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ABSTRACT

A mature tree stem generally consists of a column of wood that is composed of a series of
annual incremental layers and enclosed in a covering of bark. The dynamic variations of the
bark are complex due to its structure and function: the thick outer-bark acts as a protective
barrier against the abiotic and biotic environment; while the phloem is where sugar
transport occurs. Much of the bark variation is due to the transport of sugars and its related
processes. The driving force for sugar transport in the phloem is generated by the
accumulation of sugars at source sites (e.g. leaves), which creates differences in gradients
in turgor pressure along the stem. As a result, mass flow occurs — transporting sugars to
sink regions that require it (e.g. stem and roots) for active growth, respiration and storage.
The xylem pathway, which transports water in the opposite direction, is connected to the
phloem in parallel along the entire length of the stem. The immediate connection between
these two transport pathways suggests a functional linkage, as the phloem draws water from
the xylem in order for mass flow to occur. The dynamic interactions between the xylem and
phloem, and the processes occurring within the bark have great implications for whole tree

physiology.

The purpose of this thesis is to study the dynamic processes that occur within the bark and
its interaction with other internal tree processes and the external environment. This is
accomplished by first understanding the bark hydraulic architecture and its linkage to the
environment, followed by its linkage to various tree processes. These linkages have not
been thoroughly quantified, especially on an intra-annual (e.g. daily) scale. The study of
bark hydraulic dynamics is of great interest because it is a relatively new topic with great
potential. The changes of the bark in response to the environment may play a large part as a
regulator to other tree processes.

The thesis consists of four papers, of which one is a modelling paper and three are
experimental (field and laboratory) studies. The model estimates growth by using
dendrometer measurements as inputs for the model. Growth is estimated by separating the
water-related influences from measured inner-bark, revealing a growth signal — proxy for
cambial stem growth. Using this growth signal, a correlation study to microclimate
variables is examined in one paper; and to assumed growth respiration in a second paper.
The remaining two papers explore the seasonality of photosynthesis and respiration, and
bark stem dynamics during the winter recovery period in the spring.

As a conclusion of this thesis, these four papers show how inextricably linked, the
individual tree processes are to the changes within the bark, due to the tight coupling with
sap flow-related changes of the xylem. The culmination of this thesis opens new
opportunities to further understand the dynamics of bark hydraulics and ecophysiological
processes by implementing field measurements and state-of-the-art modelling.

Keywords: xylem, phloem, growth, respiration, photosynthesis, spring recovery
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1. INTRODUCTION

The stem of trees serve many purposes: to support the crown; to store water, carbohydrates
and minerals; transport sugars and hormones from points of synthesis to areas that require
them for growth or storage; and to conduct water and minerals upwards from the roots
(Pallardy 2010). The bark, located to the outside of the stem, does not only protect the tree
from external agents; but is an essential part of the vascular system, responsible for
translocating organic nutrients and defensive and signaling compounds (van Bel 2003a; De
Schepper et al. 2013b). These organic nutrients are soluble organic material (i.e. sugars)
made during photosynthesis and transported away from assimilatory regions (source
locations) to regions that require these sugars for metabolism and growth (sink locations).
The bark provides the pathway for assimilate transport from source to sink. It is essential
that this pathway is maintained and continuous because without sufficient transport
capacity, the assimilate storage capacity at the source will eventually become saturated
(Holtta et al. 2014). A saturation of sugar and starch at these sources can lead to whole-tree
stress and adversely alter its physiological state, which can become permanent if the cause
is not alleviated. When stressed, down-regulation of photosynthesis, carbon starvation,
decrease of cell turgor and reduction of osmotic refilling of embolized vessels may occur.
These have been observed in response to drought, phloem girdling and under elevated CO,
conditions (Bel and Gamalei 1992; Franck et al. 2006; Nardini et al. 2011). Although the
term “bark hydraulics” is frequently associated solely within the context of translocation of
assimilate (i.e. sugars) from source to sink locations, there is an emergent acceptance that
the bark also regulates an array of important whole-tree processes (Woodruff 2014).

Considering bark as a single entity can obscure important aspects of its function and
structure. Structurally, the bark is made up of complex tissues located outwards from the
vascular cambium, and it includes both living and dead cells produced from the phellogen
and vascular cambium (Figure 1). The vascular cambium develops inwardly xylem tissue
(towards the pith) and outwardly, phloem tissue (or inner-bark). This development is
responsible for circumferential stem increment. Meanwhile, the phellogen is responsible for
the development of the periderm, i.e. outer-bark. Cells that grow inwards from the
phellogen make up the phelloderm, and cells that develop outwards are called phellem. The
phelloderm separates the inner-bark from the outer-bark, while the phellem protects the tree
from external agents (e.g. fire, disease, environmental extremes and foraging).

For gymnosperms (e.g. Pinus Sylvestris L., Picea abies), it is within the phloem that
translocation of sugars from source tissues (photosynthetic leaf cells) to sink tissues (stems
and roots) occur. The phloem is comprised of living cells, called sieve elements (Figure 2)
and are the conduits for transport of phloem sap (Fisher 1978; Blechschmidt-Schneider
1990; Franceschi and Tarlyn 2002). Sieve elements are comprised of elongated sieve tube
pathways and adjoining sieve cells, which function together to translocate sugars to
different regions of the tree. Sieve pathways have pores located at each end and are
interconnected end-to-end to form a longitudinal network from the leaves to roots. Since
sieve pathways lack the capacity for protein synthesis, physiological functions are
maintained by the sieve cells. These cells aid sieve pathways by providing energy as ATP,
and can even perform the metabolic functions that are surrendered during differentiation of
sieve elements (Bostwick et al. 1992; Lucas et al. 2013). It is important to note that the bark
anatomy of angiosperms (e.g. Betula pendula) differs from gymnosperms. For example,
companion cells are present within the phloem of angiosperms, where these cells maintain
sieve elements.
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Figure 1. Cross-section of a stem showing the various tissues.

1.1 Pressure-Flow Hypothesis

The pressure-flow hypothesis (or Miinch theory) explains how products of photosynthesis
from leaves (e.g. sugars and starch) are translocated to regions (e.g. stem and roots) that
require it for maintenance and growth. This theory suggests that mass flow of sugars
through sieve elements is driven by differences in turgor pressure gradients between source
and sink locations, with sap flowing from high to low pressure (Miinch 1930; Windt et al.
2006; Knoblauch et al. 2016). At source regions, sugars produced in leaf mesophyll cells
are loaded into sieve pathways from sieve cells. This transport process requires energy
(molecular transporters that pump sugars from cell-to-cell). As sugars are loaded, the solute
concentration increases, thereby drawing water (from the xylem) into the phloem. As water
enters, the turgor pressure increases and water-sugar solution flows along the phloem tract,
unloading at sink regions that require sugar. At these regions, the unloading of sugars from
sieve elements reverses water potentials — water flows into the xylem and the turgor
pressure decreases relative to that of sieve elements in source regions. The translocation of
sugars from source to sink is a passive, symplastic process; thus no energy input is
required. In terms of whole-tree allocation, sugars would tend towards highly metabolized
active sink organs, as the local consumption of sugars should cause the turgor pressure
within the unloading phloem to decrease, thereby increasing the pressure differential
between the source region and sink (Ham and Lucas 2013). Because of this, phloem sap has
been observed to have unidirectional flow (Fetene et al. 1997).
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Figure 2. A schematic drawing of the pressure-flow hypothesis of sugar transport in the
phloem of gynmosperms.

1.2 Sink compartmentation and sink allocation

Sugars that have been unloaded into sinks are primarily invested in competing
compartmentation activities, such as for cell growth and cell maintenance, or placed into
storage pools (Patrick 1997). Trees may also reserve sugars for defense, such as increasing
shade tolerance (Chapin et al. 1990; Imaji and Seiwa 2010). Sugar allocation to these
compartments vary over the course of cell development and over shorter time scales
depending on the tree’s physiological state (Dickson 1989; Chapin et al. 1990). Sugars
allocated for growth either become substrates for synthesis of new structural biomass or
undergo catabolism in metabolic pathways that support growth respiration growth pools.
These growth pools are only stored temporarily, and will be used locally for growth
synthesis. Sugars allocated towards maintenance respire to provide the energy required to
maintain cell function and structure. Sugars directed to storage sinks will ultimately be
translocated to other regions (or temporarily stored) to support growth and storage
processes. These sugars can stay in storage lasting from a few hours to months, or even
years (Lewis et al. 2009; Sala et al. 2012). Long-term storage pools provide the substrate
needed to ensure a constant and steady hydraulic transport capacity throughout the tree
(Schnyder 1993). Mature trees may also require large storage pools as a precaution,
particularly in the event of severe stress; for example, drought, freeze-thaw events and



10

increasing tree height can impose additional constraints on the bark hydraulic system (Sala
et al. 2012). In the short-term, sugars in storage sinks can regulate turgor gradients by
acting as a buffer to changes in sugar loading from source regions. In addition, sugar
accumulation can play an important role in regulating the water balance (e.g. when under
stress) by the process of osmoregulation (Yakushiji et al. 1996).

1.3 Quantifying bark hydraulics

Quantifying bark hydraulics and its processes (e.g. translocation, allocation, sugar
loading/unloading) is difficult as it is comprised of complex living tissue that readily
responds to external forces. The phloem itself is a pressurized system and any disturbance
may result in rupturing this pressure, altering its structure and function (Ehlers et al. 2000;
Turgeon and Wolf 2009). It has only been in the last fifty years that non-intrusive studies
were conducted to understand bark hydraulics. Tyree et al. (1974) were the first to
mechanistically quantify the driving force (i.e. turgor pressure) required to drive the
pressure-flow hypothesis using physical parameters that govern phloem hydraulic flow. In
simple terms, the model quantified gradients of concentration and pressure at a specific
point, and iteratively calculated adjacent points by multiplying their known rate of change
with distance by a small interval of distance. The fundamental equation used in Tyree et al.
(1974) and in many subsequent phloem transport models is the Hagen-Poiseuille law — a
physical law that estimates the pressure change in a fluid flowing through a long cylindrical
pipe. Precisely, the law states that the pressure (P; Pa) difference between the source and
sink is proportional to the flow rate (J; m s™), which can be estimated as the solute
concentration (c; mol m™) difference between source and sink:

4 4
] = %(Psource = Pgini) = %RT(Csource = Csink): 1)

where R is the gas constant, T is temperature, u is the fluid viscosity and r and L are
related to the conduit size; radius and length, respectively. More recent modelling efforts
have addressed the limitations of long-distance phloem transport that plagued previously
published models (Phillips and Dungan 1993). For example, Tyree et al. (1974) revealed
that sugar transport in trees greater than 50 m would take over 15 days; a contrary result to
modern results of just days (Mencuccini and Holttd 2010). Although these models are
robust in maintaining the underlying theory behind the pressure-flow hypothesis, one large
omission is the radial transfer of water between the xylem and phloem vascular systems.
The force required for this radial transfer is due to the differences in water potential
between the xylem and phloem (Pfautsch et al. 2015). Radial transfer has been observed in
models from Ferrier and Christy (1975) and Daudet et al. (2002), but only extending to the
effect of sinusoidal variation of xylem water potential on phloem translocation (Holtta et al.
2006). The functional links between these two vascular systems need to be clearly
understood and included in current models to better understand bark hydraulic processes in
trees.

The phloem vascular system is hydraulically linked with the xylem vascular system — in
which the xylem is responsible for carrying water from the roots to the crown of the tree
(Holtta et al. 2006; Hall and Minchin 2013). Water is pulled up the xylem conduits under
tension that arises from the evaporation at the leaf surface (i.e. due to transpiration) or by
capillary action (Denny 2012). Concomitantly, water is exchanged readily to and from the
xylem into the phloem, as required for phloem translocation. As a water potential
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equilibrium is the necessary end state between the two tissues for phloem transport
(Thompson and Holbrook 2003), changes in water potential within the xylem can directly
alter the efficacy of phloem sap delivery from source to sinks. It is also suggested that
regulation of osmotic potentials in the phloem can impact water potential in the xylem
(Holtta et al. 2006; Holtta et al. 2009). The interactions between the negative pressure
(tension) in the xylem and osmotic strength in the phloem will ultimately affect its transport
capacity, tissue growth and physiological processes (e.g. respiration and gas exchange).
Holtta et al. (2006) resolved the coupling between the xylem and phloem transport system
by modelling the behaviour of these two systems simultaneously. The model incorporates
by design, a simple representation of phloem transport by using measured variables such as
transpiration, soil water tension and sugar loading and unloading rates. By including
changes of water potential from the xylem, the results gave insight into the conditions
under which radial water exchange, according to the pressure-flow hypothesis, works.
Moreover, by altering input parameters to simulate explicit environmental conditions, the
model tested the certainty of the pressure-flow hypothesis, and how it performed under
variable environmental conditions (e.g. drought, elevated CO, conditions). The integration
of xylem transport and water exchange into phloem transport models gave renewed interest
in bark hydraulics (see studies from Lacointe and Minchin (2008), De Schepper and Steppe
(2010) and Mencuccini et al. (2013) for successive xylem and phloem-coupled models).

For example, Mencuccini et al. (2013) introduced a simple approach to radial flow of
water between the xylem and phloem. In general, the direction and rate of water movement
(J, m*s™) between the xylem (P,) and inner-bark (P,) is:

J = LA(P, = (P, = I1)), )

where L is the area-specific radial hydraulic conductance between xylem and inner-
bark, A is the cross-sectional area through which water exchange occurs and IT is the
osmotic pressure of the inner-bark. Radial water exchange only occurs when both the
xylem and inner-bark are in water potential disequilibrium. By incorporating Eq. (2) with
Hooke’s Law, radial water exchange can observe the dimensional changes within the inner-
bark (Per&mdki et al. 2001). This novel modelling approach to understanding bark
hydraulics in both vertical and horizontal dimensions has made it accessible to observe
sugar transport, radial water exchange and radial growth dynamics.

1.4 Current research trends in Forest Sciences

The pressure-flow hypothesis has been the most widely accepted mechanism for phloem
transport, and much of the current research is centred on this theory. While the core of the
theory remains intact, there have been adaptations to explain the uncertainties that Minch
did not originally realize. For example, the role that xylem plays in phloem transport has
largely been omitted, and only recently has there been efforts to understand its importance
in not only to maintain transport capacity but for whole-tree function. Further, Miinch
hypothesized that the transport pathway from source to sink is similar to an impermeable
pipe — such that the regions of loading and unloading of sugars occur only at the sources
and sinks, respectively. It has been demonstrated that sieve pathways are, in fact, permeable
and loading and unloading may occur along the pathway (Thorpe et al. 2005). Hence, the
phloem transport pathway functions not only as a sink endpoint, but also supports and
receives carbohydrates at lateral sinks along the tree axis (van Bel 2003b; De Schepper et
al. 2013a). There has been a lot of uncertainty surrounding the pressure-flow hypothesis in
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respect to tall trees (due to large transport distances). Little is known, and much of the
studies contradict one another about the variation in phloem conduit properties and flow
conducting area with changing tree size and axial position (Holtt4 et al. 2014). Studies have
found that the phloem pressure gradient is constant (Windt et al. 2006; De Schepper et al.
2013a; Holtta et al. 2013), but may also increase with tree height (Mencuccini and Holtta
2010; Dannoura et al. 2011). The latter result contradicts Turgeon (2010), who suggested
that phloem turgor pressure differences does not scale to tree size.

An alternative proposal to explain Miinch’s problem of long-distance travel is the relay
hypothesis. It has been suggested that sieve pathways may be shorter than the whole-tree
axial length, and the pathway is instead, comprised of a series of short, overlapping sieve
pathways (HoItta et al. 2009; Turgeon 2010; Holtt4 et al. 2014). If such a case is plausible,
the sieve pathways would not be symplastically connected along the whole transport length,
but composed of specific apoplastic loading and unloading steps along the transport
pathway, called relays (Lang 1979). The turgor gradient, speed and direction would then be
controlled near the relays (Thompson and Holbrook 2003), and any changes of these
properties would be in proportion to the number of relays (Holtté et al. 2009; Holtta et al.
2014). Although the original pressure-flow hypothesis supports the relay hypothesis, the
problem lies in the phloem transport mechanisms. The relay hypothesis requires a complex
set of transporters since the phloem sap is rich in organic molecules and ions (Turgeon
2010; De Schepper et al. 2013b). These transporters are specific only to apoplastic sap
loading — a mechanism not recognized in the pressure-flow hypothesis. However, the relay
hypothesis agrees with the permeable phloem pathway. There is currently no substantial
evidence either for or against the existence of the relay hypothesis, and more studies are
needed to understand how phloem transport works (Holtta et al. 2014).

At the whole-tree level, changes in bark hydraulics due to external environmental
conditions can impact the internal physiology of the tree. By studying the hydraulic
response to certain conditions, it can lead to better predictive tools and understanding of
growth and development cycles. Water, light availability and mineral nutrients, for
example, affect the relative allocation of carbon to different regions of the tree. A decrease
in water and nutrient inputs into the tree would have lower overall carbon found in shoots
than in the roots, whereas low irradiance may induce an opposite response (Wilson 1988;
Lacointe 2000). It is also suggested that phloem turgor collapse may occur in drought
situations (Sevanto 2014). Recent studies have shown that changes within the hydraulic
function of bark may also impact other internal processes. Nikinmaa et al. (2013) found that
maintaining phloem transport capacity may be essential for photosynthesis; specifically,
low phloem transport capacity increased viscosity build-up within the phloem, resulting in
stomatal closure (and down-regulation of photosynthesis). This finding was further
substantiated in a follow-up study from Nikinmaa et al. (2014), where they linked
individual models of assimilation and transpiration (Méakela et al. 2006), xylem and phloem
transport (Holtta et al. 2006) and tree hydraulic architecture (Sievénen et al. 2008) into a
comprehensive mechanistic analysis between whole-tree development and different
physiological processes. This study emphasized the complexity of bark structure and
function. It has only been recently that our current empirical knowledge on bark structure
and function have been obtained from season-long field conditions on mature trees
(Pfautsch et al. 2015). These factors alone may complicate or conflict with earlier studies
under laboratory conditions or short-term measurements. The interactions between whole-
tree bark processes (including growth) and its environment on an inter- and intra-annual
scale remains a challenge and needs further development (Schiestl-Aalto et al. 2015). These
time scales may provide significant understanding on tree-dominated ecosystems under
different environmental conditions.



13

1.5 Motivation for the thesis and study aims

This thesis presents the interaction between bark hydraulic processes and the environmental
regulation of carbohydrate production and growth on an inter- and intra-annual scale. The
work was motivated by two factors: first, advances in research have paved way for new
possibilities to understand the importance of bark hydraulics. The aforementioned
processes can be further investigated due to the intimate linking with bark processes.
Second, there is a lack of current understanding of how the bark functions as part of a
whole-tree economy (Ryan and Asao 2014; Sevanto 2014). This holds especially true with
studies pertaining to measured field data on mature trees. This is important because
observing bark dynamics in unrestricted environments will allow us to explain uncertainties
that theory nor controlled conditions may encounter; or in counterpoint, it can support these
latter studies. The study will focus on non-destructive methods to analyze whole-tree bark
hydraulic function and its processes on an ecologically important species in Finland, Scots
pine (Pinus Sylvestris L.). The analysis was performed on 54-year old, 18 m. high mature
trees. A unifying framework is created that links the dynamic changes of individual tree
processes to the changes of the bark and stem — ultimately tying up the whole-tree context.
The significance of the work lies in the relatively new concepts introduced that offers new
possibilities to study growth processes and its linking to environment and tree processes.
Much of the studies in this field have only been performed with theoretical models in
controlled environments at short-measurement time scales. Only during the last decade
have studies earnestly observed bark hydraulics in unconstrained conditions — as water
stress, nutrient deficiencies and changes in irradiance add to the already complex topic.

There have been relatively few non-destructive techniques for measuring phloem flow
and turgor. Pulse labelling of trees with isotopically enriched (or depleted) CO, and
tracking the respiration stream is a method for studying the carbon transport rate in the
phloem (Plain et al. 2009; Dannoura et al. 2011). Although it is a robust method, it is costly
and the experimental design requires many technical details. A simpler technique that has
potential is by measuring the changes in stem diameter (or radius) with dendrometers
(Sevanto et al. 2003; Sevanto et al. 2011). When measured simultaneously over the xylem
and inner-bark, dendrometers show great promise in differentiating changes between the
xylem and phloem tissues (Sevanto et al. 2003; Sevanto et al. 2011; Mencuccini et al.
2013). Moreover, they are easier to maintain and readily available than other instruments to
empirically measure changes along the stem. Stem diameter changes are influenced by both
the reversible component due to water and carbon transport on one hand, and an irreversible
component, which represents cambial growth (De Schepper and Steppe 2010). The water-
related reversible component is caused by differences (or time lag) between leaf
transpiration and root water uptake (Zweifel et al. 2005; Steppe et al. 2006; Zweifel et al.
2006), while the carbon-related reversible change is a result of movement of osmotic
concentration from sources to sinks along the stem (Mencuccini et al. 2013). The growth
component is due to dividing and enlarging wood and bark cells in the cambium (Zweifel
2016), and will only appear when sufficient water and sugars are available (De Schepper
and Steppe 2010).

A variety of studies have used dendrometers as a tool to derive growth- and water
content-related (of the xylem and phloem) changes (Sevanto et al. 2003; Zweifel et al.
2005; Deslauriers et al. 2007). In conjunction with modelling, dendrometers have supported
the estimation of carbon transport, growth and water-related changes — specifically, how the
hydraulic conductance between the xylem and phloem affects changes of the inner-bark
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(Sevanto et al. 2011); comprehensive whole-tree transport (roots, leaves and stem) of
carbon and water transport (De Schepper and Steppe 2010); and the inference of a phloem
transport signal within the inner-bark (Mencuccini et al. 2013). These complex, multi-
parameter approaches reveal the close hydraulic coupling between the xylem and the
phloem and the processes linked to this coupling. Despite the confirmation of this
theoretical framework, in-depth studies that link the signals within the bark to
environmental variables are lacking. Mencuccini et al. (2013) were able to establish a
relationship between gross primary production (i.e. entire photosynthetic production of
organic compounds in a specific area) and sugar transport. However, additional research is
needed to confirm these recent findings, and in addition, sugar compartmentation (i.e. sugar
unloading processes) must be recognized. | further developed the model introduced in
Mencuccini et al. (2013) by first, simplifying the model (to four parameters) to reveal a
growth signal; and second, to link this signal to growth-driven environmental variables
(Study I).

Another physiological compartment activity that occurs upon sugar unloading is aerobic
respiration. Respiration is a chemical reaction that releases energy from glucose, and used
to produce new organs and maintain existing ones. Respiration can be further separated into
growth and maintenance respiration; with the former relating to the costs of building new
biomass, and the latter to maintaining life processes of living cells (Stockfors and Linder
1998). It is clear that stem growth is correlated to stem growth respiration (Ryan 1990).
Many studies have attempted to link these two by measurements from dendrometers (e.g.
Stockfors and Linder (1998); Vose and Ryan (2002); Zha et al. (2004)). However, deriving
growth from dendrometers has been difficult because of the tight hydraulic coupling
between the xylem and phloem. In other words, measurements of radial stem growth are
masked by changes due to water content, influenced by xylem water potential changes
(Daudet et al. 2005; Mencuccini et al. 2013). In Study 11, the model introduced in Study |
was used to link daily stem growth rate to daily stem growth respiration, and observed at an
intra- and inter-annual scale. In addition, it was compared to raw dendrometer
measurements to further validate the model (Study I, 11).

The inter- and intra-annual growth state was studied by assessing how photosynthetic
and leaf respiration parameters observed in the field and near-optimal conditions are inter-
connected (Study II1). In this case, the growth state is the photosynthetic capacity or
efficiency of a physiological process. This is important in the context of bark hydraulics
since sugar production is required to maintain transport capacity and turgor (Nikinmaa et al.
2013), in addition for growth and for maintenance of existing biomass. By examining the
intra-annual dynamics, we are able to understand: 1) how seasonality affects assimilate
production; and 2) net carbon balance from the photosynthetic system over the course of
the year. Photosynthesis in the dormant period is often overlooked, but conifers may
compensate for low assimilation rates in the summer by photosynthesizing during the
winter (Neilson et al. 1972). In addition, refilling of carbohydrate reserves in March/April
(i.e. before growth occurs) may indicate photosynthetic processes (Snyder 1990). Previous
studies have observed these dynamics in prevailing conditions (Kolari et al. 2007;
Linkosalo et al. 2014) and in controlled laboratories (Ottander and Oquist 1991; Zarter et
al. 2006), but not concurrently. By measuring in prevailing and optimal conditions, we are
able to clearly understand the tree’s physiological state. This includes its optimal
photosynthetic capacity, and the instantaneous and slow photosynthetic responses to
different environmental drivers.

Intra-annual dynamics form a multi-faceted dimension to changes in bark hydraulics,
especially during the spring recovery period of the year. For example, the metabolic
processes involved during the spring differ greatly than during the summer — as more
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photoassimilates are required during initial growth to support the formation of structural
elements (Krabel 2000). Although intra-annual variation of growth has been studied (Rossi
et al. 2006b), some physiological bark mechanisms that occur at the onset of growth remain
unexplored. It is seldom that studies link different whole-tree physiological processes to
each other. Rather, studies have focused on physiological responses to changing
environment (Rossi et al. 2006¢; Cufar et al. 2008; Rossi et al. 2008; Swidrak et al. 201 1),
neglecting any linkages. It is important to reveal both: the bark hydraulic response to the
environmental and how the changes from the bark link with other whole-tree processes at
the onset of growth (Study 1V).

The studies in this thesis were to understand the whole-tree processes linked to the
dynamic variations of the bark, on an inter- and intra-annual scale. Specifically, the study
focused on mature Scots pine and measured on-site in the field. To recognise this objective,
the aims of the thesis were to:

1) develop a model to separate the water status-related changes from the inner-bark
to reveal a growth and osmotic concentration signal (Study I)

2) link the signal to environmental drivers of stem growth (Study 1) and to stem
growth respiration (Study I1), and validate the growth estimate against
traditionally-acquired methods of radial stem growth (Study I and 1)

3) identify the influence of seasonality on photosynthesis and leaf respiration, and
quantify the photosynthetic responses measured from prevailing (field-measured)
and optimal (controlled) conditions (Study 111)

4) determine the various physiological tree responses linked to bark hydraulics
before, during and after spring recovery (Study 1V)
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2. MATERIAL AND METHODS

Understanding bark hydraulics largely depends on axial water movement and the water
exchange between the xylem and phloem tissues, which is highly connected to tree
physiology and the environmental variables affecting it. It is important to clarify and
understand the affecting quantities when analysing the processes that are supported within
the bark. At SMEAR 11 (Station for Measuring Forest Ecosystem — Atmosphere Relations)
in Hyytidld, southern Finland, year-round, micro-meteorological and stand-level
measurements are continuously monitored and provide the supporting material for this
thesis. An extensive description of the measurements at the research station can be found in
Vesala et al. (1998). In this section, only a broad summary of the measurements and models
that were used for this thesis is described. In general, Study | and Il adopted a hydraulic
model based on Mencuccini et al. (2013) and with the aid of tree and environmental data,
the model was used to give insight into the processes related to bark hydraulics and tree
physiology. Study Il compared continuously measured field data with response
measurements conducted in laboratory conditions. Comparisons included the use of pre-
existing models (e.g. Farquhar model (Farquhar et al. 1980)). Study IV analysed
measurement data to find a correlation between different tree processes before and after
spring recovery.

2.1 Experimental setup

2.1.1 Site description and environmental data

The data collection and the experiments for this thesis were conducted at the SMEAR 1l
stand between 2007 and 2013 at Hyytidld (61°51'N, 24°17 E, 170m a.s.1.). The study site
was an even-aged, 52-year-old homogenous, naturally regenerated Scots pine forest with a
mixture of various birches (Betula spp.), Norway spruce (Picea abies) and Aspen (Populus
tremula). The understorey was mainly composed of dwarf shrubs (Vaccinium myrtillus,
Vaccinium vitis-idaea) and mosses (Dicranum spp., Pleurozium schreberi). The parent
material of the soil was composed of haplic podzol, formed from sandy and coarse silty
glacial till, with a thin humus layer and low nitrogen levels. Further details about the site
can be found in Hari and Kulmala (2005) and Vesala et al. (2005). The growing season in
this boreal zone generally begins in late April and the ends early September. The mean
annual precipitation of the area was 71.1 cm, with a mean annual air temperature of 3.5 °C
(Pirinen et al. 2012). The coldest and warmest months were January (mean —8.9 °C) and
July (mean +15.3 °C), respectively.

Mature, ~50-year old Scots pines were used in all experiments. The Scots pine canopy
in the stand reached a height of 18 m tall, with a living canopy height of 8 m. The projected
leaf area index (LAI) was 2 — 2.5 m* m™ (Rautiainen et al. 2012). Access to the canopy was
provided by a permanent scaffolding tower installation. Environmental field data used for
the experiments were recorded continuously from the scaffolding tower at the study site
using data loggers (Campbell Scientific Ltd., Leicester, UK) at a 1-min time resolution

(Study I, I, 1, 1V), and turbulent fluxes (eddy covariance) at a 30-min time resolution
(Study I1). Environmental data included air temperature (Study I, 11, 1V), precipitation
(Study 1, 11, 1V), relative humidity (Study 1), soil water content (and converted to soil

water potential) (Study 1) and photosynthetic photon flux density (PPFD) (Study I). From
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eddy covariance, measurements of net ecosystem CO, exchange (NEE), stand gross
primary productivity (GPP) and stand evapotranspiration (ET) were used (Study I1).

2.1.2 Radial stem measurements

All radial stem measurements were conducted on-site using point dendrometers, based on
linear variable-displacement transducers (LVDT; model AX/5.0/S, Solartron Inc. West
Sussex, U.K.) at a height of ~15 m of the sample tree. A pair of point dendrometers was
used in the study, one measuring xylem radial change and the other measuring whole stem
radial change. Xylem change was measured by resting a dendrometer against a small screw
that was inserted approximately 10 mm through the outer- and inner-bark, into the
superficial part of the existing xylem. Whole stem change was measured by excising ~3
mm of the bark with a scalpel to expose the phloem tissue. The dendrometer head
measuring whole stem change rested against the phloem. The dendrometers were secured to
rigid steel frames and attached to the tree with screws using attachment plates. The two
dendrometers were spaced ~30 mm apart and ran parallel to the ground surface. A detailed
description of the installation can be found in Study I and Il. Inner-bark radial change was
required in the study, and was calculated as the difference between whole stem and xylem
radial changes. Therefore, the inner-bark includes the phloem tissue produced to the outside
of the pre-existing xylem tissue, the vascular cambium and the newly formed xylem (see
Figure 1 in Study I).

2.1.3 Microcoring

Microcoring is a method to extract wood samples with the least amount of mechanical
injury to a tree. These samples allow for detailed analyses of cambium activity and wood
formation, and require repeated sampling to count newly formed xylem over the course of
the summer growth period (Rossi et al. 2006a). Microcores were taken from four Scots pine
trees within the same stand, ~20 m away from the site of the dendrometer measurements
(for the years 2007 — 2009). Since the microcored trees were in similar conditions to the
dendrometer site, stem cell growth derived from the microcores could be represented as
proxy for the trees from the dendrometer site. The microcores were extracted using bone
marrow sampling needles in 2007 and with a Trephor (Rossi et al. 2006a) in 2008 and
2009. For a detailed description of microcore slide and image preparation, see Study | and
Il and Jyske et al. (2014). The microcore images revealed the number of dividing,
enlarging, thickening and mature cells and counted using image analysis software, Image-
Pro Plus v7.0. (Media Cybernetics Inc., Bethesda, Maryland, USA). The analyses in the
current studies used the first day of tracheid formation (Study I, Il) and radial stem cell
growth (Study ).

2.1.4 Gas exchange measurements

Gas exchange measurements were used for Study I, 111 and 1V. Stem CO, efflux (Study
11, 1V), continuous gas exchange measurements (Study I11), and VOC (volatile organic
compounds) emissions (Study IV) were measured on-site using chambers and enclosures
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installed onto the sample tree(s) while standard and ambient gas exchange response
measurements (Study 111) were performed in the laboratory within Hyytiala.

To sample CO, efflux (Es) from the stem, a chamber was firmly attached to the bark
and a continuous air flow of 1.3 | min™ was circulated through the chamber. Measurements
were temperature-normalized by referencing the air temperature inside and outside the
enclosure. Es was calculated as the difference between the CO, concentration flowing out
from the chamber and the CO, concentration of the ambient air into the chamber. The
chamber was located within the lower part of the crown (at a height of 12 m in 2007), but
was moved + 2 m in the vertical direction in subsequent years. Additionally, the air flow
rate has been changed between studies and the analyses have been adjusted to represent the
new rates.

Pine shoot photosynthesis was measured using continuous gas exchange chambers that
were installed in the upper canopy (Altimir et al. 2002). The chambers were open most of
the time to have the shoots (and chamber interior) exposed to ambient conditions. When
fluxes were measured, the chambers closed intermittently for 1 min and gas concentrations
and environmental variables were recorded every 5 sec. In general, measurements of CO,
concentration, air temperature inside the chamber and photosynthetically active radiation
(PAR) outside of the chamber were sampled 50 — 80 times a day. To calculate the needle
surface area of the sampled shoots, the dimensions of the needles of each shoot were
measured and the equation from Tiren (1927) was used.

To analyse standard and ambient gas exchange response measurements, branches from
the upper canopy of randomly selected trees were cut, placed under water and sampled at
the laboratory in Hyytidl4. Prior to measuring, the branches were re-cut to re-initiate
unrestricted water flow through the branch and needles. To measure photosynthesis, a
portable IRGA (infra-red gas analyzer) equipped with an integrated fluorometer (Walz
GFS-3000, Heinz Walz, Germany) was used. For each branch, four fascicles, totalling eight
needles were enclosed inside the IRGA measuring cuvette. The needles were acclimated
before measurements for 15 — 20 min. to a flow rate of 650 umol s™ and relative humidity
was between 55 — 70 %. In total, three different response measurements were taken for each
branch: (i) light response curve at ambient (i.e. field) temperature and ambient CO,
concentration, (ii) light response curve at standard (i.e. controlled at 18 °C) temperature and
ambient CO, concentration, and (iii) CO, response curve at standard temperature of 18 °C
and saturating light (i.e. 1300 pumol m? s™). The light and CO, response curves were
produced by changing light or CO,, respectively, in a step-wise manner of decreasing
intensity from its initial acclimated state, followed by an increasing intensity from its initial
acclimated state. For light response measurements, initial PAR was at 600 pmol m? s™ and
for CO, response measurements, CO, concentration was 380 pumol mol™. By measuring
continuous and response gas exchange measurements, we can estimate certain properties
from the following models: (i) light responses from the field, (ii) biochemical Farquhar-
model of photosynthesis, and (iii) instantaneous temperature responses of photosynthesis
and respiration. Further descriptions of these models are explained in Study I1l. At the end
of each branch measurement, fresh and dry mass and specific leaf area (SLA) were
calculated.

Stem VOC emissions were measured from the sample tree at a height of 12 m., and the
enclosure was firmly fixed and designed specifically to measure reactive gases with
materials chemically inert to many VOCs, to avoid signal loss and noise. The enclosure was
wrapped with transparent and UV-permeable FEP foil (0.05 mm thick, Fluorplast,
Maalahti, Finland) and bound on both ends. Temperature within the enclosure was
measured and completely protected against precipitation. VOCs within the enclosure were
drawn from a heated FEP-tubing of 64 m length to the analyser with a flow rate of air at 1
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dm® min™. The analyser, a proton transfer reaction-quadrupole mass spectrometer (PTR-
QMS, lonicon, Innsbruck, Austria; Hansel et al. (1995)), measured ten specific protonated
mass ions, but for this study, ions pertaining to m/z 137 were used. This trace gas
corresponded to monoterpenes in Scots pine emissions. The operating procedures are
explained in detail by Taipale et al. (2008). Sampling time for VOC emissions took 2 min
45 s and was taken 24 times per day. The enclosure was flushed prior to measurement with
above-canopy air at a rate of about 0.4 L min*, so as not to spoil the sample.

2.1.5 Other measurements

Sap flow was measured using a thermal dissipation probe at a height of 13 m using the
Granier method (Granier 1987); see Holtt4 et al. (2015) for further details. The Granier
method required two needle-like probes (of 50 mm in length), each inserted into a 2 mm-
wide brass cylinder and into the sapwood, vertically and spaced 10 cm apart. The upper
probe was heated with continuous power (approximately 0.2 W) and the sap flux density
was calculated as the difference between the two probe’s temperatures.

Continuous field measurements of chlorophyll fluorescence were measured using a
Monitoring PAM fluorometer system (Heinz Walz, GmbH, Germany) from the upper
canopy. Roughly three to four pairs of needles were held in the measuring head and the
prevailing (F") and maximal fluorescence (F,) were measured every 15, 30, or 60 min
using the saturating pulse technique at night (see Porcar-Castell et al. (2008b) for a detailed
explanation). The aim was to estimate the daily maximum @pg; (i.e. the operating quantum
yield of photochemistry in photosystem I1):
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2.2 Modelling the estimated growth signal derived from radial stem measurements

To extract the growth signal from radial stem measurements, a hydraulic model based on
the principles of Mencuccini et al. (2013) was used to separate the reversible water-induced
component (AD,) from inner-bark radial variation. AD, relates directly to the exchange of
water between the xylem and inner-bark, driven by changes in xylem water potential. By
separating AD, from the inner-bark radial variation, the residual — the component that
includes irreversible stem growth and reversible changes in inner-bark osmotic
concentration is revealed (hereafter estimated growth, AG,,). Although AD, is reversible
and small on a seasonal scale, the separation of this component is important because it is
typically larger than growth on a daily scale, and can therefore mask quantifiable short-term
(e.g. daily) growth. This is especially important when, for example, environmental
variables are studied. Therefore, to assume dendrometer measurements (with water-induced
changes included) as proxy for stem growth, it can lead to misinterpretation of results.

This model approach applies Hooke’s Law, which indicates that water-induced
dimensional changes in the xylem reflect changes in xylem water potential (Perdamaéki et al.
2001). Consequently, the inner-bark would follow xylem water-related changes, as the
radial exchange in water between the two tissues tend towards an equilibrium (Holtta et al.
2009). The model requires four parameters to estimate AD,: changes of xylem radius
(AD,.), changes of inner-bark radius (AD,), xylem radial hydraulic conductance (a) and the
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ratio of the elastic modulus of the inner-bark to xylem (8). The radial parameters are
obtained from dendrometer measurements, while @ and g are estimated from the model
itself. The change of the inner-bark radius that is solely affected by xylem water potential
(4D,) at time (¢t + At) (i.e. the next measuring point), can be estimated from the changes
of inner-bark and xylem radii at time (t):

AD,(t + At) = AD, () + a(BAD,(t) — AD,(t))At. (4)

Parameters « and B are estimated by first employing piecewise linear regression
(between notable break points in growth) over one full growing season of measured inner-
bark radial variation. This is done to remove the growth signal from these measurements
(Zweifel et al. 2001; Mencuccini et al. 2013). After removing the growth signal, a least-
square regression fitting is employed and iterated 100 times over Eq. (4) using AD, and
AD, measurements at 30 minute intervals (Excel Solver, Microsoft). After the @ and B
parameters are obtained, Eq. (4) is then employed on the raw time series to estimate AD,,.

When AD, has been estimated, we can determine the estimated growth at time (t):

AG,,(t) = AD, (t) — AD, (¢). (5)

AG,, is therefore the radial variation due to all other processes influencing dimensional
changes of the inner-bark (i.e., changes in inner-bark osmotic concentration and cambial
growth) and can be used as proxy for radial stem growth. For additional detail in modelling
theory, estimation and parameterization, refer to Study I and I1.

2.3 Calculation of growth respiration

Measured stem CO, efflux (Es) was partitioned into maintenance and growth respiration
components using the mature tissue method (Amthor 2012), which assumes that the total
respiration measured from mature tissue (i.e. tissue that is no longer growing) is
apportioned to solely the maintenance respiration component. Therefore, maintenance
respiration estimated outside of the growing season (e.g. before day 130 and after day 240)
can be used to calculate annual maintenance respiration rates.

To estimate the temperature response of woody tissue respiration (R), an exponential
equation was used:

R = Es10/Q10(10_T)/10a (6)

where Q,, is the temperature coefficient of respiration, T is the temperature at reference
point R and Eg,, is the CO, efflux at a tissue temperature of 10 °C.

Annual maintenance respiration rates were estimated by first calculating Q,, over a
continuous interval of two weeks during a period of non-growth activity:

10

Qi = (i_j)ﬁv )

where R,and R, are CO, efflux rates at temperatures T, and T, respectively. During
non-growing periods, it is assumed that changes due to temperature would also reflect
similar changes during the growing season. After calculating annual maintenance
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respiration rates, the difference between these values and Eg reveals estimated growth
respiration.
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3. RESULTS AND DISCUSSION

The main outcome from this thesis is that tree bark hydraulics offers a unifying theoretical
framework to study dynamic tree-water relations that go beyond processes that are
exclusively in the bark. These dynamic relations offer a holistic understanding of the
interactions between various tree processes and its physiological responses to
environmental change. Specifically in this thesis, the results from the modelling of
estimated growth revealed an intricate correlation between the environmental factors that
affect growth that was previously misunderstood. Furthermore, changes in tree processes
such as photoassimilation and winter-summer transformation may be linked to sap flow and
sugar transport dynamics. By understanding the linkages, we are closer to defining
holistically, bark hydraulic function and structure. In this chapter, | present key results from
the studies and focus on the interpretation of these results with a thorough discussion.

3.1 Model to estimate stem growth

The model separating changes due to water-related exchange (between the xylem and
phloem) from inner-bark radial stem variations revealed a signal that can be used as proxy
for stem growth (Study I). This signal (hereafter, estimated growth) includes cambial
growth and changes in inner-bark osmotic concentration. This model demonstrates that the
individual processes that drive sap flow (in the xylem) and sugar transport (in the phloem)
along the stem is closely interconnected. The model assumes that water tends towards (and
away from) the phloem in order to reach equilibrium between the two tissues, and
consequently, sugar is transported (and deposited) along the phloem tract. This transport is
driven by an osmotic concentration gradient, from areas of high osmotic potential to areas
of low potential. Similarly, water in the xylem is motivated by a water potential gradient,
behaving in a similar manner to osmotic gradients within phloem. The model showed that
water-related changes of measured stem radius indeed mask cambial growth and osmotic
concentration changes. This is evident when observing the differences between direct radial
stem measurements (e.g. whole stem) and estimated growth on a daily scale (see Figure 3
in Study 1). However, direct radial stem measurements could also be used cautiously in
non-water-stressed environments for assessing growth over longer time periods (e.g.
seasonal), despite that these changes include sizable water-driven changes (Klepper et al.
1971). During water-stressed periods (e.g. during prolonged precipitation), using direct
radial stem measurements can be limiting because a substantial increase of stem girth may
occur, which completely conceals growth and osmotic concentration changes (Study ).
This precipitation effect can last during the whole precipitation period and up to several
days after cessation (Figure 3). The result is not unique because radial stem variations are
mainly related to variables linked to tree hydraulics. Radial stem variations of either xylem
(Irvine and Grace 1997; Peramaki et al. 2001) or whole stem (Offenthaler et al. 2001;
Zweifel et al. 2001) are approximately linearly proportional to changes in stem water
potential. Therefore, radial stem variations have a high (positive) correlation to
precipitation (Study 1). The model presented in the study does not wholly remove the
effects from precipitation, but effectively minimizes it. This is because the model estimates
are derived from direct radial stem measurements. Comparison of the accumulation of
tracheids (measured from microcores) to estimated growth showed a similar seasonal,
sigmoidal curve with a slight but consistent lag (Study I). Estimated growth increased
roughly ten days before the first tracheids were formed (in late May). Meanwhile, the
maximum cumulative estimated growth occurred approx. two weeks earlier than formation
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Figure 3. Daily precipitation (blue), measured direct radial variation of whole stem and
modelled estimated growth (i.e. growth and changes due to osmotic concentration) during
the period of July 19-26, 2008. Directly measured radial variation and estimated growth were
offset to 0 on May 1.

of the last tracheids. The time lag may be due to phloem growth (in bark tissue), observed
from estimated growth (and direct radial stem measurements) — tissue not measured from
microcores (Study 1). It is also plausible that the formation of the secondary cell wall
occurred after the cessation of tracheid growth. These lags were observed during the early
summer but largely disappeared towards the end of the summer when growth ceased.
Estimated growth-derived values were always larger than those from microcores. This is
because microcores do not include phloem growth and the compression of non-lignified
cells when sampling (Study ).

During a 24 h cycle, estimated growth showed two distinct swelling and shrinking
periods of change in osmotic concentration (Study 1). The first period occurred around
noon, when the stem swelled rapidly, and shrunk around the late morning of the following
day. This period suggests an increase of osmotic concentration along the stem — a rapid
propagation of osmotic concentration from sugar sources to sinks. The second period
occurred during predawn (when the first period is still shrinking). This rapid increase and
sudden decrease may be due to axial pressure propagation in the phloem, induced by the
first swelling period. These findings suggest that sugar pools are accumulated during the
day and translocated at night (HOItta et al. 2006; Mencuccini et al. 2013). In addition,
growth was observed to predominantly occur during the night, when transpiration has
ceased and water tension has relaxed (De Schepper and Steppe 2010; Holtta et al. 2010).

In relation to its environment, estimated growth was highly and positively correlated to
temperature, PPFD and soil water potential — variables that are directly linked to metabolic
activity and tree productivity (Study 1). Moreover, estimated growth was negatively
correlated to precipitation. These results sharply contrasted direct radial measurements,
which showed positive correlation to precipitation and negative correlation to PPFD. Direct
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radial measurements show a positive correlation to precipitation, because precipitation
effects impact radial measurements almost immediately. Since estimated growth does not
include water-related changes, precipitation effects are not detected. Furthermore, a
negative correlation to PPFD was expected from direct radial measurements since it
correlates with high transpiration and low leaf water potential. During the first half of the
growing season, growth is largely dependent on temperature, while during the second half
of the growing season (when cessation of tree growth and the onset of tree dormancy and
winter hardiness processes have begun), both temperature and water availability were
limiting factors for growth. While growth persists during this half, it is at a much lower rate
than during the first half (see Table 2 of Study I).

3.2 Respiration

A significant correlation with stem CO, efflux showed the connections between estimated
growth and canopy GPP to Ry (Study I1). This was observed on a daily scale over the
growing season of several years. A one-day time lag was found of estimated growth
preceding Ry and supported by eddy covariance measurements (see Figure 3 in Study II).
This time lag was not observed using direct dendrometer measurements, indicating that
water-related influences may mask daily growth (Study I, 11). The time lag may be partly
due to within-stem diffusion resistances causing stem CO, efflux to lag behind actual stem
respiration (Study II). The correlation between Ry and estimated growth differed
considerably during different times of the season, which coincided well with the different
phases of growth (i.e. cell division, enlargement and thickening) (Table 1) (Study II).
During cell division, the correlation was low, but increased significantly during cell
enlargement. Correlation decreased (yet still significant) during the thickening phase from
when cells were enlarging. Rg-growth dynamics have also been observed in studies from
Stockfors and Linder (1998) in Picea abies and VVose and Ryan (2002) in Pinus strobus.
Growth rates derived from estimated growth sharply contrasted growth rates derived from
raw dendrometer measurements, with the latter showing inconsistent correlation year-to-
year. The stem respiration study of Study Il found a similar decline in respiration during
the late summer/early autumn to the shoot respiration study of Study Ill. This reflects
growth processes declining, since much of the total CO, respired from trees during the
summer is most apportioned to growth respiration (Study I1). During April, an increase of
respired CO, was observed — at a time too early to be directly linked with visible growth
(Study 11, 111, 1V). This could indicate metabolic processes related to the phase change
from winter to summer state and the initiation of growth (Study I, 111, 1V, Lavigne et al.
(2004), Gruber et al. (2009)).

3.3 Photoproduction

Photosynthetic capacity is strongly linked to prevailing temperature and results from light
response measurements revealed a strong downregulation in photosynthetic capacity
towards the winter and a recovery in the spring (Study Ill). However, comparisons
between laboratory and field measurements revealed that instantaneous responses from the
field were superimposed on the seasonal acclimation, thus overestimating the
downregulation of photosynthetic capacity from the summer to winter state. Laboratory
measurements indicated significant potential for photosynthetic production during the
winter, with results showing up to 20% of summertime values, whilst field condition values
were close to zero. This indicates that the remaining 80% of the reduction in transient
photosynthetic rates is attributed to the slow changes in the capacity of light and carbon
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Table 1. Squared correlation coefficient (r2) between growth respiration (Rg) and the
estimated growth rates derived from estimated growth (44G,,) and raw dendrometer
measurements (4Dy,).

* (P < 0.05), ** (P < 0.01)

Sorin Early Late
pring Summer Summer

ARG, 0.05* 0.30** 0.16**
2007

ADy, 0.02 0.00 0.04

ARG, 0.02 0.36* 0.15**
2008

ADy, 0.08* 0.05* 0.03

ARG, 0.04 0.25* 0.15**
2009

ADy, 0.00 0.01 0.00

ARG, 0.01 0.31** 0.01
2011

ADy, 0.00 0.31** 0.04

reactions (Study Il1). Thus, the remaining 20% is due to instantaneous responses that
determine how much of the capacity is realized when conditions are favourable (e.g. milder
spells). Photosynthetic responses to temperature linked well with the recovery of the
photosynthetic machinery during the spring, whereas the downregulation of photosynthesis
was better explained with light rather than temperature during the winter.

Measurements from laboratory and field conditions also revealed that the regulation
mechanisms of light and carbon reactions are different. This is especially the case during
the autumn when carbon reaction-related parameters (e.g. light-saturated photosynthesis)
declined steadily from summertime conditions towards autumn, while light reaction-related
parameters (e.g. chlorophyll fluorescence) maintained near-summertime levels during the
autumn period (Study I11). Light reaction-related parameters are less sensitive to changes
in temperature and more sensitive to changes in light (Study I11). Both field and laboratory
measurements responded similarly to changes in light, indicating low instantaneous
response. This may imply that there is no pressure to downregulate light reaction-related
parameters, since autumns in the boreal zone are generally very dark (Study 111). Complete
downregulation of light reactions do not occur until late winter (Porcar-Castell et al. 2008a;
Porcar-Castell 2011). Carbon fixation, on the other hand, is more sensitive to temperature
as it is solely controlled by biochemical reactions (Study I11). From these results, it is clear
that carbon and light-based reactions in the boreal zone behave in accordance with the
changes in the environment. In the autumn and winters, low light is effectively utilized and
photosynthetic capacity is hot maximized since it is superfluous (Study I11). If warm spells
occur during the winter, photosynthesis could occur even at low light, but not at maximal
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efficiency. It is also important to downregulate respiration during the winter to avoid
excessive carbon loss (Study I11).

3.4 Spring recovery

Immediately after spring recovery (i.e. thawing of the stem) in the spring, processes in the
bark and xylem begin to occur (Study 111, 1V). Within the xylem, embolized vessels are
replaced with new functional ones and/or conduits are refilled with water (Cochard et al.
2001). This is encouraged by osmotic water flow from the phloem being driven into
embolized conduits after the unloading of sugars (Nardini et al. 2011). The unloading of
sugars into the phloem allows the embolized conduit area to become strong sinks and thus
generate the driving bulk water force for refilling. Radial stem variations after spring
recovery, lasting 2 — 3 weeks, demonstrated irregular behaviour in comparison with the
regular pattern observed during summer conditions (Study 1, 1V). This behaviour included
inner-bark swelling and shrinking occurring before or concomitantly with xylem variations
and abnormal daily amplitude changes, such as large swelling and shrinking of the inner-
bark relative to xylem daily amplitude. These irregular processes indicate that forces other
than transpiration drive the pattern of radial stem variations and may suggest that the inner-
bark plays an active role in xylem recovery (Study I, 1V). In addition, a rapid but large
monoterpene emission burst (lasting several hours) was observed that coincided with the
bark hydraulic recovery, shortly after the winter state. Although the cause of the burst is not
fully understood, the occurrence at least coincides with, if not caused by, the recovery of
hydraulic processes that precedes the physiological active summer state of the tree (Study
V). Spring recovery of photosynthetic parameters, initiation of growth and the successful
transition from winter to summer state (indicated by regular diurnal pattern of radial stem
variation and sap flow) could be related to favourable temperature for tree growth (Study I,
I, 1, 1v).
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4. REVIEW OF PUBLICATIONS

Study | presents a model that estimates cambial growth after separating the water-related
influences from dendrometer measurements. The model first estimates the influence of
water-related changes of the xylem to the inner-bark and is then separated from inner-bark
radial variation. The residual signal is growth and reversible changes in inner-bark osmotic
concentration (hereafter, estimated growth). On a daily scale, growth was observed to
increase during the night and changes in osmotic concentration occurred from noon to dawn
in the morning. Comparing estimated growth with environmental factors, temperature was
a limiting factor for growth in the early summer. Meanwhile, temperature and water
availability were limiting factors during the late growing season. Contrasting directly
measured radial stem variations, precipitation was not significantly correlated to estimated
growth. These results show that the model effectively removed any influences of water-
related changes from dendrometer measurements. Therefore, the use of direct dendrometer
measurements as proxy for growth is problematic on a daily time scale, and analysis against
environmental variables is discouraged as water-related influences mask growth at these
time scales.

Study Il furthers the model presented in the previous study by analyzing growth
respiration dynamics in relation to estimated growth. Growth respiration was estimated
from stem CO, efflux measured on the same tree as measured radial stem variations.
Growth respiration was estimated based on the Amthor method, where maintenance
respiration rates were first calculated as a function of temperature during non-growth
periods (e.g. during spring or autumn), and subtracted from measured stem CO, efflux.
Night-time values of growth respiration were used to minimize the effects of CO,
movement along the xylem tract. A time lag study was considered and analysis included
partitioning intra-annual growth into three segments according to the different phases of
cellular growth (i.e., cell division, cell expansion and cell wall thickening). Growth
respiration was found to follow growth derived from radial stem measurements with a one-
day time lag, which was corroborated with eddy covariance measurements. The relationship
between growth respiration and stem growth varied during growing season, indicated by
the growth process (e.g. cell division and enlargement).

Study 111 is a study of the seasonality of photosynthesis by separating the slow and
instantaneous responses of the state of leaf physiology to the environment. In addition, light
and carbon reaction and respiration parameters were quantified. The separation of these
responses was done by observing and comparing the differences between field
measurements and near-optimal controlled measurements. Seasonality analysis focused on
the physiological changes of the photosynthetic machinery between seasons (e.g. winter to
spring and summer to autumn). A model expressing the acclimation of the photosynthetic
machinery to temperature was employed to understand the slow photosynthetic responses
to environmental drivers. Over the course of the year, light and carbon reaction-related
parameters varied differently from one another, largely due to temperature sensitivity. In
the winter, Scots pine is able to rapidly benefit from warmer conditions. Recovery of
photosynthetic parameters could be linked with light during the autumn and winter,
whereas temperature explained the recovery during the spring. Finally, the seasonal patterns
of photosynthesis and respiration arise from the instantaneous responses superimposed on
the slow seasonal temperature acclimation.
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Study IV focuses on the physiological responses relating to the bark after spring
recovery. The observations are explained using radial stem measurements, sap flow and
shoot and stem gas exchange (including emissions of monoterpenes). Analysis of spring
recovery included days before, during and after the last freeze-thaw period in the spring.
The aim was to develop a holistic view of tree stem physiology during the springtime phase
change from the winter state to summer state, and its implication for water transport
capacity dynamics. This was realized when observed processes coincided with the recovery
of xylem transport capacity concomitantly with the increase in temperature. Irregular
variations between both xylem and inner-bark before and during the spring recovery period
indicated that forces other than transpiration drive radial stem variations.
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5. CONCLUDING REMARKS

Recent studies about the role that dynamic variations of the bark have on tree processes
have paved the way to focus on the interconnections between various tree components and
processes. While this thesis does not encompass all whole-tree processes, the processes that
have been specifically observed in these studies further develop the result that the dynamic
variations of the bark influence the changes to the metabolic, physiological and physical
state of the tree. This was achieved by analysing with field measurements and modelling of
bark dynamics. Based on the understanding of tree water relations, a relatively simple
theoretical framework linking growth, respiratory and spring recovery processes was
established. This theoretical framework is valuable for classifying and quantifying
observations, creating new opportunities to study hydraulic properties, but also challenging
previously-accepted opinions.

The modelling performed in Study | revealed how both internal and external factors
influence intra-annual cambial growth dynamics. Study Il further explores cambial growth
dynamics by showing how it coincides with assumed stem growth respiration. From the
observations of Study Ill, a connection with the changes of the bark in respect to the
seasonality of photosynthesis was found. This connection was also observed in Study I, 11
and IV during the spring, when photoproduction was initiated following the recovery of the
xylem transport capacity. Study IV continues the spring studies by revealing a link
between seemingly separate individual tree processes to the recovery of the bark from
winter dormancy. Stem CO, respiration results from Study II, 11l and IV revealed a
strongly coupling between tree respiration and to the changes in bark hydraulics.
Interestingly in April for Study II, 111, 1V, each study independently confirmed that
measured respiration increased prior to growth, which may reflect the biochemical
processes related to spring recovery and the initiation of growth.

As a whole, this study showed that the changes within the bark are inextricably linked
with tree processes due to the tight coupling with sap flow-related changes of the xylem.
State-of-the-art modelling in tandem with long-established field measurements has allowed
for new possibilities to explore bark dynamics. Further development of a holistic eco-
physiological approach to understanding bark hydraulics has yet to reach its full potential
and merits future research.
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