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Abstract

The long-term survival of trees is highly dependent on their ability to acquire, utilize and
store resources to endure local environmental conditions and stresses. Although external uptake
and internal cycling of essential resources in deciduous trees is largely regulated by seasonal
phenology, resource use and allocation may change under stress. This thesis focused on how
trembling aspen (Populus tremuloides Michx.), a deciduous tree species widely distributed across
boreal and temperate regions of North America, may share and/or store resources between and
within organs when subjected to stress. To explore the remobilization of resources between source
and sink organs during spring bud flush and after leaf area recovery following complete
defoliation, I used aspen saplings which were isotopically labeled with C and N and then grafted.
I also observed changes in non-structural carbohydrate (NSC) and N concentrations in the stems
and roots to explore potential constraints on remobilization during leaf area recovery. In a second
study, I used a split-pot experiment that subjected saplings to either heterogeneous (a root system
that was partially exposed to drought conditions) or homogeneous (the whole root system
droughted or well-watered) soil moisture conditions. I measured aboveground and belowground

reserve and mass allocation in response to these treatments.

In the first study I found that C and N were remobilized from both stem and root reserve
pools during spring budflush and following defoliation to support leaf growth. Leaves rapidly
shifted their dependence on remobilized reserves as they matured, and distance from the source
(root system) affected the reliance on C reserve remobilization, an effect that was even greater
following defoliation. I found evidence of the supply-driven nature of N, as stem N reserve levels

decreased following budburst and the distance effect on remobilization disappeared after
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defoliation. It remains unclear however, whether C and/or N limitation contributed to the

incomplete recovery of leaf mass following defoliation.

In the second study I found that under heterogeneous soil moisture conditions, saplings
maintained gas exchange and aboveground growth similar to well-watered saplings while leaf and
fine root shedding were observed in the homogeneous full drought treatment. For saplings
subjected to the heterogeneous soil moisture conditions, the portion of the root system that was
water limited had no root dieback and increased NSC reserve concentrations, while the portion
that was not resource limited added new roots (30% increase). My results suggest differential
allocation of mass or reserves between above- and belowground organs, but also within a root
system when resource availability is spatially variable. While the mechanisms and processes
involved in these allocation patterns are not clear, these responses could be interpreted as
adaptations and acclimations to preserve the functionality of the entire sapling and suggest that

different portions of plant organs might respond autonomously to local conditions.
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Chapter 1: General Introduction

1.1 Resource uptake, movement and storage in trees: carbon, nutrients and water

Forests are complex natural systems which span approximately 30% of global terrestrial
area, and offer a multitude of ecological, economical and societal services (Bonan, 2008). Trees
are the dominant component of forested ecosystems, providing a foundation for biodiversity and
ecological function. In addition to providing oxygen, soil stability and habitat, trees have an
important role in global biogeochemical cycles and climate dynamics (Bonan, 2008). As it is
currently unknown how forested ecosystems may respond to expected changes in climate and other
environmental drivers (IPCC, 2013), determining how trees function and perform on the landscape

is especially valuable.

Due to the immobility and longevity of trees, their long-term survival is highly dependent
on their ability to acquire, utilize and store resources to endure changing environmental conditions
and stochastic and chronic stress specific to locale. There is a significant body of literature focused
on resource use in trees, particularly carbon (C), nutrients and water, as they are vital for
maintaining growth and function. Trees assimilate C via photosynthesis to build the foundation of
macromolecules required for growth, maintenance, defense and reproduction. These complex
macromolecules are also dependent on primary macronutrients, including nitrogen, phosphorus
and potassium, which are assimilated by the roots (Campbell, 2004). Nitrogen (N) is of particular
importance, as it can be highly limiting in many ecosystems, including the boreal forest, due to its
slow mineralization rate from organic matter (Ndsholm et al., 1998). Yet, it is required for protein,
nucleic acid and hormone synthesis (Campbell, 2004). N is also directly linked to photosynthetic

capacity, as both chlorophyll and Rubsico are comprised of large portions of N (Evans, 1989). The



acquisition and use of both C and N are additionally highly dependent on sufficient access to water.
Water is central to physiological processes including photosynthesis, growth, biochemical
reactions and the transport of nutrients and hormones throughout the tree (Campbell, 2004). Root
uptake of water is dependent on the gradient in water potential established between the soil-plant-
atmosphere continuum, with changes in access to soil water supply and humidity affecting tension
in the water column and thus internal cycling. Different environmental stressors often impact trees
by reducing the availability of C, nutrients and/or water. A tree’s ability to cope with these
challenging conditions can in part be due to their capacity to acquire these resources, for example,
root access to nutrient-rich soil patches, but also due to the storage and allocation of these resources
within and among organs of the tree. These shifts in internal allocation, for example, increased
root to shoot ratio to enable root proliferation in favorable soil patches, are key determinants in

plant performance under stress.

Since the acquisition of resources occurs at different locations in a tree, determining how
trees may share or store internal resources among or within compartments (leaves, stem and roots)
is necessary for the understanding of resource use and allocation, and how allocation varies in time
(phenology) and in response to environmental stress. Although organs of a tree are highly
integrated, they may act (semi-)autonomously depending on localized resource conditions
(Watson and Casper, 1984), affecting their function as a source or sink. Sources are typically
tissues or organs that act as net resource exporters, while sinks are tissues or organs that consume
more resources than they produce, thus acting as net importers (Wardlaw, 1990; Kozlowski, 1992).
Available resources are exported from source organs and transported towards specific sinks, often
based on the organ’s resource accumulation and allocation capacity (Wardlaw, 1990; Kozlowski,

1992). The strength of a sink may be determined by the sink size and activity, referring to the



number of cells and their activity, which is regulated by their potential maximum rate of resource
acquisition, utilization and internal storage (Wardlaw, 1990; Kozlowski, 1992). The degree to
which an organ acts as a source or sink may vary over time and may transition its role depending

on the current environmental demands on a tree.

Depending on the conditions, resources may be allocated internally to different pools: 1)
direct translocation for growth, defense, reproduction 2) utilized for ATP generation during
respiration (in the case of carbon) or export to symbionts, or 3) storage in perennial tissues, with
potential for future remobilization (Chapin et al., 1990) (Figure 1-1). Storage pools are of particular
interest, as resources are partitioned into these pools can be remobilized for future use (Chapin et
al., 1990). There are three different modes of storage in plants: 1) accumulation, a product of
resource supply exceeding demand 2) reserve formation, the allocation of resources for storage
compound synthesis as a trade-off to allocation for immediate use, and 3) recycling, the

remobilization of molecules that are not functioning primarily as storage molecules, usually prior
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Figure 1-1. Allocation of resources to internal pools. Modified from Chapin et al., 1990.



to abscission of the tissue, and allocated for future use (Chapin et al., 1990) (Figure 1-1). Although
reserve formation is in direct competition with immediate use of resources for growth, it is a
valuable form of storage for perennial plants as these resources may be remobilized to provide a
buffer during changing conditions. The size of storage pools within a tree has been correlated with
survival in several cases of disturbance (Millard and Grelet, 2010; Sala et al., 2012; Wiley, 2020),

emphasizing the important role of reserves in recovery.

Stored resources are used during periods of asynchrony in supply and demand, including
transitions during different phenological stages and during stress mitigation (Chapin et al., 1990).
By exploring patterns of resource allocation and remobilization within and among specific organs,
we may be able to identify potential mechanisms regulating or constraining the use of stored
resources. There is some evidence for factors that can limit remobilization pathways, such as
constraints in vascular connections or branch autonomy (Watson and Casper, 1984; Lacointe,
2004; Spicer et al., 2014). However, it can be difficult to determine the specific organ from which
remobilized resources are derived or the target organ (or even the portion of an organ) to which
newly acquired or remobilized resources are ultimately allocated. Thus, the mechanisms
controlling the ability to share (remobilize) resources within or among organs of a tree needs
further investigation, especially under seasonality and stress, where trees may be exposed to
heterogeneous distribution of resources (soil moisture, nutrients) and/or carbon-limiting

environmental conditions.

1.2 Seasonality and stress as drivers of resource allocation and remobilization

Trees are subjected to changing environmental conditions, whether they are the recurring

and predictable patterns of seasonality or the increasingly variable and unpredictable conditions of



disturbance under a globally changing climate (IPCC, 2013), which has led to the evolution of a
variety of morphological and physiological adaptations and acclimatory responses in trees
(Brunner et al., 2015; Hartmann and Trumbore, 2016). Seasonal patterns and fluctuations in
resource use have been well studied in various trees, particularly in deciduous species (Millard and
Grelet, 2010; Martinez-Vilalta, 2016). The allocation and remobilization of essential resources,
including C and N, is in large part seasonally driven by plant phenology. In late autumn, resources
are known to accumulate as reserves in perennial organs prior to dormancy (Loescher et al., 1990;
Millard, 1996). In the spring, reserve levels decrease due to the asynchrony between demand for
growth and the ability to acquire new photosynthates or soil N (Malaguti et al., 2001; Millard,
2006; Keel and Schédel, 2010). Following early leaf development, the canopy increases
photosynthetic capacity and the roots increase uptake of soil resources to meet nutrient demands,
permitting the gradual buildup of reserves during the summer and early autumn (Landh&usser and

Lieffers, 2003; Da Silva et al., 2014).

Although external uptake and internal cycling of essential resources in deciduous trees is
regulated by seasonal phenology, under stressful environmental conditions, resource use and
allocation may change to support tree growth and survival. For example, partial or severe
defoliation of the canopy by insects or pathogens is a common disturbance that can restrict
photosynthesis in deciduous species (Reichenbacker et al., 1996; Millard et al., 2001; Palacio et
al., 2008), affecting source-sink dynamics and remobilization patterns. To cope with severe
defoliation early in the growing season, trees must re-grow their leaf area. Re-foliation may be
reliant on reserve mobilization (Nakajima, 2018), increased C assimilation of any remaining leaves
(Pinkard and Beadle, 1998) and/or increased root uptake of nutrients (Kosola et al., 2001). The

extent of foliage recovery after disturbance varies among species (Nakajima, 2018), but the factors



limiting re-foliation capacity, such as the amount of stored reserves (specifically carbohydrates

and nutrients) or photosynthetic efficiency of re-flush leaves, remains poorly understood.

Another common disturbance that impacts resource acquisition and allocation in trees is
drought. The predicted increase in frequency of drought events (IPCC, 2013) may not only create
temporal heterogeneity in water availability but also spatial heterogeneity in soil moisture
(Vereecken et al., 2014; Metz and Tielborger, 2016). There is a developing body of literature on
drought-induced mortality in trees, with catastrophic hydraulic failure due to severe embolism in
the xylem leading to desiccation, and carbon starvation due to reduced carbon assimilation
followed by depletion of reserves, as two potentially interacting drivers (McDowell et al., 2008;
Sala et al., 2010; Galvez et al., 2011; Anderegg et al., 2012). Additionally, reduced water and
carbon availability may weaken defenses, leading to increased susceptibility to biotic attack
(Anderegg et al., 2015; Wiley et al., 2016). Thus, a trees ability to adjust its resource allocation to
cope with these predicted changes in water accessibility may determine its growth and survival
and species maintenance on the landscape (Hesse et al., 2021). Variations in root architecture and
root distribution (Jackson et al., 1996), in addition to physiological adjustments (Prieto et al., 2012;
Brunner et al., 2015) may enable trees to successfully exploit the soil for resources. And while we
have learned a lot about plant responses to drought from controlled experiments with seedlings,
one shortcoming of potted drought studies is the relatively homogeneous application of soil
moisture, which may not accurately capture the natural heterogeneity of soil moisture distribution.
Accurate predictions of forest responses to global change on larger spatial and temporal scales will
require a better understanding of how trees allocate and utilize critical resources under more

realistic drought conditions. We, therefore, need more experiments to assess how trees allocate



resources aboveground and belowground in response to drought conditions that are spatially

heterogeneous.

1.3 Trembling aspen

Trembling aspen (Populus tremuloides Michx.) is a deciduous tree species widely
distributed across boreal and temperate regions of North America. Populus species have been used
extensively to study ecological and physiological responses to changing environmental conditions
and stress due to their easy propagation and economic and ecological importance. Trembling aspen
is characterized by its large, interconnected clonal root system which enables regeneration by root
suckering after disturbance (Peterson and Peterson, 1992; DesRochers and Lieffers, 2001; Frey et
al., 2004; Wiley et al., 2019). Because the aspen root system must balance investment in growth
for exploration of surrounding soil resources with the accumulation of reserves for future
utilization in regeneration, the regulation of resource allocation and remobilization in the roots is

likely critical to clonal survival in this species.

Previous research has suggested that trembling aspen is a highly relevant species to
examine the consequences of defoliation and drought stress on resource allocation and
remobilization. Trembling aspen forests across northwestern Canada and the southwestern US
experienced widespread mortality and die-back, termed as Sudden Aspen Decline (SAD)
following a severe drought in 2001-2002 (Bonsal and Wheaton, 2005; Allen et al., 2010). While
tolerance to both severe and moderate drought has been previously studied in aspen (Frey et al.,
2004; Hogg et al., 2008; Galvez et al., 2011; Anderegg and Callaway, 2012;), the sensitivity of
growth and reserve allocation responses in aspen exposed to localized drought or partial root zone

drying is not well studied. Increased frequency and intensity of drought conditions, along with



rising temperatures, may have implications for insect outbreak dynamics as well (Ayres and
Lombardero, 2000). Trembling aspen forests are susceptible to severe defoliation by the forest tent
caterpillar (Malacasoma disstria), the large aspen tortrix (Choristoneura conflictana) and Bruce
spanworm (Operophtera bruceata). In trembling aspen, partial, complete or recurring defoliations
have been shown to contribute to increased cavitation risk (Galvez and Tyree, 2009; Hillabrand et
al., 2018), increased vulnerability to pests and pathogens (Anderegg and Callaway, 2012),
increased risk of carbon starvation (Landhdusser and Lieffers, 2012), and ultimately tree decline
and dieback (Hogg et al., 2002). Given the outcomes of defoliation stress, understanding how
aspen allocates and remobilizes resources, along with potential constraints on remobilization

pathways is critical.

1.4 Research Outline/Objectives

The overall objective of this research was to investigate how trembling aspen allocates and
remobilizes resources in response to various environmental stresses. This thesis focused on how
individual trees may share and/or store resources among and within organs when subjected to
changing or limiting conditions. A particular emphasis was placed on exploring processes that

occur in belowground organs.

The objective of the study presented in Chapter 2 was to explore C and N remobilization
in trembling aspen during early spring leaf development and re-flush after complete defoliation. I
used grafted aspen saplings which had been exposed to isotopically labeled C and N to determine
where resources were remobilized from during spring budflush and following defoliation, the
potential effects of distance between source and sink organs, and how timing of leaf synthesis

affected the use of remobilized reserves. I also measured changes in non-structural carbohydrate



concentration and N concentration in the stem and roots to quantify the amount of net
remobilization from different storage pools. I discuss these results in the context of potential

constraints on remobilization during leaf growth and canopy recovery.

The objective of the study presented in Chapter 3 was to assess how spatially
heterogeneous soil moisture conditions affect morphological and physiological responses in
trembling aspen. I used a split-pot experiment to determine how soil moisture availability affects
aboveground and belowground reserve and mass allocation. I measured growth and non-structural
carbohydrate reserves among and within organs in response to variation in soil moisture, to better

understand how plants cope with water stress.

Chapter 4 provides a synthesis of the research conducted and outlines potential

implications of the results. Research limitations and future directions are proposed.



Chapter 2: Tracing the fate of carbon and nitrogen reserves — exploring remobilization

during spring leaf expansion and leaf area recovery following defoliation

2.1 Introduction

The remobilization of stored resources is essential for supporting plant growth,
development and survival. In climates with marked seasons, deciduous woody plants build up
carbon (C) and nitrogen (N) reserves near the end of the growing season to support cold hardening
and basic maintenance during dormancy and to support initial leaf, root and stem growth at the
start of the growing season when demand exceeds supply from current photosynthesis and root
uptake (Loescher et al., 1990; Millard, 1996; Hoch et al., 2003). The amount and location of stored
C and N may also enable survival and recovery following disturbances. Reserve remobilization is
commonly observed under drought (GeBler et al., 2004; Silla and Escudero, 2006; Galiano et al.,
2011; Dai et al., 2018), and following defoliation (Kosola et al., 2001; Millard et al., 2001; Li et
al., 2002; Wiley et al., 2013; Nakajima, 2018). In woody plants, C is most commonly stored as
non-structural carbohydrates (NSC) — soluble sugars and starch — throughout the whole plant
(Dietze et al., 2014). Nitrogen, an essential macronutrient, accumulates in metabolically active
proteins such as Rubisco (Cooke and Weih, 2005; Millard et al., 2007) and then is stored prior to
dormancy in vegetative storage proteins (Staswick, 1994; Stepien et al., 1994; Cooke and Weih,
2005) or as free amino acids (Cheng et al., 2004; Visozo et al., 2008) found in the bark, wood and
roots (Cooke and Weih, 2005; Millard and Grelet, 2010). Despite their importance, we still have a
poor understanding of how the remobilization of stored C and N is regulated in woody plants and

what factors may constrain the remobilization, transport and use of reserves throughout the plant
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and under different conditions; this limits our ability to predict growth, stress response and survival

in woody plants.

For C reserves, recent work has highlighted that stored C should not be considered a single,
well-mixed pool that is equally available to any organ or function (Dietze et al., 2014; Hartmann
etal., 2018; Hart et al., 2021). Thus, we need a better understanding of which storage pools supply
remobilized reserves in different organs. The growth of tissues like leaves is a critical process that
often relies on the remobilization of reserves, but it is unclear if stored C utilized for growth is
remobilized only locally or whether it is readily supplied from other, more distant locations, or
organs. First, reserve sharing between organs may be limited due to competing growth demands
within the tree. For example, while bud break may act as a major sink for NSC in early spring,
root growth may also occur at the very beginning of the growing season (Sword et al., 1996; Joslin
et al., 2001; Gaudinski et al., 2009), potentially creating internal competition for NSC (Reich et
al., 1980). Additionally, long distance C remobilization could be limited by stressors,
morphological constraints, or by regulatory pathways that inhibit transport or provoke organ
autonomy (Watson and Casper, 1984; Lacointe, 2004; Hartmann et al., 2018). Such constraints on
reserve sharing have been proposed to occur under drought (Sevanto et al., 2014; Adams et al.,
2017), during light deprivation (Wiley et al., 2017), and following bark beetle attack (Wiley et al.,
2016) based on a pattern of only localized NSC remobilization or depletion. Similarly, branches
within a tree often display C autonomy (Watson and Casper, 1984; Hoch, 2005), and locally stored
NSC has been shown to be sufficient to support early leaf and shoot growth (Landhédusser, 2011).
However, there is also evidence that C may be remobilized from more distant locations within the
tree. Lacointe et al. (2004) found evidence of a lack of branch autonomy in the spring, concluding

that Juglans regia produced new shoots using C originating from distant branches. Additionally,
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using radiographs of “C-labeled pecan saplings that were grafted together with unlabeled sapling
stems or roots, Lockwood and Sparks (1978) found that while initial new leaf growth relied
primarily on local (i.e. stem-labeled) C, C was remobilized from the roots as shoot elongation
progressed. These studies suggest that remobilized C may be regularly shared between organs

when buds and leaves are net C importers.

For N reserves, it is similarly unclear whether remobilized N tends to be more locally
versus distantly derived (Millard et al., 2006). Root uptake of ammonium or nitrate can be limited
in early spring if soil temperatures and soil mineralization rates are low, and thus initial leaf
development can rely heavily on the remobilization of stored N (Sauter et al., 1989; Millard, 1996;
Bollmark et al., 1999; Grassi et al., 2003). In evergreen trees, which store substantial N in their
foliage, remobilized N supporting new leaf growth may be mostly transported over relatively short
distances from old leaves (Millard et al., 2001; Warren et al., 2003). But for deciduous species, N
supporting leaf growth may be remobilized over the entire length of the tree from both stems and
roots (Millard et al., 2001, 2006). There is evidence of long-distance N translocation, as foliar-
absorbed N in Prunus persica var. nectarina was translocated by the phloem to the roots compared
to short-distance alternatives in aboveground organs, for leaf growth the following spring
(Tagliavini et al., 1998). However, the effect of remobilization distance and potential constraints

on the accessibility of stored N during periods of new growth has been understudied.

Reserves may also be remobilized to support growth following disturbances like
defoliation, but it is unclear whether leaf flush after defoliation differs from spring flush in both
its reliance on stored reserves and whether long distance remobilization from other organs occurs.

There is evidence that during initial budflush, local reserves (branch/stem) may be plentiful and
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capable of supplying sufficient remobilized C and/or N for leaf growth (Millard, 2006;
Landhausser, 2011). However, this initial use of remobilized C and N for spring leaf flush then
lowers reserve levels (Landhdusser and Lieffers, 2003; Millard and Grelet, 2010), and if trees then
experience defoliation, branches may lose autonomy and may need to import C from more distant,
remaining reserves (Hoch, 2005; Carbone et al., 2013). In contrast, while defoliation could also
lead to a shift to reliance on more distant N reserves, trees can still acquire new N from the soil
which could help supplement reduced N reserves. Finally, the amount and source of remobilized
C or N for canopy regrowth may depend on whether the resource in question is in limiting supply
or not. There is some evidence that, in fruit trees, N reserves limit canopy growth in the spring,
not stored carbohydrates (Cheng and Fuchigami, 2002). However, lower sprout regrowth after
cutting during times of the year when C reserves are low suggests that canopy recovery is C-limited
(Kays and Canham, 1991; Landhdusser and Lieffers, 2002). Whichever nutrient limits canopy
recovery, limitation by one resource likely affects the remobilization of the other resource (Chapin
and Slack, 1979; Tuomi et al., 1990). Therefore, because deciduous trees use both C and N reserves
during regrowth after defoliation, and either could potentially limit this growth, a better
understanding of what limits leaf regrowth is needed to understand the interdependency of these

key resources and their remobilization.

To investigate C and N remobilization during early spring leaf development and re-flush
after defoliation, I selected a deciduous tree species, trembling aspen (Populus tremuloides
Michx.). Trembling aspen is widely distributed across North America, growing in regions with
distinct seasonality. Trembling aspen is susceptible to defoliation attacks by the forest tent
caterpillar (Malacasoma disstria), the large aspen tortrix (Choristoneura conflictana) and Bruce

spanworm (Operophtera bruceata), with damage occurring between late April to late June. While
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many studies have explored the net remobilization of C and N during spring flush and following
defoliation by monitoring changes in NSC and N concentration, stable isotopic labeling offers the
potential for more precision in capturing important fluxes out of storage pools. Additionally, by
combining isotopic labeling with grafting, it is further possible to capture the remobilization of
resources between organs, allowing us to identify the source(s) of remobilized resources used for
new growth and potential spatial constraints on their utilization. I therefore used grafted aspen
saplings which were pulse-labeled with isotopic C and N to characterize patterns of C and N
remobilization during spring leaf development and following defoliation. I addressed the following
questions during leaf development: (1) to which locations in the sapling are stem and root C and
N remobilized during budflush, (2) what sources of stored C and N are utilized for the development
of pre-formed and neo-formed leaf growth during spring flush and for leaf recovery following
defoliation — and does their reliance on these reserves differ, and (3) does proximity (distance)
from the reserve source affect the use of remobilized reserves? Then in order to better understand
potential constraints on remobilization following defoliation, I tested (4) whether the remaining
NSC and N concentrations after defoliation were correlated with percent leaf mass recovery to
explore whether C or N availability limited recovery or remobilization of reserves. I hypothesized
that, in saplings, both stem and root stored C and N would contribute to spring early leaf growth
and leaf recovery following defoliation, with net remobilization occurring in only one direction,
from belowground to aboveground. I also predicted that distance from reserve locations would
impact remobilization, with expanding leaves farther from the roots utilizing less root-derived C
and N reserves than leaves developing closer to the source. Furthermore, I hypothesized that early,
pre-formed leaves would be more reliant on stored C reserves compared to more recently formed

leaves due to increasing availability of newly assimilated C over time. Finally, I hypothesized that
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the abundance of NSC storage would regulate the degree of leaf recovery and affect the
remobilization of N following defoliation because defoliation may initially limit C assimilation
and aspen root systems may preferentially maintain C reserves for future use instead of immediate

re-flush.

2.2 Materials and Methods

2.2.1 General overview of the experimental timeline

Two-year old aspen saplings grown from open-pollinated seed sources of Central Alberta
(Smoky Lake Forest Nursery, AB, Canada) were potted in June of 2017 and grown outside at the
University of Alberta (Edmonton, AB, Canada) (Figure 2-1). In August of 2017, the saplings were
distributed evenly into two groups based on size, with half of the saplings pulse labeled with *CO,
and '"’NH4!°NOs while the remaining half of the saplings were not pulse labeled (Figure 2-1). In
April of 2018 while dormant, all saplings were moved into a growth chamber simulating early
spring conditions, where they were grafted with either the stem pulse labeled (stem origin sapling)
or the root system pulse labeled (root origin sapling) (Figure 2-1). Timing of budburst and timing
of pre-formed leaves unfurling was recorded individually for each sapling during April of 2018
(Figure 2-1). A subset of saplings (including both stem origin and root origin saplings) were
harvested 18 days after the pre-formed leaves unfurled to assess early leaf expansion in May of
2018 (Figure 2-1). The remaining subset of saplings (including both stem origin and root origin
saplings) were defoliated 18 days after the pre-formed leaves unfurled and kept in the growth

chamber for an additional 3 weeks to re-flush, then were harvested in June of 2018 (Figure 2-1).
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2.2.2 Plant material and pulse labeling with 13CO:z and "NH4'NO3

One hundred and five two-year old nursery grown containerized trembling aspen saplings
(container size 6 cm diameter and 15 cm deep) from open-pollinated seed sources collected in
Central Alberta (Smoky Lake Nursery, AB, Canada) were planted in 1 L pots containing a 2:1:1
mixture of peat (PRO-MIX, Premier Tech Horticulture, Quebec, Canada), vermiculite (Specialty
Vermiculite Canada Corp., Alberta, Canada) and clay (Turface Athletics MVP, USA) in June
2017. Saplings were grown outside at the University of Alberta (Edmonton, AB, Canada) for 42
weeks (June 1, 2017 — March 26, 2018). The saplings received 50 mL of 1g L' 10-52-10 NPK
fertilizer (Agrium Inc, Alberta, Canada) once a week for the first two weeks of growth followed
by 50 mL of 2 g L' 15-30-15 NPK fertilizer (Agrium, Inc., Alberta, Canada) once a week for
eleven weeks. In mid-July 2017, 50 mL of 5 mL L"1 paclobutrazol plant growth regulator (Bonzi
®, Syngenta Canada Inc., Ontario, Canada) was applied to the soil of each potted sapling to
promote early bud set and maximize the uptake of C and N to storage pools during the remainder
of the growing season (Landhdusser et al., 2012; Schott et al., 2013).

In mid-August 2017, pulse-labeling with '*CO; and "NH4'°NO; was used to label storage
pools. First, saplings were measured for height and root collar diameter (RCD) and evenly
distributed into two groups. One group of 60 saplings was not pulse-labeled (ie. unlabeled
saplings); the other group of 45 saplings was pulse-labeled with both 3CO» and "NH4'°NOs (ie.
labeled saplings) (Norris et al., 2012; Karst et al., 2016). Over the course of two consecutive days
with zero cloud cover, 45 saplings were pulse-label with '*CO,. The canopy of each of these
saplings was covered with a transparent plastic bag (40 x 20 cm?) equipped with a small patch of
reinforced tape. The bag was sealed to the base of each stem to prevent loss of injected *CO..

Using a syringe and needle, 50 mL of 99% '3CO» (Sigma-Aldrich, Oakville, Canada) was injected
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into the bag through the reinforced tape patch and the puncture hole was immediately covered with
an additional layer of reinforced tape. The transparent bags enclosed the saplings canopies for two
hours, allowing assimilation of the '2CO,, and then were removed. To pulse-label with
SNH4"°NOs, 100 mL of 60 atom% ""NH4!°NOs 0.19 g L' solution (Sigma-Aldrich, Oakville,
Canada) was applied to the soil of each potted sapling. In late October 2017, saplings were
insulated with a thick layer of straw to prevent root damage from soil temperatures that were well
below freezing (< 5°C). In late March 2018, 25 labeled saplings and 25 unlabeled saplings were
re-measured for lower stem diameter and paired together to ensure accurate fit with a similarly
sized sapling for stem grafting. While frozen outside, all but 26 sapling stems were cut 6 cm from
the root collar, with the cut surface treated with a 10% bleach solution to prevent bacterial and
fungal growth. The remaining length of stems were wrapped at the base with moist paper towel
and stored in plastic bags in a -10 °C freezer. The pots with the 6 cm segment of stem and root
system in addition to 26 saplings that remained fully intact, were moved into a growth chamber
(Conviron, Winnipeg, Canada) set to a constant 10°C with a 12-hour light/12-hour dark cycle,
average relative humidity at 47% and PAR of 500 umolm™ s™'of for 6 days to allow soil and
saplings to thaw. The growth chamber was then set to simulate spring conditions, at 20°C during
the day and 16°C at night with a 16-hour light/8-hour dark, average relative humidity at 47% and
PAR of 500 umolm™ s™! for the remainder of the experiment. Saplings were watered regularly and
received 50 mL of 1 g L' 15-30-15 NPK fertilizer every 4 days until harvested. In May of 2018,
a subset of saplings was defoliated by clipping off all of the leaves. The defoliated saplings
remained in the growth chamber for an additional three weeks until June of 2018. During this

individual 3-week time period, all saplings produced new re-flush leaves.
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2.2.3 Grafting

In April of 2018, sixty-five aspen saplings were either grafted to themselves (15 saplings)
or to their pre-matched pair (50 saplings total). To graft the saplings, the 6 cm segment of stem
attached to the root system (root stock) as well as the pre-selected corresponding stem segment
previously stored in the freezer (scion), were trimmed at the base and an omega-shaped incision
was cut into both stem segments using a grafting tool (Lee Valley, Canada). The two stem
segments were positioned to fit closely together to promote vascular cambium contact, then bound
with rubber grafting bands and sealed with Parafilm. Three types of grafted saplings were
constructed to trace the origin of labeled carbon and nitrogen: (1) to calculate background isotopic
signal, unlabeled saplings were grafted to themselves to create an unlabeled scion attached to an
unlabeled rootstock (unlabeled self-grafted control treatment); (2) to detect carbon and nitrogen
remobilization originating from the stem (stem origin treatment), a '*CO; and >’NH4'*°NO; pulse-
labeled scion was attached to an unlabeled rootstock; (3) to detect carbon and nitrogen
remobilization originating from the roots (root origin treatment), an unlabeled scion was attached
to a *CO;, and "NH4'*NOs pulse-labeled rootstock. Grafting was deemed successful if the sapling
was capable of bud burst and development of a healthy canopy without stem dieback. The success
of the graft resulted in 14 saplings in the unlabeled control treatment, 12 saplings in the stem origin
treatment, and 13 saplings in the root origin treatment, which were used in the remainder of the
experiment. Twenty-six saplings were left ungrafted to assess any potential effects the graft may

have had on growth and development which could affect remobilization patterns.
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2.2.4 Harvest

Aspen saplings were harvested at three timepoints: 1) pre-bud burst at time of grafting 2)
early leaf expansion and 3) post-defoliation (Figure 2-1). For post-bud burst harvests, grafted
saplings were monitored individually then harvested when they had reached a similar phenological
stage to ensure more accurate comparisons.

The pre-bud burst harvest was used to assess initial concentrations of non-structural
carbohydrates and nitrogen. Thus, one week after saplings were exposed to spring conditions in
the growth chamber, fourteen saplings — seven pulse-labeled with *CO» and '"NH4'°NOs and
seven unlabeled — were harvested. Both root and stem samples were collected.

The grafted saplings were harvested following early leaf expansion and defoliation
recovery. The specific timing of budburst and leaf roll out, marked by the complete unfurling of
the first four pre-formed leaves from within the bud, was recorded for each sapling. Once the first
four leaves were flat, each sapling was monitored for continued leaf production and shoot
elongation for 18 days. A subset of saplings, each at their individual 18-day timepoints, was
harvested to assess storage (non-structural carbohydrate and nitrogen concentrations) and
remobilization (location of detected isotope) following early leaf expansion; unlabeled self-grafted
control saplings (n=7), stem origin saplings (n=6) and root origin saplings (n=7). Saplings were
divided into roots and aboveground tissues, with the latter being further subdivided in the
following manner. The stems of saplings were divided into four sections: (1) the grafted region
encompassing the base 6 cm of the stem, (2) the lower stem consisting of the stem segment below
the first branch, (3) the mid stem and (4) the upper stem sections consisting of the two halves of
the stem segment above the lowest branch (Figure 2-2). Leaf samples for isotope analysis were

divided based on distance from the root system as well as timing of synthesis in relation to bud
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flush: (1) lower early leaves consisting of up to 6 sets of the first emerged four leaves sampled on
branches closest to the root system, (2) upper early leaves consisting of up to 6 sets of the first
emerged four leaves sampled on branches furthest from the root system, and (3) upper late leaves
consisting of up to 6 sets of the seventh and subsequently produced leaves on the same branches
sampled for upper early leaves (Figure 2-2). New shoot growth and all remaining leaf tissue were
collected separately. Twelve ungrafted saplings were also harvested using the same method as
described above.

The remaining grafted saplings that were defoliated at the 18-day timepoint — unlabeled,
self-grafted control saplings (n=8), stem origin saplings and root origin saplings (n=6 each) were
harvested 3 weeks later. Root and stem tissue were harvested in the same manner as the 18-day
timepoint harvest. Newly produced re-flush leaves were collected and divided into two groups: (1)
lower re-flush leaves and, (2) upper re-flush leaves, taken from the branches that corresponded to
the mid stem and upper stem sections (Figure 2-2). At that time fourteen ungrafted saplings were
also harvested using the same method as described above.

For all harvested saplings, soil was carefully removed from the root systems. All tissue
samples were dried for 1 hour at 100°C to denature enzymes, followed by 72 hours at 70°C. All
dried material was weighed, and samples were ground to a 40-mesh (0.4) using a Thomas mini
Wiley mill (Thomas Scientific, Inc., Swedesboro, NJ, USA) for subsequent non-structural
carbohydrate analysis. A portion of the samples were further ground to a homogenous powder

using a TissueLyser bead mill (QIAGEN)).
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2.2.5 Carbon and Nitrogen Analyses

Non-structural carbohydrates (NSC) were analyzed following protocols S1, S2, S5 and S6
(Landhdusser et al., 2018). In brief, total soluble sugars were extracted in 80% hot ethanol followed
by a phenol-sulfuric assay to determine their concentration colorimetrically by measuring the
absorbance at 490 nm with a spectrophotometer. To determine starch concentration, the remaining
pellet was digested with a-amylase (Sigma cat. no. A4551) and amyloglucosidase (Sigma cat. no.
ROAMYGL). The resulting glucose hydrolysate was then also measured colorimetrically at 525
nm with an assay utilizing a peroxide-glucose oxidase/o-dianisidine reagent and sulfuric acid.
Absorbance values were used to calculate sugar and starch concentrations expressed as percent of

sample dry weight.

Aliquots of approximately 2.00-2.50 mg of the finely ground tissue were packaged into 4
x 6 mm tin capsules (Costech Analytical, Fischer Scientific) with two replicates per sample in
preparation for isotopic analysis. To measure isotopic enrichment, tissue samples were sent to the
Institute of Biochemical Plant Pathology (Helmholtz Zentrum Miinchen, Germany) to measure
isotopic enrichment. An Isotope Ratio Mass Spectrometer (delta V Advantage, Thermo Fisher,
Dreieich, Germany) coupled to an Elemental Analyzer (Euro EA, Eurovector, Milano, Italy) was
used to determine 'C and >N abundances and total C and N concentration. An autosampler
introduced the samples into the combustion column, heated to 1000°C for quantitative oxidation
of the samples. The combustion products were passed into a reduction reactor filled with metallic
copper at 650°C. Following removal of water with magnesium perchlorate, CO, and N> were
separated on a packed column. These gases were introduced to the ion source of the IRMS using

the ConFlow Interface, accelerated and then separated in a magnetic field depending on their
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masses. A lab standard (acetanilide) was used in every sequence and isotope linearity of the system
using different weights of standards was determined. The lab standards were calibrated using
several suitable international isotope standards (International Atomic Energy Agency: IAEA;

Vienna), which were also used for the final correction of '*C and '°N.

The atom percent (AP) of '*C was calculated for root, stem and leaf samples for both
unlabeled self-grafted control treatment saplings — to determine the background isotopic signal —

and enriched tissue samples from the stem origin and root origin treatments

100 x AR x (5°C/1 000+ 1)

AP = 1+ 4R x(5

Where §'3C was calculated as [(Rs/Rref)—1] % 1000, where R and Ry is the ratio of 3C/12C
for the sample and the reference standard, Vienna Pee Dee Belemnite (VPBD), respectively. AR

is the absolute ratio of '*C/!'?C of the reference standard, VPBD.

The '3C atom percent excess (APE), i.e., the percentage of 1>C atoms (APiabeled) in excess

of background "*C levels (APpackeround), Was then calculated for each individual tissue type as:

APE = APlabeled - APbackground

The above calculations for atom percent (AP) and atom percent excess (APE) were
repeated for '°N. 8!°N was calculated as [(Rs/Rrer)—1] x 1000 where Rs and Reer is the ratio of
ISN/MN for the sample and the reference standard, atmospheric N> (Mariotti 1983), respectively.

AR is the ratio of '>N/"N of the reference standard, atmospheric N> (Mariotti 1983).
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2.2.6 Statistical Analysis

All data were analyzed using R statistical software v3.5.1 (R Development Core Team,
2018). Assumptions of normality and homoscedasticity were tested using the Shapiro-Wilks test
and Levene’s test for parametrical analyses. If these assumptions were not met, outlier data points
were removed for specific tissue samples from four individual saplings, and transformations were
applied (log transformations for stem and root nitrogen concentration and root sugar concentration,
while reciprocal transformation was used for stem starch concentration). One-sided t-tests were
used for 1) leaf samples and root samples of stem origin saplings and 2) leaf samples and stem
samples of root origin saplings, to detect the presence of excess '*C and '°N (APE), significantly
more than zero. To account for these multiple comparisons, p-values were adjusted using the
Benjamini-Hochberg correction (Appendix A-1). To assess the effects of distance and timing on
carbon and/or nitrogen APE, linear mixed effects models with individual sapling as a random
factor were used. The emmeans package (Lenth, 2019) was used for the post-hoc tests of these
models. One-way ANOVA was used to test for differences in non-structural carbohydrate
concentrations and total nitrogen concentration in stem and root tissue among timepoints, followed
by pairwise post-hoc tests using the emmeans package with a Benjamini-Hochberg p-value
adjustment. Pearson correlation was used to test the linear correlation of two variables with percent
leaf mass recovery in defoliated saplings: root starch concentration and root total nitrogen
concentration. Differences among treatments and among tissue types were considered statistically

significant at oo = 0.05.
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2.3 Results

To assess any effects of the graft on the sapling health and growth 18 days after early leaf
expansion and three weeks after defoliation, aboveground and belowground parameters were
compared between the grafted saplings and the ungrafted saplings. At 18 days after early leaf
expansion, grafted saplings did not differ in height, root collar diameter, aboveground mass, stem
mass, leaf mass, root mass or root volume from ungrafted saplings (Appendix A-2). Further, 3
weeks after defoliation, height, root collar diameter, aboveground mass, stem mass, re-flush leaf
mass, leaf mass recovery, root mass and root volume of grafted saplings were not different from
ungrafted saplings (Appendix A-3). The lack of differences in growth parameters between grafted
and ungrafted saplings at both time points suggests that there was no detectable effect of the graft

on overall sapling health and productivity.

2.3.1 Early spring leaf development

In stem labeled saplings (stem origin treatment), at 18 days after early leaf expansion, stem-
remobilized C was detected in both belowground and aboveground tissues (Figure 2-3a). Labeled
C originating from the stem was present, although relatively minimally, in the roots of aspen
following early leaf expansion (p = 0.047; Figure 2-3a). Although I did not detect a measurable
increase in root volume between pre-bud burst and 18 days after early leaf expansion (36.0 cm? vs

40.7 cm?, respectively; p = 0.4), I did observe new root growth (root tips) at this time point.

C used to support spring leaf flush and development was remobilized from both the stem
and roots of aspen saplings. In all three leaf types harvested: lower early leaves, upper early leaves

and upper late leaves, labeled C originating from the stem was present (p < 0.01; Figure 2-3a).
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However, the upper early leaves had a higher percentage of stem-labeled carbon (atom percent
excess, APE) present than the upper late leaves (p < 0.01; Figure 2-3a). In root-labeled saplings
(root origin treatment), at 18 days after early leaf expansion, root-remobilized C was detected in
aboveground tissues (Figure 2-3b). There was a marginally significant amount of labeled C
originating from the roots in the lower and upper segments of the stem (p = 0.058 and p = 0.059
respectively; Figure 2-3b). Root-remobilized C was detected in all three leaf types: lower early
leaves, upper early leaves, and upper late leaves (p < 0.01, p < 0.01, and p = 0.049 respectively;
Figure 2-3b). However, the upper early leaves had a higher percentage of root-labeled C (APE)
compared to upper late leaves (p = 0.04; Figure 2-3b). Furthermore, in root origin saplings, lower
early leaves had a greater *C APE than upper early leaves which were further removed from the

roots (p = 0.02; Figure 2-3b).

Changes in NSC concentrations suggest that stem starch and root sugar pools are the likely
sources of C used to fuel initial leaf development in early spring. Stem soluble sugar concentrations
did not significantly differ between pre-bud burst (11.2 %) and 18 days after early leaf expansion
(9.7 %) (Figure 2-4). Stem starch concentrations, however, decreased significantly from 2.9 % at
pre-bud burst to 1.7 % following early leaf expansion (p < 0.01; Figure 2-4). Root soluble sugar
concentrations were 13.2 % at pre-bud burst and then declined by half to 6.5 % following early
leaf expansion; root starch concentrations remained unchanged between pre-bud burst and 18 days

after early leaf expansion, at approximately 9 % (Figure 2-4).

N was remobilized from both the stem and root system during spring leaf development. In
stem-origin saplings at 18 days after early leaf expansion, labeled N was present in both

belowground (p = 0.01) and aboveground tissues (p < 0.01) although at a considerably lower APE
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in the roots (Figure 2-5a). All three leaf types — lower early, upper early and upper late — contained
labeled N originating from the stem (p < 0.01; Figure 2-5a). However, stem-origin saplings’ upper
late leaves had a lower '’N APE than upper early leaves (p < 0.01; Figure 2-5a), indicating a
reduced reliance on stem N reserves over time. In root-origin saplings, at 18 days after early leaf
expansion, labeled N was present in all aboveground tissues (Figure 2-5b). Both the lower stem
and upper stem contained root-remobilized N (p < 0.01; Figure 2-5b). All three leaf types sampled
also had root-remobilized N present (p < 0.01; Figure 2-5b). Root-origin saplings’ upper early
leaves did not significantly differ in "N APE from upper late leaves, indicating a similar reliance
on root-stored N over time (Figure 2-5b). However, leaves produced furthest from the root system
(i.e. upper early leaves) contained significantly less root-labeled N than leaves closer to the root

system (i.e. lower early leaves) (p = 0.01; Figure 2-5b).

N concentration decreased in stems only during initial leaf development. Stem total N
concentration was 0.77 % at pre-bud burst and decreased to 0.54 % at 18 days after early leaf
expansion (p < 0.01; Figure 2-6). Root total N concentration did not significantly change between
pre-bud burst (1.27 %) and 18 days after early leaf expansion (1.19 %) (Figure 2-6). The N
concentration of upper early leaves (2.1 £ 0.1 %) and upper late leaves (2.0 = 0.1 %) did not differ

(data not shown).

2.3.2 Leaf area recovery after defoliation

Carbon used for leaf area recovery following defoliation originated from both stem and
root reserves in aspen saplings, however there was a source-distance effect. Three weeks following
defoliation, stem origin saplings had labeled C present in new leaves, but not in the roots (Figure

2-3a). At three weeks following defoliation, root systems had a volume of 47.0 cm?, which was
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not statistically different than the root volume of saplings at initial leaf development (40.7 cm?; p
= (.3). Although I did observe the presence of new roots, I cannot determine if this growth was
produced prior to defoliation, however there was no visual indication of root loss after defoliation.
Both lower and upper re-flush leaves had labeled C originating from the stem present (p < 0.01
and p = 0.04, respectively; Figure 2-3a). In root origin saplings, labeled C was not detected in all
aboveground tissues after defoliation (Figure 2-3b). Although the lower stem had a '*C APE
marginally significantly different from zero (p=0.055), the lower re-flush leaves had a significant
amount of labeled C originating from the roots present 3 weeks post defoliation (p = 0.049; Figure
2-3b). The 13C APE of the upper stem segment and the upper re-flush leaves of root origin saplings
did not differ from zero (p = 0.09 and p = 0.19, respectively; Figure 2-3b), suggesting minimal
import of remobilized root C reserves to these tissues. However, the *C APE of lower re-flush

leaves did not differ from the '3C APE of upper re-flush leaves (p = 0.35; Figure 2-3b).

Stem sugar, stem starch and root starch were all remobilized following defoliation stress.
Three weeks following defoliation, stem soluble sugars had decreased to 7.2 % (p < 0.01; Figure
2-4). Stem starch concentrations also decreased from early leaf expansion to 1.1 % following
defoliation (p < 0.01; Figure 2-4). Root soluble sugar concentrations remained at 6.5 % after
following defoliation, but root starch concentrations significantly decreased, though still remained

relatively high at nearly 5 % (p <0.01) (Figure 2-4).

In response to defoliation, N was again remobilized from both the stem and root system,
but labeled N was not found in all tissues (Figure 2-5). Labeled N originating from the stem
remained present in the roots after defoliation stress (p < 0.01; Figure 2-5a). Both lower re-flush

leaves and upper re-flush leaves contained stem-origin '°N three weeks post defoliation (p < 0.01
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for both; Figure 2-5a). In root origin saplings, labeled N was also not found consistently throughout
all aboveground tissue types after defoliation stress (Figure 2-5b). Root-remobilized N was found
in the lower stem segment (p < 0.01) but not the upper stem segment (Figure 2-5b). Both lower re-
flush leaves and upper re-flush leaves contained labeled N originating from the roots (p < 0.01 for

both; Figure 2-5b).

Following defoliation, both stem and root N concentrations decreased. In the stem, N
concentration decreased from 0.54 % at initial leaf development to 0.43 % after defoliation (p <
0.04; Figure 2-6). In the roots, N concentration decreased from 1.19 % at 18 days after early leaf

expansion to 0.90 % following defoliation (p < 0.01; Figure 2-6).

2.3.3 Relationship between leaf area recovery and carbohydrate and nitrogen storage

Saplings recovered 31.3 % of leaf mass on average during the three weeks following
defoliation (Appendix A-3). Despite the potential availability of root starch (average: 5 %), there
was no correlation between percentage of recovered leaf mass and the remaining root starch
concentration (R = -0.044; p = 0.85; Figure 2-7a). However, a higher percent leaf mass recovery
following defoliation was associated with a higher N concentration remaining in the root system
(R = 0.62; p < 0.05; Figure 2-7b). There was no negative correlation between root starch
concentration and root N concentration during re-foliation (R = -0.11, p = 0.6), which might be
expected if N availability limited leaf recovery and thus the remobilization of root starch to fuel
regrowth. Atom percent excess of labeled C in re-flush leaves of root-origin saplings also did not
have a significant correlation with N concentration within the roots (R = 0.74; p = 0.15; data not
shown), however it suggests a trend of more root-labeled C remobilized to the re-flush leaves when

more root N was available. N concentrations were also compared in leaves harvested at 18 days
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after early leaf expansion and 3 weeks following defoliation; leaves produced at initial spring flush
had significantly lower N concentrations of (2.0 = 0.1 %) than re-flush leaves produced after

defoliation (2.8 = 0.2%; p < 0.01).

2.4 Discussion

While many studies have shown that spring growth relies on the remobilization of reserves,
this study is one of the first to identify the specific source organs — both the stem and the roots,
from which remobilized C and N originates to support new leaf growth in aspen saplings. While
remobilization of root-derived C and N provides evidence that saplings are capable of long-
distance remobilization, root C reserves were not shared equally with the whole stem. Leaves
developing closer to the source of stored reserves (i.e. the root system) utilized more root-derived
C than leaves developing further from the source; and this distance effect on root C remobilization
appeared even greater following defoliation, as the upper stem segment and upper re-flush leaves
had no significant import of root remobilized C. These patterns are likely explained by sink
topology. Sink organs within a plant will compete when the supply of a resource is limited, and it
is thought that a sink hierarchy exists with priority given to sinks closest to the resource source
along the transport pathway (Zimmermann, 1971; Minchin et al., 1993; Lacointe, 2000). As a
result, this allocation priority may lead to root C shortages when C supply from the canopy is low
(Landhdusser and Lieffers, 2012). This hierarchy has usually been described under conditions
when recent photosynthate is the main C source, but the results presented in this study support the
idea of such an allocation hierarchy during reserve remobilization as well. Thus, when root
reserves are the main C source, the shortage may be in the opposite direction with the upper

segments of the tree suffering disproportionally. This distance effect on remobilization explains
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the observations during carbon starvation experiments using light deprivation where aspen stems
experience gradual dieback from the top down (Wiley et al., 2017; Wiley et al., 2019). This dieback
of distal tissues is commonly observed in stressed trees, and the results of this study suggest that
this could be due to lower allocation priority based on increased distance from the source with

most distal tissues suffering most acutely when C supply is lowest, such as following defoliation.

Distance between the root system and leaves also affected the allocation of N remobilized
during spring flush, with lower early leaves containing more root-labeled N than the upper early
leaves; but unlike C, this distance effect for N disappeared after defoliation. There was a significant
decrease in root N concentration after defoliation, suggesting that root N reserves did contribute
to growth of lower and upper re-flush leaves. However, the disappearance of the distance effect
after defoliation could result if the closest N reserves had been preferentially used up during spring
leaf flush. Bazot et al. (2016) applied labeled N to the previous years’ foliage of mature Quercus
petraea to determine the contribution of N reserves to spring leaf growth, concluding that closely
stored and easily accessible forms of N were likely remobilized first. The disappearance of the
distance effect after defoliation could also indicate that N supply was sufficient for leaf re-growth.
Declines in stem N concentration but not root N concentration after spring flush suggests that N
supply was not greatly reduced after initial leaf flush, with newly assimilated N replacing most N
remobilized from the root system, as saplings continued to receive fertilizer during this time
period. There is further evidence that trees do rely on newly assimilated N in the spring, as Frak et
al. (2002) found that walnut saplings used both N remobilization and N uptake from the soil
simultaneously during spring growth while other tree species relied more heavily on soil uptake
(Millard and Proe, 1991; Millard et al., 2001). Following defoliation, demand for N may have also

been lower as leaf mass recovery was only 31.3 %. Both lower and upper re-flush leaves had higher
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total N concentrations than leaves produced during initial spring flush. The higher N concentration
in the re-flush leaves may be due to thinner and smaller leaves in comparison to the leaves collected
during spring leaf development or may be evidence of the supply-driven nature of N, as the size
of the N storage pool determines the amount of remobilization (Millard and Grelet, 2010).
Similarly, studies which use winter browsing to investigate spring N remobilization suggest that
the remaining buds which flush have higher levels of remobilized N because there are fewer buds

requiring the same N supply (Lehtild et al., 2000; Millard et al., 2001; Millett et al., 2005).

In addition to differences in remobilization between organs, aspen saplings relied on
different NSC pools (sugars vs starch) within organs during spring flush and after defoliation.
During spring initial leaf development, the reductions in root sugar but not starch concentrations
between pre-bud burst and early leaf expansion suggests that it was root sugars that were
remobilized to support leaf synthesis (and potentially stem growth). Furthermore, the significant
decrease in stem starch but not sugar concentrations suggests starch in the stem was converted to
sugar and remobilized to fuel early spring growth. In contrast, the reductions in root starch but not
root sugar concentrations following defoliation suggests that some root starch was converted to
sugar to support leaf area recovery. It is likely that not all root starch was remobilized for leaf re-
growth, as root starch concentrations remained at 5 % following defoliation. Additionally, stem
starch and stem sugar concentrations decreased after defoliation, indicating that both were

remobilized for leaf re-growth.

Surprisingly, the hypothesis of only unilateral remobilization from roots to aboveground
organs following budflush was not supported, as the aspen saplings remobilized both C and N bi-

directionally. Remobilized C and N from the root system was detected in the leaves and stem
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tissues. Multiple hypotheses exist for transport pathway of reserves from belowground to
aboveground organs during budbreak, as primarily through the xylem (Loescher et al., 1990; Alves
et al., 2007) or the phloem (Miinch, 1930; Lacointe and Minchin, 2008). However, Tixier et al.
(2017) provides evidence using a girdling study to suggest that both xylem and phloem contribute
to spring reserve remobilization, with the xylem transporting C reserves and the phloem
maintaining water recirculation via Miinch flow. The presence of root-labeled C and N in the stem
segments could indicate net import for the formation of earlywood in the spring (Kagawa et al.,
2006) or perhaps only the transient presence of labeled C and N as these resources are transported
via the stem to the developing canopy. The remobilization of both C and N from the stem to the
root system was also detected during spring flush and may have supported early root growth for
initial soil resource uptake. In contrast, Lockwood and Sparks (1978) used radiographs of '*C-
labeled pecan saplings and did not detect remobilization of C from the stem to the roots. However,
I found that the remobilization of both C and N from the stem to the roots was minimal, an
indication of either a weaker sink strength or lower allocation priority for root growth.
Alternatively, the small amount of stem-origin C and N in the roots may simply result from random
molecule diffusion and may not necessarily indicate a net import of remobilized C and/or N from
the stem. It is also possible that within the first 18 days of early leaf development, unilateral
remobilization occurred as a stepwise process. Reserves may have first been remobilized
basipetally from the stem to support active root meristems, then soon after budflush began,
acropetally from the roots. Following defoliation, stem-labeled C was not detected in the root
system, suggesting that under C-limiting stress, stem reserves in saplings may not be remobilized

to belowground organs.
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During spring bud flush, pre-formed leaves utilized more stem and root stored C and stem-
stored N than neo-formed leaves and re-flush leaves. Unlike the Lockwood and Sparks (1978)
study, C was remobilized from the roots to support both the initial new leaf growth (lower and
upper early leaves) and the neo-formed leaves (upper late leaves), suggesting a reliance on both
stem and root reserves as shoot elongation progressed. However, the decreased presence of stem
and root labeled C in the neo-formed leaves compared to pre-formed leaves indicates an increased
reliance on import of new photosynthate as opposed to use of older reserves. This rapid transition
from carbon sink to carbon source (Turgeon, 1989) during leaf maturation reduced the dependence
on remobilized C originating from elsewhere in the sapling, with similar remobilization patterns
observed in the leaves of mature deciduous trees (Keel and Schédel, 2010). The extent to which
remobilized C is mixed with newly assimilated C during early leaf development is known to vary
among species and with growing conditions (Keel et al., 2006). Aspen branches can become
autonomous within a few days of bud flush, before the leaves even mature to their final size, as
the first few leaves are quickly able to export new photosynthates thus minimizing the need to
remobilize C from more distant sources (Marchi et al., 2005; Landh&usser, 2011). The amount of
C remobilized to re-flush leaves was lower in comparison to initial spring leaf development (lower
and upper early leaves) and more similar to the amount remobilized for upper late leaves.
Although, there is an assumption that the labeled portions of the reserve pool were equally
accessible for remobilization and well mixed throughout the entire storage pool, this result may
suggest that the smaller re-flush of leaves produced after defoliation were supplied with less
remobilized C initially and were therefore more reliant on recently assimilated C to support their
growth. During spring flush, the pre-formed leaves (upper early leaves) and the neo-formed leaves

(upper late leaves) used root stored N similarly regardless of timing of leaf development. However,
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the upper late leaves had lower amounts of remobilized N from the stem than the upper early
leaves. Since the upper early leaves and upper late leaves had a similar total N concentration, this
likely indicates that the stem N reserve levels were declining during leaf development. The upper
late leaves were likely more reliant on the recently assimilated N in the root system as previously
discussed. This evidence would support the conclusion drawn by Millard and Grelet (2010)
suggesting that N remobilization relies on the size of the storage pool, not necessarily on the

demand for growth.

An average of 31.3 % of the leaf mass was recovered three weeks following defoliation,
with the potential for continued leaf growth for the remainder of the growing season. However,
studies have found that canopy size may stay reduced later in the growing season following
defoliation (Schifer et al., 2010; Wiley et al., 2013; Schmid et al., 2017; Nakajima, 2018) and it is
unclear whether this incomplete recovery is driven by C or N limitation, or neither. In this study,
growth of the new re-flush leaves resulted in significant declines in both root starch and root N
concentrations, suggesting that a shortage of either is possible. Firstly, there is evidence that the
aspen saplings were not limited by C, as a substantial amount of starch (5 %) was remaining in the
root system three weeks after defoliation. Though, it is possible that instead of remobilizing
available root reserves for more complete leaf area recovery, aspen actively maintains starch in the
root system, potentially as an adaptation to further herbivory or disturbance. Piper and Fajardo
(2014) suggest the storage of C and N in perennial organs of deciduous trees is an adaptation to
tolerate complete and recurring defoliation events. Furthermore, prioritizing NSC storage in the
root system over leaf re-growth may be highly advantageous for aspen, as they are a species
capable of regeneration via root suckering post disturbance (Peterson and Peterson, 1992;

DesRochers and Lieffers, 2001; Frey et al., 2004; Wiley et al., 2019). Secondly, there is some
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evidence that aspen saplings may have been limited by N. There was a significant decrease in N
concentration in perennial organs following defoliation which may be evidence of re-growth being
N dependent, as noted, but not observed by Palacio et al. (2008) and Piper et al. (2015). If N was
limiting leaf recovery, this may explain why there was a positive correlation between remaining
root total N concentration and percentage of recovered leaf mass, while there was no correlation
between root starch concentration and percentage of recovered leaf mass; saplings with more
available N could regrow a larger portion of their leaf area while using current photosynthates
rather than root reserves. However, there is also evidence suggesting that leaf area recovery was
not limited by N. New re-flush leaves had higher N concentrations compared to the leaves grown
during the initial spring flush. In other deciduous species, defoliation may have no significant
effect on leaf N concentration (Ovaska et al., 1993; Volin et al., 2002), increase leaf N
concentrations as there are fewer buds requiring the same N supply (Lehtil4 et al., 2000; Millard
et al., 2001; Millett et al., 2005) or even decrease leaf N concentrations due to an accumulation of
phenolics during stress response (Tuomi et al., 1990; Kaitaniemi et al., 1998). Furthermore, the
distance effect disappeared for N following defoliation, instead of becoming more pronounced,
suggesting that utilization of N was not constrained. Additionally, there is some evidence that the
aspen saplings may have been C limited. Re-flush leaves appeared to receive proportionally less
labeled C from the stem and root system compared to leaves produced early during spring flush.
This reduced C import may have made re-flush leaf growth more dependent on current
photosynthates, potentially explaining the smaller size of leaves produced during recovery.
Anderegg and Callaway (2012) noted that following initial defoliation of mature aspen clones,
root starch concentrations declined for re-foliation and resulted in fewer and smaller leaves. The

authors suggest that the reduction in leaf area may have been due to the preferential storage of
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NSC, potential N limitation, or a slower rate of leaf growth (Anderegg and Callaway, 2012).
However, there appears to be some inconsistencies which hinder the ability to tease apart C and/or
N limitation in leaf area recovery for the aspen saplings used in this experiment. Further studies
manipulating C and N supply or reserve amounts to help identify whether leaf area recovery was

driven by C or N limitation, or neither are needed.

Finally, extrapolating the remobilization patterns that were observed in saplings to large
mature trees presents a challenge, as distance between organs may be greater and sink strength (a
reflection of canopy size) may differ (Minchin and Lacointe, 2005; Hartmann et al., 2018). The
storage capacity of the stem wood tissue of a mature tree is considerably larger than the small
stems of tree saplings, which are often equated to young branches of mature trees (Hartmann et
al., 2018). Based on the biomass available for storage pools and the sink hierarchy within a mature
tree, C and N remobilization to the canopy in larger trees may originate from closer sources (e.g.
large branches within the crown) and not necessarily from the root system. Furthermore, the
composition of NSC pools in mature trees is likely more complex than that of saplings,
characterized by mixing of newly acquired NSC with much older NSC from previous years (Keel
et al., 2007; Trumbore et al., 2015). The accessibility of these older pools of NSC relative to the
newer pools of NSC in mature trees likely affects the extent of remobilization (Sala et al., 2012),
however there is evidence that older stored carbon is a positive contributor to leaf growth in mature
trees (Keel et al., 2006). Furthermore, as a tree matures, the reliance on remobilized N may increase
as storage pools accumulate (Miller, 1986). This may suggest a more significant role of root N

reserves in mature aspen, especially under N-limiting conditions.
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The ability of deciduous trees to remobilize stem and root reserves during conditions of
asynchrony between supply and demand is highly adaptive. However, this study suggests that
distance from source plays an important role in determining C remobilization and allocation during
bud burst, and even more so following defoliation in saplings. This implies that distal tissues are
more susceptible to dieback under stress when reserves are the main source of C. The effect of
distance from the source, however, disappeared for N following defoliation, suggesting that root
N was remobilized equally to distant and nearer leaves, perhaps because it was not strongly
limiting as soil N was available for continued uptake. Bilateral remobilization of C and N between
roots and shoots during spring flush was detected, while following defoliation, C remobilization
only occurred in one direction from belowground to aboveground. Percentage of recovered leaf
mass following defoliation was 31.3 % and it remains unclear if C and/or N limitation contributed
to the incomplete recovery. While remaining N concentration in roots correlated with higher leaf
mass recovery, the higher N concentrations of re-flush leaves suggests more than adequate access
to soil N. Concomitantly, root starch reserves remained plentiful following defoliation, yet the
lower levels of labeled C in the re-flush leaves suggests lower C import and a greater reliance on
current photosynthates. Further studies investigating C and N remobilization and potential
limitations in the transport of reserves are needed, as they are essential for predicting future tree

growth and survival.
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2.5 Figures

Aspen saplings potted Saplings grafted Pre-formed leaves unfurled Post defoliation
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Figure 2-1. Experimental timeline. Two-year old aspen saplings were potted in June of 2017
and grown outside. In August of 2017, half of the saplings were pulse labeled with *CO2 and
ISNH4!5NQs. In April of 2018 while dormant, all saplings were moved into a growth chamber
simulating early spring conditions, where a subset were harvested for pre-bud burst
assessment, and the remainder were grafted so that labeled carbon and nitrogen originated
from either the stem or root system. A subset of saplings (including both stem-origin and
root-origin labeled saplings) were harvested 18 days after the pre-formed leaves unfurled in
May of 2018. The remaining subset of saplings were defoliated and allowed to re-flush for an

additional 3 weeks, then were harvested in June of 2018.
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Figure 2-2. Sapling harvest schematic. At 18-days after early leaf expansion, saplings were
separated into root, stem and leaf samples. The stem was divided into 4 regions: the grafted
region (the base 6 cm of stem), the lower stem (up to the first branch), the mid stem and
upper stem (the remaining section split into two halves). Leaves were collected based on
position (lower vs upper) and timing (early: leaves 1-4; late: leaves 7 and subsequent). Three
weeks following defoliation, root and stem samples were collected in addition to lower re-
flush leaves (collected from the mid stem region) and upper re-flush leaves (collected from

the upper stem region).
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a) Detection of Labeled Carbon Originating from the Stem b) Detection of Labeled Carbon Originating from the Roots
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Figure 2-3. Mean (£ 95% confidence interval) carbon atom percent excess (%) overlapping raw data points (a) for stem origin
saplings, detected in tissue types (roots, lower early leaves, upper early leaves and upper late leaves) harvested 18 days after
early leaf expansion and detected in tissue types (roots, lower re-flush leaves and upper re-flush leaves) harvested 3 weeks after
defoliation, and (b) for root origin saplings, detected in tissue types (lower stem, lower early leaves, upper stem, upper early

leaves and upper late leaves) harvested 18 days after early leaf expansion and detected in tissue types (lower stem, lower re-flush
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leaves, upper stem and upper re-flush leaves) harvested 3 weeks after defoliation. * indicates a statistical difference from zero
for p < 0.05 and (*) indicates a marginally significant difference at p < 0.06, with p-values adjusted using the Benjamini-
Hochberg method, while lowercase letters (distance effect) and uppercase letters (timing effect) indicate statistical differences at

p < 0.05 between tissue types (o < 0.05).
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Figure 2-4. Estimated marginal means (£ 1 standard error) of (top) stem NSC concentration
(% dry weight) and (bottom) root NSC concentration (% dry weight) for saplings harvested
at three timepoints (pre-bud burst, 18 days after early leaf expansion and 3 weeks after
defoliation) (circle represents starch concentration and triangle represents sugar
concentration). Letters indicate statistical differences among timepoints using post-hoc

comparisons with a Benjamini-Hochberg adjustment (a < 0.05).
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a) Detection of Labeled Nitrogen Originating from the Stem b) Detection of Labeled Nitrogen Originating from the Roots
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Figure 2-5. Mean (£ 95% confidence interval) nitrogen atom percent excess (%) overlapping raw data points (a) for stem origin
saplings, detected in tissue types (roots, lower early leaves, upper early leaves and upper late leaves) harvested 18 days after
early leaf expansion and detected in tissue types (roots, lower re-flush leaves and upper re-flush leaves) harvested 3 weeks after
defoliation, and (b) for root origin saplings, detected in tissue types (lower stem, lower early leaves, upper stem, upper early

leaves and upper late leaves) harvested 18 days after early leaf expansion and detected in tissue types (lower stem, lower re-flush
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leaves, upper stem and upper re-flush leaves) harvested 3 weeks after defoliation. * indicates a statistical difference from zero,
with p-values adjusted using the Benjamini-Hochberg method, while lowercase letters (distance effect) and uppercase letters

(timing effect) indicate statistical differences at p < 0.05 between tissue types (o < 0.05).
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Figure 2-6. Estimated marginal means (= 1 standard error) of (top) stem total nitrogen
concentration (%) and (bottom) root total nitrogen concentration (%) for saplings harvested
at three timepoints (pre-bud burst, 18 days after early leaf expansion and 3 weeks after
defoliation). Letters indicate statistical differences among timepoints using post-hoc

comparisons with a Benjamini-Hochberg adjustment (o < 0.05).
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Chapter 3: Splitting the difference — heterogeneity of soil moisture availability affects

aboveground and belowground reserve and mass allocation in trembling aspen

3.1 Abstract

When exploring the impact of resource availability on perennial plants, artificial treatments
often apply conditions homogeneously across space and time, even though this rarely reflects
conditions in natural systems. To investigate the effects of spatially heterogeneous soil moisture
on morphological and physiological responses, trembling aspen (Populus tremuloides) saplings
were used in a split-pot experiment. Following the division of the root systems, saplings were
established for a full year and then subjected to either heterogeneous (portion of the root system
exposed to non-lethal drought) or homogeneous (whole root system exposed to non-lethal drought
or well-watered) treatments. Above- and belowground growth and non-structural carbohydrate
reserves (soluble sugars and starch) were measured to determine how allocation of reserves and

mass between and within organs changed in response to variation in soil moisture availability.

In contrast to saplings in the homogeneous drought treatment, which experienced reduced
shoot growth, leaf abscission and fine root loss, saplings exposed to the heterogeneous conditions
maintained similar aboveground growth and increased root system allocation compared to well-
watered saplings. Interestingly under heterogeneous soil moisture conditions, the portion of the
root system that was resource limited had no root dieback and increased carbon reserve
concentrations, while the portion of the root system that was not resource limited added new roots
(30% increase). Overall, saplings subjected to the heterogeneous soil moisture regime over-
compensated belowground, both in mass and non-structural carbohydrate reserves. These results

indicate that the differential allocation of mass or reserves between above- and belowground
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organs, but also within the root system can occur. While the mechanisms and processes involved
in these patterns are not clear, these responses could be interpreted as adaptations and acclimations
to preserve the integrity of the entire sapling and suggests that different portions of plant organs
might respond autonomously to local conditions. This study provides further appreciation of the
complexity of the mechanisms by which plants manage heterogeneous conditions and offers
evidence that spatial and temporal variability of resource availability, particularly belowground,
needs to be accounted for when extrapolating and modelling stress responses at larger temporal

and spatial scales.

3.2 Introduction

As the climate changes, the stochasticity of precipitation events is predicted to increase,
and droughts are expected to become more intense and more frequent (IPCC 2013). These changes
have the potential to produce novel soil moisture conditions for many species (Harte and Shaw,
1995; Fridley et al., 2011; Metz and Tielborger, 2016). Root systems of long-lived plants, such as
trees will likely need to acclimate both morphologically and physiologically to these changing soil
moisture conditions to ensure long-term survival. Controlled drought studies of potted plants have
provided valuable insights into how species may respond to a drier future; however, these studies
have several drawbacks. One issue is that the soil medium of pot-grown plants tends to be
unrealistically homogenous, yet spatial and temporal heterogeneity in moisture is an inherent
characteristic of soil ecosystems (Loranty et al., 2008; Guswa 2012; Vereecken et al., 2014). Water
availability varies both horizontally and vertically throughout a soil profile and is driven by
topographical variability (e.g. hillslopes), soil pedogenesis and associated differences in soil

properties (Chamran et al., 2002; Tromp-van Meerveld and McDonnell, 2005), vegetation cover
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and climate dynamics (Berry et al., 2006; Legates et al., 2010; Seneviratne et al., 2010). Therefore,
as emphasized by Hutchings and John (2004), controlled studies investigating plant responses to
heterogeneous distributions of environmental resources, whether that be moisture, space, light, or
nutrients, are necessary to strengthen our understanding of plant growth and behaviour, especially

for the prediction of species responses and forest dynamics under future climate scenarios.

There has been considerable exploration of how trees and seedlings respond
morphologically and physiologically to drought conditions (Breda et al., 2006; Brunner et al.,
2015). However, knowledge of plant responses to hetero- vs. homogeneous soil moisture
conditions is lacking, in particular how plants may alter the allocation of resources to maintain
plant functionality and potentially survival in response to spatial variation. Recognizing how
perennial plants balance the allocation of remobilized and newly acquired carbon between and
within above- and belowground organs (Bloom et al., 1985; Chapin et al., 1990; Eissenstat, 1997)
to structural components (Poorter and Nagel, 2000; Poorter et al., 2012), such as cellulose,
hemicellulose and lignin, and/or to non-structural components (Magel et al., 2000; Dietze et al.,
2014) such as soluble sugars, starch and secondary compounds, is critical to our understanding of
plant stress responses. Based on studies simulating drought conditions that are spatially
homogeneous, plants are known to respond to increasing water stress by reducing shoot growth,
shedding leaves, reducing stomatal conductance and accumulating solutes in aboveground tissues
to maintain turgor and limit xylem cavitation and desiccation (Rood et al., 2000; Arango-Velez et
al., 2011; Galvez et al., 2011; Claeys and Inz¢, 2013; Buckley et al., 2017). Belowground, as soil
water potential decreases and the rhizosphere progressively dries, common responses include
structural root growth and/or accumulation of solutes in root tissues to maintain a more negative

water potential than the surrounding soil (Meier and Leuschner, 2008; Markesteijn and Poorter,
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2009; Galvez et al., 2013). Yet when assessing belowground responses, we must consider that
under natural conditions, soil moisture availability is often heterogeneous, and since root systems
are capable of exploring and proliferating into favorable patches of soil resources (Drew, 1975;
Hutchings and de Kroon, 1994), there is also the potential for distinct morphological and
physiological adaptations within a root system depending on the conditions experienced by
different parts of a root system (Gersani and Sachs, 1992). Thus, characterizing how carbon is
allocated within perennial plants that are subjected to more natural heterogeneous soil moisture
conditions could provide more accurate insights into drought avoidance and tolerance
mechanisms, as well as how those impact our understanding of hydraulic failure and/or carbon
starvation responses (McDowell, 2008; Sala et al., 2010; Pinheiro and Chaves, 2011; Adams et al.,

2017).

To investigate how newly assimilated and remobilized carbon may be allocated within both
aboveground and belowground organs in response to spatially variable soil moisture conditions,
we selected a widely distributed tree species, trembling aspen (Populus tremuloides Michx.).
Trembling aspen is well-known for its clonal root system, which is essential for its regeneration
(root suckering) after disturbance (Peterson and Peterson, 1992; DesRochers and Lieffers, 2001;
Frey et al., 2004; Wiley et al., 2019). The clonal root system of aspen is large and consists of
interconnected lateral roots which can span across large gradients of soil moisture availability
(Day, 1944; Snedden, 2013). While responses to both severe and moderate drought have been
previously studied in aspen seedlings and large trees (Braatne et al., 1992; Galvez et al., 2011;
Anderegg, 2012; Hogg et al., 2008; Frey et al., 2004), no studies have determined how aspen’s
drought response — particularly allocation patterns within different portions of a root system — is

modulated by the heterogeneity of soil water availability.
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The objective of this study was to characterize the morphological and physiological
response of aspen saplings that had all or portions of their root systems exposed to progressive,
non-lethal drought conditions. Specifically, we assessed the influence of hetero- and homogeneous
soil moisture conditions on the aboveground and belowground allocation of non-structural
carbohydrate (NSC) components (soluble sugars and starch) and of other mass components (non-
NSC, mostly structural) using a split-pot experiment. We hypothesized that saplings subjected to
heterogeneous soil moisture conditions would compensate for the partial stress by preferentially
increasing carbon (i.e. structural mass and non-structural carbohydrates) allocation towards the
root system, accompanied by a decrease in aboveground growth. We also hypothesized that under
heterogeneous soil moisture conditions, a sapling would allocate relatively more carbon to the
drought exposed portion of the root system compared to a root system that was exposed to a
homogeneous drought, as under these soil moisture conditions carbon acquisition and investment
into growth would be greatly reduced. Furthermore, we hypothesized that the portion of the root
system exposed to non-limiting soil moisture conditions in the heterogeneous treatment would

respond similarly to a root system that was exposed to homogeneous non-limiting conditions.

3.3 Material and Methods

3.3.1 Split-pot design

A split-pot apparatus was used to spatially split the root systems of each tree sapling to allow
for portions of a common root system to be independently exposed to different soil moisture
conditions (Gowing et al., 1990; Fort et al., 1997; Sakuratani et al., 1999; Hirota et al., 2004)
(Figure 3-1). Split-pots were constructed using two square Kordlock pots (10 x 10 x 14 cm tall)

stapled together. A square section of rubber liner (Pond Building Series, reinforced PVC pond
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liner, plant compatible) was glued and sealed with waterproof caulking over the joining portion of
the two pots to prevent any water transfer along the edges of the pot. Reinforced tape was wrapped
around the two joined pots and a 2.5 cm foam block was glued between the two pots to increase
rigidity of the split-pot apparatus. To monitor soil moisture conditions, one half of the split-pot
had a matric potential sensor (dielectric water potential sensors MPS2, Decagon Devices, Inc.,
Pullman, WA, USA) installed through a hole in the pot wall and was sealed into position with
waterproof caulking. A piece of very fine mesh was placed at the bottom of each pot to prevent
soil loss during watering. A sifted mineral agricultural topsoil with a sandy-loam texture was used
as a growing medium. Each pot was then filled with the same weight of sifted soil and compacted
to the same soil volume in the pot. A soil water potential response curve was created for the soil
at the same bulk density as found in the split-pots, using the pressure extractor method to assess
hydraulic properties to ensure a better control of drought conditions (Reynolds and Clarke Topp,

2008) (Appendix; Figure A-1).

Fifty one-year old nursery grown containerized trembling aspen saplings (6 cm diameter and
15 cm deep) grown from open-pollinated seed sources of Central Alberta (Smoky Lake Forest
Nursery, AB, Canada) were used. During planting, the existing root system of each sapling was
carefully split by first removing some of the growing medium. Care was then taken to equally
divide the root system to accommodate the split-pot design. Separation of the root system was
accomplished by dividing the total number of major lateral roots in half and planting them in each
pot with the root collar of the sapling sitting on the pot joint (Figure 3-1). The presence and position
of a large root within the split-pot was recorded for each sapling in all treatments to assure similar
root distribution across treatments. A small piece of burlap was wrapped around the root collar to

cover the exposed section of the root system sitting on the joint between the pots, preventing
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desiccation and root death during early establishment of the saplings. Saplings were watered
regularly and fertilized once using 10-52-10 N-P-K fertilizer (Agrium, Inc., Calgary, AB, Canada).
The saplings were kept outside at the University of Alberta (Edmonton, AB, Canada) for 20 weeks
(July 4th, 2016 — November 21st, 2016) to fully establish and allow the root system to occupy both

pots and produce a healthy crown.

To prevent root damage from soil temperatures that were well below freezing (< -5°C), the
saplings were moved to a dark growth chamber in November 2016. The chamber was set at a
constant temperature of -1°C for a period of six weeks to allow saplings to accumulate additional
chilling hours. Saplings were watered regularly with a small volume of water during that time,
approximately 20 mL weekly, to prevent soil desiccation. After the six-week dormant period,
saplings were exposed to progressively higher air temperatures and increased light conditions over
a period of seven weeks (Appendix; Table A-4). In that period, temperature increased to a
maximum of 18°C during the day and 16°C at night with 12 hours of light (500 pmol m? s!
photosynthetically active radiation (PAR)) which simulated spring conditions (Appendix; Table
A-4). Relative humidity in the chamber was maintained at 60% throughout the period. During the
seven-week spring period, saplings were watered daily, fertilized weekly with 50 mL of 1 g L™!
15-30-15 N-P-K fertilizer (Agrium, Inc., Calgary, AB, Canada) and pots were rotated weekly to
minimize spatial variability. Of the 50 saplings grown initially, only 29 saplings were considered
healthy (i.e. successfully flushed and produced new large leaves and elongated new shoots) and

were used for the remainder of the experiment.
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3.3.2 Experimental period and application of watering treatments

The experimental period (4 weeks) started at the beginning of March 2017, during which
the growth chamber conditions were set to 20°C both day and night with a 17-hour light/7-hour
dark cycle, a relative humidity at 60% and PAR of 500 pumol m™ s°!. Initial measurements of height
and root collar diameter were taken on all saplings generating four groups with similar sapling size
distributions (total n = 29). Six saplings were harvested at the beginning of the experimental period
(Initial). The remaining saplings were separated into treatment groups based on three soil moisture
regimes: eight saplings were assigned to have both pots watered to field capacity (homogeneous
well-watered treatment: WW); another set of eight saplings had one pot watered to field capacity
(wet pot) while the other pot underwent a progressive dry-down (dry pot) (heterogeneous soil
moisture: localized drought treatment: LD); and the remaining seven saplings had both pots
undergoing a progressive drought (homogeneous full drought treatment: FD) (Figure 3-1). For all
saplings, soil water potential was recorded every 15 minutes in one of the wet pots in the WW
treatment, one of the dry pots in the FD treatment, and in the dry pot of the LD treatment, using
the installed soil water potential sensors connected to EM50 dataloggers (Decagon Devices Inc.
Pullman, WA, USA). For the first week of the experimental period, saplings received water (only),
but then for the remainder of the experiment, water that included a 2 g L™! solution of 15-30-15 N-
P-K fertilizer (Agrium, Inc., Calgary, AB, Canada). Saplings were moved weekly to different
positions on the growth chamber benches to reduce any effects of spatial variability in the ambient

conditions.

For the WW treatment and the wet pot of the LD treatment, at the start of each daytime

period, each pot was watered to saturation and then allowed to drain freely reaching field capacity.
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For the dry pot of the LD treatment and the FD treatment, a progressive drought was applied. To
apply the drought in the LD treatment, the initial starting weight at field capacity for the entire
split-pot was determined at the start of the experimental period. During the experimental period,
the wet portion of the split-pot was always re-watered to field capacity (watered to saturation and
allowed to completely drain) at the beginning of the day, then the entire split-pot was weighed,
and the difference to the initial (previous) weight was attributed to the water loss from the dry pot
only. The dry pot was then watered with half of the water loss amount, based on the weight lost,
thus contributing to a gradual decrease in soil water potential over a period of 4 weeks (Appendix;
Figure A-2). For the last two weeks of the experimental period, the soil water potential in the dry
pots was maintained between -700 kPa to -1200 kPa, with the pots receiving only small water
additions (<5 g) during the last four days (Appendix; Figure A-2). Soil water potentials were
maintained within this range to avoid catastrophic drought-induced cavitation, as previous research
has demonstrated that an average xylem pressure below -1200 kPa can produce a loss of hydraulic
conductivity greater than 50% in aspen (Plavcova and Hacke, 2012; Fichot et al., 2015; Schreiber
etal.,2016). A similar watering strategy was applied to the FD treatment; however, here both sides
of the split-pot were subjected to the same progressive drought, with both pots receiving water in
the amount replacing only half the water lost from the previous day and then maintained at the
same range of water potential to achieve a similar drought intensity at the pot-level compared to

the LD dry pot (Appendix; Figure A-2).

3.3.3 Measurements

To monitor physiological responses, net assimilation and stomatal conductance were

measured with a LI-6400XT portable photosynthesis system (LiCor, Inc., Lincoln, NE, USA) once
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a week throughout the experimental period on three saplings (two leaves each) randomly selected
within each treatment. Leaf chamber light was set at 800 umol m™ s, CO, was set at 400ppm,
incoming relative humidity at 60% and leaf temperature at 20°C to mimic the conditions in the
growth chamber. Net assimilation and stomatal conductance were measured 2 hours after the

beginning of the daytime period.

At the end of the experimental period, the final height and root collar diameter (RCD) were
measured on all saplings at harvest. Saplings were separated into leaves, stem (old and new
primary growth) and the two portions of the split root system. Projected leaf area was measured
for each sapling in the LD and the WW treatments using a LI-3100 area meter (LiCor, Inc.,
Lincoln, NE, USA). Leaf area could not be measured for the FD saplings, as dead leaves in the FD
treatment were too brittle to measure. The portions of the root system were extracted separately
from each side of the split-plot and kept separated. After careful removal of all soil, fresh root
volume, which more closely represents the root surface area (estimate of water uptake potential),
was measured for each portion of the split root system via the water displacement method
(Harrington et al., 1994). All collected tissues from each sapling were dried for 1 hour at 100°C to
denature enzymes, followed by 48 hours at 70°C to constant weight. Dried root samples were
separated into coarse roots (diameter > 1 mm) and fine roots (diameter < 1 mm). All dried material
was weighed, and samples were ground to a 40-mesh (0.4 mm) using a Thomas mini Wiley mill
(Thomas Scientific, Inc., Swedesboro, NJ, USA) for subsequent non-structural carbohydrate

analysis.

Non-structural carbohydrates (NSC) were analyzed following the protocol described in

Landhausser et al. (2018). In brief, total soluble sugars were extracted in 80% hot ethanol followed
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by a phenol-sulfuric assay to determine their concentration colorimetrically by measuring the
absorbance at 490 nm with a spectrophotometer. To determine starch concentration, the remaining
pellet was digested with a-amylase (Sigma cat. no. A4551) and amyloglucosidase (Sigma cat. no.
ROAMYGL). A peroxide-glucose oxidase/o-dianisidine reagent was then added to the resulting
glucose hydrolysate. After incubation, concentrated sulfuric acid was added before measuring
absorbance at 525 nm. Absorbance values were used to calculate sugar and starch concentrations

by comparison with standard curves and expressed as percent of sample dry weight.

3.3.4 Calculations and statistical analyses

The following calculations were used to compare the effects of heterogeneous soil moisture
versus uniform soil moisture on the allocation of structural and non-structural (soluble sugars and
starch) components between aboveground and belowground tissues and within the root system
(i.e. between the split-pots). Treatment effects on growth were assessed using sapling height, root
collar diameter (RCD) and biomass. Height and RCD growth during the experimental period were
calculated by subtracting the initial height and RCD measured on each treated sapling at the
beginning of the experiment from the final height and RCD of that same sapling. To evaluate
changes in leaf and stem mass that occurred during the 4-week experimental period (i.e. new leaf
and new stem growth), the average of initial measurements, taken from the six destructively
sampled saplings at the beginning of the experimental period, were subtracted from the individual
final treatment measurements of leaf mass (which included dead leaves in the FD treatment) and
the mass of primary stem growth. Specific leaf area was calculated by dividing total leaf area by
total leaf dry mass. To determine mass allocation in saplings, the ratio of leaf, stem or root mass

to total sapling mass was calculated for each sapling. Leaf, stem and root non-structural
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carbohydrate (NSC) mass (pools) were estimated by multiplying the total sugar and starch
concentrations by the total dry mass of each sampled organ. Further, the remaining mass (hereafter
called structural mass) that was not related to reserve mass of each organ was estimated by
subtracting the respective NSC mass from the total dry mass of each organ. These measures were
estimated to evaluate any differences in leaf structural mass, stem structural mass and root
structural mass in response to our treatments. In addition, root structural density was calculated as
a ratio of the structural mass of the entire root system (fine and coarse roots combined) over the
measured root volume (fine and coarse roots combined), to explore potential changes in the

morphological composition of the root system.

All data were analyzed using R statistical software v3.5.1 (R Development Core Team,
2018). Assumptions of normality and homoscedasticity were tested using the Shapiro-Wilks test
and Levene’s test for parametric analyses. If these assumptions were not met, removal of outliers
and transformations were applied. The soil water potential data was fit with a logistic non-linear
model using the nlme package (Pinheiro et al. 2016) to show the gradual dry down of soil within
the split-pots (Appendix; Figure A-2). No differences in root measures between the two sides of
the split-pots were found in either well-watered or full-drought treatments using t-tests (data not
shown; p > 0.1). Thus, in subsequent analyses, the two sides of the split-pots in these treatments
are considered equivalent. Two statistical analyses were applied to the data. First, to test for
differences among the initial harvest and three treatments for aboveground and combined
belowground measures, one-way ANOVA was used followed by pairwise post-hoc tests with a
Benjamini-Hochberg adjustment using the emmeans package (Lenth, 2019). Second, to
understand how the localized drought (LD) treatment impacted within-root system response, a

linear mixed model was used with pot-type (LD-dry, LD-wet, FD, WW) as a fixed factor.
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Individual sapling was included as a random factor to account for the fact that the same individual
was repeatedly measured (2 pots per sapling). The initial presence/absence of a large root within
a pot was also included as a random factor to account for the fact that a large root could impact
pot-level variables like final root mass, volume, etc. The post-hoc tests for these models were
restricted to the following planned comparisons: 1) dry pots versus the wet pots of the LD
treatment, 2) dry pots of the LD treatment versus the FD treatment pots, and 3) wet pots of the LD
treatment compared to the WW treatment pots. The Benjamini-Hochberg adjustment was used
with the emmeans package. Differences among treatments or between sides of the split-pot were
considered statistically significant at oo = 0.1. Estimated marginal means and standard errors are

reported in the Results and Discussion sections.

3.4 Results

3.4.1 Growth and mass allocation

Overall, saplings exposed to the localized drought (LD) had various aboveground measures
that were similar in comparison to the well-watered (WW) saplings but were greater than those
measures in saplings of the full drought (FD) treatment. Although average height growth did not
differ among the three treatments (p > 0.18; Table 3-1), the LD and the WW saplings had overall
larger root collar diameters, with over three times more RCD growth compared to the FD saplings
(p <0.01; Table 3-1). Total aboveground dry mass was approximately 30% greater in the LD and
the WW treatments compared to the FD treatment, for which no significant increase in
aboveground mass occurred (p < 0.01; Table 3-1). Saplings in the LD and the WW treatments
produced 1.74 g and 2.34 g, respectively, of new leaf mass during the four-week experimental

period, while saplings in the FD treatment did not produce any new leaves (p = 0.03; Table 3-1).
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Saplings in the FD treatment also experienced partial browning of pre-existing leaves and
significant leaf abscission prior to harvest. Specific leaf area was similar between the LD and the
WW saplings (Table 3-1). During the experimental period, stem growth of the WW saplings was
1.27 g, which was similar to the stem growth of the LD saplings (0.87 g) and greater than the stem
growth of the FD saplings (0.36 g; p < 0.01) (Table 3-1). The allocation of mass to leaves (25%)
and stems (30%) was statistically similar among the three soil moisture treatments (Table 3-1),
although the allocation to leaves in the FD treatment is likely lower if only live leaf mass had been
considered. During the period when the soil water potential was maintained between -700 kPa to
-1200 kPa, there were no differences in the net assimilation rate and stomatal conductance between

the LD saplings (7.74 + 1.23 umolco, m2s!and 0.196 +0.029 mmolu,o m s, respectively) and
the WW saplings (8.62 + 1.23 umolco, m™ s and 0.243 + 0.029 mmoln,0 m™ s™, respectively),

whereas the FD saplings had significantly lower net assimilation and stomatal conductance

compared to the other two treatments (-1.50 + 1.73 umolco, m?2s' and 0.019 + 0.041 mmolu,0

m2 5!, respectively; both p < 0.01).

Localized drought saplings had a total root dry mass (both pots combined) of 15 g, similar
to the 12.4 g of WW saplings, and nearly 50% more compared to the FD saplings (10.1 g, p =
0.01) (Table 3-1). Full drought saplings had a total root dry mass that was similar to the initial
saplings (Table 3-1). However, when comparing total root volume which relates to root surface
area and its potential for water uptake, FD saplings also had a total root volume of 37.2 cm?® at
harvest, which was significantly lower than the LD and the WW saplings (63.1 cm® and 58.3 cm?®
respectively; p = 0.01 and p = 0.02, respectively), but also significantly lower than the average
initial root volume of 59.1 cm? (p = 0.03) (Table 3-1). Root structural density of the root system,

a measure that indicates potential changes in root system morphology, was overall higher in all
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three experimental treatments after the four-week experimental period compared to the start of the
study (0.141 g cm™; p < 0.01). However, while the root systems of the LD and WW saplings had
similar root structural density at the end of the experiment (0.203 g cm™ and 0.186 g cm>,
respectively), root structural density in FD saplings was higher than both treatments (0.247 g/cm?;
both p <0.01) (Table 3-1). Overall, the LD saplings and the FD saplings allocated a greater amount
of mass towards the root system (45%) compared to the WW saplings (38%) (p = 0.07; Table 3-
1). This suggests that the WW saplings allocated more mass to the aboveground variables, such as
height growth, stem and leaf mass which all tended to be greater in the WW saplings, but we could
not detect significant statistical differences between the LD and the WW saplings (p =0.2, p=10.1

and p = 0.1, respectively).

A closer analysis of belowground measurements between the dry and the wet root system
portions in the split-pots of the LD saplings revealed distinct patterns of allocation. Under the
localized drought conditions, saplings allocated more mass to the roots within the wet pot (8.33 g)
than to the roots within the dry pot (6.70 g; p = 0.01; Figure 3-2A). This greater root mass in the
wet pot can be attributed to an increase in fine root production compared to the dry pot (p <0.01;
Figure 3-2C). The portion of the root system contained in the wet pot of the LD treatment also had
a greater mass (8.33 g), comprised of significantly more fine roots (p = 0.02; Figure 3-2C) than
either section of the root systems in the WW treatment (6.19 g; p = 0.03) (Figure 3-2A). The root
system portion contained in the dry pot of the LD treatment was greater in mass, with a significant
increase in fine roots (p = 0.09; Figure 3-2C), compared to either root system portion in the FD
treatment (5.06 g; p = 0.08; Figure 3-2A). When comparing root system volumes, which relate to
root surface area and potential for water uptake, across the split-pots, the root system portion in

the wet pot of the LD treatment had a greater volume (37.51 cm?) than the root portion in the dry
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pot (25.63 cm?; p < 0.01; Figure 3-2D). However, the root volume in the wet pot of the LD
treatment was greater than the volume of the root portions measured in the WW treatment (29.14
cm?; p = 0.08; Figure 3-2D). Although there was a trend for the dry portion of the root system in
the LD treatment to have a greater volume (25.63 cm?®) than in the FD treatment (18.6 cm?) the

difference was not statistically significant (p = 0.12; Figure 3-2D).

3.4.2 Non-structural carbohydrate concentrations

At the end of the 4-week period, there were only a few differences in the starch
concentrations in the aboveground tissues among the three watering treatments, while stark
differences existed in the root NSC concentrations in response to the different soil moisture
conditions. Aboveground, there were no differences in total NSC (sum of starch and soluble
sugars) and sugar concentrations in leaf tissue among the three watering treatments, and these
concentrations did not differ from the initial measurement (Table 3-2). However, the FD saplings
had lower leaf starch concentrations (0.20%) compared to the LD and the WW saplings (0.78%
and 0.66%, respectively; p < 0.01 and p = 0.01, respectively; Table 3-2). In comparison to the
initial measurement, stem NSC concentrations did not change in LD saplings (10.28% versus
9.66%, respectively), WW saplings (8.27%) or FD saplings (8.52%) (Table 3-2). Among
treatments, the LD saplings had a similar stem starch concentration (1.31%) compared to WW
saplings (0.73%; p = 0.12), yet a significantly greater starch concentration compared to the FD
saplings (0.05%; p <0.01) (Table 3-2). Only the LD saplings increased stem starch concentrations
over the initial measurement of 0.38% (p = 0.01; Table 3-2). Stem sugar concentrations prior to

the start of the experiment were 9.87% which decreased slightly during the experimental period (p
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< 0.06), but no differences were detected in soluble sugar concentrations in the stems among the

three watering treatments (Table 3-2).

Belowground, the total NSC concentrations found across the entire root system (both pots
combined) did not differ from the initial measurements or among the three watering treatments
(Table 3-2). However, when the NSC concentrations of the root systems were compared between
the split-pots, the roots in the dry pot of the LD treatment had higher NSC concentrations (18.35%)
than the roots in the wet pot of the LD treatment (13.03%; p < 0.01; Figure 3-3). Furthermore, the
roots in the dry pot of the LD treatment had higher NSC concentrations than the roots in the FD
treatment (12.82%; p = 0.03) (Figure 3-3). In contrast, NSC concentrations of the roots in the wet
pot of the LD treatment (13.03%) did not differ from those in the WW treatment (12.83%) (Figure
3-3). When broken down into soluble sugar and starch, roots in the dry pot of the LD treatment
had higher soluble sugar (4.85%) and starch (13.44%) concentrations than the roots in the wet pot,
with 3.51% and 9.49%, respectively (p <0.01 and p = 0.05, respectively; Figure 3-3). The roots in
the wet pot of the LD treatment had soluble sugar and starch concentrations similar to the roots in
the WW treatment. The roots in the FD treatment had higher soluble sugar (9.54%) but lower
starch (3.11%) concentrations compared to the roots in the dry pot of the LD treatment (both p <

0.01; Figure 3-3).

3.4.3 Allocation to structural mass and non-structural carbohydrate pools

The non-structural carbohydrate (NSC) concentrations in the leaves, stem and roots of each
individual sapling were used to estimate the structural mass and the NSC pool sizes and their
relative allocation (% of total) in response to the soil moisture treatments. Of the total structural

pool, the LD saplings allocated 24.2% to leaves, 32.1% to the stem, and 43.7% to roots (Table 3-
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3). There were no differences in the relative allocation of structural mass to leaves among the three
soil moisture treatments (Table 3-3). Well-watered saplings allocated slightly more structural mass
to the stem in comparison to the LD saplings (p = 0.09; Table 3-3). However, while the relative
allocation of structural mass to the root system was similar for the LD and the FD saplings, the
WW saplings allocated less structural mass to the root system (37.2%) compared to both treatments
(both p = 0.03; Table 3-3). Of the total NSC pool (sum of soluble sugars and starch), the LD
saplings allocated 25.3% to leaves, 22.3% to the stem, and 52.4% to roots (Table 3-3). The relative
allocation of NSC to leaves, stems and the root systems were similar among the three soil moisture

treatments (Table 3-3).

Differences in the structural mass within the two portions of the split root system in the LD
saplings were driven by the localized soil moisture conditions. Roots in the dry pot had less
structural mass than the roots contained within the wet pot (p < 0.01) but did not differ from the
amount of structural mass of a root system portion found in the FD treatment (Figure 3-4A). In
contrast, the roots in the wet pot of the LD treatment had 30% more structural mass compared to
the roots in the WW treatment (p = 0.01; Figure 3-4A). LD saplings had similar NSC mass in their
dry and wet pots, however the dry portion of the root system had over double the NSC mass
compared to either half of the root systems of the FD saplings (p = 0.06; Figure 3-4B). The NSC
mass of roots in the wet pot of the LD treatment was not significantly different from either half of

the root system in the WW treatment (p = 0.4; Figure 3-4B).

3.5 Discussion

Our study demonstrates that the root systems of aspen saplings subjected to heterogeneous

water availability (LD treatment) responded unlike saplings with root systems that were exposed
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to homogeneous soil moisture conditions (full drought (FD) or well-watered (WW)). Based on the
heterogeneous conditions in the LD treatment, saplings responded quickly by partitioning
structural mass and non-structural carbohydrates functionally across and within organs. As
expected, saplings exposed to either the full or the localized water limitation increased overall
allocation towards the root system (45%) compared to saplings growing in non-limiting conditions
(38%). However, the saplings exposed to the full drought experienced reduced gas exchange,
terminated aboveground growth, shed leaves and lost root volume. In contrast, the saplings
exposed to the LD treatment maintained gas exchange and aboveground growth similar to the WW
saplings, avoided root loss in the dry soil, while increasing root structural mass and volume in the
wet soil. The different responses of the roots in the dry versus wet soil under the localized drought
treatment suggests the potential for some autonomy within root systems to adaptively adjust

allocation depending on the soil conditions individual roots are exposed to.

While the responses of aspen exposed to either homogeneous or heterogeneous drought
appear to be consistent with the concept of functional equilibrium of biomass allocation or optimal
partitioning theory (Brouwer, 1963; Thornley, 1972; Iwasa and Roughgarden, 1984; Bloom et al.,
1985), where plants preferentially allocate biomass to the organ responsible for the uptake of the
limiting resource (Poorter et al., 2012), the manner by which the saplings in both drought
treatments arrived there is very distinct. In the LD saplings, the proportional increase in root mass
was the result of a differential allocation towards the root system, while the increase seen in
saplings in the FD treatment was mostly the result of a differential mortality of organs. Further,
the saplings exposed to the heterogeneous water availability responded with significant increases
in leaf, stem and root mass, but attained the higher root mass ratio (also root to shoot ratio) by

allocating more carbon to root growth relative to shoot growth. In contrast, the increase in the root
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mass ratio of the FD saplings was the result of terminated primary growth and a greater net tissue
loss in above- versus belowground parts; this increase would have been even larger if we had
discounted the abscised leaves in this treatment. Leaf and branch shedding have been hypothesized
as key drought adaptations in Populus species, as it decreases transpiration loss through leaf area
(Rood et al., 2000; Galvez et al., 2011). The loss in root mass in the FD saplings was more difficult
to discern, as the root mass of the FD saplings was similar to the initial root mass, it would appear
that the root system of these saplings was maintained during the drought conditions. However, this
observation is not supported by the reduction in root volume of the FD saplings from the initial
volume, indicating that significant root death occurred (Table 3-1). It appears most likely that fine
root mass was shed in these root systems (Figure 3-2C), while coarse roots remained viable and
alive (Figure 3-2B). This is further supported by an increase in structural root density we observed
in the FD treatment (Table 3-1), which might also indicate that only roots with higher densities
were maintained. In grasses it had been observed that roots with higher density tend to have longer
life spans than roots with lower density which are more likely to die (Ryser, 1996). Similar fine
root deaths have been observed in other studies exploring drought and carbon limitation in aspen
(Galvez et al., 2011, 2013; Wiley et al., 2017). Our observation of fine root and leaf abscission
also supports the hypothesis that the more distal parts of plants whose role is primarily resource
acquisition are potentially more expendable and/or more prone to damage under stress compared
to other parts, such as larger diameter roots, stems and branches, which required significant
investments over time and have additional crucial functions such as transport and storage within a
plant (Kozlowski, 1973; Zimmerman, 1983; Tyree et al., 1993; Sperry and Ikeda, 1997;
Landhéusser and Lieffers, 2012; Wiley et al., 2017). This may be especially important when

considering a tree species (here aspen) with a root system that is adapted for long-distance resource
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acquisition (Snedden, 2013), as well as for the storage of non-structural carbohydrates as reserves
for post-disturbance regeneration (Wiley et al., 2019). Similar adaptations in root allocation have
also been observed in other species growing in environments prone to water limitation and fire

disturbance (Bell et al., 1996; Hoffman et al., 2004; Tomlinson et al., 2012).

The continued carbon acquisition in saplings under localized drought combined with an
increased investment of carbon into the growth and maintenance of the root system allowed these
plants to quickly adapt and generate new leaf mass and leaf area similar to the WW saplings,
suggesting continued investment in leaf area development and its maintenance even under locally
reduced water availability. Our results suggest that when a plant experiences drought but has
access to areas in the soil that are less or non-limiting in moisture availability, the plant should be
able to compensate. If the plant is able to use the portion of the root system that experiences the
non-limiting conditions, it could potentially maintain the rest of the root system and continue to
support aboveground growth and prevent leaf abscission. Interestingly, the LD saplings had overall
similar total aboveground mass compared to the WW saplings, but they had less stem structural
mass, suggesting that the WW saplings might have prioritized stem growth over other potential
carbon allocation strategies. Instead, LD saplings increased stem starch concentrations from initial,
which suggests a reserve storage strategy to potentially increase chances of rapid growth when
conditions improve or for re-filling of xylem vessels when drought conditions worsen and
cavitation occurs (Brodribb et al., 2010; Sala et al., 2012; Trifilo et al., 2017; Trugman et al., 2018).
There were no differences in the overall NSC concentration of the combined root system among
the three treatments. However, the FD saplings had two times higher soluble sugar concentration
in the roots (9.54% dry weight) compared to the root system portion in the dry soil of the LD

treatment (4.85% dry weight), which suggests a significant osmotic adjustment to improve the
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acquisition of water from the soil and avoid water loss back to the soil. This response is expected
as it is well established that under drought stress, a higher solute concentration in roots will reduce
their water potential and therefore increase the passive movement of water from the soil into the
roots, in an attempt to relieve plant stress (Chaves, 1991; Gebre et al., 1998; Arndt et al., 2001;
Kozlowski and Pallard, 2002; Galvez et al., 2011). Interestingly, while the localized drought
conditions also led to an increase in soluble sugar concentration in the drought exposed portion of
the root system, this increase was over 30% (4.85% dry weight) relative to the wet roots. This
differential response of sugar concentration between the roots in the full and the localized drought
might suggest a different strategy for how these plants cope with low soil water availability

affecting only a portion of a root system (see below).

The fact that there was a striking difference between the degree of sugar accumulation
between a full droughted root system (FD) and a partially droughted root system (LD) indicates
that homo- or heterogeneous water limitations trigger different allocation responses within a root
system. When faced with heterogeneous soil moisture availability, a root system showed very
distinct patterns of structural and reserve mass allocation. Under the localized drought conditions,
structural mass was allocated towards the portion of the root system that experienced the non-
limiting condition and led to overall higher root mass and root volume. The increased allocation
to root growth in the wetter soil likely allowed the saplings to compensate for the reduced water
uptake in the part of the root system that experienced the low moisture availability, allowing the
plant to maintain gas exchange and growth rates aboveground that were similar to those in saplings
experiencing no water limitation. Additionally, the portion of the root system that experienced the
limiting conditions likely preserved some of its functionality, as it maintained its mass and volume.

We speculate that the preservation of the drying portion of the root system may have been favored
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in comparison to complete abscission, as the sapling had already invested in its establishment and
the roots may be able to assist with future resource capture if the soil becomes rewetted. The
benefits of maintaining a drying portion of a root system in comparison to complete abscission
have been considered in other species subjected to heterogenous soil moisture conditions (Kosola

and Eissenstat, 1994; Fort et al., 1997).

Since saplings in the LD treatment had access to water from the wet pot and the root system
proliferated in these conditions, the demand for water supply from the dry portion of the root
system was low, resulting in a reduced for need for osmotic adjustment via sugar accumulation
(see above). However, the dry portion of the root system in a LD sapling accumulated significantly
more starch than the wet portion of the root system, which might indicate a preferential allocation
towards storage of reserves in the drier portion of the root system. These reserves would be
available for future translocation or remobilization for growth, reproduction and/or other
physiological processes such as osmotic adjustments in case drought conditions persist or worsen.
This increase in NSC concentration in the dry portion of the root system could be driven by several
possible mechanisms and processes within a plant. As mentioned previously, the lower soil water
potential in the drought-exposed roots could have induced an active solute buildup for osmotic
adjustment to allow for improved water uptake or the adjustment was more passive, where a lower
turgor in the dry portion of the root system may have limited its growth, leading to an accumulation
in NSCs due to reduced growth demand (Korner, 2003). Alternatively, the heterogeneous water
availability could also have created a steeper gradient in water potentials across the entire root
system, allowing for lateral water redistribution within the root system, increasing the hydration
and with that the maintenance of functionality in the drought-exposed portion of the root system.

Similar responses have been observed in other studies and species (Burgess and Bleby, 2006;
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Bleby et al., 2010; Prieto et al., 2012). By hydrating the roots experiencing water limitations from
the portion of the root system that experienced less or non-limiting conditions, the risk of root
cavitation and desiccation of the drought-exposed roots was likely reduced and these roots were
more likely to maintain contact with the soil, enabling continued resource acquisition and other

functional interactions such as mycorrhizae (Bleby et al., 2010).

This study highlights the importance of considering spatial heterogeneity of belowground
resources when explaining above- and belowground responses of trees to stress. This is particularly
important when studying mature trees that have extensive root systems. These trees most likely
experience considerable vertical and lateral moisture gradients in the rooting space and within a
root system. Since our application of the drought treatment was applied at the pot-level to assure
that the drought at the root level was comparable, we recognize that the drought effects at the
whole plant level were different among our treatments. Exploring these relationships and responses
on these root systems in greater detail is further complicated by the generally poor accessibility of
whole root systems (Hartmann et al., 2018). However, the results of our study demonstrate an
adaptability and a multi-faceted response of root systems of a perennial species exposed to
heterogeneous soil moisture environments. Depending on the soil moisture conditions, the root
systems we studied exhibited plasticity in carbon allocation between structural mass and NSC,
with differences in allocation between and within organs. The aspen saplings appeared to optimize
functionality of the root system during water limiting conditions that affected only a portion of the
root system by increasing root volume where water was locally available and preferentially
accumulating additional NSC where root growth was limited. Our study highlights a need for
exploring other potential measures of carbon allocation under stress, such as measures of total

carbon and nitrogen. Short-term responses, like those noted here, will likely have impacts on how
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a plant will react to subsequent changes in stress conditions and might play a role in the adaptation
and/or acclimation processes that have been observed in perennial plants exposed to stress over
the short- and long-term (Rachmilevitch et al., 2008; Pomic¢s et al., 2017). In our short-term study,
aspen saplings responded relatively rapidly to moisture stress by enhancing the functionality of
the entire root system through adaptation (increase in root system size (LD) or leaf and root loss
(FD)) and acclimation processes (accumulation of reserves), which can be considered beneficial
even under prolonged drought conditions, as roots are a critical organ in aspen not only for resource

uptake, but also for maintaining its resilience (i.e. vegetative regeneration) to disturbances.
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3.6 Tables

Table 3-1. Estimated marginal means (+1 standard error) of aboveground and belowground
variables: height growth (cm), root collar diameter (RCD) growth (mm), total sapling mass
(g), total aboveground mass (g), new stem growth (g), leaf mass (g), new leaf growth (g),
specific leaf area (cm? g), total root mass (g), total coarse root mass (g), total fine root mass
(2), total root volume (cm?), structural root density (g cm), leaf mass ratio (%), stem mass
ratio (%) and root mass ratio (%) prior to (INITIAL) and after three watering treatments
(FD: full drought, LD: localized drought, WW: well-watered). Letters represent statistical
difference (n =29; a = 0.1) among treatments using post-hoc comparisons with a Benjamini-

Hochberg adjustment. NA: not applicable.

INITIAL FD LD WwWwW

Height

NA 33(13)a 41(1.5)a 8.8(2.6)a
growth (cm)
RCD growth

NA 0.72 (0.26) b 2.50(0.24) a 2.62(0.24) a
(mm)
Total sapling

21.8(2.1)b 22.6 (2.0)b 33.5(19)a 321(19)a

mass (g)
Total
aboveground 122(1.2) b 125(1.1)b 184 (1.1)a 19.7(1.1)a
mass (g)
New stem

NA 0.36 (0.20) b 0.87 (0.18) ab 1.27 (0.18) a
growth (g)
Leaf mass (g) 6.29 (0.58) b 5.40(0.56) b 8.03(0.53) a 8.63(0.53) a
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New leaf

NA 0.27(0.46) b 1.74 (0.43) a 2.34(043) a
growth (g)
Specific leaf
162.9 (6.4) a NA 125.5(4.7)b 123.7(4.7) b
area (cm? gl)
Total root
9.58(1.25)b 10.13 (1.16) b 15.03 (1.08) a 12.37 (1.08) ab
mass (g)
Total coarse
3.94 (0.65) ¢ 5.66 (0.61) be 8.03 (0.57)a 7.04 (0.57) ab
root mass (g)
Total fine root
5.64 (0.67) ab 4.47(0.62) b 7.00 (0.58) a 5.33(0.58) ab
mass (g)
Total root
59.1(6.1)a 37.2(5.7)b 63.1(53)a 583(5.3)a
volume (cm?)
Structural
root density 0.141 (0.01) ¢ 0.247 (0.01)a  0.203 (0.009) b  0.186 (0.009) b
(g em™)
Leaf mass
29(2)a 24 (2)a 24 (2)a 28(2)a
ratio (%)
Stem mass
26 (2)b 312)a 31(2)a 34(2)a
ratio (%)
Root mass
44 (2) ab 45(2)a 4512)a 38(2)b

ratio (%)

73



Table 3-2. Estimated marginal means (£1 standard error) of starch and soluble sugar
concentration (% dry weight) for leaf and stem tissue, and of total non-structural
carbohydrate (NSC) concentration (% dry weight) of leaf, stem and root (both pots
combined) tissue, prior to (INITIAL) and after the three watering treatments (FD: full
drought, LD: localized drought, WW: well-watered). Letters represent statistical difference

(n=29; a =0.1) among treatments using post-hoc comparisons with a Benjamini-Hochberg

adjustment.

Organ INITIAL FD LD WwWw
Leaf Starch 0.75(0.15) a 0.20 (0.10) b 0.78 (0.13) a 0.66 (0.12) a
Sugar 13.78 (0.58)a  13.53(0.54) a 12.56 (0.50)a  12.69 (0.50) a
NSC 14.62 (0.64)a  13.75(0.63)a 13.37(0.60)a  13.36 (0.60) a
Stem Starch 0.38(0.18) b 0.05(0.12) b 1.31(0.26) a 0.73 (0.19) ab
Sugar 9.87(0.55)a 8.29(0.43)b 8.19(0.39)b 7.34(0.35)b
NSC 10.28 (0.61) a 8.52(0.62) a 9.66 (0.58) a 8.27(0.58) a
Root NSC 1295 (1.64)a  12.85(1.58) a 1549 (1.48)a  12.90 (1.48) a
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Table 3-3. Estimated marginal means (£1 standard error) of the relative allocation (% of
total sapling pool type) of structural and non-structural carbohydrate (NSC) pools for leaves,
stem and roots prior to (INITIAL) and after the three watering regimes (FD: full drought),
LD: localized drought, WW: well-watered). Letters represent statistical difference (n = 29;

a = 0.1) among treatments using post-hoc comparisons with a Benjamini-Hochberg

adjustment.
Organ Fool Type Initial FD LD WWwW
(“e)
Leaf Structural 284 (1.7)a 23.1(1.7)a 242 (1.6)a 269 (1.6)a
NSC 33.8(3.7)a  293(3.7)a 253(3.5a 332(35)a
Stem Structural 27.5(14)ec 329(1.2)ab 32.1(1.1)b 357(1.2) a
NSC 212(3.6)a 21.6(33)a 223(3.1)a 245@3.1)a
Root Structural 441 (2.0)a 44.0(22.0)a 43.7(1.8) a 37.2(1.8) b
NSC 443 (44)a 47645 a 524(M42)a 414@42)a
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3.7 Figures

Well-
Watered

Localized
Drought

Full
Drought

e

Figure 3-1. Aspen sapling grown with spatially separated root system using a split-pot design.
Aspen saplings were subjected to one of three watering treatments (well-watered (WW),
localized drought (LD) or full drought (FD)) characterized by differences in soil moisture

availability.
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Figure 3-2. Estimated marginal means (1 standard error) of (A) root mass (g), (B) coarse
root mass (g), (C) fine root mass (g) and (D) root volume (cm?) within the split root system
of saplings, prior to (INITIAL) and after the three watering treatments (FD: full drought,
LD: localized drought, WW: well-watered) (orange: dry, blue: well-watered). Statistical
differences between the three planned comparisons (FD vs LD-dry, LD-dry vs LD-wet, WW

vs LD-wet) are indicated by + for p < 0.1, * for p <0.05, ** for p <0.01, *** for p <0.001 and
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ns for no significance (n = 29; a = 0.1) using pairwise comparisons with a Benjamini-

Hochberg adjustment.
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Figure 3-3. Estimated marginal means (1 standard error) of root starch and soluble sugar
concentration (% of dry weight) within the split root systems of saplings subjected to three
watering treatments (FD: full drought, LD: localized drought, WW: well-watered), (light
orange: sugar concentration of roots in drought pot, dark orange: starch concentration of
roots in drought pot, light blue: sugar concentration of roots in well-watered pot, dark blue:
starch concentration of roots in well-watered pot). Letters indicate statistical differences
among treatments and pot watering regimes (n = 29; o = 0.1) using pairwise comparisons

with a Benjamini-Hochberg adjustment.
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Figure 3-4. Estimated marginal mean (£1 standard error) of (A) root structural mass (g) and

(B) root non-structural carbohydrate mass (g) within the split root system for saplings prior

to (INITIAL) and after the three watering treatments (FD: full drought, LD: localized

drought, WW: well-watered) (orange: dry, blue: well-watered). Statistical differences

between the three planned comparisons (FD vs LD-dry, LD-dry vs LD-wet, WW vs LD-wet)

are indicated by + for p < 0.1, * for p < 0.05, ** for p < 0.01 and ns for no significance (n =

29; o = 0.1) using pairwise comparisons with a Benjamini-Hochberg adjustment.
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Chapter 4: Synthesis and Discussion

The overarching goal of my thesis was to assess resource partitioning, allocation and
remobilization under changing environmental conditions in trembling aspen saplings. The specific
goals of my thesis were to (1) explore patterns and constraints on the remobilization of carbon (C)
and nitrogen (N) during spring leaf development and following complete defoliation (Chapter 2),
and (2) determine how trembling aspen saplings allocate mass and reserves to aboveground and
belowground organs when subjected to heterogeneous soil moisture availability (Chapter 3). These
studies required exploring allocation and movement of resources between and within organs,
which was achieved in the first study (Chapter 2) by using C and N isotopic labeling with grafted
saplings to trace resource remobilization during spring flush and following defoliation, and in the
second study (Chapter 3) by using a split-pot to subject a shared root system to spatially

heterogeneous soil moisture conditions.

4.1 Research Summary

The first study (Chapter 2) explored the remobilization of C and N during spring leaf
development and following defoliation. The ability to access and utilize stored reserves during
periods of asynchrony between supply and demand, such as during bud break or C-limiting stress,
is critical for tree growth and survival. It is well established that reserves can be remobilized from
perennial organs to support growth (Millard et al., 2001; Grassi et al., 2003; Lacointe et al., 2004;
Kagawa et al., 2006; Visozo et al., 2008; Bazot et al., 2016). However, this study contributed to a
knowledge gap in the literature, which was identifying the specific sources of stored reserves, the
stem and/or roots, from which the remobilized C and N originates, in addition to characterizing

potential constraints on remobilization, during new leaf growth.
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This study showed that leaf growth (both during spring flush and recovery following
defoliation) was dependent on C and N stored reserves from both stem and roots, with
remobilization affected by distance, as less resources were imported further from the source (root
system). The observed distance effect during spring leaf development suggests an allocation
priority along the transport pathway, a hierarchy typically used to describe the allocation of
recently acquired photosynthate (Zimmermann, 1971; Minchin et al., 1993; Lacointe, 2000;
Landhéusser and Lieffers, 2012). The distance effect on root C remobilization appeared even
greater following defoliation with no significant amount of labeled C present in the upper stem
and re-flush leaves. This intensified C distance effect indicates that reserves were likely consumed
during spring flush, resulting in less remobilization after defoliation, with distant low priority sinks
impacted more strongly. This result likely explains the commonly observed pattern of top-down
dieback in trees under C-limiting stress (Wiley et al., 2017; Wiley et al., 2019). In contrast, the N
distance effect disappeared following defoliation, suggesting that demand for N may have been

reduced and/or root acquisition of N was sufficient to support leaf area re-growth.

Dependence on stored reserves, and specifically which pool of NSC was remobilized
(soluble sugars or starch), also differed over time. Pre-formed leaves utilized more stored C and N
reserves than neo-formed leaves or re-flush leaves. This provides further evidence that during
budflush, leaves transition from a net C sink to a net C source, with less reliance on reserves from
the stem and roots as leaves mature (Lacointe et al., 2004; Marchi et al., 2005; Landhausser, 2011).
Less labeled C was detected in the smaller re-flush leaves, suggesting less remobilization of stored
reserves and more dependence on current photosynthate production following defoliation stress.
Pools of NSC remobilized within organs also differed between spring flush and following

defoliation. Based on changes in NSC concentrations in the root systems, root sugar was likely
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remobilized to support early spring leaf synthesis (and potentially stem growth), whereas stored
root starch was likely converted to sugar to support leaf area recovery after defoliation. For N,
both pre-formed leaves and neo-formed leaves imported similar amounts of root stored N,
regardless of timing of leaf synthesis. However, pre-formed leaves contained more stem stored N
than neo-formed leaves, contributing to a decline in the stem N storage pool available for leaf
growth following defoliation. These results support the idea that N remobilization is controlled by
the size of the storage pool (i.e. the N supply), not necessarily by the demand for growth (Millard
and Grelet, 2010). In contrast to C, the smaller re-flush leaves had greater N concentrations than
the leaves produced in early spring, which may be further evidence that the size of the N storage
pool determines the amount of remobilization. Similarly, studies which use winter browsing to
investigate spring N remobilization suggest that the remaining buds which flush have higher levels
of remobilized N because there are fewer buds requiring the same N supply (Lehtila et al., 2000;

Millard et al. 2001; Millett et al., 2005).

Percent leaf recovery was 31 % three weeks following defoliation, with potential for
continued new leaf growth for the remainder of the growing season. However, studies have found
that canopy size may stay reduced later in the growing season following defoliation (Schifer et
al.,2010; Wiley et al., 2013; Schmid et al., 2017; Nakajima, 2018), thus it remains unclear whether
C or N limitation or neither contributes to this incomplete recovery. In my study, the evidence for
N limitation was inconclusive as N concentration in the roots correlated with higher leaf mass
recovery, yet the N concentrations of re-flush leaves was higher than spring flush leaves,
suggesting that roots had sufficient access to soil N. In terms of C limitation, ample levels of starch
were detected in the root systems, however, re-flush leaves appeared to import less C and rely on

current photosynthates. A better understanding of factors controlling recovery following

&3



defoliation, as canopy size is often a measure of productivity (NPP), is required. My study
highlights the need for continued work on resource storage and remobilization patterns in trees
under different environmental stressors, as it is critical for predicting tree responses to a globally

changing climate.

The second study (Chapter 3) described the effects of spatially heterogeneous soil moisture
conditions on aboveground and belowground mass and reserve allocation compared to
homogeneous soil moisture conditions (full drought (FD) and well-watered (WW) treatments).
Few studies investigating resource availability apply spatially heterogeneous conditions, instead
resources are typically homogeneously applied in controlled growth chamber experiments
(Hutchings and John, 2004). Thus, the results of my study may more accurately mirror the
responses to natural conditions of topographical variation or changing climate. My study
contributes to the extensive body of literature focused on adaptation and acclimation processes
which perennial plants use in response to short-term and long-term stress (Kozlowski and Pallard,

2002; Dietze et al., 2014; Brunner et al., 2015; Hartmann et al., 2018).

In this study (Chapter 3), saplings subjected to localized drought (LD) over a short-term,
partitioned structural mass and non-structural carbohydrates within and between organs in a
manner that likely optimized functionality. Aboveground, saplings in the LD treatment maintained
similar growth and gas exchange to the WW saplings. In contrast, FD saplings experienced leaf
and branch shedding in response to drought (Rood et al., 2000; Galvez et al., 2011). This suggests
that even under locally reduced water availability, aspen is capable of compensating to support
aboveground function and prevent tissue abscission. Belowground, patterns of mass and reserve

allocation presented the most novel results of this study. Under both drought treatments (full or
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localized), overall allocation towards the root system was greater (45%) than under well-watered
conditions (38%). This result aligned with the optimal partitioning theory, where biomass is
preferentially allocated to the organ required for uptake of the limiting resource (Brouwer, 1963;
Thornley, 1972; Iwasa and Roughgarden, 1984; Bloom et al., 1985). However, root systems
responded differently when exposed to the homogeneous drought compared to the heterogeneous
drought. Under full drought, saplings showed a significant loss of root volume, an indicator of fine
root death. This result, in addition to the loss of aboveground tissue under full drought, highlighted
the expendability of more distal and potentially less crucial organs under stress (Kozlowski, 1973;
Zimmerman, 1983; Sperry and Ikeda, 1997; Wiley et al., 2017). Saplings subjected to full drought
accumulated significant concentrations of sugar, likely for osmotic adjustment (Chaves, 1991;
Arndt et al., 2001; Kozlowski and Pallard, 2002; Galvez et al., 2011). Under localized drought,
distinct responses were observed in the portion of the root system in the dry pot compared to the
portion of the root system in the wet pot. In the wet pot, there was an increase in structural mass
allocation, with root mass and root volume measurements exceeding that of a sapling in the WW
treatment. This increased allocation of structural mass likely permitted continued water uptake to
support aboveground function and potentially assisted in the re-hydration of the drought-exposed
portion of the root system through lateral hydraulic redistribution (Burgess and Bleby, 2006; Bleby
et al., 2010; Prieto et al., 2012). In the dry pot, there was a significant accumulation of starch,
indicating a preferential allocation towards storage of reserves. These reserves in the drying
portion of the root system could be used for future growth, reproduction or osmotic adjustment if
drought conditions persisted or worsened. This study emphasized aspens’ plasticity in mass and

reserve allocation under conditions of spatially heterogeneous soil moisture availability.
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Characterizing the morphological and physiological mechanisms which enable aspen to persist on

the landscape is crucial to our understanding of tree stress tolerance.

4.2 Experimental Limitations and Future Research

This research was able to identify key patterns of resource partitioning, allocation and
remobilization that occur within and between organs of trembling aspen in response to changing
environmental conditions. However, I encountered several limitations in the experimental designs
for both research studies. A central limitation of both studies is the extrapolation of results from
potted saplings to mature trees grown in natural environments. However, the methods selected
(grafting and split-pot design) to address the research objectives would not have been as feasible
on larger trees. In the first study (Chapter 2), I selected older saplings to isotopically label in the
growing season prior to the application of experimental treatments. In the second study (Chapter
3), I split the root systems an entire growing season prior to the application of the experimental
treatments to allow adequate establishment of the root system portions. Use of older saplings in

controlled experiments would require significant pre-planning.

In the study presented in Chapter 2, both the pulse-labeling and grafting limited the
interpretation of the results. Firstly, the conclusions were based on a single application of isotopic
C and N prior to the end of the growing season. This single pulse-labeling event only labeled a
very small portion of the reserve pool prior to dormancy (especially for C), likely affecting the
amount of reserve remobilization that was detectable using isotopes. Furthermore, the label may
not have been evenly mixed across the whole storage pool. A potential solution would be to pulse-
label multiple times prior to the end of the growing season. Furthermore, it would be valuable to

use foliar labeling of N prior to dormancy. Foliar N represents a large pool of N that is recycled

86



before leaf abscission to perennial storage organs (Millard and Grelet, 2010). This application
method would also prevent any residual >N from remaining in the soil in subsequent growing
seasons. The original experimental design included a destructive harvest of a sample of trees at the
pre-bud burst time point to assess the amount of C and N reserves (and label) present in the stem
and root tissue prior to leaf flush. I had anticipated using these preliminary values to determine the
initial C and N labeled reserves present in saplings to calculate percentages of label remobilized
from storage organs at 18 days after initial leaf development and 3 weeks following defoliation.
However, due to the variability in the amount of label present within each sapling, I could not
obtain an accurate estimate of initial label present. The final limitation to the experimental design
that may have affected the interpretation of the results would be the effect and contribution of the
graft on reserve use. | attributed the changes in the NSC and N concentrations between pre-bud
burst and 18 days following early leaf expansion, and then 3 weeks following defoliation to
remobilization of reserves for spring growth and leaf area recovery, however there is potential that
a portion of these stored resources were used to repair the significant wound created from grafting.
However, I did have a subset of saplings that were not grafted and subjected to the same treatments
and timepoints as the grafted saplings. If these tissue samples from the ungrafted saplings were
analyzed for NSC and N concentrations, I could determine if the graft repair affected the amount

or patterns of C or N remobilization.

In the drought study presented in Chapter 3, the conclusions were based on measurements
of growth, dry weight and non-structural carbohydrate concentrations over a short drought period.
Although I monitored soil water potential, I had no measurements of root, stem or leaf water
potential as the watering regimes (full drought, localized drought and well-watered) were applied.

Measurements of tissue water potential may have provided additional insight into the extent of the

87



drought conditions applied and assisted with comparisons between watering treatments.
Furthermore, the saplings were subjected to a progressive drought over a 4-week experimental

period, thus limiting the study to the assessment of short-term stress responses only.

Although this research contributed to our current understanding of resource partitioning,
allocation and remobilization under conditions of temporal and spatial heterogeneity in trembling

aspen saplings, it also highlighted new research opportunities.

1. Explore the effects of repeated and incomplete defoliation over multiple growing
seasons. In Chapter 2, only short-term C and N remobilization in response to a single
defoliation event early in the growing season was assessed. The effects of repeated
incomplete defoliations over multiple growing seasons should also be considered, as the
capacity for remobilization may change if storage pools deplete and do not recover
(Landhdusser and Liefters, 2012).

2. Investigate N remobilization in more detail. Understanding constraints on N uptake from
the soil which potentially impact remobilization capacity would be wvaluable to
understanding limitations to tissue re-growth following disturbance. Maxwell et al. (2020)
investigated the impact of competition by soil microorganisms during Quercus petraea N
uptake in the spring, further contributing to our understanding of limitations in N
acquisition and subsequent N movement within trees. Furthermore, a specific measure of
how much N was accessible from nearby proteins and transient storage pools for leaf
growth was lacking. A direct measure of N storage in bark proteins would provide a clearer
estimation of reserve remobilization and be more equivalent to the measurement C storage

in the study.
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3. Explore the effects of repeated localized drought over multiple growing seasons. As
previously mentioned, the experimental period was only 4-weeks. It would be valuable to
determine whether the preferential allocation of mass and reserves observed during this
temporary localized drought is advantageous over an extended period or in future growing
seasons with drought events. Such a study would allow for the analysis of accumulated
effects over time which provide more useful insight into aspen’s acclimations and
adaptations to moderate or localized drought.

4. Investigate lateral hydraulic redistribution. There is evidence that connected root
systems are capable of sharing acquired resources amongst the network of clones
(Hutchings and Wijesinghe, 1997; Fraser et al., 2006). Over a clonal network, would aspen
be capable of laterally redistributed water if a portion of the root system had access to high
soil moisture availability? In Chapter 3, differences in soil and root water potential across
the split root system may have enabled passive water movement from the wet soil of one
pot, through the root system to the drying portion of roots. Although MPS2 soil water
potential sensors were installed in the dry pot of the localized drought treatment, it is
questionable whether these sensors would have been precise enough to detect small
changes in soil and root water potential driven by hydraulic redistribution. An alternative
method would be the application of deuterium water to the wet pot of the localized drought
treatment, with soil collection in the dry pot to detect any movement of water through the
root system.

5. Explore C remobilization under drought using grafted saplings. Chapter 2 is one of the
first studies to identify the specific storage pools remobilized for the formation of leaves

during spring flush and under defoliation stress, as stem and root storage pools are not often
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differentiated, and remobilization of reserves is detected primarily through changes in
resource concentration in organs. Peltier et al. (2020) emphasizes the importance of
investigating NSC pool responses within and between organs under moisture stress in a
variety of species. Use of isotopically labeled saplings which are grafted then subjected to
drought conditions would likely generate many interesting results which could contribute

to our understanding of resource remobilization under drought.
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Appendix

Chapter 2

Table A-1. Adjusted p-values for detection of excess 1*C and N (APE) in leaf and root samples for stem-origin and leaf and
stem samples of root-origin saplings at both harvest timepoints (18 days after early leaf expansion and 3 weeks after defoliation)

using the Benjamini-Hochberg correction. NA: no label detected. (o < 0.05).

Label Origin Tissuc 13C Atom Percent Excess 5N Atom Percent Excess
Raw p-value Adjusted p-value Raw p-value Adjusted p-value

Roots (18 days) 0.047 0.047 0.011 0.013

Lower early leaves 4.1e-04 8.2e-04 9.1e-05 2.1e-04

Upper early leaves 4.5e-05 1.4e-04 5.0e-05 2.1e-04

Stem Upper late leaves 1.1e-05 6.5¢-05 8.8e-05 2.1e-04
Roots (3 weeks) NA NA 0.0076 0.011

Lower re-flush leaves 0.0025 0.0037 7.7e-04 0.0013
Upper re-flush leaves 0.034 0.041 0.082 0.082

Lower stem (18 days) 0.046 0.059 0.0017 0.0025

Root Lower early leaves 4.4e-05 1.9¢-04 2.9¢-09 1.3e-08
Upper stem (18 days) 0.039 0.058 0.011 0.012

Upper early leaves 2.7e-05 1.905¢-04 1.4e-08 4.2e-08
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Upper late leaves

Lower stem (3 weeks)
Lower re-flush leaves
Upper Stem (3 weeks)

Upper re-flush leaves

0.017

0.030

0.022

0.082
0.19

0.049

0.055

0.049

0.092
0.19

5.3e-10

0.0098

0.0014
0.096

0.0014

4.7¢-09

0.012
0.0025
0.096
0.0025
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Table A-2. Estimated marginal means (1 standard error) for height (cm), root collar
diameter (RCD) (mm), aboveground mass (g), stem mass (g), leaf mass (g), root mass (g) and
root volume (g/cm?) for un-grafted saplings compared to grafted saplings 18 days after early

leaf expansion (n =32, a < 0.05).

Un-grafted saplings Grafted saplings
Height (cm) 78.8(3.5) a 71.7(29) a
RCD (mm) 7.6(0.4)a 83(0.3)a
Aboveground Mass (g) 11.3(1.1)a 9.9(0.9)a
Stem Mass (g) 6.8(0.8)a 6.0 (0.6) a
Leaf Mass (g) 45(04)a 3.8(0.3)a
Root Mass (g) 94(1.1)a 8.8(0.9) a
Root Volume (g/cm?) 43.2(5.0)a 40.7 (4.1)a
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Table A-3. Estimated marginal means (1 standard error) for height (cm), root collar

diameter (RCD) (mm), aboveground mass (g), stem mass (g), re-flush leaf mass (g), leaf mass

recovery (%), root mass (g) and root volume (g/cm?) for un-grafted saplings compared to

grafted saplings 3 weeks after defoliation (n = 34, o < 0.05).

Un-grafted saplings Grafted saplings
Height (cm) 69.8(3.7)a 734 (3.1)a
RCD (mm) 7.5(0.4)a 8.2(03)a
Aboveground Mass (g) 7.7(0.8) a 83(0.7) a
Stem Mass (g) 6.4 (0.8) a 7.0(0.7)a
Re-Flush Leaf Mass (g) 1.3(0.2)a 1.3(0.1)a
Leaf Mass Recovery (%) 359(5.0)a 313 (42)a
Root Mass (g) 8.3(1.0)a 9.0(0.8) a
Root Volume (g/cm?) 41.7(4.8) a 47.0(4.0)a
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Chapter 3

Volumetric soil water content (cm® / cm’)
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Figure A-1. Soil water retention curve determined using the pressure extractor method

(Reynolds and Clarke Topp, 2008) for the sandy-loam soil used to fill split-pots. Soil

hydraulic properties were assessed to determine use of both MPS2 sensors and daily

weighing to produce moderate, progressive drought conditions. The van Genuchten model

was used to represent the relationship between volumetric soil water content (SWC) and soil

water potential (SWP); SWC = 0, +

es_er

(1+(aswp)n)1-1/n

are: 0,,~0.18; 0,~0.49; a~0.32; n~1.35

The estimation of the four parameters
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Figure A-2. Change in soil water potential (kPa) measured using MPS2 sensors for full
drought (FD, yellow) and localized drought (LD, green) treatments over the four-week

experimental period. A logistic function was used to represent the progressive decrease in

Asym
1+ e*mia—Time)/scal*

soil water potential over time for the two soil moisture treatments: SWP =

The estimated parameters are: Asym~ — 831.8; x,,;,4~167.3; scaly;,~15.8; scal;,~39.8.
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Table A-4. Schedule of the growth chamber settings (daylight length, air temperature (°C),

light level (umol) and humidity (%) between November 215, 2016 and March 5™, 2017 when

the saplings were cycled through winter and spring conditions and during the experimental

period starting March 6%, 2017.

Da
Date Y Hour interval Temperature Light Level Humidity
length
Turned
Nov 2152016 —Jan 32017 Oh 0:00 — 0:00 -1°C 0 pmol o
0

7:00 — 10:00 5°C 500umol 60%

10:00 — 14:00 5°C 500umol 60%
Jan 4™ — Jan 191 2017 12h

14:00 — 19:00 5°C 500pmol 60%

19:00 —7:00 2°C Oumol 60%

6:00 —10:00 9°C 500umol 60%

10:00 — 14:00 12°C 500pmol 60%
Jan 19" — Feb 32017 14h

14:00 —20:00 9°C 500pmol 60%

20:00 — 6:00 6°C Oumol 60%

5:00 —10:00 13°C 500umol 60%

10:00 — 14:00 18°C 1000pmol 60%
Feb 3" — Feb 6 2017 16 h

14:00 — 21:00 16°C 1000pmol 60%

21:00 —5:00 10°C Opmol 60%

8:00 —20:00 18°C 500umol 60%
Feb 6 — Feb 2272017 12 h

20:00 — 8:00 16°C Oumol 60%
Feb 22" — April 132017 24 h 0:00 - 0:00 20°C 500umol 60%
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