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ABSTRACT

Stable carbon isotope composition (8*3C) in trees responds sensitively to the changing
environmental conditions and thus provides a powerful tool for paleoenvironmental
reconstructions. The retrospective interpretation of tree &@C signal depends on
comprehensive understanding of how environmental and physiological signals are recorded
in 8*3C during photosynthesis and how the §*3C signal is modified after photosynthesis.

This thesis aims to improve the understanding of photosynthetic and post-photosynthetic
isotope fractionation processes, and to examine the suitability of tree-ring §*3C for intra-
seasonal reconstructions of intrinsic water use efficiency (iIWUE). The former goal was
studied by combining compound-specific isotope analysis of organic matter with isotope
discrimination models and online §'*C measurements of leaf CO, fluxes for field-grown
mature Scots pine (Pinus sylvestris L.). The latter was achieved via comparing 18-year-long
intra-seasonal iWUE chronologies estimated from laser ablation derived tree-ring §'°C, gas
exchange and eddy covariance data.

Mesophyll conductance and time-integral effect of leaf assimilates had a clear impact on the
intra-seasonal dynamics of leaf sugar §*3C. No significant use of reserves was observed for
biomass growth of needles, stem or roots of Scots pine. Unlike sucrose, leaf bulk matters had
significant 8°C offsets from new assimilates, leading to distorted environmental and
physiological signals documented in their §3C. The reliability of tree-ring §*3C data for intra-
seasonal iIWUE reconstructions was supported by an agreement of intra-seasonal patterns
across the iWUE estimation methods.

These results broaden our knowledge of the less well-known photosynthetic and post-
photosynthetic isotopic fractionation processes, demonstrate the benefits of analysing
sucrose 8*3C for understanding plant physiological responses, and show that the tree-ring
813C-based iWUE reconstructions can be extended to intra-seasonal scale. This information
not only helps to better unravel 3*3C signal in trees, but also improves reliable reconstructions
of environmental and physiological signals from tree-ring 5'°C.

Keywords: photosynthetic and post-photosynthetic isotope discrimination, intrinsic water use
efficiency (IWUE), boreal forests, compound-specific isotope analysis (CSIA), laser ablation
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SYMBOLS AND ABBREVIATIONS

ap
am
An

as

Ca
Cc
Ci
Cs

CSIA

3C
33Ca
o
31C;

613Csub

e*

ET

fractionation factor associated with diffusion through the boundary layer
fractionation factor associated with transfer through mesophyll

net assimilation rate

fractionation factor associated with diffusion through stomata
fractionation factor associated with carboxylation

CO; concentration in ambient air

CO3 concentration in the chloroplasts

CO; concentration in the intercellular air spaces

CO; concentration at the leaf surface

compound-specific isotope analysis

carbon isotope discrimination

stable carbon isotope composition

813C of assimilates

513C of ambient CO;

813C of intercellular CO;

513C of respiratory substrate

fractionation factor associated with mitochondrial respiration

water vapor flux out of leaves

apparent fractionation factor if respiratory substrate is not new assimilates
evapotranspiration or ecosystem H,O flux

fractionation factor associated with photorespiration
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Ob

Om

GPP

0Os
HPLC
IRMS
iWUE
iWUEEgc
IWUEgas

|WU Eiso

LA

Pa
PAR
PEPc
Rq

RH
Rubisco
T
TOM
VPD
WSCs

WSOM

CO; compensation point in the absence of dark respiration
boundary layer conductance

mesophyll conductance

gross primary production

stomatal conductance

high-performance liquid chromatography

isotope ratio mass spectrometry

intrinsic water use efficiency

intrinsic water use efficiency derived from eddy covariance data
intrinsic water use efficiency derived from leaf gas exchange data
intrinsic water use efficiency derived from carbon isotope composition data
carboxylation efficiency

laser ablation

atmospheric pressure

photosynthetically active radiation

phosphoenolpyruvate carboxylase

day respiration rate

relative humidity

ribulose 1,5-bisphosphate carboxylase/oxygenase

temperature

total organic matter

vapor pressure deficit

water soluble carbohydrates (sugars + pinitol/myo-inositol)

water-soluble organic matter



11

1. INTRODUCTION

Boreal forests cover 30% of the global forest area, store over 30% of global terrestrial carbon
and account for ca. 20% of the total carbon sink sequestrated by the world’s forests (Gauthier
et al. 2015). However, carbon uptake and sequestration of the boreal biome is being strongly
impacted by the changing climate. The increased temperature and prolonged growing season
length have been suggested to contribute to the enhanced forest production, for example, in
Fennoscandia (Kauppi et al. 2014) and over major regions of Russia (Lapenis et al. 2005). A
potential shift to a drier climate (Gauthier et al. 2015) and more frequent drought events
(Peng et al. 2011) in the boreal forest regions, on the contrary, may pose adverse effects on
forest growth. Central to the consequences of climate change on boreal forest productivity is
how trees respond to the changing local environmental conditions, which is, however, still
poorly understood.

Stable carbon isotope composition (*3C) in trees has proven to be a powerful tool to
study the response of trees to changes in the environment where the trees live. The §*3C signal
is originally recorded in leaf assimilates and then transferred to other parts of the trees,
eventually archived in tree organic matter, released back to the atmosphere via respiration or
transported to soil via mycorrhizal fungi (Bowling et al. 2008). Following 5'*C signal within
trees can help to decipher the impact of environmental factors on the 3*3C signal of tree
biomass and respired CO,. With this knowledge, the §*3C preserved in tree-rings can be used
to backtrack physiological responses of trees to climate change in the past, which allows us
to better predict the response of forests to climate change in the future.

1.1 Recording 83C signal in leaf assimilates

Carbon has two stable isotopes, ?C and *3C, which both have six protons but differ in the
number of neutrons. Although the two isotopes have almost identical chemical properties,
their difference in mass causes discrimination against one of them during physical, chemical
and biological processes, consequently imparting an environmental signal. The ratio of $3C
to ?C is by convention expressed in delta (8) notation, in per mil (%o), relative to an
international standard (Vienna-Pee Dee Belemnite, VPDB) (Eq. 1).

813C:(Rsalnple/Rstandard - 1) - 1000, (1)

where Rsample and Rstangara are the 3C/*2C ratios in a sample and standard, respectively. For
example, the $*3C of atmospheric CO; (hereafter 3**Car) is ca. -8%o, indicating a lower °C
content in air CO- relative to the standard. Although carbon in trees has its origin in the
atmospheric CO,, 3*3C of tree organic matter is significantly lower than §*3Cy;. This is mainly
because trees discriminate against *3C during photosynthetic CO, fixation and metabolic
processes after photosynthesis, thus yielding different and varying 83C values in leaf
assimilates and downstream metabolites. This difference in 8**C from source (air CO;) to
product (leaf assimilates) can be defined as carbon isotope discrimination (A, Eq.2):
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A= Cy —87Ca) /(1 + 87Cy), )

where §13Ca is 8'3C of assimilates.

There are three common ways to estimate §*3Ca. First, §*3C of tree biomass, as determined
by isotope ratio mass spectrometry (IRMS), is conventionally regarded as an integrated signal
of 8%3Ca over the period of tissue synthesis (Cernusak et al. 2013). Compared with bulk
biomass, leaf carbohydrates or individual sugars provide a more precise estimation of §*3Ca,
because of their relatively closer relation to new assimilates (B&gelein et al. 2019). Second,
3%3Ca can be derived from online 6*3C analysis of the CO; flux entering and leaving a leaf
gas exchange chamber connected to an optical spectrometer, such as a tunable diode laser
absorption spectrometer (Wingate et al. 2010) or a cavity ring-down spectrophotometer
(Schiestl-Aalto et al. 2021). Third, '3Ca can be estimated via isotope discrimination models,
such as the classic model developed by Farquhar et al. (1982) and its advanced versions
(Wingate et al. 2007; Farquhar and Cernusak 2012; Busch et al. 2020). The accuracy of the
model results relies on profound understanding of fractionation processes involved in leaf
photosynthesis.

1.1.1 Underlying mechanisms for photosynthetic isotope fractionation

Photosynthetic carbon uptake of C3 plants (including most tree species) reflects the balance
between CO- supply and CO, demand, which are limited by CO, diffusion from the ambient
air to the site of carboxylation and the rates of carboxylation, day respiration and
photorespiration. As a result, the value of A is a net effect of isotope fractionations occurring
in all these processes (Figure 1).

—

)

e( +e *) Cytosol

VK &7
13 Intercelluar air spaces B
Ci 3~GC pa ’ 5" Cair ca Ambient air

Figure 1. Conceptual diagram showing the flow of carbon during photosynthetic uptake and
the associated fractionation processes (modified after Wingate et al. 2007). av, as, am, b, f, €
and e* are the (apparent) fractionation factors associated with diffusion through the boundary
layer, diffusion through stomata, transfer through mesophyll, carboxylation catalyzed by
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) or phosphoenolpyruvate
carboxylase (PEPc), photorespiration, mitochondrial respiration feeding on new assimilates,
mitochondrial respiration feeding on other substrates, respectively; Ca, Cs, Ci and C. are the
CO:z2 concentration in ambient air, at the leaf surface, in the intercellular air spaces and in the
chloroplasts, respectively; 8'Cair, 8'3Ci, 8'3Ca and 8"3Cswp are the carbon isotope
compositions of ambient COz, intercellular CO2, new assimilates and respiratory substrates
other than new assimilates.
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The first source of photosynthetic discrimination occurs during the diffusion of CO, from
the ambient air to the leaf surface, governed by boundary layer conductance (gn). Since the
diffusivity of 3CO, molecules is less than that of 2CO; in air (Farquhar et al. 1982), air at
the leaf surface is depleted in 13C relative to ambient air. The fractionation factor associated
with diffusion through the laminar boundary layer (ap) is well acknowledged as 2.9%o
(Farquhar 1983). However, the effect of g, on A and §'°Ca is usually insignificant under
experimental conditions (Seibt et al. 2008), given that the value of gy, is large in well stirred
gas exchange chambers (Uddling and Wallin 2012). Even under field conditions, gy is often
an order of magnitude greater than stomatal conductance (gs) (Ogee et al. 2003), and therefore
has a relatively small impact on the magnitude of A and §*3Ca.

Similarly, as 2CO; in air diffuses more easily than **CO, through stomata, the internal
air is even more depleted in 13C relative to air at the leaf surface, causing a fractionation factor
due to diffusion (as) of 4.4%o (Farquhar et al. 1982). The discrimination associated with gs is
inversely related to the ratio of intercellular to ambient CO, concentrations (Ci/Cy). If gs is
extremely low and little CO; enters the leaf, the Ci/C, approaches 0 and A is strongly
determined by gs with a value tending towards 4.4%.. Conversely, if gs is comparatively high,
the Ci/C, gets close to 1 and the impact of gs on A becomes negligible. As the Ci/C, is a
function of CO; supply to the intercellular air spaces and CO, demand (Cernusak et al. 2013),
which are impacted by gs and photosynthetic rate, respectively, any variations in
environmental conditions that control the two factors can induce a change in A.

Internal CO; further diffuses to the site of carboxylation inside the chloroplast stroma
through intercellular air spaces, through cell wall and plasma membrane, and finally through
the liquid phase inside the cell (Flexas et al. 2008). This diffusion component altogether is
termed as mesophyll conductance (gm), and the fractionation factor during internal CO;
transfer (am) is 1.8%o, consisting of a fractionation of CO; dissolution (1.1%., Mook et al.
1974) and a fractionation of liquid phase diffusion (0.7%., O’Leary 1984). Multiple lines of
evidence have indicated that gm is sufficiently small as to considerably decrease chloroplastic
CO; concentration (C¢) relative to C; (Evans et al. 1986; Ogée et al. 2018), thereby limiting
photosynthetic rate (Flexas et al. 2008) and affecting A (Pons et al. 2009; Ma et al. 2021;
Gimeno et al. 2021; Schiestl-Aalto et al. 2021). Theoretical estimations and experimental
evidence suggest that the variations in gm can account for 2 to 8%, of changes in A (Le Roux
etal. 2001; Pons et al. 2009; Schiestl-Aalto et al. 2021). Recent studies have revealed that gm
varies with species (Ubierna et al. 2017; Shrestha et al. 2019) and environmental factors, such
as temperature (Ubierna et al. 2017; Shrestha et al. 2019) and water stress (Ma et al. 2021;
Gimeno et al. 2021).

The most significant discrimination against *C occurs when CO; is utilized by the
carboxylating enzymes, such as ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco)
and phosphoenolpyruvate carboxylase (PEPc). The two enzymes differ significantly in their
discrimination against *C (Guy et al. 1989): Rubisco discriminates against **CO; by ca. 30%o,
whereas PEPc favors *CO, by ca. 5.7%o (Farquhar 1983). Depending on the proportion of
PEPc activity, the fractionation factor due to carboxylation (b) can vary between 27 to 30%o
(Pons et al. 2009), with a commonly acknowledged value of ca. 29%. (Wingate et al. 2007,
Busch et al. 2020). Discrimination due to carboxylation depends on the ratio of chloroplastic
to ambient CO, concentrations (C./C,), and contributes to the largest proportion of overall A
in most conditions (Busch et al. 2020).

Discrimination between *2C and *C occurs also in mitochondrial respiration. Due to
incomplete knowledge of isotope effects in day respiration metabolism (Tcherkez et al.
2011), to date no agreement on the value of fractionation factor due to day respiration (e) is
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reached. While some studies suggested e to be ca. 5%o (Tcherkez et al. 2004; Tcherkez et al.
2010), other studies used an assumed e value between -11 and 0%o (Wingate et al. 2007;
Busch et al. 2020; Schiestl-Aalto et al. 2021) or the fractionation factor derived for night
respiration (-6%o, Ghashghaie et al. 2003) in isotope discrimination models. Sometimes an
apparent fractionation for day respiration (€”) is incorporated, if §*3C of respiratory substrates
differs from that of new assimilates (Wingate et al. 2007; Tcherkez et al. 2011). Nevertheless,
as day respiration is extensively inhibited (Keenan et al. 2019), this uncertainty in e often
poses insignificant impact on A except when day respiration rate (Rq) becomes large relative
to net assimilation rate (An) (Busch et al. 2020).

During photorespiration, the enzyme catalyzing CO, release — glycine decarboxylase —
favours the 12C isotope by ca. 20%o (Tcherkez 2006). This results in 1*C-depletion in emitted
CO; and *3C-enrichment in remaining substrates, which recycle in the photosynthesis process
(Wingate et al. 2007). Consequently, photorespiration tends to increase 6*3Ca and lower the
value of A. Currently, there is no agreement on the value of fractionation factor caused by
photorespiration (f), which is suggested to be variable among species and with environmental
conditions (Ghashghaie et al. 2003), in the range of 8 to 16%. (Ghashghaie et al. 2003;
Igamberdiev et al. 2004; Lanigan et al. 2008; Evans and von Caemmerer 2013; Schubert and
Jahren 2018). Overall, photorespiration has a minor effect on A, in the order of ca. 1%o
(lgamberdiev et al. 2004; Lanigan et al. 2008; Evans and von Caemmerer 2013), although
this effect can be significant at low C; conditions (Busch et al. 2020).

So far, the fractionation processes associated with gm dynamics, mitochondrial respiration
and photorespiration have not been clearly understood. Advanced knowledge on these
processes may be obtained via a thorough comparison of §*3Ca or A derived from IRMS
analysis of leaf sugars, online chamber-based §'3C analysis of CO, flux and isotope
discrimination models, at high-resolution intra-seasonal scale. Yet, such comparisons are
scant in the literature.

1.1.2 Environmental and physiological control on 6"°C of assimilates

The above-mentioned isotope fractionation processes respond sensitively to changes in
environmental variables, hence imprinting environmental information in $*3Ca. For instance,
temperature has a multifold impact on A and §*3Ca. The increase in temperature enhances gm
(Ubierna et al. 2017; Shrestha et al. 2019), resulting in higher A values. However, this effect
on gm is counterbalanced by an increase in photorespiration rate with rising temperature,
which lowers A (Evans and von Caemmerer 2013). Under field conditions, temperature often
increases concurrently with photosynthetically active radiation (PAR), together promoting
carboxylation rate, reducing the Ci/C, value and, hence, producing lower A and higher 5'*Ca
values. High radiation inhibits day respiration and stimulates photorespiration (Wingler et al.
2000; Wehr et al. 2016), both decreasing the magnitude of A. Water stress related parameters,
such as relative humidity, vapor pressure deficit (VPD) and soil moisture, can also
significantly impact the magnitude of A. Water stress usually induces a decrease in gs and gm
(Galiano et al. 2017; Ma et al. 2021; Gimeno et al. 2021), which suppresses the rate of
photosynthesis and leads to lower A and higher 5*3Ca values.

Central to the physiological control on A are stomata, which act as a control valve over
the CO, diffusion from the atmosphere into leaves. Stomata functioning sufficiently
determines the values of Ci/C, and A such that the latter can be described as Eq. 3 in a
simplified form (Farquhar et al. 1982).
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A=a, + (b — ay)-C/C, (3)

Meanwhile, stomata also control the flux of water vapor out of leaves (E), which has a 1.6
times higher diffusion rate than gaseous CO; (Farquhar et al. 1982). The effectiveness of
stomatal control can be quantified in terms of intrinsic water use efficiency (iWUE), which
is the ratio of A, to gs or carbon gains per unit of water loss (Eqg. 4; Frank et al. 2015).
According to Eq. 4, higher iWUE represents a higher gradient from C, to C;, which results in
a lower A value.

iWUE=4,/g, =(C, — C})/1.6 4)

The environmental control on 3Ca has been examined by correlation analyses between
environmental variables and 5'°C of leaf carbon pools at both diurnal scale (Brandes et al.
2006; Zhang et al. 2019) and intra-seasonal scale (Brendel et al. 2003; Rinne et al. 2015b;
Churakova (Sidorova) et al. 2018; 2019). The relationships between climate variables and
513C signals have also been studied for annual tree-rings for paleoclimate reconstructions of,
for example, temperature (Young et al. 2019), radiation (Helama et al. 2018) and humidity
(Liu et al. 2018). Similarly, the relationship between iWUE and A (or §'3C,) (Egs. 3 and 4)
is used for reconstructing iIWUE, at both leaf (Stokes et al. 2010; Rumman et al. 2018) and
tree-ring levels (Frank et al. 2015; Adams et al. 2020). Such applications are based on the
implicit assumption that environmentally or physiologically driven 5'°C signal is passed from
leaf assimilates to leaf or tree-ring biomass with limited distortion. However, this assumption
is not always valid.

1.2 Modification of 8**C signal in post-photosynthetic processes

513C of tree biomass or respired CO; often differs from §**Ca, because of further modification
of isotopic signatures along the pathway from fresh assimilates towards the end products.
This post-photosynthetic modification of §'°C includes, but is not limited to, possible
fractionation occurring during enzyme-catalyzed conversion of metabolites, fractionation
during sugar export and import, fractionation during dark respiration, use of reserves, and
temporal and spatial integration of §**C signal.

1.2.1 Fractionation during conversion of metabolites

Isotope fractionation occurs during the conversion or formation of metabolites, which leads
to different §*3C signals between organic compounds (Figure 2). One of the most intriguing
examples is the §'°C offset between the two main photosynthates, sucrose and starch. This
513C offset is mainly caused by an equilibrium of chloroplast aldolase reaction under high
photosynthesis rate, when *3C-enriched triose-phosphates (the initial product of
photosynthesis) are preferentially condensed to form fructose-1,6-bisphosphates and
subsequently starch in the chloroplast (Gleixner and Schmidt 1997; Gleixner et al. 1998). As
a result, the 3C-depleted triose-phosphates are exported to the cytosol to form sucrose. §°C
offset may also exist between sucrose and hexoses (glucose and fructose), often with a higher
5%3C value observed in sucrose. This 5!3C offset is probably linked with the fractionation
against C during invertase activity, which catalyzes the conversion of sucrose to hexoses
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(Mauve et al. 2009). Compared with sugars, pinitol, one of the most abundant sugar alcohols
in trees, is more *C-depleted. As pinitol and sugars are the main components of water-soluble
carbohydrates (WSCs) (Rinne et al. 2015b; Churakova (Sidorova) et al. 2019), a lower §*°C
value is expected in WSCs compared with sugars. Similarly, §'C value of total water-soluble
organic matter (WSOM) tends to be lower than that of sugars, but it varies considerably due
to the contribution of other components. Whereas cellulose, the major component of total
organic matter (TOM), may have higher §*3C value compared with sucrose (Rinne-Garmston
et al. unpublished), the presence of $3C-depleted lipids and lignin results in a lower §**C value
in TOM relative to sucrose.

Leaf | Phloem/tree-ring ‘ Root ‘
Glucose - —I— . —{ t E e +—
Fructose 4 — o] E 4! 4

Pinitol 4 —Te— 1 {{T— i
Raffinose o 1
Starch { I |
Cellulose 4 ‘
Citrate 1 —{4
Malate - “E] ] i 1
Lipids 4 ¥ 1 . ; - t
Sugars - 'y E ; E
WSCs 1 +
WSOM 4 T 1 ‘ 1
TOM 1 4 1 - 1 .

Respired CO, 4 | . + E 1S
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Figure 2. Comparison of &'3C in different tree carbon pools and respired CO2, expressed
relative to sucrose. The box encompasses the interquartile range of the data, the line
represents the median, the dot represents the mean, the tails extend to 1.5 times of the
interquartile range. The vertical dashed line is included for easy reference to sucrose 5'3C.
WSCs is water-soluble carbohydrates, WSOM is water-soluble organic matter, and TOM is
total organic matter. References used for each category are listed in Table 1.



Table 1. References used for each category in Figure 2.
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Category Leaf Phloem/tree-ring Root
Glucose Damesin and Lelarge 2003; Sun et Damesin and Lelarge Sun et al. 2012;
al. 2012; Rinne et al. 2015b; Smith 2003; Smith et al. Rinne-Garmston
et al. 2016; Churakova (Sidorova) 2016; Rinne- et al. unpublished
2018; 2019; Bogelein et al. 2019; Garmston et al.
Rinne-Garmston et al. unpublished unpublished
Fructose Damesin and Lelarge 2003; Rinne Damesin and Lelarge
et al. 2015b; Smith et al. 2016; 2003; Maunoury et al.
Churakova (Sidorova) et al. 2018; 2007
2019; Bogelein et al. 2019
Pinitol Rinne et al. 2015b; Smith et al. Smith et al. 2016
2016; Churakova (Sidorova) et al.
2018; 2019; Bogelein et al. 2019
Raffinose Merchant et al. 2011 Merchant et al. 2011
Starch Damesin and Lelarge 2003; Sun et Damesin and Lelarge Sun et al. 2012
al. 2012 2003; Vincent-
Barbaroux et al. 2019
Cellulose Rinne-Garmston et al.
unpublished
Citrate Churakova (Sidorova) et al. 2018;
2019
Malate Churakova (Sidorova) et al. 2018;
2019
Lipids Sun et al. 2012 Sun et al. 2012
Sugars Bogelein et al. 2019
WSCs Rinne et al. 2015b; Churakova
(Sidorova) et al. 2018; 2019; Rinne-
Garmston et al. unpublished
WSOM Merchant et al. 2011
TOM Damesin and Lelarge 2003; Sun et Damesin and Lelarge Sun et al. 2012

Respired CO;

al. 2012

Sun et al. 2012

2003; Maunoury et al.

2007; Vincent-
Barbaroux et al. 2019
Damesin and Lelarge

2003; Maunoury et al.

2007; Vincent-
Barbaroux et al. 2019

Sun et al. 2012
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1.2.2 Fractionation during sugar export and import

It has been long speculated that carbon isotope fractionation may occur in the export and
import of sugars during phloem transport (Damesin and Lelarge 2003; Ghashghaie et al.
2003; Badeck et al. 2005; Bc&gelein et al. 2019). Three potential mechanisms may be
involved. First, given that sucrose is the predominant transport sugar in trees (Rennie and
Turgeon 2009; Julius et al. 2017), fractionations are assumed to occur at the loading site
associated with plasma-membrane sucrose transporters (Xu et al. 2020), or at the unloading
site during sucrose cleavage to hexoses via invertase (Gilbert et al. 2012). The former
assumption has not been proved by experimental evidence (Gilbert et al. 2012). However,
the fractionation against *3C during invertase activity (Mauve et al. 2009) may lead to *°C-
depeletion in the imported hexoses in relation to the transport sugar — sucrose. Second, the
sugar transport pool in the exporting leaf cell may have a different §'3C signal compared with
the overall sugar pool within the cell. Brauner et al. (2014) suggested a fast transport pool of
sucrose in cytosol and a slow one in the vacuole. Thereby, a higher §*3C value in the cytosol
pool may lead to 3C-enrichment in phloem sugars relative to leaf assimilates (Bcgelein et al.
2019). Alternatively, Hobbie and Werner (2004) suggested that the preferential use of >C for
the formation of lipids and lignin led to *C-enrichment of the remaining leaf assimilates,
including the transport sugar pool. Third, the accumulation and remobilization of transitory
starch govern the diel rhythm of §'3C in exported sugars from leaves, which may lead to an
overall 3C-enrichment in exported sugars compared with the primary assimilates (Gessler et
al. 2008; Gessler and Ferrio 2022).

1.2.3 Fractionation during dark respiration

Enrichment of 3C in leaf or shoot respired CO; relative to putative respiratory substrates has
been commonly reported for various tree species (Hymus et al. 2005; Sun et al. 2012; Figure
2) and non-woody plant species (Klumpp et al. 2005; Bathellier et al. 2008). Three main
hypotheses have been proposed to explain the **C-enrichment of respired CO; in the
autotrophic tissues. First, CO is preferentially released from the *C-enriched C-3 and C-4
positions of glucose (Rossmann et al. 1991; Gilbert et al. 2012) via incomplete oxidation of
pyruvate (Ghashghaie et al. 2003; Bathellier et al. 2008). In other words, C-1 of pyruvate
(from C-3 and C-4 of glucose) is decarboxylated via pyruvate dehydrogenase while the
lighter carbon atoms (C-1, C-2, C-5 and C-6 of glucose) are not fully decarboxylated in the
Krebs cycle. Second, leaf respiration at dark is fueled by carbohydrates derived from transient
starch (Sun et al. 2012), which is relatively *C-enriched compared with the initial product of
photosynthesis, triose phosphate (Gleixner et al. 1998). Third, *C-enriched metabolites that
accumulate during the light period, such as malate, are used as respiratory substrate during
the post-illumination respiration period (Barbour et al. 2007; Gessler et al. 2009a), which
may be superimposed on the 3C-enrichment in leaf dark-respired CO, (Werner et al. 2009).

Both higher (Damesin and Lelarge 2003; Brandes et al. 2006; Gessler et al. 2007;
Maunoury et al. 2007; Kodama et al. 2008; Sun et al. 2012; Wingate et al. 2010) and lower
(Maunoury et al. 2007; Wingate et al. 2010) 5'°C values in stem or root respired CO relative
to biomass or putative substrates have been reported for various tree species. By contrast, for
non-woody species, respired CO, has been found to be consistently *3C-depleted in respect
to putative substrates in roots (Badeck et al. 2005; Klumpp et al. 2005; Bathellier et al. 2008;
Gessler et al. 2009a) and stem (Badeck et al. 2005; Gessler et al. 2009a). These contrasting
results likely arise from the following reasons. First, different substrates have been analyzed
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for $13C in different studies. For example, TOM in Damesin and Lelarge (2003), Brandes et
al. (2006) and Maunoury et al. (2007), WSOM in Gessler et al. (2007) and Wingate et al.
(2010), total soluble sugars in Maunoury et al. (2007), and individual sugars in Damesin and
Lelarge (2003), Maunoury et al. (2007) and Sun et al. (2012). Varying §*C signals of
different substrates (Figure 2) may result in a discrepancy in the sign of respiratory isotope
fractionation. Second, the direction of respiratory isotope fractionation is likely to be species-
specific (Sun et al. 2012; Priault et al. 2009), due to the difference in carbon allocation
between respiratory pathways (Priault et al. 2009). Slow-growing species (such as evergreen
trees) tend to maintain high carbon flux through pyruvate dehydrogenase activity combined
with a consistently low Krebs cycle activity, thus resulting in *3C-enrichment in respired CO..
In comparison, fast-growing species (such as deciduous trees, herbs or grasses) with high
respiration demand require full oxidation of the substrates (Priault et al. 2009). Third, a shift
in the respiratory substrates over the growing season, for example, from recently fixed
assimilates to reserves, may change the direction of respiratory isotope fractionation
(Maunoury et al. 2007). In that sense, the results are dependent on the timing of
measurements. Fourth, the 3C-depletion of respired CO, from roots and stem for non-tree
species may be related to intensive activities of oxidative pentose phosphate (Bathellier et al.
2008) and PEPc (Gessler et al. 2009a). The former decarboxylates the *C-depleted C-1
position of glucose (Rossmann et al. 1991), whereas the latter refixes CO, with a net
fractionation favoring **C by 5.7%o (Farquhar 1983), thus enriching the product and depleting
the remaining COa.

1.2.4 Use of reserves

Use of reserves for biomass growth or respiration can also deviate $*3C of tree biomass or
respired CO; from 8*Ca, as reserves often have a different 5!C value than fresh assimilates.
The use of reserves for supporting leaf flush (Kagawa et al. 2006; Gaudinski et al. 2009;
February and Higgins 2016), earlywood formation (J&ygi et al. 2002; McCarroll et al. 2017;
Vincent-Barbaroux et al. 2019) or root growth (Gaudinski et al. 2009; Villar-Salvador et al.
2015) has been reported for various deciduous trees and some evergreen species under field
conditions. In addition, reserves may be used for the growth of reaction wood (Gué&ard et al.
2007) or respiration of stem (Mubhr et al. 2018) and roots (Hartmann et al. 2013; Aubrey and
Teskey 2018) under stress conditions. Most often, the major carbon reserve pool, starch
(Hartmann and Trumbore 2016), is utilized, enriching *3C in biomass or respired CO>. In
other cases, lipids and proteins can also feed respiration under severe stress (Hartmann et al.
2013; Fischer et al. 2015; Hanf et al. 2015), which may result in *3C-depletion of respired
CO..

1.2.5 Temporal and spatial integration of 6°C signal

813C of tissue biomass or respired CO, reflects a time-integrated signal, and therefore may
differ from &'3C,, which changes rapidly in response to environmental factors. Initially, a
short-term carry-over effect exists in both leaf (Desalme et al. 2017) and phloem (Keitel et
al. 2003) sugar pools, which provide the substrate for biomass growth or respiration. Next,
tissue biomass is formed over a period, when the §'3C signal of the substrate is integrated.
Spatial integration of phloem sugars, that is, the mixing of sugars assimilated at different
canopy gradients, also contributes to the post-photosynthetic alteration of §'C signal. Due
to light gradient, 3'°Ca at the lower canopy can be up to 8%o lower than that at the upper
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canopy (Schleser 1990; Le Roux et al. 2001; Bd&gelein et al. 2019). Thereby, a higher
contribution of assimilates from the lower canopy to phloem sugars tends to lower the §*°C
of trunk phloem sugars. Nevertheless, the degree of vertical mixing patterns of assimilates in
phloem is likely species-specific. B&gelein et al. (2019) reported a major contribution of
assimilates from the upper crown to the phloem sugar pool at breast height for Fagus
sylvatica, but not for Pseudotsuga menziesii. Likewise, Li and Zhu (2011) demonstrated that
lower canopy leaves could provide a surplus of assimilates to the base trunk for Pinus
koraiensis, but not for Larix gmelinii.

To date, significant gaps still exist in our knowledge about how the environmentally
driven 813C signal in leaf assimilates is modified by these post-photosynthetic processes prior
to tree-ring formation (Gessler et al. 2014). These knowledge gaps hinder a reliable
interpretation of tree-ring 8*3C data in retrospect for environmental studies.

1.3 New stable isotope analysis tools

Future progress in understanding the preservation of *3C signal in trees and using tree-ring
813C for backtracking environmental and physiological information relies on improvements
in two areas. First, compound-specific 5'3C analysis of leaf sugars at high-resolution intra-
seasonal scale in combination with isotope discrimination models can improve our
understanding of photosynthetic isotope fractionation. Second, concurrent high-resolution
intra-seasonal §*3C analysis of tree-rings can not only help decipher post-photosynthetic
isotope fractionation processes but also reconstruct environmental and physiological
information at a finer scale, beyond the conventionally used annual scale (Rinne-Garmston
etal. 2022).

1.3.1 Compound-specific 6'3C analysis

Compound-specific isotope analysis (CSIA) for §**C was introduced by Barrie et al. (1984)
via coupling online gas chromatography to an IRMS. Nevertheless, this method requires
substantial derivatization of analyzed materials, such as carbohydrates, and the corrections
needed for the carbon atoms added during derivatization largely affect the accuracy of $*°C
results (Boschker et al. 2008). Later, high-performance liquid chromatography (HPLC)
separation of sugar extracts and off-line isotope analysis became a common practice for
determining §'°C of an individual sugar (Duranceau et al. 1999; Damesin and Lelarge 2003;
Maunoury et al. 2007; Sun et al. 2012; Vincent-Barbaroux et al. 2019). This method,
however, requires a substantial amount of sugar extracts. In addition, it is labor-intensive and
challenging due to the close co-elution of individual sugars from an analytical column.
Recent advances in online coupling of HPLC via an interface to an IRMS (hereafter HPLC-
IRMS, Krummen et al. 2004) have significantly improved the ease in sugar separation and
reduced the sample size needed for isotope determination. Moreover, examination of optimal
chromatographic conditions for HPLC-IRMS analysis as well as sample preparation
protocols provides an example of standardized procedures for compound-specific §*C
analysis of leaf sugar extracts (Rinne et al. 2012).

Currently, compound-specific 5'C analysis at natural abundance has been applied to a
limited number of studies on tree species to examine (1) *3C differences between individual
compounds and biomass or respired CO, (Damesin and Lelarge 2003; Maunoury et al. 2007;
Sunetal. 2012; Rinne et al. 2015a; Vincent-Barbaroux et al. 2019); (2) leaf-to-phloem carbon
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isotope fractionation (Merchant et al. 2011; Smith et al. 2016; B&gelein et al. 2019); (3)
environmental drivers on §°C of individual compounds in leaves (Rinne et al. 2015b;
Churakova (Sidorova) et al. 2018; 2019). Their findings illustrate that environmental and
physiological signals derived from *3C of bulk matter may be dampened (but see Smith et
al. 2016), and that CSIA confers a significant improvement in understanding the recording
and modifying of 8*3C signatures in trees. In addition, CSIA has also been combined with
13CO; pulse-labelling technique, to explore carbon allocation patterns in trees upon changes
in environmental conditions, such as elevated CO and soil warming (Streit et al. 2012) or
drought (Galiano et al. 2017).

1.3.2 Intra-seasonal tree-ring 6'3C analysis

Traditionally, intra-seasonal tree-ring 6*3C analysis can be achieved by cutting annual rings
to micro-sections via a microtome (Kagawa 2003; Helle and Schleser 2004; Zeng et al. 2017).
This manual preparation process is labor-intensive, and not suitable for narrow rings (Zeng
et al. 2017) due to restrictions on sample amount needed for IRMS analysis. The ease of
determining high-resolution intra-seasonal 5'3C of tree-rings has later been greatly improved
with the introduction of an online method, which combines laser ablation (LA), combustion,
gas chromatography and IRMS (hereafter LA-IRMS, Schulze et al. 2004). LA-IRMS has
increased the spatial resolution for §*3C analysis down to 40 pm with high accuracy (Schulze
et al. 2004). In addition, as this approach requires relatively small quantities of samples, it is
considered as less invasive and virtually non-destructive in comparison with the manual
method (Loader et al. 2017).

LA-IRMS has been applied to studies on a variety of tree species to examine the intra-
ring 8*3C patterns, often with the combination of other tree-ring proxies, such as wood density
(Skomarkova et al. 2006) and wood anatomical traits (\Vaganov et al. 2009; Battipaglia et al.
2010; De Micco et al. 2012; Fonti et al. 2018). Sometimes, the timing of intra-seasonal tree-
ring 5'3C measurements has been estimated via xylogenesis observations (Rinne et al. 2015a;
Fonti et al. 2018) or wood growth modelling (Soudant et al. 2016), allowing their comparison
with environmental variables (Soudant et al. 2016; Fonti et al. 2018) and leaf sugar §'°C
signals (Rinne et al. 2015a) on the temporal scale. These studies have not only revealed the
influence of environmental variables (Soudant et al. 2016), tree growth rate (Vaganov et al.
2009), tree age (Fonti et al. 2018), stand structure (Skomarkova et al. 2006) and the degree
of reserve use (Skomarkova et al. 2006; Vaganov et al. 2009; Bryukhanova et al. 2011; Rinne
et al. 2015a; Fonti et al. 2018) on the intra-seasonal tree-ring §*3C profiles, but also shed light
on the post-photosynthetic processes via concurrent CSIA conducted on leaf sugars (Rinne
et al. 2015a).

There is no doubt that the combination of CSIA and LA-IRMS for tree 3*3C studies can
further broaden our understanding of 83C dynamics in different tree compartments and
provide us great insights on tree’s response to environmental change.
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2. MOTIVATION, OBJECTIVES AND HYPOTHESES

Tree 5'3C is a powerful tool to study the response of trees to environmental change. The
interpretation of tree 3*3C signal relies on in-depth knowledge of how &*3C is recorded and
modified in trees during photosynthetic and post-photosynthetic processes. Some aspects of
the two processes, however, remain poorly understood. For instance, how do 5'*Cx estimates
from the three methods, that is, IRMS analysis of leaf carbon pools, online chamber-based
813C analysis of CO, flux and isotope discrimination models, compare with each other at
intra-seasonal scale, and what mechanisms are responsible for their offsets if there are any?
To what extent and by what mechanisms is the 63C signal altered from leaf assimilates to
leaf carbon pools, tree-rings and respired CO2? And how does this post-photosynthetic 53C
alteration impact the interpretation of environmental and physiological signals retrieved from
leaf and tree-ring 5'°C?

The objectives of this thesis are to quantify the earlier unknown parts of photosynthetic and
post-photosynthetic isotope fractionation processes and, with the gained information, to
interpret the environmental and physiological signals derived from tree !C, via a case study
on Scots pine (Pinus sylvestris L.) in two boreal forests. The specific objectives are to:

(1) interpret leaf-level 5'3C signal via comparing 53Ca estimates from IRMS analysis
of leaf carbon pools, online chamber-based 5'°C analysis of CO; flux and isotope
discrimination models at intra-seasonal scale (studies I and I1);

(2) quantify the 3*3C offsets between different carbon pools in different tree tissues, and
understand the role of post-photosynthetic isotope fractionation and use of reserves
in determining these §*3C offsets (studies I, 11l and 1V);

(3) retrieve environmental and physiological information from leaf-level §'*C signal,
and examine the suitability of LA-IRMS-derived tree-ring §'*C data for intra-
seasonal iIWUE estimation (studies | and 1V).

Correspondingly, the specific hypotheses of this thesis are:
(1) Differences between leaf sugar 5!3C, chamber-based 6*3C, and modelled 3*3Ca can
be reconciled by gm dynamics and carry-over effects of leaf sugars (studies I and I1).
(2) CSIA provides more accurate knowledge of post-photosynthetic fractionation
processes than bulk isotope analysis, and there is no clear use of reserves for biomass
growth of the studied trees (studies I, 111 and V).
(3) CSIA data better record environmental and physiological signals than bulk isotope
data at leaf level (study 1), and tree-ring 5'3C is suitable for tracing intra-seasonal
iIWUE variability (study 1V).



23

3. MATERIALS AND METHODS

A detailed description of the materials and methods can be found in the manuscripts attached
at the end of the dissertation (studies I1-1V).

3.1 Site description

The study was conducted at two ~60-year-old Scots pine dominated boreal forest sites in
Finland: Vario(SMEAR I, Station for Measuring forest Ecosystem-Atmosphere Relations)
and Hyytid&(SMEAR I1). Locations of the sampling sites are illustrated in Figure 3.

Vario (67°46'N, 29°35’E, 400 m a.s.l.) is situated at the arctic-alpine timberline in
northern Finland. The stand density in Variois ca. 750 ha with the mean height of the trees
being 10 m (Kulmala et al. 2019). The soil in V&riois classified as a haplic podzol with sand
tills in FAO classification (FAO-UNESCO 1990), with a 0-2.2 cm top layer (F-horizon), a
0-1.2 cm humus layer (H-horizon), a 1-4.5 cm eluvial horizon (A-horizon) and a 1-6 cm
illuvial horizon (B-horizon) (K&ster et al. 2014). In Vari@ the mean annual temperature was
0.1<C, but mean monthly temperature varied from -10.8<C in January to 13.6<C in July. The
mean annual precipitation in Varidwas 607 mm, with 36% distributed during June to August
(from 1991 to 2020, Jokinen et al. 2021). Growing season in Variolasts for ca. 114 d (K&ster
etal. 2015).
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Figure 3. Locations and photographs of the study sites.
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Hyytidld (61°51'N, 24°17'E, 170 m a.s.l.) is located in southern Finland. The stand is
mixed with Norway spruce (Picea abies (L.) Karst) and birch (Betula pubescens Ehrh. and
Betula pendula Roth) in the understory. The stand density in Hyyti&&for trees with diameter
>5 cm at 1.3 m height was 1304 ha™%, and the dominant tree height was 23.5 m in year 2018
(Kolari et al. 2022). The soil is a haplic podzol on glacial till (FAO-UNESCO 1990), with
an organic layer depth of 5.4 cm (Kulmala et al. 2008) and a mineral soil layer depth of 0.5
to 0.7 m over the bedrock (Schiestl-Aalto et al. 2019). During 1991 to 2020, the mean annual
temperature was 4.1<C, but mean monthly temperature varied from -6.7<C in February to
16.2<C in July. During this period, the mean annual precipitation was 690 mm, with 34%
falling between June and August (Jokinen et al. 2021). The growing season in Hyytidais ca.
150 d (Danielewska et al. 2015).

Environmental data for the study sites were obtained from the AVAA Smart SMEAR
portal (https://smear.avaa.csc.fi/).

3.2 Sampling

Needles, stem phloem, roots and tree-rings were collected for isotope analysis, and micro-
cores for xylogenesis observation.

In 2018 and 2019, one-year-old and current-year needles were collected separately 20
times from five mature trees per site and season. Needles were harvested between 13:00 to
16:00 h (UTC+2) at sun-exposed positions 2 m below the top of the canopy, using a walk-in
scaffolding tower and a 10 m long branch scissor or via tree-attached ladders. The sampling
started before the start of radial growth (early May in Hyytid&aand late May in V&ari@ and
ended after the cessation of radial growth (October in both sites), with relatively higher
sampling frequency at the beginning of the growing season. For each needle sampling day,
micro-cores (diameter 2 mm, length 15 mm) at 1.3 m height were also collected from five
mature trees using Trephor corer (Costruzioni Meccaniche Carabin C., Belluno, Italy) (Rossi
et al. 2006). Phloem samples at 1.3 m height were collected from five mature trees with a 2
cm diameter corer six times per site and year. In Hyytida fine roots (< 2 mm) at 5-15 cm
depth were excavated 11 times during May to October in 2018, from three random spots ca.
100 m away from the sampling trees to prevent disturbance on the study site. All needle,
phloem and root samples were micro-waved within 2 h after collection at 600 W for 1 min
to stop enzymatic and metabolic activities (Wanek et al. 2001). Samples were then dried and
homogenized into fine powder. After the cessation of growth in 2019, one tree-ring core or
cross section was collected at breast height from five mature trees per site.

All the sampling trees at each site were in the same vicinity, of the same size and with the
same growth conditions. Trees sampled for tree-rings, phloem and micro-cores were not
entirely the same as that for needles, in order to minimize the damage to the trees under long-
term monitoring. Nevertheless, the average values and trends of 6*3C from five trees should
accurately represent the situation of the study sites (Leavitt and Long 1984).
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3.3 §13C and concentration analysis
3.3.1 Extraction and purification of WSCs

Extraction and purification of WSCs were performed according to Wanek et al. (2001) and
Rinne et al. (2012), respectively. In brief, ca. 60 mg of needle, phloem or root powders were
transferred into a 2 ml reaction vial and re-suspended in 1.5 ml of deionized water. The vials
were placed in a water bath at 85<C for 30 min, cooled for 30 min, and centrifuged at 10 000
g for 2 min. The separated supernatant was then purified by three types of sample preparation
cartridges (Dionex OnGuard Il H, A & P cartridges, Thermo Fisher Scientific) to remove
amino acids, organic acids and phenolic compounds. The purified samples were subsequently
freeze-dried, dissolved in 1 ml deionized water, filtered through a 0.45 pm syringe filter, and
stored at -20<C until isotope analysis.

3.3.2 Extraction of starch

Starch was extracted from the pellet of the hot water extraction by enzymatic hydrolysis
(Wanek et al. 2001; Lehmann et al. 2019). The pellet in each reaction vial was washed with
1.2 ml methanol/chloroform/water (12:5:3, v/v/v) solution four times and with 1.2 ml
deionized water three times to remove lipids. Lipid-free pellet in each vial was re-suspended
in 0.75 ml deionized water and boiled at 99T for 15 min in a water bath to gelatinize starch.
Starch in pellet was then hydrolyzed at 85<C in a water bath for 2 h after adding 0.25 ml
purified (by Vivaspin 15R, Sartorius, Gdtingen, Germany) a-amylase (EC 3.2.1.1, Sigma-
Aldrich) solution of 3000 U mL™. The hydrolyzed starch was later separated from enzymatic
residues with centrifugation filters (Vivaspin 500, Sartorius, Gditingen, Germany) and stored
at -20<C until isotope analysis.

3.3.3 Bulk 6"C analysis

513C values of WSCs, starch and TOM were measured at the Stable Isotope Laboratory of
Luke (SILL, Natural Resources Institute Finland), using an elemental analyzer (EA) (Europa
EA-GSL, Sercon Limited, Crewe, UK) coupled to an IRMS (20-22 IRMS, Sercon Limited,
Crewe, UK). Aliquots of purified WSCs and hydrolyzed starch were pipetted into tin capsules
(5>9 mm, Sé&utis, Teufen, Switzerland), freeze-dried and wrapped, while needle powder was
weighed directly into tin capsules. The §*C results were calibrated against IAEA-CH3
(cellulose, -24.724%.), IAEA-CH7 (polyethylene, -32.151%0) and an in-house sucrose
reference (Sigma Aldrich, -12.22%o). Measurement precision determined from multiple
analysis of quality control materials was 0.1%o (SD).

3.3.4 Compound-specific 5'3C analysis

CSIA for 8C of WSCs was done at the Stable Isotope Research Laboratory of WSL
(Birmensdorf, Switzerland) using a HPLC-IRMS with a Thermo LC Isolink interface
(Krummen et al. 2004). Four sugars or sugar alcohols with the concentration of from 20 to
180 ng carbon pl™ were detected: sucrose, glucose, fructose and pinitol/myo-inositol. As
pinitol and myo-inositol co-elute from the analytical column and the two compounds have
close relation in biosynthetic pathways and in stress-related processes (Rinne et al. 2012),
they were treated as one compound (referred to as “pinitol” hereafter). Compound-matched
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external standard solutions with EA-IRMS determined §*3C values were analyzed every ten
samples to correct the §*3C results by HPLC-IRMS. The measurement precision (SD) of
pinitol, sucrose, glucose and fructose standards were 0.23%o, 0.24%, 0.30% and 0.59%,
respectively.

3.3.5 Concentration determination

Compound-specific concentrations of WSCs were determined by the concentration and peak
area linearity of the standards in HLPC-IRMS analysis (Rinne et al. 2012). Concentrations
of WSCs were determined as the sum of concentrations of the four detected compounds
(study 1), or based on the weights of WSCs in tin capsules and the weights of plant materials
used for extraction (studies 11 and I11). Concentration determination of starch was based on
the weight of hydrolyzed starch pipetted into the tin capsules, the sample mass used for starch
extraction and a conversion factor accounting for the hydrolysis efficiency of starch to
glucose (study I).

3.3.6 Intra-seasonal 6"*C analysis of tree-rings

Tree-ring samples were air dried and gently surfaced using sandpaper to facilitate ring
identification. Each sample was then placed in distilled water in an ultrasonic bath for 30 min
to remove the sawdust. Annual tree-rings from 2002 to 2019 were then carefully identified
via statistical crossdating (WinDENDRO™), Mobile resin and extractives of the samples
were removed using a 2:1 toluene-ethanol mixture in a Soxhlet extractor for 48 h (Loader et
al. 1997). Residual toluene and ethanol in the samples were removed by bathing the samples
with distilled water in the Soxhlet extractor and then by air drying. Resin-extracted tree-ring
was directly used in LA-IRMS analysis, as suggested in Schulze et al. (2004).

Intra-seasonal 5'3C series of tree-rings formed during 2002 to 2019 in both sites were
analyzed via LA-IRMS at the SILL (study 1V), following the operation principle in Schulze
etal. (2004) and Loader et al. (2017). Depending on the ring width, from 5 to 33 laser tracks
of 40 um width were ablated per tree-ring for §*3C analysis. The 6*°C results were calibrated
against USGS-55 (Mexican ziricote tree powder, -27.13%o) and an in-house reference (yucca
tree powder, -15.46%o), both of which were hydraulic-pressed into 10 mm disks. IAEA-C3
cellulose paper was measured concurrently for quality control. The LA-IRMS measured §'°C
value of IAEA-C3 (-24.69+0.24%o) is in line with the certified value (-24.91+0.49%o).

3.4 Yearly tree-ring growth

Yearly tree-ring growth curve for each site was monitored by two methods: xylogenesis
observations for years from 2007 to 2009 and from 2018 to 2019 (Jyske et al. 2014), and a
dynamic growth model Carbon Allocation Sink Source Interaction (CASSIA, Schiestl-Aalto
et al. 2015) for years from 2002 to 2019.

For xylogenesis observations, micro-core sections were prepared and analyzed according
to Jyske et al. (2014) to determine the number of current-year tracheids in the enlargement,
wall-thickening and lignification, and mature phases. The growth curves for tracheid
production and tracheid maturation were obtained via Gompertz fitting (Zeide 1993) on the
number of total and mature current-year tracheids, respectively. Meanwhile, the dimensional
growth curve of tracheid production and the number-based growth curve of tracheid
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maturation were modelled with CASSIA using input parameters validated for Hyytid&and
Vario (Schiestl-Aalto et al. 2015; 2019). The number-based growth curves were then
transferred to dimensional growth curves, using a non-linear fitting curve between cell
number and tree-ring width (study 1V). The results of the two methods were compared, and
the uncertainty of CASSIA results was discussed in study V.

With known growth curves and relative position of each LA-IRMS measurement within
a tree-ring, the growth period for each LA-IRMS measurement was determined (Figure 4).
This information was used for timing intra-seasonal tree-ring §'°C and iWUE derived
therefrom (study I1V).

3.5 Gas exchange measurements

Automated chamber systems were implemented for measuring CO- fluxes from shoot, stem
and soil (Figure 5). For years from 2002 to 2019, transparent acrylic plastic chambers were
installed at the top canopy of one to four mature trees for both sites. Each chamber enclosed
a debudded one- or two-year-old shoot (Altimir et al. 2002; Kolari et al. 2009). Different
types of shoot chambers were employed over the years in Hyytid& whereas the chamber
design remained the same (Version 1 in Figure 5) in V&ri& In 2018, a custom-made stem
chamber was built around the stem at 15 m height of one mature tree in Hyytid&(Rissanen
et al. 2020). Nearby this tree, a transparent soil chamber of 40 <80 %25 cm was placed with
all ground vegetation removed (Aaltonen et al. 2013).

a) Hyytiala 2004 1009 b) Hyytiala 2004

Relative position:
0 0.37 0.42 1

=== Tracheid maturation
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—— Tracheid production
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150 177, 200 [202 250
Day of year (DOY)

Figure 4. Example of how the formation period of an LA-IRMS measurement was defined. (a)
Relative positions of an LA-IRMS measurement within a tree-ring; (b) formation period of the
LA-IRMS measurement based on the growth curves of tracheid production and maturation for
the specific year and site.
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Figure 5. The gas exchange measurement chambers used in this study. (a) Automated shoot
chambers (photo by Juho Aalto; Kolari et al. 2012); (b) Custom-made stem chamber
(Rissanen et al. 2020); (c) Automated soil chamber (the same type but without vegetation
inside, photo by Juho Aalto).

The automatic chambers were intermittently closed one by one from 50 to 180 times a
day, with sample air drawn to gas analyzers (URAS-4, Hartmann & Braun, Germany; G2201-
I, Picarro, USA and LI-840, LiCor, USA). Based on instantaneous CO, and HO
concentrations during chamber closure, CO, fluxes and H,O fluxes were calculated (Kolari
et al. 2012). Flux data with high relative humidity (over 75% or 85%) were omitted to avoid
unreliable measurements due to condensation of water droplets (Altimir et al. 2006). Small
fluxes (An < 0.5 pmol m2 st and E < 0.1 mmol m2 st) were discarded from further analysis
given the uncertainties in the calculation of small fluxes. In 2018, the §**C of CO; fluxes was
determined from the ratio of 3CO, flux to *?CO; flux with Picarro G2201-I. The §*3C values
of CO, were calibrated by reference CO; gases (Air Liquide, Houston, USA) with §'3C of -
19.0%o and -3.1%o.

3.6 Isotope discrimination models

Photosynthetic carbon isotope discrimination in Hyytid&during the growing season of 2018
was estimated by two approaches: a classical one in study | (Eq. 5; Farquhar et al. 1982) and
a revised version following Wingate et al. (2007) in study 11 (Eq. 6).

C1 Ce I R4

— Ga—Ci _ o d
A=ag o +ay + b . —f= o % (5)
kCy Ca=Cs Cs=Ci Ci—Ce Ce s 8 Cairt1
kCa—Rd{ b T Ca +m Ca + bca fca (1= 3 Cau +1(l + )] ©)

where T« (umol mol™?) is the CO, compensation point in the absence of dark respiration
(Bernacchi et al. 2001); k=(4, + Ry)/(C. —T',) (mol m2 s1) is the carboxylation efficiency.
More details on model parameterization and evaluation were presented in studies | and 11.
The two studies differed in the following aspects: (1) the boundary layer effects were
omitted in study | but not in study 11; (2) a constant gm value (Stangl et al. 2019) was used in
study I, while dynamic gm values (Dewar et al. 2018) were used in study Il; (3) in study Il
the respiratory substrate was assumed to be the leaf sugar pool instead of the new assimilates
as in study I; (4) input gas exchange data were obtained from online shoot gas exchange
measurements in study I, but modelled based on environmental data in study I1; (5) modelled
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5%3Ca was compared directly with leaf sucrose §'3C in study I, whereas in study 11 §*3C of
leaf sugars was predicted dynamically with leaf sugar pool size considered.

In study I, model uncertainty might rise from the ignorance of boundary layer effects, the
simplification of gm dynamics and the assumption that respiration substrates were new
assimilates, which is in contrast to the finding of Busch et al. (2020). Additionally, ternary
effects likely affected the results of study I, but should have less impact on study I, where it
was consistently ignored in simulating both gas exchange and *3C discrimination (Farquhar
and Cernusak 2012).

3.7 iWUE estimation

Half-hourly input data were used for iWUE estimation, and the results were averaged to
daytime means (studies | and 1V).

3.7.1 iWUE from gas exchange data

iIWUE was calculated from shoot gas exchange data (iWUEgs) according to Eq. 7, for years
from 2002 to 2019 in both sites, but not for 2005 or 2014 in Hyytid&due to data gaps.

iWUE,=4,/E-(VPD/P,), ©)
where P, is atmospheric pressure.
3.7.2 iWUE from 6"C data
iIWUE was estimated from 8*3C data (iWUEis,) according to Eq. 8.

iWUE,,,=(C, — C))/1.6 (8)
For a simple iWUE;s, estimation model, C; was estimated from Eqgs. 2 and 3. For a complex
model with the incorporation of gm and photorespiration, C; was estimated from Egs. 2 and
5, assuming Rq=0 in study IV. Availability and processing of input data were described in
studies I and 1V.
3.7.3 iWUE from eddy covariance data
iIWUE was calculated from eddy covariance data (IWUEgc) according to Eq. 9.

iWUE.=GPP/ET-(VPD/P,) 9)
Gross primary production (GPP) was calculated by subtracting the modelled total ecosystem
respiration from measured net ecosystem CO, exchange (Kulmala et al. 2019). Net ecosystem
CO, exchange and ecosystem H,O flux (ET) were measured via a closed-path eddy
covariance system above the stand at 24 m height from 2002 to 2017 in Hyytid& at 27 m
height from 2018 to 2019 in Hyytid& and at 16.6 m from 2012 to 2019 in V&ri& More

detailed description of the eddy covariance system can be found in Vesala et al. (2005), and
eddy covariance data processing in study 1V.
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4. RESULTS AND DISCUSSION

4.1 Improved understanding of photosynthetic isotope discrimination
4.1.1 Impacts of mesophyll conductance

Although it has been acknowledged that gm may constrain photosynthetic rate and thereby
313Ca by Evans et al. already in 1986, gm was for a long time not explicitly incorporated in
isotope discrimination models. Studies I and Il demonstrate that explicitly accounting for gm
dynamics is crucial for interpreting leaf-level 8'3C signals at intra-seasonal scale. Study |
applied a constant gm value in the isotope discrimination model, which resulted in an overall
agreement between modelled §'°Ca, chamber-based §'*Ca and leaf sucrose $*3C in both
absolute values and seasonal variability for most of the growing season, but not for the hottest
period (Figure 6). This discrepancy at high temperatures can be at least partly attributed to a
dynamic intra-seasonal pattern of gm, which tends to increase sharply with temperature (von
Caemmerer and Evans 2015; Shrestha et al. 2019). Indeed, the assumption of a dynamic gm
in proportion to 4,/(C, —T',) (Dewar et al. 2018) produced better model agreements than the
assumption of a constant gm value (Wingate et al. 2007; Ogé& et al. 2009) in study II.
Although accounting for the seasonal variability of gm is ideal for modelling 5*3Ca and iWUE,
as suggested by study Il and Gimeno et al. (2021), incorporating a constant gm value is
undoubtedly better than incorporating none.
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Figure 6. Comparison of modelled and chamber-based &'3C of new assimilates (5'3Ca) and
8'3C of leaf sucrose and total organic matter (TOM) of Scots pine in Hyytiald during the
growing season of 2018. Error bars represent SD of five trees. Revised from Figure 3 of study
l.
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Figure 7. The fit between modelled and measured &'3C of leaf sugar when gm was (a) and
was not (b) incorporated in the isotope discrimination model. The dashed line is 1:1 and the
solid line the linear least squares regression. Mean absolute error (MAE) and r of the model
fit are given. Error bars represent SD of five trees. Revised from Figure 4 of study Il

When gm was neglected in the isotope discrimination model, §'°C of leaf sugars was
clearly underestimated and the mean absolute error of the model fit increased (Figure 7). In
consequence, nonexplicit consideration of gm contributed to an overestimation of §*C-based
IWUE by 9% at leaf level (study I) and 7% at tree-ring level (study V). Nevertheless, it is
worth noting that the impact of gm on iIWUE estimates was much less significant than detected
for other species, such as up to 65% reported for crop species by Ma et al. (2021), probably
due to a species-specific pattern in gm dynamics (Ubierna et al. 2017). Hence, estimating
iIWUE in a simplified manner via Egs. 2, 3 and 8 may be a plausible compromise for boreal
Scots pine, albeit not for species that have demonstrated a significant impact of gm on iIWUE
estimates, if no instrumental data are available for the incorporation of gn into the iWUE
model.

4.1.2 Impacts of carry-over effect of leaf sugars

The carry-over effect of leaf assimilates was considered with two different assumptions: a
constant proportion of current-day formed sugars was preserved in the leaf to the following
day (study 1) or the leaf sugar pool was of a constant size with well-mixed new and old
assimilates (study Il). Based on these assumptions, weighted means of past environmental
and physiological parameters were calculated and their correlations with leaf sugar §°C were
computed. When the carry-over effect of leaf assimilates was considered, stronger
correlations were obtained between 8*3C of leaf sugars and environmental variables (Figure
8) or Ci/C, (Figure 9). Likewise, Brendel et al. (2003) found §'°C of leaf TOM correlated
better with integrated environmental variables over past days than daily index. Study |
showed a carry-over effect of from 3 to 5 d for leaf sucrose, while study Il suggested that the
leaf sugar pool was a composite of sugars formed between 2 to over 5 d. These results are in
line with the finding of Desalme et al. (2017) that the mean residence time of the *C labels
in WSCs in one-year-old needles varied between 1 d to 5 d, depending on the time of the
growing season, after 3CO; pulse-labelling of Pinus pinaster. Furthermore, this carry-over
effect also corresponds to the suggestion of a two-compartment pool of sucrose in leaf cells:
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a slow transport pool in vacuole and a fast transport pool in cytosol (Kouchi and Yoneyama
1984; Brauner et al. 2014). Our finding that from 70% to 80% of current-day formed sucrose
is preserved in leaves (Figure 8) agrees well with a previous suggestion that from 40% to
80% of sucrose is stored in vacuole of various non-tree plant species (Nadwodnik and Lohaus
2008).

Due to the carry-over effect of leaf sugars, the seasonal and diurnal variations of leaf
sugar 8'°C were not as strong as that of chamber-based 5'°Ca (studies I and 11). Moreover,
813C of leaf sugars was ca. 1%o lower than chamber-based 6*3C, in the early afternoon, due
to the accumulation of relatively *C-depleted sugars assimilated in the morning. These
pieces of evidence underline that explicit consideration of the temporal mixing of sugars in
leaves is important for reliable interpretation of the dynamics in leaf §'C signal. Moreover,
studies I and 11 show the potential of combining an isotope discrimination model, online
chamber-based §'°C analysis of CO; flux and CSIA of leaf sugars in examining temporal
dynamics of sugar export from leaves to phloem (opposite to the carry-over effect in leaves).
Such information on sugar export has been examined via **CO, pulse-labelling experiments
(Epron et al. 2012), however, often confined to small trees.
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Figure 8. Environmental and physiological signals imprinted in 8'3C of leaf sucrose, water-
soluble carbohydrates (WSCs), and total organic matter (TOM) of Scots pine in Hyytiala during
the growing season of 2018. The carry-over effect was calculated by integrating the
environmental and physiological variables over previous days with varying weights (study I).
The x-axis represents the number of days calculated for the carry-over effect, and the y-axis
represents the percentage of current-day leaf carbon pools that were reserved in the following
day. PAR is photosynthetically active radiation, T is temperature, RH is relative humidity, VPD
is vapor pressure deficit, and iWUEgas is intrinsic water use efficiency estimated from leaf gas
exchange data. Only significant results (P<0.05) are presented. Spearman’s correlation
coefficient is indicated by the colors from blue (low values) to red (high values). Revised from
Figure 4 of study I.
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Figure 9. Relationship between modelled intercellular to ambient CO2 concentration ratio
(Ci/C3) and measured leaf sugar 5'3C, when time integration was (a) or was not (b) considered
in Ci/Ca. The solid line is the linear least squares regression. Correlation coefficient r and P-
value are presented. Error bars represent SD of five trees. Revised from Figure 8 of study II.

4.2 Improved understanding of post-photosynthetic processes
4.2.1 683C offsets between carbon pools and respired CO;

Unlike sucrose, all other examined leaf carbon pools, that is, pinitol, starch, WSCs and TOM,
showed significant and seasonally varying 83C offsets from modelled and chamber-based
513Ca (study 1). On the one hand, the result implies that §**C of leaf sucrose provides a rather
accurate estimate for 3*3Ca. On the other hand, the result reflects isotopic fractionation during
enzyme-catalyzed synthesis of other metabolites. Compared with modelled and chamber-
based §13Ca, 8*3C of pinitol, WSCs and TOM were over 3, 1.5 and 1%o lower, respectively,
whereas 8C of starch was ca. 1%o higher. These offsets are in line with previous
investigations (Figure 2).

Leaf assimilates are subsequently exported to phloem, mainly in the form of sucrose
(Rennie and Turgeon 2009; Julius et al. 2017). However, 5'C of phloem sucrose at breast
height was ca. 1%o higher relative to leaf sucrose assimilated at top canopy (Figure 10). This
offset likely results from the refixation of *3C-enriched CO, associated with PEPc activity
(Gessler et al. 2009a) and the contribution of *C-enriched transitory starch to exported
sucrose (Gessler and Ferrio 2022). This offset is also partly counterbalanced by the
integration of sucrose produced at lower canopy with lower §3C signal due to lower light
availability (Le Roux et al. 2001). Furthermore, from phloem sucrose to resin-extracted tree-
ring (consisting of cellulose and lignin), 3*3C decreased by ca. 0.5%o (Figure 10), possibly
due to fractionation against *3C during lignin formation (Hobbie and Werner 2004). Taken
together, the overall *3C-enrichment relative to leaf sucrose was ca. 0.5%o for resin-extracted
tree-ring, and ca. 2%o for wood cellulose if the $**C difference between cellulose and resin-
extracted tree-ring was considered (Schulze et al. 2004). Accounting for these §*3C offsets is
crucial for accurate interpretation of tree-ring 8'3C-derived iWUE values (study 1V).
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Figure 10. 5'3C difference between resin-extracted tree-ring and tree sugar pools together
with possible underlying mechanisms. WSCs is water-soluble carbohydrates; PEPc is
phosphoenolpyruvate carboxylase. Average values from seasonal sampling in Hyytiald and
Varri6 are presented, modified from Figure 5 of Study IV.

Previous studies reported contradictory results on the direction of §*3C difference between
stem or root respired CO- and respiratory substrates (Section 1.2.3). This discrepancy very
likely results from the fact that different carbon pools, most often bulk matter such as WSOM
or TOM, were analyzed in different studies as respiratory substrates. Bulk matter consists of
a mixture of organic compounds, which have distinct §*3C values (Figure 2). In fact, a
significant proportion of the bulk matter, such as structural compounds or mobile compounds
with long turnover rates, is not likely to be the substrate for respiration under normal
conditions. In comparison, sucrose can provide a more accurate estimate for the §3C value
of the respiratory substrate. CSIA data in study 111 depicted a clear **C-depletion of stem
respired CO; relative to phloem WSCs and sucrose. This fractionation is possibly linked to
the release of CO, from 3C-depleted C-1 position of glucose via oxidative pentose phosphate
pathway (Rossmann et al. 1991; Bathellier et al. 2008) and preferential refixation of *3CO;
via PEPc activity (Farquhar 1983; Gessler et al. 2009a). *3C-depletion of soil respired CO,
relative to root WSCs was also detected in study 11, but an in-depth understanding of the
fractionation process would rely on a careful separation of autotrophic respiration from
heterotrophic respiration and a thorough 3*3C determination of soil carbon pools.

Summarizing, studies I, 111 and 1V point out that the §*3C signal in bulk matter, such as
WSCs and TOM, may be strongly biased due to the mixing of different compounds, and that
careful interpretation is needed, if environmental and physiological information is derived
from bulk 83C signal. CSIA thereby confers an improved ability to decipher photosynthetic
and post-photosynthetic isotope discrimination processes than conventional bulk isotope
analysis.

4.2.2 No significant use of reserves
In the present thesis, no clear sign of use of reserves was detected for needle growth (study

), tree-ring growth (study 1V) and root growth (study I11) of mature Scots pine trees. These
findings indicate that there may be a better chance to use Scots pine for paleoenvironmental
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research than other species, for instance, deciduous trees (Villar-Salvador et al. 2015;
Vincent-Barbaroux et al. 2019), which have shown significant use of reserves.

At leaf level, 8*3C of TOM in developing needles aligned with modelled and chamber-
based §13Ca in both absolute values and temporal variations during the initial stage of leaf
flush (Figure 6), suggesting use of new assimilates rather than old reserves for needle growth.
Low dependence of leaf growth on reserves has been reported also for mature evergreen
conifer Pinus uncinata Ramond (von Felten et al. 2007), mature deciduous conifer Larix
gmelinii (Rinne et al. 2015b), as well as for a variety of deciduous and evergreen broadleaf
species (Villar-Salvador et al. 2015). For these deciduous trees, expanding leaves become
autotrophic rapidly after budburst, and thus the degree of use of reserves for total leaf biomass
growth is low (Rinne et al. 2015b; Villar-Salvador et al. 2015). By contrast, significant
reliance on stored carbon for leaf development was reported for mature deciduous Larix
decidua (von Felten et al. 2007), Larix gmelinii saplings (Kagawa et al. 2006), mature
deciduous oaks Quercus alba and Quercus prinus (Gaudinski et al. 2009), deciduous savanna
tree species Terminalia sericea and Combretum apiculatum (February and Higgins 2016),
and mature evergreen Pinus pinaster (Desalme et al. 2017). It seems increasingly obvious
that the use of reserves for leaf growth is not solely dependent on plant functional types or
tree ages, but also on the environment the trees live in and the strategy they take for better
survival.

Regarding tree-ring growth, no clear use of reserves was detected for Scots pine in either
study site (study V). In previous studies, the reliance of reserve carbohydrates for earlywood
growth was often supported by a significant correlation between §**C across the ring border,
such as for Picea abies (Vaganov et al. 2009) and Pinus sylvestris (Fonti et al. 2018), or by
a high 8'3C signal in earlywood originating from potential use of *3C-enriched starch reserves
(J&gi et al. 2002). In study 1V, however, there were no significant correlations between §*3C
across the ring border, after applying first-differencing to remove the low-frequency trends
in 8'°C chronologies, as suggested by McCarroll et al. (2017). Additionally, an overall
agreement of intra-seasonal variability between leaf-level iWUEgy,s and tree-level iWUE;s, at
both sites suggests a synchrony of §*3C dynamics between new assimilates and tree-rings.
Aside from the fact that the low-frequency trends were not removed in previous studies
(Vaganov et al. 2009; Fonti et al. 2018), the contradiction between previous findings and our
results may also indicate a species-specific and environment-dependent carbon use strategy
for wood formation. As observed by Bryukhanova et al. (2011) and Vincent-Barbaroux et al.
(2019), species differ significantly in the use of reserves for earlywood growth, depending
on the balance between photosynthetic supply and growth demands.

Two lines of evidence in Study 111 suggest that root growth of Scots pine in Hyytid&was
mainly dependent on new assimilates. First, there was a significant correlation between the
rate of root growth and the concentration of root starch, as also observed by Wang et al.
(2018). Second, root starch mainly originated from new assimilates rather than stored carbon,
as starch content was very low before the first root flush and showed a similar temporal
pattern with WSC content. Our finding is consistent with the previous report that fresh
assimilates are intricately involved in new root growth of conifers, whereas the initial root
growth of deciduous trees relies on old reserves as their root elongation resumes before
budburst (Villar-Salvador et al. 2015).
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4.3 Tree 8'°C for environmental and physiological studies
4.3.1 Weaker environmental signal in 5'3C of bulk matter

A weaker or even distorted environmental signal was detected in §'°C of leaf pinitol, starch,
WSCs and TOM (Figure 8, study 1), in comparison with §*3C of sucrose. The distorted
environmental signal in §'°C of pinitol is caused by the slow turnover rate of this compound
(Streeter et al. 2001), which is decoupled from the flow of new assimilates (Kouchi and
Yoneyama 1984). Consequently, due to the commonly high proportion (ca. 40% in our data)
of pinitol in a WSC pool, environmental signal is also dampened in §'3C of WSCs. Not
surprisingly, it can be expected that environmental signal is further distorted in 8*C of
WSOM and TOM, because of the presence of several other compounds, which have different
513C values from 8*3Ca (Bowling et al. 2008; Figure 2). Also, the accumulation of starch over
time results in mixing of carbon formed at different times in the starch pool, hence the lack
of environmental signal in starch §'°C.

Similarly, physiological information, such as iWUE, was also dampened in 6*3C of leaf
bulk matter (Figure 8, study I). Likewise, Merchant et al. (2011) found that changes in §*3C
of leaf WSOM were much less coupled to changes in Ci/C, compared with §'3C of leaf or
phloem sucrose. Resultantly, §°C of leaf bulk matter may fail to capture the seasonal
dynamics of iWUE (Figure 11; Tarin et al. 2020), or produce biased iWUE values (Figure
11; Stoke et al. 2010), due to the $*3C offset between leaf bulk matter and new assimilates.
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Figure 11. Relationship between intrinsic water use efficiency derived from leaf gas exchange
(IWUEgas) and 8'3C (iWUEiso) of (a) sucrose, (b) water-soluble carbohydrates (WSCs) and (c)
total organic matter (TOM) in leaves. The dotted line is 1:1 and the solid line the linear least
squares regression. Correlation coefficient r and P-value are presented. Error bars represent
SD of five trees. Revised from Figure 5 of Study I.
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4.3.2 iWUE estimates from tree-ring 6"°C

Considering that 8*3C of leaf sucrose provides a rather accurate estimate of leaf-level iWUE
at intra-seasonal scale (Figure 11; study 1) and that sucrose §'3C is transported to and laid
down in tree-rings (Gessler et al. 2009b; Rinne et al. 2015a), there should be a high potential
to estimate intra-seasonal iWUE signal from tree-ring §'C data. In study IV, with the aid of
LA-IRMS analysis of tree-rings, high-resolution intra-seasonal iWUEis, was estimated for
Varidand Hyytidafrom 2002 to 2019. For both sites, the intra-seasonal pattern of iWUEis,
agreed generally well with that of iIWUEgs and iIWUEgc (Figure 12), when yearly tree-ring
growth was carefully determined to time iWUEis. This agreement supports the reliability of
tree-ring 5'°C data for detecting iWUE dynamics at high-resolution intra-seasonal scale. The
main advantage of tree-ring 6*3C data is that the signal is archived in tree-rings which exist
for a wide range of areas and periods and can be retrieved even decades and centuries after
tree-ring formation without laborious work on site (Cernusak 2020). Therefore, this finding
is of high significance, especially to studies which seek to detect short-term dynamics of
water and carbon trade but have no access to gas exchange or eddy covariance data.
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Figure 12. Relationships between intra-seasonal intrinsic water use efficiency derived from
tree-ring 8'3C (iWUEiso), leaf gas exchange (iWUEgas) and eddy covariance (iWUEkec) data for
Hyytidla and Varrioé during years from 2002 to 2019. The dotted line is 1:1, and the solid line
are linear least squares regressions for each year and site. Correlation coefficient r and
significance level (*** P<0.001, ** 0.001<P<0.01, * 0.01<P<0.05, and ns P=0.05) are
presented.



38

However, there were differences between iWUE;s, iIWUEgss and iWUEgc in absolute
values, inter-annual trends and in some cases intra-seasonal patterns (study 1V), which can
be ascribed to the following reasons. First, these discrepancies can rise from uncertainties of
each iIWUE estimation method. For example, iWUEis, was overestimated by up to 11% due
to post-photosynthetic 3*3C alteration, and by up to 14% due to nonexplicit consideration of
mesophyll and photorespiratory effects. iIWUEgc estimates are likely biased due to energy
imbalance, neglection of daytime canopy respiration in GPP estimation, canopy gradients
and contribution of non-transpiratory water fluxes (Medlyn et al. 2017; Knauer et al. 2018).
iIWUEgas estimates are impacted by chamber artifacts, which cause differences in conditions
inside and outside the chamber, limited sampling coverage, and low consistency in
measurement systems in long term. Second, environmental variables may have varying
impacts on the three iIWUE estimates, which represent signals at different scales. For
instance, the tree-level iWUE;s, is less impacted by C, than the top canopy leaf-level iIWUE g,
because photosynthesis within the canopy is predominantly limited by ribulose 1,5-
bisphosphate regeneration, which is less sensitive to C, compared with Rubisco-limited
photosynthesis at the top canopy (Yang et al. 2020). Additionally, the ecosystem-level
iIWUEEec integrates the species-specific physiological response to environmental stresses
across various plant species over the stand (Yi et al. 2019), and thus may vary in a different
manner than iIWUEg,s and iWUE;s, that represent the signal of the studied species only.

Study 1V not only extends the application of tree-ring 6*3C data for iWUE reconstructions
from the conventional annual resolution (Frank et al. 2015; Adams et al. 2020; Mathias and
Thomas 2021) to high-resolution intra-seasonal scale, but also presents the first example for
across-method comparisons of iWUE at various temporal scales. Such comparison for longer
time series and at more study sites can provide further insights in the scale-specific
physiological acclimation of trees under climate change and in the upscaling of ecological
models.
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5. CONCLUSIONS

This thesis combined CSIA of sugars with online chamber-based 6*3C analysis of CO; flux
and isotope discrimination models, in the effort to better understand the photosynthetic and
post-photosynthetic isotope fractionation processes. The obtained knowledge was further
applied to extract physiological information from LA-IRMS-derived tree-ring 5'C data. The
main findings of this thesis include the following aspects.

First, gm dynamics had a significant impact on the output of isotope discrimination
models. gm was not constant over the growing season but seemed to vary considerably in
response to environmental changes, such as temperature, although incorporating a constant
gm Vvalue in models was no doubt better than neglecting gm. If gm Was not accounted for,
IWUE derived from leaf 8*3C tended to be overestimated, but the degree of overestimation
was less significant for Scots pine than reported for other species. Second, assimilates tended
to preserve in the leaves for 2 to 5 d. This short-term carry-over effect dampened the strength
of current-day environmental signal imprinted in §**C of leaf sugars. Accounting for this
carry-over effect in the isotope discrimination model is important for predicting the intra-
seasonal dynamics of leaf sugar §'3C. Third, no significant use of reserves was detected for
the biomass growth of needles or roots of Scots pine in Hyytidaduring the growing season
of 2018, or for stem growth of Scots pine at Hyytid&and VVaridover the years from 2002 to
2019. Therefore, boreal Scots pine may be a better choice for tree-ring §'*C-based
reconstructions of environmental and physiological variables, in comparison with species
that have shown considerable degree of use of reserves. Fourth, §*3C of leaf bulk matter
significantly deviated from the modelled and chamber-based §'3Ca, resulting in reduced or
even distorted environmental and physiological signals in 8*3C of leaf bulk matter. In
comparison, leaf sucrose *3C documented leaf-level iWUE, as well as other environmental
variables, in a highly accurate manner. 8'3C of leaf sucrose is transported to tree-rings, hence
laying the basis for tree-ring 6'3C-based iWUE reconstructions. Fifth, the intra-seasonal
patterns of iIWUE derived from tree-ring §*3C aligned well with that estimated from gas
exchange and eddy covariance data during years from 2002 to 2019 for both study sites.
However, the inter-annual trends of iIWUE were different between the estimation methods,
mainly due to diverse environmental drivers on changes of each iWUE estimate.

Taking advantage of CSIA and LA-IRMS, this thesis not only deepens our understanding
of the less well-known aspects in photosynthetic and post-photosynthetic isotope
discrimination processes, but also extends the application of tree-ring §'*C-based iWUE
estimation to intra-seasonal scale. Future studies can further benefit from the two
methodological tools, for example, in separating the impact of individual metabolic processes
on post-photosynthetic 5'3C alteration from leaf assimilates to tree-rings, by combining intra-
seasonal CSIA data in leaves and phloem, intra-ring LA-IRMS data and enzyme activity
measurements.
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