant to -30°C in early October,

long before the first fall frosts are expected to occur.

3.5.3 Other tradeoff mechanisms

Besides latitude, we found significant relationships of tree height and mortality with mean annual
precipitation and temperature. Both mortality and height models had similar patterns for
temperature and precipitation, with an optimal temperature of source origin close to that of the
study site and a negative effect of precipitation in both cases. These results suggest that
adaptation to drought may explain this relationship. Specifically the eastern maritime
provenances (and to some degree the most southern provenances from Ontario) lack drought
adaptations that lead to higher mortality and lower growth when transplanted to a central boreal

site. That said, other provenances from Ontario and Quebec, often with origin climates that were

73



much wetter than the central test site, did not appear to be compromised in growth or mortality

(Table 3.1).

In a physiological experiment with six of the provenances that were also evaluated in the
present study a tradeoff between drought resistance and growth potential was observed
(Sebastian-Azcona, Hacke & Hamann 2018). Taller trees showed lower leaf-specific
conductivity, which corresponds to a higher leaf area standardized by its ability to transport
water. On the one hand, low leaf-specific conductivity represents a relatively greater investment
in photosynthesis relative to water supply. On the other hand, it will induce more negative water
potentials (more water stress) for the same transpiration rate (Sebastian-Azcona, Hacke &
Hamann 2018). Bigras (2005) also found a relation between drought resistance and growth in
white spruce because slow growing families were able to maintain photosynthetic levels under a
higher water stress. Although warmer temperatures are expected to generally increase
productivity of boreal forests, water limitation can hamper this positive effect by reducing

photosynthesis during drought events.

3.5.4 Management implications

An important application of adaptation to cold is the delineation of plant hardiness zones. These
hardiness zones are developed to predict areas where a plant can survive and have been
traditionally used in horticulture to safely introduce non-native ornamental species (McKenney
et al. 2007). With data of population differentiation from common garden experiments, hardiness
zones could also be used to limit the distance of seed transfers within the species range (Figure

3.5).
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In the context of climate change, the results of this study support moderate northward
movement of populations to address climate trends that have already occurred over the last
decades. Superior growth of southern populations has been continuously reported in white spruce
provenance trial studies, but extreme cold events are perceived as potentially compromising
survival in northern transfers. However, our freezing tests suggest that all provenances are
already resistant to -30°C in early October, long before cold snaps of this magnitude occurs in the

study site.

The best performing provenances in this trial came from the southern central part of the
distribution (South East Manitoba), about 500 km south and 1,500 km east of the study site and a
region with warmer summers and similar winter temperatures and precipitation. These climatic
conditions are consistent with the expected climate change at the test site, and therefore assisted
migration prescriptions of moderate distance or temperature (+1 to +2°C difference in the source

climate compared to the planting site) seem well supported by this study.
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Table 3.1. Best linear unbiased estimates of mixed-effect models for regional means of tree height, mortality, cold hardiness and specific leaf area.
Standard errors of the estimates are given in parenthesis. Mean estimates for regions with the same letter were not significantly different at p <

0.05, using a Tukey adjustment for multiple comparisons. The number of provenances per region for lab assessments were a subsample of the
number of provenances in the field trial, and the number of trees was 25 per provenance for field assessments (height and mortality) and 6 per
provenance for lab assessments (specific leaf area and cold hardiness variables).

Region Number of  Number of  Height Mortality Temperature Date at which - Date at which ~ Specific
provenances provenances (m) (%) causing 50% 30°C caused 50%  -40°C caused  Leaf Area
for field for lab damage in damage 50% damage  (cm?/g)
assessments assessments spring (°C) (Days) (Days)

Boreal

Cordillera 3 54(23)a 39(2.0)ab -27.1(0.7)a 28 Aug (2.6)a 9Sep(3.3)a 442 (4.2) a

Montane 29 Sep (2.9)

Cordillera 4 80(2.1)b 55(2.1)ab -279(04)a 2Sep(2.2)ab be 51.1(39)a

E&riffsl 12 7 9.5(1.7)c 29(1.0)a  -27.2(0.4)a 3 Sep(1.7)ab 25Sep (2.0)0b  41.7(32)a

?}?ireele:il 13 8 96(1.6)c 7.5(1.6)ab -27.0(0.8)a 10Sep(1.6)c 20ct(2.2)bc  43.8(3.0)a

Temperate

Mixedwood 3 9.6(22)c 12.6(3.2)bc -26.7(0.6)a 9 Sep (2.6) bc 60ct(3.3)bc 49.5(4.3)a

Maritime 13 Sep (2.6) ¢

Mixedwood 3 77290b 224(52)c -28.0(0.6)a 90ct(3.3)c 48.7(4.4) a
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Table 3.2. Generalized additive models for mean height, mortality and fall cold hardiness as a function of
climate variables and latitude as a proxy for the day length regime. Effect size is the difference between
the maximum and minimum predicted value by the individual splines across the range of the predictor
variable. Sample size was 43 provenances for height and mortality and 28 for cold hardiness.

Model R? Variables Cumulative R>  Effect size P-value
Height 0.83 Latitude 0.647 5.87 (m) <0.0001
MAP 0.116 2.81 (m) <0.0001
MAT 0.046 3.16 (m) <0.0001
FFP 0.022 1.83 (m) 0.0256
Mortality 0.43 MAP 0.310 6.76 (%) <0.0001
MAT 0.129 3.57 (%) 0.0051
D50.30 0.64 Latitude 0.640 20.01 (days)  <0.0001
D504 091 Latitude 0.832 23.08 (days)  <0.0001
MCMT 0.073 13.01 (days)  <0.0001

D50_3p = date at which a -30°C freeze treatment caused 50% damage, D504 = date at which a -40°C freeze

treatment caused 50% damage.
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Figure 3.1. Location of the common garden experiment (star) and the origin of seedlots used in this
study. The number of provenances for lab assessments (circles) were a subsample of the provenances in
the field trial (circles and triangles). The area in grey delineates the species range of white spruce.
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Figure 3.2. Percentage of observed damage in needle tissue at each collection date for the two freeze test
temperatures (-30 and -40°C). Error bars represent the standard error of the means.

87



@ Boreal Cordillera © Boreal Shield
@® Montane Cordillera@ Temperate Mixedwood
@ Boreal Plains @ Maritime Mixedwood

(a) [
104 R2,, = 0.346 © 0o
p =0.001
E 4.
S @
©
T
6-
®
@
10 Sep 24 Sep 8 Oct
Onset of cold hardiness (date)
(b) ®
R*=0.182 oK |
p < 0.001
20 @)
S
< o e
£
5
2 104
@ o O
@ &
04 @0 @O O 000
10 Sep 24 Sep 8 Oct

Onset of cold hardiness (date)
Figure 3.3. Association of height (a) and mortality (b) with the onset of frost hardiness, measured as the

date at which 50% of the needles were damaged at a test temperature of -40°C. A later date indicates that
the provenance is more vulnerable to frost damage.
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Figure 3.4. Visualization of the individual predictor variable effects in the generalized additive for the
onset of cold hardiness (Table 3.2, R?> = 0.91). The onset of frost hardiness was measured as the date at
which 50% of the needles were damaged at a test temperature of -40°C. A later date indicates that the
provenance is more vulnerable to frost damage. Climate variables are represented in the X-axes and their
individual model effects on tree height are shown in the Y-axis.
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Figure 3.5. Cold hardiness zones inferred by one week intervals in the onset of frost hardiness. The onset
of cold hardiness observed for provenances (circles) was predicted by a generalized additive model using
latitude and mean coldest month temperature as the best predictor variables (Table 3.2, R2=0.91). The
dates represent the time at which 50% of needles were damaged at a test temperature of -40°C.
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Figure 3.S2. Visualization of the individual predictor variable effects in the generalized additive for tree

height explained by the generalized additive model (Table 3.2, R? = 0.83). Climate variables are
represented in the X-axes and their individual model effects on tree height are shown in the Y -axis.
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Figure 3.S3. Visualization of the individual predictor variable effects in the generalized additive for tree
mortality explained by the generalized additive model (Table 3.2, R? = 0.43). Climate variables are
represented in the X-axes and their individual model effects on tree height are shown in the Y -axis.
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Chapter 4. Effect of temperature in the formation of xylem: risks of
maladaptation to low temperatures in long distance seed transfers

4.1 Summary

The movement of seed sources from warmer to colder areas has been proposed as a tool to adapt
to climate change. Provenances from southern regions are expected to take better advantage of
the available growing season under climate warming when transferred northward or to higher
elevations. However, susceptibility to cold temperatures may still be an important risk for such
seed transfers. Here, we study xylem anomalies (frost, light, blue and double rings) caused by
climate events in the tree rings of white spruce trees that were transferred to new environments in
a range-wide provenance trial. Frost rings caused by low temperatures in spring and early
summer were common in all the provenances during the first years, and became progressively
less common in larger trees. Light rings, caused by low temperatures at the beginning and end of
the growing season, were more common in southern provenances with high growth potential.
Trees that are able to extend their growing season later into fall might take advantage of the
warmer temperatures expected under climate change but can produce unlignified tracheids with
low cell wall thickness in years with lower temperatures. Our results suggest that, although frost
damage was not a direct limitation for growth performance, a mismatch of plant phenology with
the beginning or end of the growing season was associated with lower survival, and caused

xylem anomalies that can compromise wood quality.
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4.2 Introduction

In widely distributed tree species, local populations may differ in terms of cold hardiness and
other adaptive traits. Local adaptation is the basis for the choice of seed sources in forestry. Seed
zones and seed transfer rules are used to preserve local adaptations by limiting the distance with
which a population can be displaced from its native location with a minimum risk of

maladaptation (Holst 1962b; Ying & Yanchuk 2006; Bower, Clair & Erickson 2014).

Evolution by natural selection occurs over many generations; a pace that may not match
the projected rate of climate change (Aitken et al. 2008; McKenney, Pedlar & O’Neill 2009).
Climate change, especially warming, could reduce the growth of forest trees if local populations
are intolerant of new climatic conditions such as drought. Even in the absence of adverse effects,
local populations may not be able to take advantage of longer growing seasons. A potential
solution to this problem is the northward translocation of populations that are already adapted to
warmer conditions and longer growing seasons, usually referred to as assisted migration (e.g.
Gray & Hamann 2011; O’Neill, Stoehr & Jaquish 2014). This practice could not only mitigate
the negative effect of climate change but could also improve current growing rates. Provenance
trials enable us to study the relationship between biological traits of tree populations and climatic

variables to better manage seed transfer for reforestation in a changing climate (Matyas 1994).

The climate experienced by a tree throughout its lifetime affects its growth pattern and
can be reconstructed with dendrochronology tools (Fritts 1976). In addition to causing changes in
tree ring width, unusual climate events can induce different xylem anomalies (Schweingruber,
Borner & Schulze 2006). The timing of these climate factors can be linked with the stages of

xylem formation, and the location of the anatomical anomaly in the tree ring. For instance, if
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there is a period of freezing temperatures while the cambium is active and the development of
newly formed tracheids is not yet completed, a frost ring can form (Glerum & Farrar 1966; Fritts
1976). A severe frost ring shows tracheids with thin and unlignified cell walls in the earlywood,
followed by a zone of collapsed cells. After this layer of collapsed cells, traumatic parenchyma
cells are formed followed by tracheids with lignified cell walls but abnormal shapes (Glerum &
Farrar 1966). Frost rings can be present in different parts of the tree ring depending on when the
frost event took place. If the frost event damaged the cambium before the start of the growing
season, the damaged cells will show at the beginning of the tree ring. If the frost event occurred
during the growing season, the position will depend on whether it was a late spring or a mid-

summer frost (Glerum & Farrar 1966, Schweingruber, Boérner & Schulze 2006).

Light rings are another type of xylem anomaly (Filion et al. 1986; Wang, Payette &
Bégin 2000). They are characterized by thin cell walls in the latewood (Filion et al. 1986) and
are formed in years with low temperatures at the beginning and end of the growing season
(Castagneri et al. 2017). A more extreme case of low temperatures at the end of the growing
season can induce the formation of “blue rings” (Piermattei et al. 2015). A sudden drop in
temperatures can interrupt the lignification process in the last few rows of the latewood. Using a
double stain of safranin and astra blue, lignified cells are stained red by safranin while
unlignified tracheids will show a blue stain (Piermattei et al. 2015). Partially unlignified
tracheids will show a blue secondary cell wall in the inner part of the cell and a red primary cell
wall. This occurs because the lignifications process start in the primary cell wall and follows an

inward direction.
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Finally, intra-annual density fluctuations, also known as double rings, can appear when
latewood-like cells appear within the earlywood in years with dry summer conditions followed

by high precipitation at the end of the growing season (Rigling et al. 2001).

In this study, we recorded the occurrence of these four types of xylem anomalies in a
boreal white spruce plantation. Trees represent 24 provenances covering the entire species range
in Canada. We took tree cores from 120 trees and used light microscopy to analyze thin sections
stained with safranin and astra blue. We linked the occurrence of the different xylem anomalies
to past climate events. We also analyzed whether provenances from different ecozones differed
in their susceptibility to each of the tree ring disturbances. Finally, we evaluated whether the

observed patterns of xylem anomalies correlated with trends in tree growth and survival.

4.3 Methods

4.3.1Plant material

Samples were collected in a white spruce provenance trial in central Alberta, Canada (55°17'N,
113°10'W; Sebastian-Azcona et al. 2018; Sebastian-Azcona, Hacke & Hamann 2018). Trees
from 43 provenances across the Canadian species range were planted in 1982 as 4-year-old
seedlings (Fig. 4.1). The experimental setup is a randomized complete block design with five
blocks and five trees per provenance planted in each block with a 2.5 x 2.5 m spacing. Height
and survival of all the trees were assessed 32 years after planting and DBH was measured 27
years after planting. We selected a subset of 24 provenances for anatomical analyses

corresponding to six different Canadian ecozones (Fig. 4.1). One tree of average height and DBH
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was selected from each provenance and block, for a total of five trees per provenance. When the
quality of a whole sample or part of it was not good enough for an adequate analysis, it was

discarded.

4.3.2 Section preparation

Tree cores of 5 mm width were taken from each selected tree approximately 50 cm above ground
with an increment borer, in a north-south direction. Samples were collected during the summer
of 2017, so 2016 is the last complete year used for analyses. Tree cores were first dried and
sanded, and then 15-20 um sections were taken with a GSL-1 microtome (Gértner, Lucchinetti &
Schweingruber 2014). Sections of the southern half of the core, from pith (if available) to bark,
were stained using a 1:1 mix of safranin and astra blue solutions (Gértner & Schweingruber
2013). Safranin solution contained 0.8 g of safranin powder in 100 ml of distilled water. Astra
blue solution consisted of 0.5 g of astra blue powder dissolved in 100 ml of distilled water and 2
ml acetic acid. The double stain was applied for 5 min. Samples were then washed with distilled

water, followed by 70% and 99% ethanol. Finally, the stained samples were mounted in glycerol.

4.3.3 Tree ring analyses

The presence of frost, light, blue and double rings was recorded using a light microscope (Leica
DM3000) at 100 x and 200 x magnifications. Frost rings were classified according to their
intensity (low, medium and severe) and position in the ring (A, B and C; Fig. 4.2). Low intensity
rings consisted of only a few rows of tracheids that were slightly deformed (Fig. 4.2a), while
medium intensity frost rings had several rows with clearly damaged tracheids that did not meet

the requisites for the severe category. Severe frost rings showed extremely distorted tracheids
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usually preceded by unlignified (blue) cells and a clear zone of collapsed cells (Fig. 4.2b). The
position depended whether the frost ring occurred right at the beginning of the growing season
(up until the third tracheid row, position A; Fig. 4.2a), in the early part of the growing season
(between tracheid rows 3 and 15, position B; Fig. 4.2b) or at a later stage (beyond row 15,

position C).

Blue rings also had three intensity categories: low intensity rings consisted of patches of
unlignified cells in the last few tracheid rows, medium intensity rings had their last one or two
rows of tracheids completely unlignified and the severe blue rings had three or more unlignified
tracheid rows (Fig. 4.2d). For light and double rings, we assigned either low or severe intensity
categories according to how easy they were to detect by the observer. Only one person (the first
author) performed these analyses for consistency. The total number of tree rings analyzed each

year is shown in Fig. 4.3.

4.3.4 Climate data

All the climate data used in this study was generated by the software ClimateNA v5.21 (Wang et
al. 2016). To explore the relationship between the occurrence of the different ring anomalies and
the climate of that year, monthly, seasonal and yearly variables were extracted from 1982 to
2016. To test the influence of the climate of origin of the different provenances, we used normal
data for the 1961-1990 period. We selected this period because it is representative of the climate
prior to recent warming trends. The climate variables considered in this study were: mean
warmest month temperature (MWMT), mean coldest month temperature (MCMT), mean annual

precipitation (MAP), the length of the frost-free period (FFP), day of year at which the frost-free
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period begins (bFFB) and ends (eFFP). We also considered latitude as a proxy for the day length

regime.

4.3.5 Statistical analyses

We performed all statistical analysis with the R programming environment (R Core Team 2017).
We used generalized linear mixed models to calculate the average presence ratio and intensity of
the different xylem anomalies for each provenance and ecoregion. We chose the binomial family
to represent the error distribution of the presence ratio and the Poisson family to represent the
error distribution of the intensity data. We treated presence and intensity of xylem anomalies as
fixed effects and blocks as random effects for these models. Average provenance mortality was
also calculated with generalized linear mixed models using the logit link function for a binomial
distribution. Linear mixed models were used for height and diameter models, in all cases treating
blocks as random effects. We used the functions glmer and Imer from the package /me4 (Bates et
al. 2014) to run these models and then calculated the least-squared means with the /smean
function and the pairwise comparisons with the c/d function, both from the package Ismeans
(Lenth 2016b). We also used generalized linear mixed models to estimate the effect of monthly
climate variables in the intensity of tree ring disturbances. For these models we treated block and
provenance as random effects. To facilitate the interpretation of these models, we calculated the
marginal R? that represents the variance explained by the fixed effects of the model, which in
this case are the monthly climate variables. We calculated the marginal R? using the function
r.squaredGLMM from the package MuMIn (Barton 2018). We analyzed the relationships
between the average intensity of the tree ring disturbances for the different provenances with the

average climate of origin for the 1961-1990 period and their performance in the field calculating

100



Pearson correlations and fitting linear regressions. Correction for multiple comparisons was
performed using the Holms method and square root or logarithmic transformations were

performed when necessary to fix non-normality problems.

4.4 Results

All four types of xylem anomalies were found in our samples. Frost rings were the most common
of these phenomena, present in 13.7% of the rings. Light rings were detected in 7.6% of the
rings, followed by double rings with a 4.2% occurrence rate. Blue rings were only found in 1.6%
of the rings. As illustrated in Fig 4.3, frost rings were common in young trees until 9 years after
planting; after that they progressively became less frequent. Almost no frost rings were found
after 1998. Blue rings were also more common in very young trees. Blue rings only appeared in
rings formed before the year 2001. Note, however, that our sample size of the early years was
lower due to our occasional failure to drive the corer toward the pith and the earliest xylem rings.

By contrast, light and double rings appeared throughout the entire lifetime of the trees.
4.4.1 Xylem disturbances and monthly climate

Next, we asked whether the occurrence of the different ring features was linked to monthly
climate variables of the year when the ring feature was formed. Frost rings were mostly linked to
spring temperatures. The different frost ring positions were correlated to monthly minimum
temperatures that would explain its earlier or later presence in the tree ring. Frost rings in
position A were only weakly related to minimum temperatures in March (R? =0.12, p < 0.001).

The occurrence of frost rings in position B was correlated with minimum temperatures in April

101



(R?=0.38, p <0.001); frost rings in position C were caused by low temperatures in June (R? =

0.31,p <0.001).

Light rings were found throughout the entire lifetime of trees (Fig. 4.3). Their formation
was triggered by low temperatures at the beginning and end of the growing season (Fig. 4.4).
The monthly variables that were most related to the presence of light rings were average
temperatures in April (R>=0.30, p <0.001), May (R?>=0.31, p <0.001) and September (R* =
0.19, p <0.001). This relationship can be observed in Fig 4.4. A high percentage of light rings
(represented by circles) was found in years that were characterized by cold temperatures in both
April/May and September. Years with low temperatures in only one of the two periods did not

show a high number of light rings.

The conditions that favored the formation of double rings were warm and dry summers
characterized by highly negative climate moisture indices and a sudden increase in precipitation
in September. The highest percentage of double rings was observed in 2015; a year with a very
dry summer followed by a sudden increase in precipitation in September (Fig. 4.5). Finally, blue
rings were triggered by low temperatures in September (R?> = 0.17, p < 0.001); dry conditions in

August also contributed to their formation (R*=0.12, p < 0.001).
4.4.2 Differences between ecozones

We next studied whether the four xylem anomalies were equally present in provenances
representing contrasting climate zones (Table 4.1). Provenances coming from the same ecozone
of the study site (Continental Boreal) showed a high resistance to all types of anomalies. All

other regions showed contrasting vulnerabilities to the different anomalies. Provenances from the
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most northern region (Northern Boreal) were the most vulnerable to mid-summer frosts, but were
relatively resistant to frost rings in other positions and the most resistant provenances to
anomalies related to the later stages of the growing season. Provenances from warmer regions
showed a relatively low percentage of frost rings, but were the most susceptible to the other three
anomalies. More specifically, provenances from the Temperate and the Mild Boreal ecozones
showed the highest vulnerability to light rings, while trees from the humid Maritime region had

the highest occurrence of blue and double rings (Table 4.1).

4.4.3 Effect of climate of origin

We next analyzed whether the climate of origin of the provenances was correlated with the type
of tree ring anomaly (Table 4.2). The latitude of the origin of the provenances was negatively
correlated with the percentage of light, double, and blue rings. These anomalies all occur in the
second half of the growing season. In all cases, provenances from southern origins (relative to
the planting site in Alberta) were more susceptible to the occurrence of these disturbances. The
formation of light rings was also related to mean annual temperature and the end of the growing
season, meaning that provenances from regions with warm and long growing seasons tended to
have more light rings. The percentage of blue rings was correlated with multiple climate factors,
including the end of the growing season. Provenances that showed a higher percentage of blue
rings usually came from areas with a late end of the growing season, relatively mild winters and

high precipitation levels (e.g., Maritime region).

Frost rings showed no significant correlation to the climate of origin of the provenances,
but a few correlations appeared when the different frost ring positions were analyzed separately.

Frost rings in position A were negatively correlated with continentality, i.e., the difference
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between the mean warmest and coldest month temperatures. Provenances from areas with cold
winters and warm summers showed a higher resistance to this type of damage. The presence of
frost rings in position C was correlated with the length of the frost-free period. Trees from
provenances with longer growing seasons suffered more frost rings in this position. Frost rings in

position B were not significantly correlated with any of the variables analyzed.

4.4.4 Impact of xylem disturbances in tree performance

We finally investigated whether the presence or absence of the different tree ring anomalies was
related to the performance of the trees in terms of growth and survival (Table 4.3, Fig. 4.6).
Height and diameter were both positively correlated to the presence of light rings, and negatively
correlated to the presence of frost rings. All three frost ring positions were negatively correlated
with tree height (Table 4.3), but combining frost rings in positions B and C showed the highest
correlation with tree height. Mortality, on the other hand, showed a positive correlation to the

presence of blue and double rings.

4.5 Discussion

We studied four tree ring anomalies in the context of when they occurred in the life of trees. We
identified the climate factors that were associated with these xylem anomalies, and we linked the
occurrence of these four xylem disturbances with the provenances’ climate of origin. In a
broader sense, our data provide new insights on xylem formation and how it is influenced by
unusual climate events. Such knowledge will become increasingly important as forest managers

weight benefits and risks of assisted migration.
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Our findings can be discussed within the framework of the four stages of xylem
formation: 1) cell differentiation and expansion, 2) secondary cell wall formation, 3) cell wall
lignification, and 4) programmed cell death (Plomion, Leprovost & Stokes 2001; Bollhoner,
Prestele & Tuominen 2012). In the boreal forest, these four stages occur approximately from
May to early October (Rossi et al. 2011), and are affected by different environmental variables
such as temperature, photoperiod, precipitation, snowmelt or health status (Chmielewski &
Roétzer 2001; Marion, Gric¢ar & Oven 2007; Rossi, Morin & Deslauriers 2011; Swidrak ez al.

2011; Zohner et al. 2016).

4.5.1 First stage, cell differentiation and frost rings

The onset of xylem formation has been reported to be related to heat accumulation in spring,
which is needed to break winter dormancy (Howe et al. 2003a). For the formation of a frost ring,
a frost event needs to take place while the cambium is active (Glerum & Farrar 1966). Our
results show that frost rings were mostly related to temperatures between March and June,
depending on the position of the frost ring. Frost rings that appeared right at the beginning of the
tree ring were apparently caused by low temperatures in March. This indicates that the cambium
can be damaged by a severe frost early in spring, so the very first cells produced by the tree will

be damaged.

In addition, the presence of frost rings in position A may be related to the conditions at
the end of the growing season of the previous year (Montwé ef al. 2018). Low temperatures in
the later part of the growing season and the presence of blue rings were found to correlate with
damaged cambial initials, and this contributed to the formation of frost rings in position A.

Although these relationships were statistically significant in our study, the observed damage
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appeared to be caused mainly by frost events right before the beginning of the growing season.
Frost rings in position B on the other hand were related to high temperatures in April. Although
this correlation might seem counter intuitive, higher temperatures in April will advance the start
of the growing season for that year, making trees more vulnerable to a late spring frost. Finally,
frost rings in position C were related to minimum temperatures in June, showing the effect of

summer frosts.

Frost rings appeared almost exclusively in the first 15 years after planting although
favorable climate conditions for their formation persisted in subsequent decades. We found that
taller (Fig. 4.6) and older (Fig. 4.3) trees were less prone to the formation of frost rings. This
agrees with previous reports that frost rings are often restricted to smaller trees (Waito et al 2013,
Gurskaya 2006, Payette 2010, Arco et al 2016). A possible explanation for the higher resistance
of bigger trees to frost damage is that thicker stems, especially if accompanied by a thicker bark,
are able to accumulate more heat so that they can maintain temperatures above freezing in the

stem even if outside temperatures drop below 0°C (Arco et al 2016).

4.5.2 Second stage, secondary wall formation, light and double rings

Light rings are related to the second stage of xylem formation, cell wall formation and
thickening. We found that these rings with abnormally thin cell walls in the latewood were
associated with low temperatures both at the beginning (May and June) and end (September) of
the growing season (Fig. 4.4). In the boreal forest, temperature is the main limiting factor for
photsynthesis at the beginning and end of the growing season (Man & Lieffers 1997). Similar
results were obtained by Castagneri et al. (2017) in high elevation populations of Norway spruce.

They attributed the impact of spring temperatures on cell wall thickness to higher carbon
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assimilation during the most favorable conditions for photosynthetic activity, while low

temperatures in late summer constrain carbon mobilization and deposition rates.

The fact that light rings were more frequent in southern provenances is consistent with a
more extensive use of the growing season and a later onset of cold hardiness in these trees at our
study site (Sebastian-Azcona et al. 2018). These factors also translated into greater height growth
(Sebastian-Azcona et al. 2018, Fig 3 there). We therefore conclude that the trend shown in Fig.
4.6b is an indirect expression of the causal relationship between tree height and growing season

length.

Interestingly, the variable that showed the strongest correlation with the presence of light
rings was latitude, which corresponds to different photoperiod regimes. In contrast to the onset of
growth, which is linked to temperatures, maximum growth rates (Rossi, 2006) and growth

cessation (Jackson 2009) are linked to day length.

Drought conditions during summer can also affect tracheid size and cell wall thickness as
reflected by the presence of double rings. Warm and dry conditions between May and August
followed by high precipitation in September induced fluctuations in cell size and cell wall
thickness. Intra-annual density fluctuations are commonly associated with dry years and
environments (De Micco ef al. 2016). Latitude was again the environmental variable of the
origin of the provenances that showed the strongest correlation with double rings. This suggests
that provenances that end their growing season too early cannot take advantage of the favorable

growing conditions provided by a high precipitation in fall.
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4.5.3 Third stage, lignification and blue rings

The formation of blue rings is linked to the third stage of xylem formation, lignification. The
occurrence of blue rings was correlated with low temperatures in September and low
precipitation in August. Piermattei ef al. (2015) observed a high proportion of blue rings in years
with low temperatures at the end of the growing season and severe drought was also related to
abnormally lignified cell walls in radiata pine (Donaldson 2002). Although the lignification
process can be carried on during winter in temperate species (Donaldson 2001), this is not
usually the case in boreal regions (Gricar ef al. 2005). The percentage of blue rings in this study
was much lower than in other similar studies where the number of blue rings was recorded in
pine species (Piermattei et al. 2015; Montw¢ et al. 2018). This could be related to a more
“intensive strategy” of spruce species that have a shorter growing season but higher growth rates
that pines which have an “extensive strategy” and expand their growing season later in the year
(Cuny et al. 2012; Jyske et al. 2014). Similar to light rings, blue rings were more common in
provenances from southern latitudes with a late end of the growing season. However, blue rings
were also more frequent in provenances coming from wetter regions, so a lack of adaptation to

drought might favor the formation of blue rings.

4.5.4 Recommendations for assisted migration

Even though we do not think that the presence of xylem anomalies had a direct impact in tree
performance, we can extract some useful conclusions for assisted migration recommendations.
Although frost rings tended to be more frequent in some northern provenances with low growth,
frost rings were not restricted to these trees. We found frost rings in all provenances, suggesting

that their formation is relatively common among smaller white spruce trees. Furthermore, since
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the frequency of frost rings was not correlated with mortality (Table 4.3), we cannot conclude
that frost rings have a negative effect on tree performance. It is possible, however, that the severe
xylem phenotypes caused by frost damage contribute to the structural weakening of the growth
ring. Frost rings may also facilitate the spreading of pathogens and the formation of xylem

embolism in the earlywood.

A potentially important trade-off was observed between growth potential and the
formation of light rings. Trees that utilize the growing season more aggressively may benefit
from higher growth rates, but this may come at the cost of lower wood densities in the latewood.
Blue rings and double rings that were a consequence for utilizing a longer growing season were
also correlated with higher mortality rates, prevalent in the provenances from maritime and
temperate regions. Much research has been devoted to studying the trade-offs associated with
wood density (Hacke ef al. 2001b; Rosner et al. 2007; Chave et al. 2009). For instance, Rosner et
al. (2007) found greater resistance to bending in Norway spruce trees with high density. High
wood density is also associated with higher resistance to hydraulic failure (Hacke ef al. 2001b).
A more severe consequence of extending the growing season too late into fall is the lack of
lignin in the cell walls, which is an important component of tree resistance to several biotic and

abiotic stresses (Moura ef al. 2010).
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Table 4.1. Regional least square means of the proportion of tree ring anomalies. Standard errors
of the estimates are given in parenthesis. Mean estimates for regions with the same letter were
not significantly different at p < 0.05, using a Tukey adjustment for multiple comparisons.

Group Frost A Frost B Frost C  Light Blue Double
Northern Boreal 6.2(1.4) 88(1.7) 4.0(1.2) 1.8(0.8) 0.0(0.0) 1.1(0.6)
ab a a a abc a
Continental Boreal 32(0.6) 6.8(0.8) 1.1(0.3) 5.7(0.8) 0.3(0.2) 3.3(0.6)
a a b ab a a
Mild Boreal 47(0.7) 7.0(0.8) 1.2(04) 9.7(1.1) 1.6(04) 4.5(0.6)
a a b c ab ab
Maritime 58(1.2) 89(1.5) 1.7(0.7) 72(1.4) 47(.1) 7.0(1.3)
ab a ab bc c b
Montane 10.3(2.0) 6.0(1.6) 2.6(1.0) 64(1.6) 09(0.6) 2.5(1.0)
b a ab abc abc ab
Temperate 56(1.1) 62(1.1) 1.1(0.5) 11.0(1.6) 3.1(0.8) 5.2(1.0)
ab a ab c bc ab
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Table 4.2. Pearson correlation between the different tree ring disturbances and the climate of
origin of the seed sources. Significant correlations with p < 0.05 after a Holms adjustment for
multiple comparisons are indicated in bold.

Frost A FrostB FrostC Light  Blue Double
Latitude -0.13 0.17 0.43 -0.72 -0.63 -0.60
MAT 0.24 -0.09 -0.33 0.55 0.66 0.50
MWMT -0.32 -0.12 -0.47 0.53 0.40 0.47
MCMT 0.44 0.02 -0.14 0.35 0.65 0.38

MAP 0.30 0.16 -0.33 0.51 0.61 -0.28
TD -0.56 -0.07 -0.02 -0.18 -0.53 -0.23
bFFP 0.29 0.21 0.49 -0.35 -0.36 -0.34
eFFP 0.02 -0.03 -0.54 0.57 0.61 0.52
FFP -0.12 -0.12 -0.56 0.51 0.54 0.48

MAT = mean annual temperature, MWMT = mean warmest month temperature, MCMT = mean coldest month
temperature, MAP = mean annual precipitation, 7D = continentality, bFFP = beginning of the frost-free period,
eFFP = end of the frost-free period, FFP = frost-free period
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Table 4.3. Pearson correlation between the different tree ring disturbances and tree performance.
Significant correlations with p < 0.05 after a Holms adjustment for multiple comparisons are
indicated in bold.

HT32 DBH27 Mortality

Frost A -0.23 -0.33 0.25
FrostB  -0.45 -0.44 -0.03
FrostC  -0.57 -0.54 0.01
Light 0.66 0.59 0.21
Blue 0.11 -0.03 0.61
Double 0.39 0.24 0.59
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Figure 4.1. Locations of origin of the different provenances included in this study (circles) and
plantation site (star). White spruce range is displayed in grey.
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Figure 4.2. Sections of tree rings showing different xylem anomalies. The safranin-astra blue
double stain distinguishes between lignified (red) and unlignified cells (blue). (a) The arrow
points to a low intensity frost ring right at the start of the tree ring (position A), showing
tracheids and ray parenchyma cells with abnormal shapes in the early wood. (b) The arrow
points to a high intensity frost ring in position B. The severe spring frost damage stopped the
lignification of some tracheids (stars) and induced the collapse and malformation of tracheids
and parenchyma cells. (¢) Double ring with two bands of latewood-like tracheids (labeled by
arrows) caused by dry conditions in late summer and a subsequent spike in precipitation. (d)
Blue ring showing unlignified cells in the latewood of a tree ring due to low temperatures.

Scale bars in (a)-(c) are 100 um and 50 pm in (d).
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Figure 4.3. Proportion of tree ring anomalies (frost rings types A, B and C, light rings, blue rings
and double rings) over the total sample size. The top figure shows the sample size for each year,
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showing a decreasing number of samples closer to the pith.
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Figure 4.4. Annual average temperature in May and June (a) and September (b). Pink circles
represent the proportion of light rings in each year, from 0% (e.g. 1985) to 58% (2004). The
three years with the highest presence of light rings (1996, 2000 and 2004, indicated by arrows)
correspond to the three coldest May and June temperatures of the study period and below
average September temperatures. The red asterisk in 2009 represents a year with low
temperatures in spring that did not induce light rings thanks to the warmer temperatures in
September.
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Figure 4.5. Monthly climate moisture index of the year with the highest proportion of double
rings (2015). Climate moisture index is calculated as the difference between monthly
precipitation and potential evapotransporation, so negative values indicate dry conditions. This
year experienced a very dry spring and summer, with a sudden increase in precipitation in
September.
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Figure 4.6. Relation between average tree height measured after 32 years and the average
intensity scores of frost rings in positions B and C (a, R*= 0.41, p < 0.001) and light rings (b, R?
= 0.57, p <0.001) of the different provenances analyzed in this study. Trees with superior
growth had a lower presence of frost rings but a higher presence of light rings overall.
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Chapter 5. Synthesis and conclusions

5.1 Should we care about frost damage in a warming climate?

Most of the work of this thesis has focused on white spruce adaptation to cold temperatures.
Many studies of white spruce provenance trials have consistently reported superior growth of
southern provenances planted in different parts of its range (Li, Beaulieu & Bousquet 1997a;
Rweyyongeza, Barnhardt & Hansen 2011b; Lu ef al. 2014a; Gray et al. 2016a). In most of these
studies, the authors recommend moderate northern transfers of seed sources but caution against
long distance transfers because of the lower cold hardiness of southern provenances that could
increase the risk of frost damage. Although some studies have reported differences in cold
hardiness for white spruce populations, these studies were limited in number of provenances
(Hamilton et al. 2016) or sample size (Simpson 1994). The complete description of the variation
of cold hardiness within the whole range of white spruce distribution can be used to correctly

assess the risks of long-distance seed transfers.

The most complete description of intraspecific differences in cold hardiness was done in
Chapter 3, showing clear differentiation between provenances. The main tradeoff observed in
this study was between fall cold hardiness and tree growth. Trees from the northern part of white
spruce distribution, that are adapted to an early growth cessation to avoid early fall frost, were
very resistant to low temperatures even in late August but that premature end of the growing
season implicated a lower growth than other provenances. An early growth cessation
corresponds to a missed opportunity of the good growing conditions happening at the end of

summer. Provenances from the southern edge of the distribution showed an opposite result as
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they became resistant to low temperatures weeks later, which allowed them to fully utilize the
extent of the growing season and acquire a higher growth. I also measured cold hardiness in
spring which reported no significant differences between provenances. The lower differentiation
in spring hardiness compared to fall hardiness is common in several conifer species (Aitken &

Hannerz 2001).

Knowing the negative implications of a high cold hardiness, the question is how
important is for white spruce trees to achieve an adequate cold hardiness. Fall cold hardiness was
significantly correlated to tree mortality in both Chapter 2 and Chapter 3. Despite the statistical
significance of the relation between fall cold hardiness and tree mortality in Chapter 3, the most
complete analysis of both traits, the variance of tree mortality explained by cold hardiness was
relatively low. Furthermore, although there were clear differences in fall cold hardiness between
the different provenances, all the provenances were fairly resistant to freezing temperatures.
When compared to the climate of origin, the variables that best explained tree mortality were
mean annual temperature and mean annual precipitation. Moreover, the region with the highest
tree mortality was the Maritime Mixedwood, which is the wettest region within white spruce
distribution. These results point to maladaptation to drought as the main cause of tree mortality
in the study site. I also investigated the frost damage recorded in the xylem of the trees in
Chapter 4. Most of the frost damage observed was recorded in the earlywood of the tree rings,
corresponding to low temperatures in spring. Interestingly all the provenances showed a high
presence of frost damage in the first years of their life, and a higher presence of frost rings was
not correlated to tree mortality. These results suggest that, although there are clear differences in

cold hardiness between white spruce populations adapted to the different environmental
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conditions where they evolved, having a superior cold hardiness did not show any clear

advantage in their performance in Central Alberta.

5.2 Photoperiod effect on white spruce phenology

In all the chapters of this thesis, the environmental variable that has consistently reported the
strongest correlations has been the latitude of origin of the provenances. Here, I use latitude as a
proxy for the photoperiod regimes at the provenances’ origin. Contrary to the beginning of the
growing season, which is controlled by temperature, fall phenology is mostly controlled by short
photoperiods (Howe et al. 2003a). The photoperiod control of the end of the growing season is of
great interest for assisted migration practices since local populations might not be able to adapt

to the extended period of warm temperatures caused by climate change. If trees keep relying on a
constant photoperiod signal, they will not fully utilize the growing conditions and seed transfers
might be necessary to take advantage of these new favorable conditions (Way & Montgomery

2015).

In Chapter 3, latitude was the environmental variable that was most highly correlated to
tree height and cold hardiness. Southern provenances that are adapted to longer growing seasons
showed a later cold hardening and a higher growth. Trees from warm, southern origins are
already adapted to longer growing seasons. When moved northward, the critical day length that
they use as signal to end the growing season will happen even later than at their site of origin.
Therefor southern provenances should be able to fully utilize the new extended growing season

provided by climate change. Nevertheless, this extended growing season might come at a cost in
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wood quality. As observed in Chapter 4, southern provenances had a higher frequency of tree

rings with unlignified or abnormally thin cell walls in years with low temperatures.

5.3 Drought adaptations of white spruce populations

The main concern of the effect of climate change in forest ecosystems is the increase in drought
stress induced by higher temperatures. In Central Alberta the recent dry periods in the beginning
of the 21% century have already caused a reduced growth in white spruce populations (Hogg et
al. 2017). Planting trees that are better adapted to drier conditions is the main goal of assisted
migration. Therefore, one of the goals of this thesis was to find differences in physiological
adaptations to drought and hydraulic efficiency between different white spruce provenances.
Surprisingly, I did not find any differences in either cavitation resistance, xylem conductivity or
other anatomical variables between the different provenances analyzed in Chapter 2. Despite this
negative result in xylem traits, I cannot confirm that there are no drought adaptation differences
in white spruce. Bigras (2005) observed that white spruce begin to close their stomata at tensions
that would not result in hydraulic failure according to my results. Although I did not find
physiological differences between populations, the precipitation of origin of the provenances was
a significant explanatory variable for several other traits measured in this thesis. Provenances
from wet origins showed higher mortality, lower growth, and a higher presence of blue rings in
the xylem showing a clear maladaptation to the dry climate of Central Alberta. Therefore,
drought adaptation in white spruce can be more related to stomatal control than it is to xylem

hydraulic characteristics.
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5.4 Implications for assisted migration

The results of this thesis can provide important information about the benefits and risks of
assisted migration in white spruce. A particularly interesting feature of this study is that it
explored provenances from the full range of white spruce, which provides some new information
about long-distance seed transfers. The main tradeoff that I was able to detect was between tree
height and fall cold hardiness, which clearly followed a latitudinal cline. Planting more
productive seed sources from the southern parts of the distribution will come at a cost of lower
resistance to early frosts in fall. Even though a late onset of cold hardiness was weakly
associated to higher mortality rates, cold hardiness did not appeared to be an important cause of
tree death. Nevertheless, planting southern provenances too far north might cause some wood
quality problems. Extending the growing season too long into fall might come at a cost of wood
quality with lower cell wall thickness and unlignified tracheids in the latewood. These results can
be used to limit seed transfer distances, maximizing tree growth without encountering problems
due to a mismatch between cold temperatures and tree phenology. My suggestion based on the
result of my thesis is that, for a white spruce site located in the Central Alberta, the best
provenances based on tree height, survival and cold hardiness come from about 500 km south.
This recommendation is substantially higher than previous recommendations of white spruce
seed transfers that generally recommended a maximum latitudinal transfer of about 300 km (Li,

Beaulieu & Bousquet 1997a; Lu et al. 2014a; Gray et al. 2016a).
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