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Summary

Forests play an important role in the global carbon (C) cycle. As the central organ of a tree, the
stem acts as an important C sink by storing substantial amounts of C in the wood. But at the same
time, the respiring cells in the stem release previously assimilated C into the atmosphere via
respiration. While CO» that is emitted from the stem can account for up to 42% of the total C loss
by ecosystem respiratory fluxes in forests, our mechanistic understanding of the underlying
processes of total stem respiration is still very limited. Therefore, an improved comprehension of

C dynamics in mature tree stems is indispensable.

Estimating stem respiration by using only CO> efflux does ignore possible stem-internal transport
and refixation processes that affect the fraction of CO; emitted locally. In the first chapter, |
therefore provided an updated view on stem respiration estimates and their uncertainties. The
review also included a research agenda to identify multiple challenges that require attention for
robust predictions of woody tissue and whole-plant respiration. I underscored the need to improve
upscaling procedures of stem respiration from the tree to ecosystem level by bringing together

observational and experimental data with mechanistic modelling approaches.

The application of paired oxygen (O2) and CO2 measurements may overcome some of the
challenges in stem respiration. However, simultaneous measurements have been rarely conducted
as methodological limitations must first be solved. The aim of the project shown in the second
chapter was therefore to develop a new chamber device to quantify CO; efflux and O; influx from
tree stems. The utility of the device relies in its low-cost, power-autonomy (up to 10 days) and the
high temporal resolution of measurements. Accordingly, it has substantial potential to facilitate
research and advance knowledge on stem respiratory processes.

Until now, for practical reasons, a majority of experimental studies exploring respiratory processes
have been restricted to young trees under controlled conditions. But, the fate of CO2 inside tree
stems most likely depends on stem dimensions. The aim of the third chapter was to assess the

different fates of CO; in stems of mature beech trees to gain insights on the regulation and



Summary

quantification of plant respiration. We combined CO- efflux, internal CO- flux, and Oz influx. In

contrast to CO, Oz should not be affected by transport mechanisms, since it is a less soluble gas.

Additionally, we measured phosphoenolpyruvate carboxylase (PEPC) capacity in stem wood as
an additional mechanism for caption of CO,. The results of our field experiment showed that ~30%
of the respired CO; was retained in the stem. However, the transport of respired CO, away from
its point of production could only partially explain the difference between CO> efflux and O> influx
in large trees. I provided novel evidence that PEPC-mediated CO; fixation can be seen as a relevant
driver of the mismatch between CO; efflux and O influx in mature trees, highlighting the potential

relevance as a mechanism of local CO; removal to close the stem C balance.

The main focus of the fourth chapter was to provide novel insights into dynamics of C reserve
use. The availability and usage of such C reserves during periods of limited photosynthesis are
still poorly understood in mature trees. I investigated how a reduced C supply (induced via stem
girdling) affected respiratory substrate use and C mobilization of storage pools in poplar. In species
that do not only store C in form of carbohydrates but also lipids, storage mobilization can induce
a substrate shift. However, there are very few studies addressing this in the field. The ratio of CO>
efflux to O, influx (apparent respiratory quotient; ARQ) and §'°C of respired CO, allowed
inferences on respiratory substrate sources. Poplar gradually mobilized older substrates for
respiration that were up to 15-yr-old. This was demonstrated by the use of the bomb-radiocarbon
method ('*C). From our multi-year field experiment, we concluded that, after the cut-down of new
photo-assimilates, a mixture of respiratory substrate (carbohydrates, lipids) with a late contribution

of older reserves ensured the long-term survival of poplar trees under C starvation.

This thesis contributes to a better understanding of C fluxes in mature tree stems. The new method
development of combined CO; and O, measurements allows for a more holistic approach to
studying respiratory and post-respiratory processes in woody tissues. Combined with internal CO>
flux and refixation measurements, it improves stem respiration estimates and advances our
knowledge on the uncertain fate of CO> in stems. When addressing forest responses to more
frequent and severe droughts under climate warming, C dynamics in tree stems should be an integral

part of future studies.
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Introduction and thesis outline

Forests, climate change and the carbon cycle

Forest ecosystems cover approximately one-third of the world’s land surface (FAO, 2015). Forests
exist in diverse regions from cold to temperate and tropical regions, located at high altitudes in
mountains or in coastal areas. An impressive number of approximately 60,000 tree species exist
worldwide (Beech ef al., 2017) and they have many fundamental ecological functions that support
life on Earth. Trees remove carbon dioxide (CO») from the atmosphere and store it, produce oxygen
(O2), provide habitat for many species, protect soils against erosion and provide resources for
humans, including food, fuel and timber (Myers, 1997; Pan et al., 2013; Abson et al., 2014;
Trumbore et al., 2015a; Le Quéré et al., 2018). Forest ecosystems are essential for climate
regulation and fulfill important functions in the water cycle (Bonan, 2008). They provide essential
ecosystem services that are extremely important in the regulation of biophysical processes on Earth
and understanding and protecting forest ecosystems is imperative.

Changing climate conditions are threatening forest ecosystems worldwide, as well as their
accompanying ecosystem services. Trees unavoidably encounter a variety of stressors such as
droughts, insect or pathogen outbreaks, windthrow or fires throughout their lifetime. However, the
frequency and severity of re-current drought events and excessive heat waves has increased
drastically in recent years with proceeding climate change (e.g., Reichstein et al., 2013; Bastos et
al., 2021; Bohnisch et al., 2021). Carbon dioxide, the most important anthropogenic greenhouse
gas on Earth, is one of the main drivers of climate change and has increased greatly due to human
activities such as fossil fuel burning and land use change, including deforestation. During the time
of my PhD project, two consecutive droughts in 2018 and 2019 in Central Europe have posed a
great challenge to tree survival. Especially long-living tree species were affected (Allen et al., 2010;
Allen et al., 2015; Hartmann et al., 2018; Schuldt et al., 2020), due to their long reproduction period
(delayed maturity) and subsequent slow adaptation (Petit & Hampe, 2006). Severe drought events
lead to reduced forest productivity (Park Williams et al., 2013), higher susceptibility of trees
towards stress events like bark beetle attacks (Allen ef al., 2010) and ultimately to drought-induced
tree mortality (Allen ef al., 2010; Adams et al., 2017; Hartmann et al., 2018; Hajek et al., 2022).
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Increased forest mortality also reduces the carbon (C) sink and impacts the C cycling of forests
(Adams et al., 2010; Anderegg et al., 2013). Under current climate conditions, ~450 gigatons of C
are stored in forests (aboveground biomass), which is about 45 times the annual CO> emissions
deriving from human activities (10.1 Gt C per year; Friedlingstein et al., 2022). In soils, this is even
significantly higher with ~1500 gigatons of stored C (Friedlingstein et al., 2022). As CO2 emissions
continue to increase, stressors on forests will also continue to advance with dramatic, and in some
cases, not yet foreseeable consequences for all of us.

The largest C fluxes in the C cycle between the terrestrial biosphere and the atmosphere are
photosynthesis and respiration (Schimel, 1995). About 120 gigatons of C are taken up by
photosynthesis each year, and nearly the same amount is returned to the atmosphere by ecosystem
respiration (includes plant and soil respiration). The CO: release by leaves and woody tissue
(autotrophic respiration) represents an extremely important flux, as plant respiration releases about
six times the CO; emissions from fossil fuel combustion globally (2010-2019; Friedlingstein et al.,
2020; Allan et al., 2021). Understanding autotrophic respiration and its underlying drivers, as a
critical and uncertain component of ecosystem and global C budgets, is of great importance for
plant physiology and global-change science (King et al., 2006; Houghton, 2007; Reich et al., 2008;
Salomoén ef al., 2019b). A deeper understanding of regulatory mechanisms of C fluxes at the tree-
level is required to improve predictions of respiration (metabolic demand) under uncertain future
climatic conditions. To this date, many processes that drive and control autotrophic respiration are

not fully understood, and a major concern is the role of tree stems.

Tree stem as the central organ in tree functioning

In order to better understand how forests will respond to stress, we first need to understand the
processes at the individual tree-level. Tree stems are impressive organs — some of them are over
100 meters tall, and can span over 10 meters in diameter while having a variety of functions. They
support and lift the crown so that leaves receive direct sunlight to perform photosynthesis.
Furthermore, stems serve as long-distance transport pathway between the canopy and the root
system (Furze et al., 2018) by transporting water and nutrients to the canopy (via the xylem) and
redistributing carbohydrates and other solutes to sink tissues for tree functioning (via the phloem)
(Furze et al., 2018). Carbon fixed during photosynthesis is transported in form of sugars and is used
e.g., for respiration, growth or storage. Trees store water to e.g. temporarily maintain their leaf water
status (Waring ef al., 1979; De Guzmann ef al., 2017). Further, tree stems represent a long-term C

sink by storing structural carbohydrates and mobile, i.e. non-structural carbohydrates (NSCs),
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mainly sugars and starch (Sala et al., 2012; Hartmann & Trumbore, 2016). But, also neutral lipids
(triacylglycerols) are considered to serve as storage compounds (Plaxton & Podesta, 2006; Hoch,
2015). The mobile C storage compounds can be accessed and metabolized by trees to buffer
metabolic demand when C supply from photosynthesis is reduced (e.g., Regier et al., 2009;
Hartmann et al., 2013; Hartmann & Trumbore, 2016). Non-structural carbohydrates act as crucial
source of energy and substrates; and approximately 40% of their total amount in a tree is stored in
the stem (Furze et al., 2018).

Storage pools in trees play a crucial role in tree resilience to overcome periods of limited
photosynthesis (e.g., caused by shade, insect defoliation, late frost-induced defoliation, prolonged
drought), to maintain plant tissues, for recovery of lost tissues, or for growth and metabolism during
spring when photosynthesis is lower than respiration (e.g., Kozlowski, 1992; Fischer et al., 2015;
Mubhr et al., 2016; D'Andrea et al., 2019; Zohner et al., 2019; Piper & Paula, 2020; Barker Plotkin
et al.,2021). A shift from carbohydrates, as the dominant respiratory C substrate in plants (Plaxton
& Podesta, 2006), to alternative substrates, such as lipids and proteins (Sauter & van Cleve, 1994;
Hoch et al., 2003; O'Leary et al., 2019) has been documented under C starvation in shaded
herbaceous plants, during senescence and germination of seeds (Tcherkez ef al., 2003; Aratjo et
al.,2011; Engqvist et al., 2011; Hildebrandt et al., 2015). In trees, the role of alternative respiratory
substrates is still underexplored. A substrate shift to neutral lipids was shown for young scots pine
under a shading treatment in climate-controlled chambers (Fischer et al, 2015). Furthermore,
empirical evidence of the role of neutral lipids as storage compounds is often ignored due to
methodological challenges in quantifying neutral lipids in wood (e.g., Hoch et al., 2003). Another
strategy allowing survival during unfavorable conditions relates to the ability of trees to store NSCs
over long time periods (Carbone et al., 2013; Muhr et al., 2013). Trees can access and use older
carbohydrates for respiration or growth to withstand stress events, such as drought or insect
defoliation (Carbone et al., 2013; Richardson et al., 2013; Trumbore et al., 2015b; Muhr et al.,
2018; D'Andrea et al., 2019). Estimating the age of NSCs helps to understand how and when trees
use their C reserves. Hereby, manipulative experiments in which phloem transport for photo-
assimilates from the canopy was blocked (e.g., starvation by girdling) have shown that trees can
respire C that had been fixed years to decades before to ensure survival (Muhr et al., 2013).
Therefore, C stored for long time periods remained accessible for trees to cover metabolic C needs.
Our understanding of tree storage regulation and functioning is still limited, but represents a critical

aspect for the evaluation of forest resilience under changing climate conditions (Sala et al., 2012).
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Respiration and CO; efflux

The process of respiration generally requires O» and respiratory substrates, mainly carbohydrates
(Cannell & Thornley, 2000) that are consumed while CO, and water are released as reaction
products (O'Leary et al., 2019). Respiration provides C-skeleton intermediates, reducing power and
energy for plant cells (O'Leary et al., 2019) which is needed in a wide array of physiological
processes including growth, cellular maintenance and biosynthesis (Steppe et al., 2015a; Hartmann
& Trumbore, 2016; O'Leary et al., 2019). The process of respiration is relevant at different
biological scales — tissue and cellular scales, whole-plant or ecosystem scale (O'Leary et al., 2019).
Respiration plays a predominant role in the ecosystem C balance by substantially contributing to
the return of photo-assimilated C to the atmosphere (Valentini et a/., 2000). The difference between
C assimilation (gross primary production; GPP) and C loss (ecosystem respiration), which is
defined as the net ecosystem production (Chapin et al., 2006), serves as a proxy for the C sink and
C source strength of forest ecosystems (e.g., Valentini et al., 2000; Luyssaert et al., 2009). For
example, widely applied eddy covariance techniques quantify CO, fluxes from the terrestrial
biosphere to the atmosphere by using tower-based sensors (reviewed by Baldocchi, 2020). Those
measurements can be useful to calculate forest C sequestration rates at a local scale and helps to
understand how ecosystems respond to climate variability (Baldocchi, 2020). However, eddy
covariance cannot provide further insights into individual fluxes (autotrophic and heterotrophic
respiration) within the ecosystem, as bulk fluxes are measured (Trumbore, 2006). In order to make
a distinction between the different tree components (e.g., leaf, stem, soil respiration), chamber-
based measurements are suitable. Leaf respiration has been intensively investigated (e.g., Atkin et
al., 2005; Vanderwel et al., 2015; Heskel ef al., 2016; Huntingford et al., 2017; Wang et al., 2020)
facilitated by the methodological simplicity of enclosing leaves in cuvettes for gas exchange
measurements (Hunt, 2003). But, our understanding of the C release at the stem-level is much more
limited (Meir ef al., 2017; Fatichi et al., 2019). However, stems (and roots) make up most of the
biomass in woody species, especially in mature trees (Poorter ef al., 2012) and therefore C release
from the stem is an important contributor to whole plant respiration.

While respiration rates of isolated cells can easily be determined from CO; efflux, it becomes more
complicated in situ. In intact stems, respired CO> originates from the sum of all living cells in the
phloem, cambium, and parenchyma ray cells in the xylem (Teskey ef al., 2008; Aubrey & Teskey,
2009; Bloemen et al., 2013). However, emission of CO: from the stem surface into the atmosphere
(CO; efflux; Eco2), measured by chamber-based approaches, does not represent the true respiration

rate (Meir et al., 2017; Salomoén et al., 2017; Teskey et al., 2017). Interestingly, the crucial
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differentiation between stem respiration (Rs) and Ecoz has been recognized already 90 years ago
(Boysen-Jensen, 1933), but still today some studies incorrectly use those two terms interchangeable
even though many uncertainties in quantifying the ‘real’ Rs remain.

Carbon dioxide can dissolve in the sap solution and be transported internally via the xylem sap flow
(Teskey et al., 2008). Vertical transport can result in net-import of CO> into a given stem segment,
i.e. locally emitted CO: can originate from respiration within the roots or the lower stem base.
Likewise, but to the opposite effect, locally respired CO, can dissolve and be transported further up
the stem to diffuse into the atmosphere far away from the CO, production site (Teskey et al., 2017).
Other CO»-removal processes involve the refixation of respired CO> by photosynthetic cells (e.g.,
Pfanz & Aschan, 2001; Teskey et al., 2008; Avila et al., 2014), or the activity of the enzyme
phosphoenlopyruvatcarboxylase (PEPC) (e.g., Chollet et al., 1996; Berveiller ef al., 2007; Werner
& Gessler, 2011; Abadie & Tcherkez, 2019) as a potentially important sink for respired CO; in
trees. Until now, PEPC has been shown to be present in young twigs (Berveiller & Damesin 2008),
but the role of this refixation mechanism remains speculative in mature trees.

Stem respiration (based on stem CO; efflux) is estimated to account for 5% to 42% of total
ecosystem respiration, depending on season and forest type (e.g., Campioli ef al., 2016; Salomon
et al., 2017). But, the uncertain fate of respired CO> can lead to large uncertainties in those Rs
estimates. It is therefore critical to develop a clear understanding of the respiratory physiology and
the different contributors of Rs in woody tissues along the stem (Trumbore et al., 2013; Teskey et
al., 2017). The potential uncertainties in measuring and upscaling these fluxes to the stand- or

ecosystem level can have large implications for the forest C budget (e.g., Litton et al., 2007).

Potential of simultaneous CO: and O: measurements at the ecosystem and stem-

level

While intensive research has already been conducted on C fluxes, so far, O, measurements at the
ecosystem and tree-level remain less studied. Combined observations of Oz and CO: have the great
potential to convey additional information on C fluxes that cannot be gained solely from CO:
measurements (Seibt et al., 2004). Oxygen and CO; are inversely coupled not only in the process
of respiration, but also during photosynthesis and fossil fuel combustion (Manning & Keeling,
2006). By measuring changes in atmospheric O2 and CO, the calculated terrestrial O2:CO2
exchange ratio can be an alternative estimate of terrestrial C sinks (Keeling & Shertz, 1992), in
contrast to measuring CO; fluxes alone. Keeling et al. (1993) were the first to demonstrate a long-

term decrease in O2/N> concentration in the air due to the burning of fossil fuels, where O is
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consumed and CO; produced. Hereby, the burning of reduced fossil fuels leads to a different
02:CO; exchange ratio than photosynthesis and subsequent respiration (Keeling, 1988). The tight
coupling enables studying the natural C cycle and the effect of anthropogenic disturbances (Seibt
et al., 2004; Manning & Keeling, 2006; Tohjima et al., 2019).

Already 50 years ago, the potential of O for a better understanding of respiratory processes has
been recognized at the tree level (Woodwell & Botkin, 1973). The flux of O» into the stem should
equal the flux of CO, out of the stem, if we assume a carbohydrate-dominated respiration (Hoch et
al., 2003; Plaxton & Podesta, 2006). One (possible) advantage in using O over CO» as proxy for
respiration is related to the fact that O is much less soluble compared to CO; (Dejours, 1981).
Therefore, transport within the xylem sap should be negligible for O», allowing to separate transport
of CO2 from local physiological processes. Complementing measurements of CO> flux with
simultaneous measurements of O> flux at the stem surface can potentially help to achieve more
realistic measures of Rs and may overcome some of the challenges in Rs (Angert ef al., 2012;
Trumbore et al., 2013; Hilman & Angert, 2016; Hilman et al., 2019). Furthermore, the CO»/-O>
ratio provides information on the substrate a tree is using for respiration, as different compounds
(carbohydrates, proteins, lipids) have different ratios and thus can be distinguishable. With the
combined ratio of CO2/-O, storage dynamics in small trees can be better understood under
controlled conditions in climate chambers (Fischer et al., 2015; Hanf et al., 2015). However,
broader field use of Oz and the exact interpretation of the CO2/-O; ratio is yet to be resolved. Wider
application of the paired O2 and CO2 measurements is still lacking. This is caused by the analytical
challenges of detecting O changes in the range caused by plant respiration (less than 0.1%) with a
large O background of 21% in ambient air (209,500 ppm) (Angert ef al., 2012). New technical
innovations for combining the assessment of CO, and O, measurements would therefore make
important contributions to enhance our understanding of the fate of CO; inside stems and C storage

compounds in mature trees.
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Main research questions and dissertation outline

The aim of the present thesis is to gain new insights into tree stem C dynamics of beech (Fagus
sylvatica L.) and poplar (Populus tremula L.). More specifically, I will be contributing to a better
understanding of Rs at the stem-level. Investigating processes that occur at smaller scales are
necessary to evaluate the magnitude of Rs to the overall C balance of forest ecosystems and avoid
miscalculations in the upscaling process. Further, it is essential to understand how mature trees
utilize C reserves to survive under stress. For both aims, namely insights into respiratory C fluxes
and C storage use, the simultaneous measurement of CO> and O is highly beneficial. This thesis is

composed of three general research questions:

1) Can we overcome challenges in stem respiration estimates by developing a field-robust

method for simultaneous CO> and O> measurements at the stem-surface (Chapter 2)?

i1) Does the concurrent application of two different methods to estimate stem respiration in

the same trees leads to similar conclusions about the fate of respired CO2 (Chapter 3)?

ii1) Do stressed trees shift respiration supply from carbohydrates to alternative substrates to

ensure survival under field conditions (Chapter 4)?

The first chapter serves as literature overview (review article) and summarizes knowledge gaps in
the research field of woody tissue respiration. The following three chapters of this thesis specifically
address the above objectives (see also Fig. 1) and represent independent manuscripts that have been

published in peer-reviewed journals.
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Figure 1 Overview of the four chapters of this PhD thesis to understand respiratory processes at the stem-
level of a tree. The review article in Chapter 1 gives an overview of the state-of-the-art of stem respiration
(Rs) measurements. Chapter 2 presents a new chamber device for simultaneous CO» and O, measurements.
Chapter 3 focuses on the possible fates of CO, along a vertical stem gradient in beech trees. In Chapter 4, 1
artificially induced a lack of C supply (cross in red indicates a girdling treatment; phloem transport
interrupted) to elaborate new insights into alternative respiratory substrate use as well as C remobilization

pattern in poplar trees.

Chapter 1 reviews current knowledge about the state-of-the-art of Rs and the different attempts of
its quantification. I underscore existing knowledge gaps concerning different fates of CO; and their
contribution to changes in Rs as well as technical limitations. We end with pointing out persisting

ambiguities that require further research.

Chapter 2 introduces a new methodology to simultaneously measure CO> and O at the stem
surface of mature trees. Including O2-based methods when investigating stem C dynamics brings
us one-step forward to better constrain local respiration and detect respiratory substrate use. This

method is part of the following two experimental studies.
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In Chapter 3, I provide a comprehensive perspective on the stem respiratory activity and different
sinks of respired CO; in mature trees. The experiment took place in July and August 2019 in a beech
forest (Fagus sylvatica L.) in Central Germany. European beech is one of the four dominant tree
species in Germany (BMEL, 2021). Me and my collaborators quantified Rs by simultaneous
measurements of O3 influx (Io2) and CO» efflux (Ecoz), as well as internal CO; fluxes. Our specific
objectives were: (i) to use CO2 and O2 flux measurements simultaneously to quantify Rs and better
disentangle the various contributors to Rs, and (ii) to explore the so far overlooked process of C
fixation via the enzyme PEPC as a cause of CO» removal. Based on the objectives, the following

main hypothesis was addressed:

Main hypothesis: We hypothesize that O; influx into the stem is greater than CO. efflux to the
atmosphere, and that xylem CO; transport can explain the observed difference. The fraction of
missing CO; not explained by xylem CO; transport can be attributed to CO; refixation via PEPC

activity.

Chapter 4 deals with long-term C dynamics during C starvation of mature poplar trees (Populus
tremula L. hybrids) during tree growing seasons (2018, 2019, 2021). Poplar is a very common and
rapid growing tree species that is known to store (besides sugars and starch) substantial amounts of
lipids. Within the experiment, the supply of C from the canopy was altered via stem girdling that
stopped phloem flow and with them the supply of new assimilates. My particular objectives were:
i) to elaborate alternative substrate use (Ecoz-to-Ioz ratio, §'3CO5), in particular the use of neutral
lipids as an overlooked compound in the context of reserve dynamics, and (ii) to elucidate the time
trees take to tap into their long-term C reserves (radiocarbon A!#C analysis). Based on the

objectives, the following main hypothesis was addressed:

Main hypothesis: After the disruption of the supply of photo-assimilates, poplar trees initially
mobilize NSCs, followed by progressive mobilization and metabolization of lipids and older

substrates for respiration as C starvation proceeds.

Finally, I summarize the main findings of this PhD thesis and offer new directions for future

research.
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CHAPTER 1

Abstract

Plant respiration substantially contributes to the return of photo-assimilated carbon to the
atmosphere, and thus to the tree carbon balance. A large component of this carbon flux, stem CO>
efflux, is often used as a proxy for stem respiration. However, this metric has been repeatedly
challenged, not only due to difficulties in identifying the spatial origin of the CO» released from the
stem, but also because of several post-respiratory processes that may consume respired CO» prior
to its release into the atmosphere, which causes differences between stem CO; efflux and local
respiration. In our review article, we give an update on the state-of-the-art of the topic and develop
a research agenda that aims to fill the most relevant knowledge gaps. We propose upscaling
procedures and experimental approaches that can link field data with stem respiration models as

means to estimate the different components that influence stem gas exchange.

Keywords
ARQ, cortical photosynthesis, O influx, PEPC, sap pH, stem respiration modelling, xylem CO:

transport
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Introduction

Autotrophic respiration (defined here as respiration of autotrophic organisms and their microbiome
that is directly dependent on their carbon assimilates) and its components (e.g., root, rhizosphere,
stem, branch and leaf respiration) represent a major contribution to the plant and ecosystem carbon
(C) balance (Luyssaert et al., 2007). Globally, autotrophic respiration is the second largest CO, flux
and releases approximately six times the amount of CO; (60 Pg C per year) compared to fossil fuel
burning (2010-2019; Friedlingstein et al., 2020). Herein, a large component is the CO» release from
woody tissues (branch, stem, and roots), where tree stems make up most of the biomass in woody
species (Poorter et al., 2012). The C release through the stem into the atmosphere is estimated to
be 6.7£1.1 Pg C per year (Yang et al., 2016), which is in the same range as fossil fuel emissions
(Friedlingstein et al., 2020). Major determinants of respiration rates are environmental factors like
temperature (often used as a scalar of respiration rates), nitrogen content, the availability of
metabolites as respiration substrates, plant water content, growth, enzymatic activity and the energy
requirement of the respiring tissue (Amthor, 1995; Atkin ef al., 2005; Pruyn et al., 2005; Kruse et
al., 2011; Pruyn et al., 2011).

Despite the good accessibility of tree stems, several physiological processes and factors confound
Rs measurements, leading to a limited mechanistic understanding of Rs. During aerobic respiration,
0O and CO; are coupled. Respiration requires respiratory substrates and O, while CO2 and water
are released as byproducts of this catabolic reaction (Kader & Saltveit, 2002). While respiration
rates of isolated cells can easily be determined from CO- release, it becomes more complicated in
situ. In intact stems, the phloem, cambium, and parenchyma ray cells in the xylem are considered
as living cells and contribute to the release of CO» (Teskey et al., 2008; Aubrey & Teskey, 2009;
Bloemen et al., 2013). CO; efflux (Eco2) and O influx (Io2) can potentially be used as a metric of
respiration rates. However, Ecoz from the stem surface into the atmosphere does not represent the
‘real’ Rs (Meir et al., 2017; Salomoén et al., 2017; Teskey et al., 2017). Different post-respiratory
processes which hinder CO» from being locally emitted, as well as a variety of anatomical and
environmental factors (like xylem anatomy and temperature) lead to a limited understanding of
respiratory physiology (e.g., Bowman et al., 2005; Saveyn et al., 2010; Buzkova ef al., 2015). A
better understanding of the uncertain fate of respired CO> is needed to evaluate the magnitude of
Rs to the overall C balance of forest ecosystems.

In this review, we solely focus on the stem-level of trees. We begin with an overview (section 1) of
different processes (Eco» and/or oz involved) that affect Rs estimations with partly unknown

uncertainty. In section 2, we describe the most common Rs estimation approaches including recent
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modelling approaches that integrate theory and field observational data. Based on this synthesis,
section 3, proposes a detailed research agenda with observational and experimental studies, novel
technical and analytical tools and modelling approaches to overcome sources of uncertainties in Rs

estimates and to improve the upscaling of Rg from the tree to the ecosystem.

Processes leading to uncertainties in stem respiration estimates

A variety of processes hinder the straightforward measurement of Rs (Table 1). The following
subsections will present the individual processes and potential biases of efflux (influx)-based

estimates of Rs (see also Fig. 2).

Table 1 Summary of factors that may influence Rg and their effect on carbon dioxide (CO»), oxygen (O) or
both.

Individual contributors Effect on CO; Effect on O,
Xylem transport Local net import (+) +/- (1/30 of the effect on CO»)
Local net export (-)
Cortical photosynthesis CO; consumption (-) O, production (+)
Light-induced axial diffusion in Local net export (-) 0)
the gas phase
Phosphoenolpyruvatcarboxylase CO; refixation (-) 0)
Oxidase enzymes (0 O consumption (-)

Note: +, source process: positive flux; —, sink process: negative flux; +/-, no substantial flux; 0, no effect

CO: dissolution and transport in the xylem

Tree stems, as the linkage between the canopy and the root system, transport mainly water and
nutrients in the xylem towards the canopy and redistribute carbohydrates and other solutes in the
phloem towards the roots (Furze et al., 2018). The vertical transport pathway is essential for
understanding the fate of respired CO,. Respired CO> not emitted locally into the atmosphere can
dissolve in the sap solution and be transported as dissolved inorganic carbon (DIC), including
carbonic acid (H2CO3), and two deprotonated forms, bicarbonate (HCOs") and carbonate (CO3>)
via the xylem flow (Teskey et al., 2008).

Locally emitted CO; may originate from respiration in the roots or lower stem base, resulting in a
net-import of CO; into a given stem segment (Teskey & McGuire, 2007; Aubrey & Teskey, 2009;
Bloemen et al., 2013). Or, locally respired CO- can be transported further up the stem (net-export)
and diffuses into the atmosphere far away from the CO2 production site (Teskey et al., 2017).
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Importantly, vertical transport does not affect O, as much as CO,, because the solubility of O in

water is ~30 times lower than for CO; (Dejours, 1981).

Cortical photosynthesis as CO: recycling mechanism

Cortical photosynthesis (PScort) can affect both Ecoz and loz by COz consumption and O:
production. Stems of woody plants can contain chlorophyll-containing tissues (present in bark,
xylem parenchyma rays and the pith) (Pfanz & Aschan, 2001; Teskey ef al., 2008; Avila et al.,
2014). Those chloroplast-containing cells are capable of photosynthesis and, when illuminated,
refix some of the stem-internal CO» (Strain & Johnson, 1963; Pfanz et al., 2002; Wittmann et al.,
20006). Since little light reaches the internal stem tissues/wood (0.2—-5% of incident light, Pfanz et
al., 2002; Wittmann & Pfanz, 2016), it can be assumed that internal photosynthetic CO» recycling
is carried out largely by the stem cortex. Therefore, we use the term cortical photosynthesis (PScort).
Cortical photosynthesis mainly consumes respired CO, from internal sources (e.g., Sprugel, 1991;
Pfanz et al., 2002; Saveyn et al., 2010; Avila et al., 2014; Cernusak & Cheesman, 2015). The source
of respired COz can be local living cells in the cortex, phloem, cambium, parenchyma cells and rays
or, alternatively, distant organs (e.g. roots) from where COz has been transported into the cortex
chlorenchyma (e.g., by transpiration stream, Teskey et al., 2008; Aubrey & Teskey, 2009; Bloemen
et al., 2013). In stem Eco> measurements, PScor is intentionally avoided, as opaque chambers are
generally used (nine out of eleven studies used opaque ones; Table 2), thereby no influence on Rs
estimates is to be expected. Cortical photosynthesis can be quantified by comparing Eco> under
light and dark conditions (Saveyn et al., 2010; Bloemen et al., 2016; Tarvainen et al., 2018; De Roo
et al., 2019; De Roo et al., 2020a; De Roo et al., 2020b).

Previous studies indicate that PScor can refix 72%, on average, of the respired C in young tree stems
(Pfanz et al., 2002; Avila et al., 2014) and varies with species, stem age (e.g., Aschan et al., 2001;
Damesin, 2003; Wittmann & Pfanz, 2008) and vertical position at the stem (Tarvainen et al., 2018).
Refixation rates decreased rapidly with ageing to around 40% in 3- to 4-year-old stems (Wittmann
& Pfanz, 2008; Vick & Young, 2009). The decline is attributed to changes in structural and
functional traits, such as bark optical properties (younger thinner bark is more permeable to light
transmission), Chl and N content, and the area/mass ratio of the stem cortex (Cernusak & Marshall,
2000; Wittmann & Pfanz, 2008). About half of eighty-five species of angiosperms (45%) had
photosynthetic cortex chlorenchyma on main stems and almost all (94%) on twigs (Rosell et al.,
2015). Here, it must be pointed out that most of PScort studies have been performed in young twigs
or branches, while data from stems of mature trees is relatively scarce (but see Strain & Johnson,

1963; Tarvainen et al., 2018).
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Cortical photosynthesis also produces O within woody stems (Wittmann & Pfanz, 2014; Wittmann
& Pfanz, 2018), but Oz concentration in the sapwood is usually lower than in ambient air (~1-19%)
(del Hierro et al., 2002; Pfanz et al., 2002; Spicer & Holbrook, 2005; Teskey et al., 2008; Wittmann
& Pfanz, 2014). Recently, Wittmann and Pfanz (2018) revealed that PScor actively raises the
cortical Oz concentration under illumination and counteracts temporal/spatial hypoxia within
woody stems. Another benefit of PScor is to provide sugars under drought conditions when
photosynthetic activity in leaves is limited and the risk of C starvation increases (Sevanto et al.,
2014; Cernusak & Cheesman, 2015; Vandegehuchte et al, 2015; Bloemen et al., 2016; De
Baerdemacker et al., 2017; De Roo et al., 2020D).

Light-induced axial diffusion in the gas phase
A reduction of Ecoz can be driven by axial diffusion (light-induced) along the stem. We should
therefore consider the post-respiratory (indirect) effect of photosynthesis on the local mismatch
between Rs and Eco» when using opaque chambers. Directly beneath the opaque chamber,
photosynthesis is inhibited. However, it occurs in the stem segments above and below the cuvette,
which can lead to a light-induced [COz] vertical gradient along the xylem resulting in vertical
diffusion of respired CO; to distant locations with lower xylem [CO:] (Saveyn et al., 2008a; De
Roo et al., 2019; De Roo et al., 2020a; De Roo et al., 2020b; De Roo ef al., 2020c). For instance,
in dormant 4-year-old oak (Quercus robur L.) trees, axial CO; diffusion as induced by the
occurrence of PScort above the site of measurement (via illuminating stem sections) resulted in

reductions in Eco2 up to 22% (De Roo et al., 2019).

PEPC-driven dark CO: fixation

Bicarbonate (HCOz3") can also be fixed via the enzyme phosphoenolpyruvate carboxylase (PEPC)
in stem tissues without chloroplasts and under dark conditions. Until now, little attention has been
paid to PEPC as a potentially important post-respiratory sink for respired CO,. This ubiquitous
cytosolic enzyme (Chollet et al., 1996), present in plants, green algae and cyanobacteria (O'Leary
et al.,2011), is involved in substrate provision (in the form of organic acids) for C assimilation in
C4 and CAM plants (Nimmo, 2008; Gowik & Westhoff, 2011; O'Leary et al., 2011). Moreover, it
also plays a central role in CO» fixation for anaplerotic metabolic pathways (to replenish TCA cycle
intermediates) in all tissues of plants, independent of their photosynthesis type (Chollet et al., 1996;
Berveiller et al., 2007, Werner & Gessler, 2011; Abadie & Tcherkez, 2019). The PEPC fixation
capacity was firstly evidenced in a trunk of 18-years old Robinia pseudoacacia with 'C labelled
CO> that was incorporated into the downstream metabolites of PEPC (Holl, 1974). Likewise,
Berveiller and Damesin (2008) found high activities of PEPC in stems of 9 different trees.
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Importantly, Hibberd and Quick (2002) postulated that PEPC in stems of C3 plants results in a C4
like recycling mechanisms. CO; binds to phosphoenolpyruvate (PEP) and the resulting oxaloacetate
(OAA) is transformed to malate (and aspartate) in a following enzymatic step (Chollet et al., 1996;
Plaxton & Podesta, 2006; O'Leary et al., 2011; Abadie & Tcherkez, 2019). The limited pH buffer
capacity in cells may constrain their capacity to produce and store organic acids such as malate
(Spicer & Holbrook, 2007) and thus also for CO; fixation via PEPC. Malate can be locally
processed in the Krebs cycle in parenchymatic or stem cambial cells releasing COas. It can also be
transported in the xylem via the transpiration stream (Schill et al., 1996; Patonnier et al., 1999) and
increase the malate pool in leaves (Gessler ef al., 2009). Re-integration of this malate in the Krebs
cycle during day-night transitions causes light-enhanced dark respiration (see an overview by
Werner & Gessler, 2011). Alternatively, malate might be loaded into sieve tubes of the phloem and
exported (Hoffland ef al., 1992), potentially to the root system (Touraine ef al., 1992), where it is
released as root exudates (Shane et al., 2004). Malate was observed to contribute up to 2% to the
phloem C pool in several tree species (Gessler et al., 2013), and thus it needs to be assumed that

malate is transported in a basipetal direction via the phloem.

Oxidase enzymes
A possibility of non-respiratory Oz uptake is given by O2-consuming enzymes that are oxidases or
hydrolases (Sweetlove et al., 2013), involved in lignification. If those enzymes consume Oz without
releasing CO2 as a by-product (Kruse & Adams, 2008; Tcherkez et al., 2012; O'Leary et al., 2019),

o2 will increase for a constant Ecoz. But knowledge about the actual amount is currently unknown.

Approaches for estimating stem respiration

Mass balance
The mass balance approach (MBA) from McGuire and Teskey (2004) endeavors to quantify net C
emissions from respiration of the stem section by assessing the CO: efflux into the atmosphere
(Eco2), transport of dissolved respired CO: in the sap through the xylem (Fr), and the storage of
dissolved COz in the stem section (AS):

Rs = Ecoz + Fr+ AS [1]

CO, efflux into the atmosphere (Eco; pmol CO, m™ s7!) is calculated as follows:

Ecoz = %x A[CO,] 2]
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where fa is the air flow rate through the stem cuvette (mol s!), v is the sapwood volume of the stem
segment (m*) and A[CO2] is the difference between COx concentration at the inlet and the outlet of
the cuvette (umol mol ™). Cuvettes are normally connected to an infrared gas analyzer (IRGA) in
open through-flow configuration, measuring A[COz]. When using a closed configuration, Ecoo is
determined based on the CO; increase over time.

A compilation of studies using the MBA showed a high variation in the contribution of Ecoz to Rs
among and within trees (45%—-100%; Table 2). Two factors determine the magnitude of diffusion
of xylem CO; into the atmosphere (according to Fick's law of diffusion) and therefore Ecoo. First,
the radial xylem CO; diffusivity needs to be accounted for and can be related to conductance or
(reciprocal) resistance. Second, the CO> concentration gradient between the stem and the
atmosphere, as a consequence of substantial CO- diffusive barriers in xylem, cambium and bark.
Build-up of respired CO; in the stem leads to xylem CO; concentrations ([CO:]) between 1% and
26% (Teskey et al., 2008; Stutz & Anderson, 2021), much higher than the [COz] in the ambient
atmosphere (0.04%). Lower radial CO; diffusivity and lower xylem [CO:] have been found in
conifers with tracheid wood anatomy compared to trees with vessel-wood anatomy of broadleaf
tree species (Salomoén et al., 2021a). Steppe et al. (2007) showed a six-fold difference in the
resistance to radial diffusion among Populus deltoids tree stems, which might also be responsible
for inconsistencies observed in the contribution of Ecoz to Rs. Differences in the (ray and axial)
parenchyma tissue fraction with a greater fraction of living (and thus respiring) cells in angiosperms
(26.3%) than in conifers (7.6%) (Morris et al., 2016) can also determine differences in biomass- or
volume-based respiration rates and CO; build-up among plant functional types. The contribution of
Ecoz to Rs decreases with stem diameter and also from smaller branches to stems. This is due to a
lower ratio of surface area to volume, higher diffusion barriers (thicker bark) (Cavaleri et al., 2006)
and a longer radial CO; diffusive pathway.

Transport CO» flux (Fr; pmol CO2 m > s7!) is the transport of dissolved, respired CO; in the xylem

sap. Fr is calculated as follows:

where fs is the sap flow rate (1s™), v is the sapwood volume within the stem segment (m?) and
A[CO;"] is the difference in total DIC concentration measured above and below the stem cuvette

(umol 1),
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The relative contribution of Fr to Rs in previous studies applying the MBA has shown substantial
variability (0%—55%; Table 2). According to the original formulation of the MBA, Fr is negative
when CO» import into the stem segment under study is greater than CO; export. Fr is positive when
CO» export is greater than import. One of the few studies on the effect of stem size on the
contributors to Rs showed that the relative contribution of Fr to Rs increases with increasing stem
diameter and sapwood area (Fan et al., 2017). This is due to the higher sap flow and, therefore,
greater amount of CO; dissolved in the sap transported upwards.

The biggest uncertainty regarding the determination of Fr in the MBA is related to sap pH. Sap pH
has a major effect on the calculation of the CO, concentration in the liquid phase ([CO2"]) and,
therefore, the fate of respired CO: (details see modelling exercise 1). [CO,"] can be calculated from
gaseous xylem [CO2], xylem sap temperature and xylem sap pH using Henry's Law (Butler, 1991;
McGuire & Teskey, 2004, see also Material S1 available as Supplementary Data). Given the
technical challenges of continuous sap pH measurements at the stem-level, xylem sap is extracted
from distant canopy twigs. Using those measurements as a proxy for stem pH might lead to over-
or underestimation of [CO,"] (Erda et al., 2014), although pH values obtained from stems showed
to be similar to twig pH values (Saveyn et al., 2008c; Aubrey et al., 2011). Values of xylem sap pH
have been reported to range between 4.5 and 7.6 (for literature overview see Table 2 in Teskey et
al., 2017). If pH values approach 7, CO; solubility exponentially increases. For example, Populus
deltoides can have a high xylem sap pH of 6.8—7.2 (Saveyn et al., 2008c; Aubrey et al., 2011),
allowing large quantities of CO; to dissolve and be transported in the xylem sap. By contrast, in
Prunus domestica, with a low sap pH between 5.1-5.6, the amount of CO; that can be dissolved in
the sap is limited (Erda et al., 2014). Most studies assume a constant pH over the study period (e.g.,
Saveyn et al., 2008c; Aubrey & Teskey, 2009; Cerasoli et al., 2009; Etzold et al., 2013; Bloemen
et al., 2014). However, daily or seasonal pH fluctuations may be important (Erda et al., 2014).
Thus, the timing of collecting sap pH might introduce uncertainty in estimating xylem CO; transport
capacity (Salomon et al., 2016; see Table S1 available as Supplementary Data). In the compiled
studies, seasonal variation ranged from 0.5-2.1 pH unit differences. To a lower extent, pH can also
vary during the course of a day, with a 0.4 pH unit decrease from day to night in Mediterranean oak
trees (Salomon ef al., 2016) and a 0.3 pH unit reduction at pre-dawn compared to daytime in 1-yr-
old Populus nigra stems (Brunetti et al., 2019).

Storage CO» flux (AS; pmol CO2 m™ s™!) represents the change in the quantity of CO; stored in the

xylem over time as follows:
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AS = (lCOZ*ltl - |C02*|t0) xL/T [4]

where |CO2 i1 and 10 are the mean [CO>"] above and below the measured stem segment at time t; and
to, L is volumetric water content of sapwood (Im™) and T is the duration of the time interval
between t1 and to (s).

The storage flux has been consistently observed to be the smallest contributor to Rs, commonly
accounting for less than 3% of Rs on a daily basis, with sporadic values up to 8% (Table 2).
However, this flux is also affected by sap pH dynamics and therefore uncertain. Positive values of
AS imply net build-up of COz dissolved in the sap ([CO."] increases), while negative AS imply net
release of COz dissolved in the sap ([CO2"] decreases).
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Table 2 Summary of published experimental studies on the relative contribution of CO; efflux (Ecoz), xylem CO, transport (Fr) and CO; storage (AS) to stem
respiration (Rs). Abbreviations: DBH diameter at breast height, HRM Heat Ratio Method, IRGA Infrared Gas Analyzer, NDIR Non-dispersive infrared CO,

sensor for xylem [CO>], TC thermocouple, TDP thermal dissipation probe.

Species, age (yr) or

Eco: Fr AS DBH (cm) Method Eco: Method Fr Method AS References
0.77 0.15 0.08 ngZs s lﬁgndzﬂ"m
Pla ta.;ws. occidentalis PVC cuvette, IRGA, CO; microelectrode, sapwood water
0.45 0.55 0.00 L 102 cm open system TDP, sap pH of expressed content assumed McGuire and Teskey (2004)
L'z"quic.lam bar sap from twigs to be 50%
0.83 0.14 0.02 styraciflua L., 14.5 cm
AS calculated as
the difference
clear polycarbonate gas- el 18 v
Dacrydium N POty N bg TC (1.5e¢m depth), TDP, Fr Ecos
0.88 0.11 0.01 cupressinum, ?ﬁ%gﬂge tc Ambers, predicted from sap flux AS negligible at Bowman et al. (2005)
18 cm-67 cm - Open system density night and during
periods of
maximum  sap
flux density
0.18 (5°C) 0.82
0.44 (35°C) 0.56 CO, microelectrode,

0.30 (high sap
velocity)

0.71 (low sap
velocity)

21

0.70

0.29

Platanus occidentalis,
1-3 cm branches

PVC cuvette, IRGA, open
system

controlled temperature 5,

20, 35°C,

internal flux measured with

graduated

and stopwatch, Sap pH from
downstream end of branch

McGuire et al. (2007)



CHAPTER 1

Species, age (yr) or

Eco: Fr AS Method Eco: Method Fr Method AS References
DBH (cm)
AS
Platanus occidentalis PVC cuvette, foil-covered, NDIR, TC, TDP at opposite  _ (|CO—* |
0.72 0.19 0.02 > IRGA, open system sites, sap pH from stem o e Teskey and McGuire (2007)
mature, 19.5-24.8 cm cores —|CO; * |1o)
/AT
Populus deltroides )
0.82 0.18 0.00 Bart.ex Marsh., 3-yr- cuvette, foil-covered, NDIR, TC (0.5 cm depth), See eq. 4
TDP, sap pH of expressed sapwood water Saveyn et al. (2008c) (note: we
old, DOY: 287 IRGA, open system . .
sap from twigs and stem content assumed excluded rainy days)
0.93 0.09 0.00 DOY: 296 cores after campaign to be 50%
0.86 0.13 0.00  DOY: 299 palg °
1.00 0.00 0.00 %:le; “45-yr-oid, POY: NDIR, TC (2 em depth),

) ’ ) 1 43_'1’ 44 y > " stem chamber, IRGA, TDP, opposite side of each Salomon et al. (2016) (note: we
0.95 0.05 001 DOY: 183-184 closed system stIc_eIm(,) ;afx ced san from See eq. 4 Lfl:le););toi‘esu:lt;)from 1.5m only,
0.97 0.04 -0.02  DOY:218-219 T P
0.97 0.03 -0.02 DOY: 267-268 Wig

Liriodendron tulipifera
0.86 0.15 00T 163 em wvette. foilcovereq. NDIR. TC (2 cm depth),
0.89 0.12 “0.0125.2em IRGA ’0 en system " TDP, sap See eq. 4 Fan et al. (2017)
0.73 0.26 0.01 31.4 cm » P 8y pH of expressed sap from 4 ’
0.54 0.41 0.05 46.2 cm twigs
0.46 0.55 -0.01  60.6 cm
NDIR, TC (1 cm depth),
0973 0023 0.03 Populus canadensis, 3- stem cuvette, IRGA, open HRM sensors, See eq. 4 Salomén ef al. (2018)
yr-old system sap pH of expressed sap
from twigs
Eucalyptus
tereticornis, 18.8 cm,
0.82 0.19 -0.01 summer season, DOY:
352-354 stem water
0.96 0.04 001 DOY: 15-17 stem chamber, IRGA, NDIR, TC (3 cm depth), content obtained Salomoén et al. (2019b) (note:
TDP two random azimuths, .
closed system from woody we report results from ambient
0.94 sap pH of expressed sap
. samples of treatment only)
from twigs nearby trees
0.06 0.00 DOY: 36-38 Y
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Species, age (yr) or

Eco2 Fr AS Method Eco2 Method Fr Method AS References
DBH (cm)
1.09 -0.10 0.007  Ash, 13.1-16.1 cm NDIR, TC (1 cm depth),
chamber, IRGA, TDP (north and south site), sap:voct)d Wate; W 1 (2019
0.80 0.20 -0.002 Birch, 11.5-13.5 cm differential configuration sap pH of expressed sap :sr;:r;ozj/ssume EG ik )
from twigs °
NDIR, Granier-type
sensors, Sap pH of
Pinus sylvestris, 90-yr- transparent acrylic plastic, expressed sap from AS assumed .
0.97 <0.06 i old IRGA, open system branches (water negligible Tarvainen et al. (2021)
displacement method (e.g.,
Glavac et al., 1990)
1.01 (upper 001 0
stem segment) ’ Fagus sylvatica, 130- stem chamber, closed NDIR, HRM, sap pH from
. Helm et al. (2021)
0.65 (lower 036 20,01 yr-old system twigs

stem segment)

Note: CO; microelectrodes: sensitivity to temperature changes and lower stability reduced the reliability under field conditions (Teskey & McGuire, 2007); Sap
flow: installation at two (opposite) sides of a stem is useful to account for circumferential variability (Saveyn ef al., 2008b; Salomon et al., 2016), and might be
especially important for mature trees. Sap flow rate: determination by continuous heating or pulse heating (Steppe ef al., 2010; Vandegehuchte & Steppe, 2013;
Steppe et al., 2015b; Flo et al., 2019). Xylem sap pH: sap is obtained from twigs with a pressure chamber or by compressing stem cores in a vice to expel the sap

and measured afterwards with a pH meter and a pH electrode.
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O2 measurements

Aerobic respiration involves both CO; production and O consumption. Simultaneous
measurements of loz and Ecoz at the stem potentially allow to get a more robust estimate of Rs
(Angert & Sherer, 2011; Angert et al., 2012; Trumbore et al., 2013; Hilman & Angert, 2016;
Hilman et al., 2019). Measuring O is particularly promising because O; is less affected by the post-
respiratory mechanisms of transport and refixation via PEPC (Section 1). Vertical transport does
not affect Oz as much as CO., because the solubility of O, in water is ~30 times lower than for CO»
(Dejours, 1981). The enzyme PEPC, as it has no affinity for O», does not affect Ioo.

At the mitochondrial level, the CO»-to-O; ratio is termed the respiratory quotient (RQ) and depends
on the oxidative status of the respiration substrate. The exchange of CO; and O in complete
oxidation of a molecule is mathematically related to its stoichiometry (Masiello ef al., 2008). For
example, in glucose (CsH1206), that is defined to have neutral C-oxidation, 6 O2 molecules are
required to release 6 CO2 molecules, resulting in RQ of 1. For more reduced substrates like fatty
acids (lipid; Ci8H3402) more O molecules are required for a complete breakdown of the molecule,
resulting in lower RQ ~0.7. Respiratory quotient values above 1 are associated with organic acids
catabolism, as these molecules have a greater O> content (for an overview, see Hilman et al., 2022).
At the stem-level, the term ‘apparent’ RQ (ARQ) has been introduced by Angert and Sherer (2011)
to underscore that the observed ratio may be affected by post-respiratory processes that remove
CO; evolved in the Krebs cycle. Carbohydrates are the largest substrate pool in trees and are
assumed to be the most dominant respiratory C substrate (Hoch et al., 2003; Plaxton & Podesta,
2006). If solely carbohydrates are used as substrate, the ARQ is expected to be ~1 in the absence of
Fr. ARQ will be lower than 1 if respired CO; is transported in the xylem away from the site of
measurement (Teskey et al., 2008; Trumbore et al., 2013) and is thus anti-correlated with sap flow
rate (McGuire & Teskey, 2004; Bowman et al., 2005; McGuire ef al., 2007). However, Hilman et
al., 2019 found only a minor effect of sap flow rates on declines in ARQ in Quercus ilex. This
suggests that the contribution of dissolution and transport of CO: in the xylem stream to the mass
balance might be small. The apparent respiratory quotient will also be lower than 1 if the respiratory
substrate of a tree is changing. Some tree species store substantial amounts of lipids (Sinnott, 1918;
Holl, 1997; Hoch et al., 2002; Hoch et al., 2003) that can be used for respiration instead of
carbohydrates. For example, Fischer et al. (2015) measured ARQ of 0.9 in pine trees, explained by
a mixture of respiratory substrates. Theoretically, respiration relying solely on lipids as respiratory
substrate could result in an ARQ of 0.7 and might be beneficial under C-limiting conditions, as
shown for young pine trees under a shading treatment (Fischer et al., 2015). However, ARQ values

ranged between 0.4-0.8 in nine non-lipid tree species (Hilman et al., 2019). Those low values cannot
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be explained by a substrate shift alone, suggesting that non-respiratory processes (e.g., transport)
retain part of the respired CO> in the stem (Angert & Sherer, 2011; Angert et al., 2012; Hilman et
al., 2019; Hilman et al., 2022).

In situ loo measurements are technical challenging, because of the high background of O; in ambient
air (~21%), making the detection of [O2] changes within continuous-flow chamber in the range
caused by plant respiration (several hundred ppm, or less than 0.1%) more difficult than the
detection of [COz] changes. While continuous-flow O, measurements are possible, it requires
considerable infrastructure and labor (e.g., Stephens et al., 2007; Battle et al., 2019). Technical

innovations are needed for broader field use.
Stem respiration modelling

General overview

Our limited understanding of the complex metabolic processes involved in the production and
consumption of Oz and CO; hinders the development of a simple biochemical respiration model
(Tcherkez & Ghashghaie, 2017; O'Leary et al., 2019) equivalent to that of photosynthesis (Farquhar
et al., 1980). Instead, the growth and maintenance respiration paradigm (GMRP) proposed in the
early 70s (Thornley, 1970) constitutes the basis of how plant respiration is currently estimated by
most terrestrial biosphere models (TBM, reviewed by Atkin et al., 2017). Here, plant respiration is
divided into growth (Rg) and maintenance (Rn) components and parameters estimated from leaf
respiration measurements. Temperature-normalized leaf R 1s commonly measured during non-
growing periods and can be estimated from the empirical relationship between dark leaf respiration
(Rg) and foliar nitrogen (N) content (Smith & Dukes, 2013) or as a function of the maximum
carboxylation capacity of the enzyme Rubisco (Vemax). Once leaf Ri at a reference temperature is
determined, temperature-driven variation in Rm is accounted for by the Qio parameter, which
reflects the relative increase of Ry, for a 10°C rise in temperature according to Arrhenius kinetics
(e.g., De Vries et al., 1974; Cannell & Thornley, 2000; Amthor, 1989). Then, leaf Ry, respiration is
scaled up to the whole-plant level using tree biomass partitioning and N allocation patterns, given
the well-known link between N content and protein turnover rates involved in maintenance
metabolism (Ryan, 1991; Reich et al.,, 2008). By contrast, whole-tree growth respiration is
commonly estimated as a fixed fraction of the difference between gross primary production (GPP)
and whole-plant Ry, (see Table 2 in Atkin et al. (2017)). Therefore, this source-driven perspective
of plant C cycling estimates stem and root respiration from leaf metabolism (GPP, Vemax and Ra),

likely as a consequence of our better understanding of leaf photosynthetic processes. Nevertheless,
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the respiratory regulation of non-photosynthetic woody tissues, where chlorophyll-containing cells
are scarce, might substantially differ from that in foliar tissues. Indeed, the coordination between
photosynthetic and respiratory metabolism in foliar tissues (via a direct link between Rq and Vemax
parameters) to optimize net C gain under variable abiotic conditions (Wang ef al., 2020) is unlikely
to regulate respiration in non-photosynthetic stems, as denoted by different thermal acclimation
responses (Smith ef al., 2019) and N-Rg relations (Reich et al., 2008) between organs.

Holttd and Kolari (2009) developed a physical model integrating CO, diffusion and solubility
processes in different stem compartments (heartwood, sapwood, phloem and outer bark) to interpret
measurements of stem Ecox. The CASSIA model constituted another step forward for more
mechanistic modelling of stem and plant respiration (Schiestl-Aalto et al., 2015; Schiestl-Aalto et
al., 2019). CASSIA considers the sink strength of growth and respiratory processes in different tree
organs to reflect intra-annual and inter-annual growth variability, and it was successfully applied in
a boreal conifer stand. More recently, a biophysical tree stem respiration model (TReSpire) was
developed to determine stem respiration independent of leaf metabolism (Salomoén et al., 2019a).
TReSpire simulates water and carbon fluxes at an hourly resolution (see also Meir ef al., 2020) and
can estimate parameters of respiratory traits commonly used in large-scale models such as the
growth yield (Yg), the temperature-normalized R per unit of N, and its temperature sensitivity
(Q1o0). Importantly, TReSpire is calibrated against measurements of Eco> and stem diameter
variations, allowing decoupling from source-driven models, and has proven helpful in capturing the

sink strength of growth and respiratory processes across species and seasons (Salomoén et al., 2022).

Uncertainty analysis of Rs using TReSpire

In the following modelling exercises, we use TReSpire to illustrate the potential of modelling to
understand the movement of respired CO> in the stem. Specifically, we showcase the importance
of two critical parameters involved in the solubility and transport of CO; through the xylem: sap
pH and stem size. The first modelling exercise evaluates how uncertainty in sap pH measurements
propagates through the model and informs on the uncertainty of [CO,"] estimates and the fraction
of respired CO; that diffuses to the atmosphere (Eco2/Rs). Because most studies applying the MBA
have been performed in saplings or small trees the second modelling exercise assesses how stem
diameter affect estimates of Rs and Ecoa.

TReSpire consists of two submodels. Submodel A simulates stem hydraulic behaviour to
disentangle water- and growth-related variations in stem diameter (Steppe et al., 2006; Steppe et
al., 2015a). For this, cell turgor pressure is simulated to separate growing from non-growing

metabolism, 1.e., Rg and Rin. Subsequently, submodel B estimates Rs based on the GMRP, also
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considering CO> solubility and diffusivity (Holttd & Kolari, 2009), stem allometry and nitrogen
content to close a double mass balance (McGuire & Teskey, 2004) in the xylem and the outer tissues
(cambium, phloem and bark). Data required to run and calibrate TReSpire are sap flow rate, stem
diameter variation, soil and xylem water potential, stem temperature, and Eco>. See supporting
information for further details on the model and relevant equations to these two exercises (see

Material S2 available as Supplementary Data).

Modelling exercise 1: Sap pH

For both modelling exercises, we use data and calibrated parameters for a maple tree shown in
Salomén et al  (2019a), which is freely available in an open repository (doi:
10.17632/9c¢9w7mvy9d.1.). Sap pH variability was defined by its mean (constant for all scenarios
according to the measured value of 6.12) and a variable standard deviation (SD) of 0.5, 0.75, 1, and
2 pH units (Fig. 1a). The 95 percentile of the four sap pH distributions (6.94, 7.35, 7.76 and 9.39)
correspond to a theoretical sap [CO'] of 13, 26, 47 and 89 mmol L (Fig. 1b). In other words, a
pH increase of 0.82, 1.12, 1.64 and 3.27 units resulted in a 2.8-, 5.5-, 10.1- and 19.1- fold increase
in sap [CO,"] relative to a pH of 6.12, for which sap [CO2"] was 4.6 mmol L! (see eqns. in Material
S2 available as Supplementary Data). Uncertainty in sap pH and sap [CO"] further propagated to
Eco2/Rs estimates, as the corresponding fraction of respired CO» diffusing to the atmosphere
decreased to 0.81, 0.77, 0.68 and 0.40 (Fig. 1c), respectively, which are ratios progressively lower
than the Eco2/Rs median of 0.87 at 6.12 pH. This uncertainty analysis highlights the discrepancy
between Ecoz and Rs and their dependency on sap pH. It illustrates how higher CO> solubility in
xylem sap increases the contribution of storage and transport CO> fluxes to stem respiration (AS/Rs

and F1/Rs) to the detriment of the contribution of radial CO; diffusion (Eco2/Rs).
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Figure 1 Two modelling exercises to illustrate how sap pH affects estimates of sap [CO.] in the liquid phase
([CO,")) and the contribution of stem CO, efflux to stem respiration (Eco2/Rs) (left-hand side panels; a-c)
and how stem size affects estimates of Eco, and Rs (right-hand side panels; d-f). We simulated four scenarios
in which a normal distribution of sap pH is evaluated by bootstrapping techniques to assess how uncertainty
in sap pH propagates throughout the model. Uncertainty distributions are estimated over 1000 evaluations

and averaged over the 5-day modelling period. Centerlines, box limits, and whiskers represent the median,
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Modelling exercise 2: Stem diameter

The normal distribution of the stem diameter was defined by the mean of progressively larger stems
(0.044, 0.2, 0.5 and 1 m, with the first value being the measured diameter of the monitored maple
tree) and a standard deviation equal to 10% of the mean value (Fig. 1d). Assuming equal respiratory
traits (Yg, Roo n and Qio) and that the whole stem section is maintained alive and respiring (there
is no heartwood), median values of Rs on a volume basis progressively decreased with stem
diameter from 1.4 to 0.8 mol CO2 m™ h! (Fig. 1e). Such reduction attributable to stem allometry is
explained by the higher portion of xylem to outer tissues of larger stems, determined by the non-
linear relationship between stem diameter and thickness of the outer tissues (see Supplementary
Material 2). The xylem is metabolically less active than the outer tissues due to the N-dependency
of respiratory processes and the lower N measured in the xylem relative to the outer tissues (1.5
and 6.3 mg N g dry mass™, respectively). Median values of Ecoz on a volume basis decreased with
stem diameter to a larger extent, from 1.2 to 0.1 mol CO, m™ h'! when comparing stem diameters
0f 0.04 and 1 m (Fig. 1f). The length of the diffusive pathway from the CO, production site to the
atmosphere largely explains this Eco2 reduction, as according to Fick's law, diffusion is inversely
proportional to the diffusion length (see eqns. in Supplementary Material 2). Note that this
modelling exercise provides mechanistic support to observations in yellow-poplar trees, for which
Eco2/Rs decreased from 0.86 to 0.46 with increasing stem diameter from 0.16 to 0.6 m (Fan et al.,

2017).

Research agenda

Various processes can affect the accuracy of Rs estimates and upscaling procedures. In the
following, we identify seven key research challenges concerned with these processes that should
be addressed via observational studies, manipulative experiments and modelling approaches. Note

that the enumerated items in the research agenda refer to the numbering shown in Fig. 2.
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Figure 2 Research needs to improve estimates of stem respiration (Rs) and upscaling procedures. Numbers
in red circles refer to specific items in the research agenda. Left: Tree stem section highlighting respiratory
fluxes accounted for by the formula Rs = Eco, + Fr + AS + RF (extended Mass Balance Approach) and Io»
measurements as an additional proxy for Rs. @ Combination of MBA with oxygen-based techniques might
help to better elucidate the fate of respired CO,. ® Accurate measurements of sap pH are key for quantifying
the dissolved inorganic carbon (DIC) in the sap solution ([CO,"]) since pH determines the equilibrium
between gaseous CO; and total DIC. ®Refixation (RF) of respired CO; via cortical photosynthesis (PScort)
or phosphoenolpyruvate carboxylase (PEPC) enzyme can cause differences between Eco» and actual Rs of
underlying tissues. Right: Upscaling from tissue-level measurements to forest stands and above. The
upscaling procedure involves @comparing processes in saplings and mature trees and, ®scaling to the
whole-tree level. ® The upscaling ladder can be implemented in stem to stand-level respiration models,
progressively improved by ‘ground-truthing’ with observational and experimental data (red arrows).
@Environmental factors should be accounted for in Rg studies. Measuring both fluxes (Ecoz, lo2) allow
conclusions about respiratory metabolism (substrate change, SC) and can be useful to evaluate tree’s
resilience to environmental stress. Uncertainty increases with observational scale and knowledge gaps

(methodology, process-based understanding) from fine to large scales.
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1. Closing the C mass balance

Research challenge: We still lack a complete understanding of the fate of CO> in tree stems,

making estimates of Rs from Eco, measurements highly uncertain. Alternative and complementary
approaches to quantify Rs, like simultaneous measurements of Io, and Ecoz, can help disentangle

the different post-respiratory processes involved in CO; removal from the production site.

Hypothesis/Expectation: Mass balance approach (MBA) and oxygen-based methods (ARQ) can

be complementary under the assumption that CO>-removal processes like Fr or PEPC fixation are
the key drivers for the imbalance between Eco> and actual Rs. Measuring oz (O less soluble) in
combination with Eco2 would allow us to quantify the magnitude of the different contributors to

Rs, helping to interpret each other (see Table 3).
Method:

e Measure variables required to apply the MBA and ARQ (Ecoz, o2, xylem CO», sap pH, sap

flow, stem temperature) simultaneously

Table 3 Overview of relevant variables (Eco. = CO; efflux, Fr = transport flux, AS = storage flux, RF = local
refixation, either PScox or PEPC) to estimate stem respiration more accurately (Rs = Eco2 +Fr + AS + RF).

O, influx (Io2) can be an additional proxy for Rs. However, residual uncertainties remain.

Variables  Approach to directly measure Residual uncertainties
each variable

Ecoz cuvette or chamber (transparent or  PScor for transparent chambers, and axial CO; diffusivity

opaque) due to light-induced gradients in xylem CO,, unknown

PEPC activity and substrate use (or SC)

Fr (a) sap flow sap pH from branches (not stem), drift in [CO-] readings
(b) gaseous xylem [CO3] ascribed to potential stem wound closure, unknown PEPC
(c) stem temperature activity and substrate use (or SC)
(d) xylem sap pH

AS [CO,T sap pH from branches, drift in [CO-] readings ascribed to

potential stem wound closure

31



CHAPTER 1

2. Uncertainty in transport flux: Sap pH stem measurements

Research challenge: Given the high impact of pH on the calculation of [CO>"] and Fr, uncertainties

in pH measurement can result in substantial errors in Rs budgets. Accurate and continuous
measurements of stem sap pH in situ are urgently needed, for which no suitable method is currently
available due to technical constraints. Instead, sap pH measurements of distant canopy twigs are

commonly used as a (constant) proxy for stem sap pH.

Hypothesis/Expectation: Advanced technologies that could account for spatial and temporal

variability of sap pH (daily, seasonal, species-specific and environmentally dependent) would

decrease errors in Rs budgets. See modelling exercise 1 in section 2.

Method:

e Use technologies from other disciplines like gastric probes from medical applications or
microdialysis (passive diffusion principle, technique in neuroscience) to achieve continuous
measurements of xylem sap of trees in vivo (e.g., Jetabek et al., 2020)

e C(Calibrate probes in the expected range with pH buffer solutions

e Technical difficulties: ensuring constant contact with xylem sap, be aware of wound
reaction of wood and air embolism when placing probes into the xylem and avoid
contamination with cellular constituents by damaging living cells in the parenchymatic

tissue
3. Refixation of respired CO:
Cortical photosynthesis (PScor)

Research challenge: Cortical photosynthesis (PScort) has commonly been measured in green twigs,

branches, saplings or young tree stems, not in mature trees. Uncertainties, therefore, remain about
the effect of stem age, diameter, bark thickness and optical properties of the outer bark along the
vertical stem gradient on the photosynthetic potential of mature woody tissues and its influence on

Rs estimates.

Hypothesis/Expectation: PScort is higher in the outer bark of younger stems, decreases with stem

depth (Wittmann & Pfanz, 2018), increases with stem height, but decreases with canopy depth in
older branches (Cernusak & Marshall, 2000). This is due to higher light transmission of thinner
outer bark and a steep light gradient from the stem surface to the pith. Increasing stem age also

reduces light transmission through the bark (Aschan & Pfanz, 2003).
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Method:

e Measure chlorophyll fluorescence of stems in vivo and of stem cross-sections to assess
photochemical activity (photosystem II activity) of the woody tissue

e Measure optical properties of the outer bark (periderm) and inner bark (cortex) (e.g.,
photosynthetic pigment content) (Wittmann & Pfanz, 2016)

PEPC-mediated refixation

Research challenge: The non-photosynthetic CO; fixation catalysed by PEPC has not been well

studied so far, therefore, the magnitude of CO, PEPC-mediated refixation remains speculative.

Hypothesis/Expectation: Imbalances between actual Rs and measured Eco, might be related to

PEPC fixation and PEPC might drive sub-daily variation in ARQ.

Method:

o Perform tracer studies with *C-labelled CO to track the label in the malate pool within
the stem and in root exudates via compound-specific isotope analysis, tracing of the label
in the Ecoz further up the transpiration stream or using C-14 as another potential tracer

e Perform enzymatic assays (e.g., adapted from the protocol of Bénard & Gibon (2016)) to
quantify PEPC capacity

e Analyze PEPC fixation products (organic and amino acids) with time and along the stem

(see Schill e al., 1996)

4. Scaling carbon flux dynamics from small to large trees

Research challenge: Most studies applying the MBA have been performed in saplings or small trees

for methodological simplicity. However, the movement and fate of respired CO- likely depend on
stem size (Fan et al., 2017), and this methodological bias could distort our perspective of CO> fluxes

within the xylem.

Hypothesis/Expectation: Xylem CO; diffusion is limited in thicker stems due to the long radial CO»

diffusive pathway. The relative contribution of Ecoz to Rs is expected to decrease with stem
diameter, while Fr increases with larger stem sapwood area due to the higher amount of CO:
dissolved in sap and is transported upwards (see modelling exercise 2). If more CO; is transported
away from the measurement site, stem ARQ ratios will decrease. Stem age likely reduce C
refixation via PScort (see research challenge 3). PEPC-mediated refixation might be comparable

between saplings and mature trees.
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Method:

e Assess Ecoz, lo2, Fr and RF under comparable environmental conditions for saplings and

mature trees, with a marked size contrast
5. Fate of dissolved and re-fixed carbon: Scaling to the whole-tree level

Research challenge: Our process-based understanding of gas exchange at the stem-level has not yet

been expanded to the whole tree-level. The drivers to Rs and ARQ among different organs (stem,
branches, leaves, and roots) might change with their morphological, anatomical or physiological

traits.

Hypothesis/Expectation: If we assume that up to 30% of CO> is not emitted locally (Hilman et al.,

2019), import and emission of COz in branches originating from respiration in stem tissues may
cause local ARQ to increase in upper tree parts (enhanced diffusion of xylem-transported CO> in

thinner stems/branches) and vice versa.
Method:

e Measure sap [CO>"] and ARQ along woody tissues in stems and branches

Apply different tracer approaches to advance our understanding of the fate of CO; along the soil-
plant-atmosphere continuum, like:

e Inject 13C tracer as dissolved *C-carbonate (Powers & Marshall, 2011) or 3CO, (Bloemen
et al., 2015) into the xylem or fed as *C labelled sugar into the phloem (Gessler et al., 1998)
to serve as a respiratory substrate in basipetal locations

e Determine (above the phloem or xylem feeding location), *CO; efflux and '*C assimilated
into different organic compounds (c.f. Joseph et al, 2020), allowing a quantitative
assessment of the fate of CO»

e Use online measurements of the xylem CO> *C (and '®0) isotopologues composition and
flux with an adapted online system (Gessler et al., 2022) where the probe design and the
laser spectrometer need to target CO: instead of water

e Use Cavity Ring-Down Laser Spectroscopy (CRDS) for real-time measurements of '*C-

CO; (Salomén et al., 2021a)
6. Scaling from trees to stands and from stands to larger spatial scales

Research challenge: Leaf and stem respiration are unlikely to be regulated by the same

mechanisms, hereby stem respiration models need to be decoupled from the source-driven

perspective (e.g., Fatichi ef al., 2014; Schiestl-Aalto et al., 2015; Salomoén et al., 2019a). It remains
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unclear, if plant respiration is modulated by respiratory substrate supply (source-driven) or by
plant demand of metabolic products (sink-driven) (Schiestl-Aalto ez al., 2015; Collalti et al., 2020).
Refinements of modelling routines are required by decoupling leaf and woody tissue respiration

for the upscaling of Rs to larger spatial scales.

Hypothesis/Expectation: The respiratory metabolism of (non-photosynthetic) woody stem tissues,

where Rubisco is mainly absent, might substantially differ from that in foliar tissues. Implementing
algorithms that consider the partially sink-driven nature of woody tissue respiration (Salomoén et
al., 2022), its differential thermal acclimation (Smith ef al., 2019), and the physical properties of
sapwood and bark will improve estimates of whole plant respiration, which constitutes one the

largest sources of uncertainty in net primary production in global models (Dietze, 2014).

Method:

e Compile a global database of stem respiratory traits such as basal respiration rates at a
standard temperature (Rp), the temperature sensitivity of respiration (Qio), respiratory
construction costs (Yg), CO2 diffusion rates in compliance with the global database of leaf
(dark) respiratory traits (GlobResp; Atkin et al., 2015) and the global database of soil
respiration (Bond-Lamberty & Thomson, 2010)

e The analysis of the collected dataset could inform about stem respiratory regulation and
acclimation along broad gradients of climatic conditions, potentially improving estimates
of whole plant respiration in large-scale models

e Test processes already described in mechanistic models of woody tissue respiration
(Holttd & Kolari, 2009; Schiestl-Aalto et al., 2015; Salomoén et al., 2019a) for the

incorporation of refined algorithms in large-scale models
7. Changes in respiratory metabolism during environmental stress

Research challenge: When investigating responses of tree C budgets to ongoing global warming

and climate extremes, the dynamics of respiratory metabolism and reserve use is an overlooked

process critical to buffer stressful periods.

Hypothesis/Expectation: Under heat and drought, leaf photosynthesis is limited following stomatal
closure, and trees heavily rely on NSC storage compounds (including starch, sugars or lipids). Trees
use their C reserve pools and switch from pure carbohydrate metabolism to alternative (or older)
respiratory substrates to cope with severe stress (e.g., ARQ ~ 0.7 and §'*CO; ~-33%o would give a

hint towards lipid metabolism; see Fischer et al., 2015 in climate-controlled chambers).
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Method:

e Asses ARQ and the '*C natural abundance of stem released CO, under gradients of heat and
drought stress to gain information on respiratory substrate use

e Assess “CO; to determine the age of the respiratory substrate

Conclusion

In this Insight article we provide an updated view on Rs estimates and their uncertainties. Different
perspectives on plant respiration can complement each other when combined and help to better
elucidate the fate of respired CO,. Hereby, combining CO; efflux with O, influx measurements are
of particular interest to disentangle post-respiratory processes. We underscore the need to integrate
theory and field observational data to better understand the respiratory physiology in woody tissues.
Great progress has been achieved in Rs modelling by getting independent of assumptions inferred
from leaf-level studies. An improved upscaling of Rs from the tree to the ecosystem-level is

necessary to evaluate the magnitude of Rs to the total C balance of forest ecosystems.
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Abbreviations
Symbol Explanation
ARQ Apparent respiratory quotient
[CO2] Gaseous [CO:]
[CO.'] Dissolved inorganic carbon (DIC); comprises of dissolved CO», carbonic
acid (H2COs), bicarbonate (HCO3.) and carbonate (CO3%)
Eco2 CO efflux to the atmosphere
Fr Transport flux; transport of dissolved respired C in the xylem sap
GMRP Growth and maintenance respiration paradigm
MBA Mass balance Approach
Io2 02 influx
PEPC Phosphoenolpyruvatcarboxylase; enzyme for CO; fixation
PScort Cortical photosynthesis
R4 Dark leaf respiration
Rg Growth respiration
R Maintenance respiration
AS Storage flux; change in the storage of dissolved C in the stem section
Vemax Maximum carboxylation capacity of enzyme Rubisco
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Abstract

Tree stem CO; efflux is an important component of ecosystem carbon fluxes and has been the focus
of many studies. While CO» efflux can easily be measured, a growing number of studies have shown
that it is not identical with actual in situ respiration. Complementing measurements of CO, flux
with simultaneous measurements of O flux provides an additional proxy for respiration, and the
combination of both fluxes can potentially help getting closer to actual measures of respiratory
fluxes. To date, however, the technical challenge to measure relatively small changes in O»
concentration against its high atmospheric background has prevented routine O measurements in
field applications.

Here we present a new and low-cost field-tested device for autonomous real-time and quasi-
continuous long-term measurements of stem respiration by combining CO, (NDIR based) and O>
(quenching based) sensors in a tree stem chamber. Our device operates as a cyclic closed system
and measures changes in both CO; and O; concentration within the chamber over time. The device
is battery-powered with a >1 week power independence and data acquisition is conveniently
achieved by an internal logger. Results from both field and laboratory tests document that our
sensors provide reproducible measurements of CO2 and Oz exchange fluxes under varying

environmental conditions.

Keywords
carbon dioxide consumption, chamber-based measurements, CO; efflux, low-cost sensors, O

influx, oxygen production, respiratory fluxes
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Introduction

Stem CO; efflux is an important part of the carbon (C) balance of forest ecosystems, as it accounts
for 5-42% of the total ecosystem respiratory fluxes in forests (Lavigne et al., 1997; Damesin et al.,
2002; Chambers et al., 2004; Ryan et al., 2009; Yang et al., 2016). It is typically measured by using
chambers of various designs and measurement principles (e.g., Xu et al., 2000; Pumpanen et al.,
2004; Maier & Clinton, 2006; Saveyn et al., 2008a; Etzold et al., 2013; Hilman & Angert, 2016;
Katayama et al., 2016; Briandle & Kunert, 2019) and then often assumed equal, or at least
proportional, to the rate of actual respiration in the underlying tissues. This assumption neglects the
fact that local CO; emission is the combination of respiratory CO: production and a number of post-
respiratory processes (Teskey ef al., 2008; Trumbore et al., 2013). Key processes are the transport
of dissolved CO: in the xylem both away from or towards the site of measurement (McGuire &
Teskey, 2004; Teskey & McGuire, 2007; Teskey et al., 2008; Bloemen et al., 2013), photosynthetic
re-assimilation in chloroplasts of sub-corticular cells (Pfanz et al., 2002; Teskey et al., 2008; Avila
et al., 2014; Cernusak & Cheesman, 2015; De Roo ef al., 2020c), non-photosynthetic refixation by
parenchyma cells within the xylem, cambium and phloem via the enzyme phosphoenolpyruvate
carboxylase (PEPC) (Gessler et al., 2009; Hilman et al., 2019) or axial diffusion of CO> in the gas
phase (De Roo et al., 2019). All these processes can be highly variable over time and may differ
between plant organs. Thus, while chambers can provide accurate flux measurements, these fluxes
can temporarily differ significantly from local stem respiration rates.

Aerobic respiration does not only produce CO», but also results in an anti-correlated uptake of O,
as O 1s consumed as the electron acceptor at the end of the mitochondrial electron transport chain
to form H2O. To date, stem O uptake rates have rarely been measured because the high background
of O in ambient air (20.95 vol.% or 209 500 ppm) makes the detection of Oz concentration changes
in stem chambers (typically a few hundred ppm over tens of minutes in many chambers) technically
challenging. Differential fuel-cell analyzers (e.g., Stephens et al., 2007; Battle et al., 2019) are able
to detect very small changes in atmospheric O2 (down to several ppm), but require costly
infrastructure and high maintenance for application in the field, and usually have a very limited
application radius around the position of the analyzer. This can be overcome by laboratory
measurements of discrete flask samples from the field, which allow for decentralized measurements
over wider areas. Still requiring typically costly analyzers, this approach is usually limited by the
number of flasks and the required processing time of the samples and thus typically results in low
temporal resolution (Seibt ef al., 2004; Hilman ef al., 2019). Hilman and Angert (2016) presented

an intermediate approach (“direct discrete method”): They used low-cost chambers that were
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installed independent of each other on several trees and O> measurements were carried out with a
portable optical fiber system. While this approach allows measurements over a wider area and
immediate results this method cannot easily be automated and requires manual measurements,
thereby again limiting the temporal and spatial resolution. Cavity-enhanced Raman multi-gas
spectrometry (CERS) has been used to measure quasi-continuous fluxes of Oy in pine (Pinus
sylvestris L.) branches (Keiner ef al., 2013; Keiner et al., 2014; Fischer et al., 2015), however, due
to the high sensitivity of the CERS to changes in temperature and air pressure, the methodology is
not easily applicable under field conditions.

Like with CO, O fluxes are affected by processes other than respiration. For example, O can also
be transported to or from the site of respiration by xylem water. However, since O3 is ~30 times
less soluble in water than COz (Dejours, 1981) this effect is considerably smaller. Stem
photosynthesis is usually considered to play a minor role in stems of older trees (Wittmann & Pfanz,
2008; Rosell et al., 2015; Tarvainen et al., 2018), but would result in a release of O> and an anti-
correlated CO2 consumption. The only O:-exclusive metabolic processes we are aware of is
lignification (Amthor, 2003) resulting in O consumption. While the actual amount of O
consumption by lignification is unknown, it seems unlikely to result in large changes of O2
concentration in mature trees. Differences between actual respiration and measured fluxes therefore
have to be expected for both gases.

The ratio of CO; release to O2 uptake (respiratory quotient, RQ) depends on the stoichiometry of
the respiratory substrate. For example, the stoichiometric RQ for complete oxidation is ~1 for
carbohydrates, ~0.8 for amino acids, and ~0.7 for lipids. Thus, the measured RQ has been used to
identify respiratory substrates (Stiles & Leach, 1933; Lambers et al., 2008). Plant respiration is
commonly assumed to be dominated by carbohydrate catabolism, but shifts to lower RQ and §"*C
of respired CO; have been used to infer a switch to lipid respiration for plants under stress and
carbon starvation (Tcherkez et al., 2003; Fischer et al., 2015). The simultaneous measurements of
CO» and O> fluxes therefore provide a more robust estimate of actual respiration rates as well as
information on the stoichiometry of the respired substrate. The much smaller solubility of O»
provides the potential to assess the influence of post-respiratory processes on COz in the stem
(Angert & Sherer, 2011; Angert et al., 2012; Trumbore et al., 2013; Hilman & Angert, 2016;
Hilman et al., 2019).

Our aim was to develop and test a portable, weatherproof, low-cost and fully autonomous stem
chamber design that allows simultaneous in situ measurements of CO2 and Oz fluxes from tree
stems. The data presented here demonstrate the reliability and robustness of the individual sensors

as well as the complete chamber design and is based on various laboratory tests and field
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measurements. Our new tool can improve our understanding of respiratory fluxes in tree stems.
Given its low cost, it allows large-scale assessments of ecosystem carbon fluxes with sufficient
replication and the use of O» sensors in addition to CO; sensors represents a substantial

improvement for assessing the importance of tree physiological factors in ecosystem carbon fluxes.

Methods

Gas sensors

In the final version of our chambers, we measured CO> concentration with the COZIR non-
dispersive infrared (NDIR) absorption sensor (Gas Sensing Solution GSS, UK), O> concentration
with the LuminOx Optical fluorescence quenching sensor (sealed, LOX-02-S; SST Sensing Ltd,
UK), and H20 concentration with a high precision humidity sensor (Digital Humidity Sensor SHT-
85 (RH/T), Sensirion, ZH, Switzerland). Measurements of H,O concentration are necessary for the
correction of O, measurements (see ‘Correction of measurement data (O3) for the dilution effect of
changing H>O and CO: concentrations’). Initially, we instead used the relative humidity sensor
integrated in the COZIR. However, detailed laboratory tests revealed significant mismatches
between known and measured humidity and a very slow reaction time for the COZIR built-in
sensor. Therefore, we switched to the more accurate and rapidly responding SHT-85 sensor, using
the manufacturer’s calibration (detailed humidity test results from the laboratory and field can be
found in S1 and S2 available as Supplementary Data at Tree Physiology Online).

The COZIR has a CO; measurement frequency of 2 Hz and includes a temperature (°C) and relative
humidity (%) sensor. Using the internal filter feature, we set the sensor to report running means of
the last 50 measurements or 25 s. We do this to reduce high frequency noise and smooth the CO»
readings, though this leads to an overall slower response times to concentration changes (details see
GSS Sensor User’s Manual, 2015). The COZIR sensor allows for one-point calibration (see
‘Multiple sensor calibration and testing unit’).

The LuminOx O2 sensor measures the partial pressure of O, (ppO2; mbar), the total pressure (pO2;
mbar) and temperature (TOz; °C). The O sensors do not allow for changing the manufacturer-
supplied calibration parameters unique to each sensor, which are determined by exposing the sensor
to different oxygen concentrations, temperatures and barometric pressures in an environmental

chamber. Device specifications are provided in the datasheet of the supplier (see also Table 1).
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Table 1 Specifications of COZIR-AH-1 and LuminOx sealed optical oxygen sensor.

COZIR Ambient sensor AH-1

LuminOx Sealed Optical
sensor

Oxygen

Mechanism principle
Accuracy/resolution
Operating
temperature

Relative humidity
Measurement range

Sensor output

Manuals

non-dispersive infrared (NDIR)
+0.005% (= 50 ppm +/- 3%)
0°C —50°C

0 to 95%

0 — 10.000ppm
CO: (ppm)
temperature (°C)

relative humidity (%)

http://www.COxmeters.com/Documentati

on/Manuals/Manual-GSS-Sensors.pdf

fluorescence quenching
0.1%
-30°C - 60°C

0 to 99%

0-25%

ppO2

02 (%)

barometric pressure (mbar)

temperature (°C)

https://www.sstsensing.com/wp-

content/uploads/2017/07/DS0030revi3

LuminOx.pdf

The SHT-85 humidity sensor allows measurements in the range of 0-100% RH with an accuracy

of £1.5% RH (Sensirion Datasheet, Digital Humidity Sensor SHT-85 (RH/T)).

Chamber design and measurement principle

We designed a modular measurement system (Fig. 1; see S3 available as Supplementary Data at

Tree Physiology Online) consisting of 1) the chamber module for creating a gas tight measurement

headspace on the stem surface, 2) a waterproof housing for the CO, and O; sensors mounted on top

of the chamber, 3) a separate housing for a pump, and 4) a waterproof transport-case containing the

power supply and an Arduino© logging and control unit. Our device operates as a closed-cycle

system, alternating between incubation periods for measuring CO,/-O, concentration changes over

time, and periods for flushing the chamber headspace with ambient air.
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Figure 1 Custom-made modular stem gas exchange system featuring a CO; and an O, sensor for repeated
cyclic measurements of changes in gas concentration over time within a closed dynamic stem chamber
installed on the tree stem. A pump automatically flushes the chamber headspace in between measurement
cycles. The device is battery powered with up to 10 days operating time. An Arduino® controls switching

between measurement and flushing mode and logs the data on a SD card.

The chamber module is made of a 5 mm thick polyethylene high-density sheeting, and is 10 cm
wide and 20 cm long, mounted on a 4 cm thick closed-porous cell foam (EPDM, ethylene propylene
diene monomer rubber). The foam is placed between the plate and the tree stem prior to fixing the
chamber module with three ratchet straps. If required for an air-tight fit, the bark underneath the
foam can be smoothed with sandpaper or an angle grinder, but this requires extreme caution to
avoid any damage to the underlying cambium and phloem. Putty butyl sealant (Teroson RB IX,
Henkel, Diisseldorf, DE) is then applied around the edges of the foam to cover potential small leaks
associated with remaining bark irregularities. Installed chambers are tested for leaks by blowing
high CO; air around the edges while monitoring the headspace CO; concentration. Leaks are closed
with putty and by refastening the straps until repeated tests show no further leaks. Because chamber
headspace volume varies with stem geometry and ratchet strap tension from ca. 75 to 112 cm?, it is
measured for each installation by filling the headspace (in situ) with water from a calibrated syringe.
To do so we use two syringe needles (inserted from the top of the chamber, between bark and foam,
to reach the headspace volume), one for injecting the water, the other to vent air from the chamber

until water droplets appear. Sensors should be removed during headspace measurement.
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The CO», Oz and H>O sensors are placed inside a waterproof (IP66 standard) housing (acrylonitrile-
butadiene-styrene copolymers; dimensions: 10 cm L x 10 cm W x 7.5 cm H) with a removable lid.
For easier handling, the sensor box is permanently welded to the base plate (polyethylene high-
density) of the chamber module. The sensors are placed over drill holes on 1 cm thick EPDM rubber
rings, allowing gas diffusion from the chamber headspace into the sensors. The O, sensor has a
sealed sensor base (LOX-02-S) to guarantee that gas from the chamber headspace cannot leak
through the sensor into the ambient air. For the CO» sensor such a design is currently not available,
so we seal the sensor base by applying hot glue around the electronic pins. The polyethylene plate
and the sensor box are fully covered with adhesive aluminium foil to prevent heating from sun
exposure. We further reduce potential temperature variations by installing the chambers on the side
of the tree receiving the least direct sunlight during the day (i.e. north in the northern hemisphere).
The air inlet and outlet of the chamber are connected to the pump via metric tubing (PVC tubing,
RS Components GmbH, DE) with a diameter of 6 mm (outer) x 3 mm (inner). The sensors (COz,
O and H»0) are connected to a 5V power bank (52,800 mAh, Li-ion type, MP-50000, XTPower,
Seattle, Washington, USA) in a separate waterproof transport-case (72601 Outdoor Dry Box,
Dyntronic GmbH, DE), allowing the system to remain operational unattended for up to 10
consecutive days. The chamber operation and data logging are controlled by a custom-made
Arduino® (Arduino Mega 2560 Rev3, Arduino S.r.L.) device (see S4 available as Supplementary
Data at Tree Physiology Online). The Arduino processor-based device enables us to program the
measurement time interval, incubation time, duration of chamber headspace flushing, and to define
a COz concentration threshold in which chamber flushing is desired. Our measurement approach
relies on the ability to accurately measure concentration change rather than absolute concentrations,
hence we focus here on the rates of change of both gases over time. For a component list of the

stem chamber (main parts) see S5 available as Supplementary Data at Tree Physiology Online.

Multiple sensor calibration and testing unit

We built a multiple sensor calibration and testing unit, consisting of a gas-tight chamber with a
volume of 1945 ml featuring two valves for flushing and a series of slots for simultaneous operation
of up to 10 LuminOx and 10 COZIR sensors (see S3 available as Supplementary Data at Tree
Physiology Online). All 20 sensors are connected to a computer via multiple USB HUBs.

For calibration of the COZIR sensors, we used one reference gas of known CO> concentration
(approx. half of the maximum sensor range, here referred to as “span” gas). First, we flushed the
calibration unit for 10 min at 2 I min™ with span gas, then closed it and let the reading stabilize (SD

<=30 ppm for CO> and <=0.01% for O, for at least 10 measurements) before the respective
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calibration parameter was adjusted according to the span gas concentration (program: Microsoft
Visual Basic). The calibration program allows reading and logging of data, provides access to the
filter setting of the COZIRs and for defining stabilization criteria, and (when readings stabilize)
sensors can be calibrated to known gas standard. The COZIR sensors allow to automatically store
the new calibration parameters internally.

Direct calibration of the LuminOx sensors was not possible since there is no option to adjust their
internal calibration parameters. We therefore conducted indirect calibration by comparing the
sensors measurement to known O» concentrations of gas mixtures being measured. The focus was
on accurately measuring changes of the O> concentration rather than the absolute concentration
since concentration changes over time are the parameter the chamber flux measurements are based
upon. We placed the LuminOx sensors in the calibration unit end exposed them to synthetic air with
an O, concentration of approx. 20.95% O,. We diluted the headspace concentration by injection of
30 ml pure N> into one port of the unit while extracting 30 ml of the unit’s air on the opposite side
to keep pressure in the chamber constant. We recorded the measurement after equilibration (i.e.
SD<=0.01% for at least 10 measurements) and repeated the dilution several times. Since we only
have an approximate O2 concentration of the synthetic air cylinder this does not allow for a typical
calibration against known concentrations, but the procedure does allow a relative concentration
since the change of concentration between subsequent dilution steps is well defined and

reproducible.

Testing of the sensors under laboratory and field conditions
We performed the following tests to validate accuracy and linearity of the COZIR and LuminOX
sensors: Measurements of a range of known concentrations (CO», O2) under a) standard laboratory
conditions, b) under varying temperatures, c¢) at increasing time intervals since last calibration
(sensor drift), d) measuring the headspace over germinating wheat seeds as a biological model
system of carbohydrate catabolism (with an expected ratio of CO; production:O> consumption of
1), e) direct comparison of the COZIR sensor with another widely used commercially available
CO; sensor (GMP252, Vaisala GmbH, Helsinki, Finland) under field conditions, and finally f) a

field application test of the complete chamber setup.

Measurements of known gas concentrations under standard laboratory conditions
As a reference point, sensor readings were tested against a range of known concentrations. Sensors
were mounted in the calibration and testing unit which was subsequently flushed with known gas
concentrations. For the COZIR sensor, we used calibrated reference gas bottles (Westfalen AG,

Miinster, DE) with CO> concentrations of 420, 2944, or 6000 ppm. For O2, we followed the same
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procedure as described in ‘Multiple sensor calibration and testing unit’. We performed three

dilution steps (20.95%, 20.68%, 20.41%, 20.16%).

Measurements of known gas concentrations: Effect of temperature changes and

sensor drift over time

For extended field application it is important to test whether temperature changes or sensor drift
over time affect the gas measurements. All tests were performed using 10 CO2 and/or 10 O sensors.
For the temperature test, the equipment (including the reference gas bottles) was set up in a
phytochamber where we could control ambient temperature. Tests for the COZIR and LuminOx
sensors were done separately. Tests started by adjusting the phytochamber temperature to either 5,
10, 20, or 25°C (for COZIR sensors) or 5, 15, or 25°C (for LuminOx sensors), followed by a period
for equilibration of all materials and gas cylinders. We then followed the same procedure as
explained in ‘Measurements of known gas concentrations under standard laboratory conditions’
(repeated for the different temperature levels).

Sensor drift was determined by repeatedly testing field installed sensors over a period of three
weeks without re-calibration, each time measuring known gas concentrations (COz: 420 ppm,
1430 ppm, 2944 ppm and 6020 ppm; O2: 20.95%, 20.68%, 20.41%). The sensors used in this drift
test were installed and recorded data in the field between successive tests. They were tested in the
lab 14, 18 and 22 days after initial installation and then re-installed in the field without re-

calibration.

Incubation of germinating wheat seeds
We tested sensor performance by measuring the CO; emission and O» uptake of germinating wheat
seeds. While absolute fluxes in this setup are unknown, the ratio of CO; production to O>
consumption (respiratory quotient, RQ) is expected to be 1 since wheat seed exclusively use
carbohydrates as respiratory substrates (Stiles & Leach, 1933; Lambers et al., 2008). Wheat seeds
were soaked in water overnight and placed in the calibration and testing unit (laboratory conditions,
25°C). Headspace concentrations were measured for 80 min (n = 10 for COZIR and LuminOx
sensors respectively). Corrections for the dilution effect on O, (by CO, and H>O) were

implemented.

Sensor comparison under field conditions: COZIR vs. Vaisala GMP252
COZIR measurements were compared to a non-dispersive infrared (NDIR) CO;-sensor (GMP252,
Vaisala GmbH, Helsinki, Finland), frequently used for xylem CO; measurements inside the stem

(Saveyn et al., 2008b; Cerasoli et al., 2009; Bloemen et al., 2014; Salomoén et al., 2016; Fan et al.,
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2017). Vaisala GMP252 has a measurement range of 0-10.000 ppm CO» with accurate ppm-level
CO> measurements (device specifications are provided in the datasheet of the supplier: Vaisala
GMP252 Carbon Dioxide Probe). We designed a special version of our chamber system for
simultaneous measurements of both the COZIR and the Vaisala GMP252 sensor in the same
chamber under field conditions. Three such chambers were installed at three positions on the same
tree (Prunus avium L., mean stem circumference: 105 cm) and measured CO> efflux for one week

in September 2019 (14%-20™) in Jena, Thuringia, Germany.

Field application test
Parallel to our sensor test in the laboratory we tested several chambers under field conditions. These
field tests (see ‘CO: and O: flux measurements in the field’) were conducted in the Thuringian
Forest; Germany (Oberschonau, 50°71°N, 10°6’E) at three mature poplar trees at 1.3 m stem height
during July 2019 (stem circumference: 95.5 cm to 131.5 cm; ~70 yr old). During this stage, relative
humidity was still measured with the integrated COZIR RH sensor that later was replaced by the
more accurate SHT-85. Corrections for the dilution effect on O, (by CO. and H,O) were

implemented.

Correction of measurement data (O:) for the dilution effect of changing H20 and

CO2 concentrations

Oxygen as a non-trace gas, is sensitive to concentration changes of any other gas (Keeling et al.,
1998). Measured apparent O2 concentrations thus have to be corrected for changes in CO2, H>O,
and even for changes in O; itself (self-dilution) (Keeling et al., 1998; Bugbee & Blonquist, 2006).
We would like to clarify that these corrections have nothing to do with a cross-interference of other
gases on the sensor signal, and we are not aware of any cross-interference issues in the sensors we
used.

Previous publications usually linked the correction with simultaneously expressing the O-
concentration changes relative to an arbitrarily defined reference concentration in per meg (= per
million), thus following the original method as described by Keeling et al. (1998). This conversion
undeniably has clear advantages when aiming at reporting and comparing measurements of absolute
atmospheric Oz concentrations and their changes over time. However, considering the focus and
target group of our new application, we decided to go for a more intuitive approach that does not
require the reader to get acquainted with the per meg scale. Since we are interested in simultaneous
concentration changes of CO2, Oz and H20O during separate incubation cycles we refrained from

expressing all concentrations relative to a fixed standard, and rather decided to express all
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concentrations as relative to the starting concentration ([CO2]=o0, [O2]=0, [H20]=0) during a
measurement cycle. The measured apparent change in the O2 concentration (602, app) at any given
time during a measurement cycle is correcting for the effect of any observed changes in the
concentration of CO, and H>O relative to the starting concentration (0CO> and dH>O). These
corrections are proportional to the mole fraction of O3 in the gas mixture, i.e. Xo2, =0, Which equals

the apparent O concentration in ppm divided by 10°.

802,app[pPpm] + 8COz [ppm] X Xo, _ +8H,0[ppm] X Xo, _ [1]
1-Xo,,_,

802,corr [ppm] =

For a description of the original approach described by Keeling et al. (1998) (extended by a H.O
correction) see S6 available as Supplementary Data at Tree Physiology Online. Please note that the
sensors we used do not directly measure the concentration of water in ppm, they rather measure the
relative humidity. To convert relative humidity into an absolute H>O concentration we first
calculated the saturation water vapor pressure (es, hPa) as a function of the chamber temperature T

(°C) with the Clausius-Clapeyron relation (Bugbee & Blonquist, 2006):

(17.502xT) 2]

es (hPa) =6.11x expm

Since relative humidity is 100% at saturation vapor pressure, the ambient partial pressure of H2O

(ea, in hPa) can be calculated as a function of the current relative humidity:
ea = esx RH [3]

The current concentration of H>O thus equals the ratio of ea to the total atmospheric pressure of all

air inside the chamber (P), which we report in ppm here:

ea
H,0 (ppm) = P 106 [4]

50



CHAPTER 2

Flux calculation and Apparent Respiratory Quotient

The CO2 and O fluxes (F, pmol m™ s!) were calculated according to the following equation:

AC V P 5]
F= XA *RxT

where AC/At (hereafter referred to as slope) is the change in concentration of gas C (in ppm) over
time t (s!) for COz and O respectively. V is the volume of the chamber (m?), P the barometric
pressure (kPa), R the molar gas constant (0.008314 m® kPa K™! mol™), T the temperature (K) and A
the stem surface area (0.0028 m?). P and T are recorded from the sensors. We assumed linearity in
the first 20 min of measurement (time is required to measure changes in the O, and CO»
concentration of at least 1000 ppm, 0.1%) and therefore used the slope of the linear regression to
calculate CO; (increasing concentration) and O> (decreasing concentration) change over time. The
negative slope of O> is always given as absolute value. Only measurements with correlation
coefficient (R?)>0.96 for both O, and CO, were used. Lower correlation coefficients were
discarded. For field data the first 5 min of each measurement cycle (user-defined) were discarded
after we noticed this data is noisy, probably due to pressure fluctuations after the pumping period.
The sensors’ readings were extracted every 10 s.

The ratio of CO> efflux and O influx results in the Apparent Respiratory Quotient (Angert &
Scherer, 2011; ARQ; equation 6) as we don’t measure the actual RQ of respiring cells, but the stem

equivalent of RQ.

CO, production [6]
0, consumption

ARQ =

Statistical analysis
Data from temperature and drift tests were analyzed by regression analysis. As shown in equation
5, flux rates for the chambers were calculated from concentration changes over time. Thus, sensors
have to reliably measure concentration changes. We estimated how much the slope of a linear
regression of measured concentration vs. known concentration was affected by temperature, or time
(drift). We examined the slope of the regression, where slope of 1 represents perfect agreement,
slope <1 means the sensors underestimating the true concentration change and vice versa. Slopes

measured by individual sensors (n = 10) were tested for temperature and time effects. For the wheat
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seed respiration test, linear regressions and comparisons among slopes of CO» increase and O»
decrease over time was performed, too. For normally distributed data, one-way ANOV A was used
for comparison among slopes. Correlation between COZIR and Vaisala GMP252 was evaluated by
Pearson’s correlation coefficient. Data from CO2 and O flux measurements in the field were
combined to 4h mean for further analysis. All statistical analyses were conducted in R (R

Development Core Team, 2019).

Results

Measurements of known gas concentrations

Measurements of known CO: concentrations by the COZIR sensors showed good accuracy and
precision (Fig. 2A). Using 10 sensors, the linear regression for measured vs. known concentration
had a slope of almost unity (0.99) and variability between the individual sensors was very small as
reflected in the R? of 1.0.

For the LuminOx sensors (Fig. 2B), measurements of known O concentrations also resulted in a
slope for the linear regression close to 1 (0.98), indicating that the sensors can reliably detect relative
concentration changes over the tested range. However, the variability between individual sensors
in terms of absolute concentration measurements was far greater than for the COZIR sensors, with
individual sensors being off by almost £0.5%. This results in a low R? of the regression of only

0.68.
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Figure 2 Measurements of known gas concentrations in the calibration and testing unit (25°C) for (A)

CO; (CO; concentrations of 420, 2944 or 6020 ppm) by COZIR sensors (n = 10) and (B) Oz (in %, dilution
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from 20.95 to 20.16%) by LuminOx sensors (n = 10). Colors depict different sensor ID. The dashed line

represents the linear regression.

Measurements of known gas concentrations as affected by temperature changes, and

sensor drift over time

Changes in temperature did affect O but not CO> measurements. For CO, measurements, linear
regression parameters of measured vs. known concentrations show no statistically significant effect
of temperature with mean slopes (£SD) of 0.96+0.05, 0.97+0.03, 0.99+0.01 and 0.97+0.02 at 5, 10,
20 and 25°C, respectively (Table 2). For O, differences in temperature were highly significant with
mean slopes (£SD) of 0.81+0.06, 0.86+0.03, and 0.97+0.02 at 5, 15, and 25°C, respectively (Table
2). The sensors themselves do not differ significantly (ANOVA, COZIR: F=0.12, p=0.73;
Luminox: F=0.43, p =0.52). Based on these findings, we formulate the following temperature

correction for the O; sensors:

SC(0;) = —0.010x T (in °C) + 1.30 [7]

where SC is the slope correction factor that should be multiplied with the measured slope in stem
chamber incubation in temperature T. As fluxes were estimated based on slope changes over time,
only a slope correction was considered.

Time elapsed since last calibration had an effect on CO> measurements when exceeding 22 days,
1.e. sensor drift affected the CO, sensors after ca. 3 weeks (Table 2). Shorter time intervals (14 and
18 days) showed no significant effect on CO> measurements. Mean slopes (=SD) from linear
regression parameters of measured vs. known CO: concentrations were 0.97+0.05, 0.96+0.05, and
0.95+0.04 after 14, 18, and 22 days of field operation, respectively. We found no effects of sensor
drift over time for the O> sensors, with mean slopes (+SD) of 1.02+0.10, 1.03+0.10, and 1.03+0.08
after 14,18, and 22 days of field operation, respectively. The sensors themselves do not differ

significantly (ANOVA, COZIR: F = 1.06, p = 0.44; Luminox: F = 1.36, p = 0.28).
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Table 1 Rate of change (slope) for different temperature levels and sensor drift over time (Mean+SD).
Analysis of variances (ANOVA) for temperature and drift effect on COZIR and LuminOx reading (n = 10)

is shown. Significant results are shown in bold.

COZIR-AH1 LuminOx
Effect Mean slope+ SD  ANOVA Mean slope+ SD  ANOVA
(Temperature/duration) (F, p) (F,p)
Temperature (°C) 5 0.96 = 0.05 0.81+0.06
10 0.97+0.03 F=0.21, - F =80.31,
15 - 0.65 0.86 +0.03 <0.001
20 0.99 £ 0.01 -
25 0.97£0.02 0.97£0.02
Drift (d) 14 0.97 +0.05 F=2.78, 1.02+0.10 F=0.10,
18 0.96 £ 0.05 0.055 1.03£0.10 0.96
21 0.95 +0.04 1.03 £ 0.08

Incubation of germinating wheat seeds
Over the 80 min incubation period of germinating wheat seeds, the 10 CO; sensors reported a mean
(£SD) increase of the CO2 concentration of 5625 ppm+302 ppm, while the 10 O> sensors reported
a mean decrease of the O, concentration of 5800 ppm=+300 ppm, i.e. concentration changes over
time were anti-correlated and not significantly different with regard to absolute changes (COz:
slope = 1.27+0.02, R? = 0.98; Oa: slope = -1.27+0.05, R*> = 0.85, Fig. 3), resulting in an RQ value
(£SD) of 1.00+0.03.

A) B)
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Figure 3 Wheat seed respiration within the calibration and testing unit (25-27°C) over 80 min. (A) Increase

of CO; (ppm) over time and (B) decrease of O, (ppm) is shown (n = 10 for CO, and O», respectively). Linear

regression was used to determine the rate of change.

Comparison of CO2 measurements between COZIR and Vaisala sensors
We found a significant correlation between simultaneous measurements of COZIR and Vaisala

GMP252 (Pearson correlation coefficient, R =0.95; p <0.001; Fig. 4). However, efflux rates
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measured with the COZIR sensor were consistently lower than rates measured with the Vaisala (up

to 11%).

2.14 e
R=0.94,p<22e-16 . i Ma

Flux pmol C m?s’ (Vaisala GMP252)

0.9 1.2 1.5 1.8 2.1
Flux umol C m?s™" (COZIR)

Figure 4 Scatter plot showing the calculated CO, fluxes (umol m? s ') measured with Vaisala GMP252 and
COZIR at one P. avium L. tree in Jena, Germany, in September 2019 (1-week field data pooled; shape
depicts data from three chamber devices). Pearson’s correlation of the relationship was tested. The black

solid line shows the trend line and the dashed line is the 1:1 line.

CO2 and O: flux measurements in the field

During a typical measurement cycle (Fig. SA, B), CO: rapidly increases from atmospheric levels
(~400 ppm) to ~6000 ppm (depending on season and time of day) within a 45 min period while the
net Oz decrease is ~0.7%. Following a typical cycle, it takes ~15 min flushing period (starting at
20:40 in Fig. 5) to reach initial concentrations again. For analysis, we focus on the initial 20 min of
measurement (beginning 5 min after pumping stopped), for which we assume linearity. In our
example, over the 20 min period we observed changes in the Oz and CO; concentration of 4000 ppm
and 0.4% respectively (Fig. 5C, D). Relative humidity can vary up to ~8% over the 20 min time
interval (change of 1560 ppm at standard condition of 20°C, 945 hPa).
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Figure 5 Raw data output of one chamber device installed at one P. avium L. tree in Jena, Germany, in
September 2019. (A) Increase of CO; and (B) decrease of O, is shown for two consecutive measurement
cycles (each cycle: 45 min). Sharp changes in concentration at the end of each cycle reflect flushing the
system with ambient air. Dashed lines show 20-min time interval for flux calculation; (C) The 20-min time
interval of CO; increases with linear fit (dashed line) and (D) 20-min time interval of O, decrease with linear
fit (dashed line). The flushing period and the following 5 min were discarded, before the linear fit was

applied.

Calculated fluxes (4h mean) from the field application test on three poplar trees are presented in
Fig. 6. Two correction steps for O, fluxes were implemented: correction 1) dilution effect on O
(CO7 and H>O) and correction 2) temperature effect on LuminOx readings. Dilution correction
(including self-dilution) results in an increase of the mean daily fluxes by 5.6%+2.20% (Fig. 6A),
and the subsequent temperature correction from LuminOx readings as determined by our laboratory
test results in an increase of the fluxes (daily mean increase of 12.7%=+4.5%; Fig. 6A). Over the two
weeks measurement period COz efflux is lower than O; influx (Fig. 6B), this would result in daily

mean ARQ of 0.63+0.06.
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Figure 6 Field data of three mature poplar trees with (A) calculated O, fluxes (4-h mean) according to Eq.
(5) over 3 days in July 2019 (Thuringia, Germany, n = 3). Uncorrected data and corrected data for O, are
shown. After the correction for dilution effect (correction 1; see Eq. 1), temperature correction (correction
2; see Eq. 7) was applied. (B) Calculated CO» (blue) and corrected O, fluxes (red) according to Eq. (5) over
14 days in July 2019 (Thuringia, Germany, n = 3+SD).

Discussion

In our study we were able to show that the combination of three low-cost sensors (CO2, Oz, H>0)
allows reliable and quasi-continuous measurements of CO> and O; stem gas exchange under field
conditions. Being affordable, highly mobile, and independent of additional infrastructure like local
power supply or external logging devices makes our setup highly attractive for application in remote

ecosystems or for measuring many individuals and/or widely dispersed trees simultaneously.

Technical aspects and sensor performance
The sensors installed in our chamber design produced robust measurements. Obviously, such low-
cost devices have caveats that one has to be aware of. Our chambers followed a non-steady state
incubation design, aiming to measure concentration changes of several thousand ppm; therefore we
only tested the sensors’ performance of measuring relatively big changes of concentration.
Especially for the Oz sensors, measurements of known concentrations revealed high variability
between sensors and - for individual sensors - a significant offset between measured and known
concentrations, making accurate measurements of absolute concentrations questionable. Accuracy
for O, measurements in terms of absolute values is 20 times lower than for CO (see sensor

specifications in Table 1).
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For the COZIR sensors, one important limitation was the effect of sensor drift over time (Table 2).
According to our findings, the sensors can be operated without loss of precision for a maximum of
18 days before a new calibration is required. Since calibration has to be done in the laboratory, it is
recommended to keep additional calibrated sensors in stock for rapid exchange in the field.
Especially when planning to operate a high number of chambers simultaneously, one should
consider manufacturing a multi-sensor calibration unit similar to ours for efficient re-calibration.
Direct comparison of the COZIR sensor to the more expensive Vaisala GMP252 showed an offset
between the two sensor types, with the COZIR measuring on average 11% smaller fluxes than the
Vaisala (Fig. 4). Since this comparison was performed under field conditions with unknown
concentrations, it is impossible for us to conclude which of the sensor types has the better accuracy.
We did not test or re-calibrate the Vaisala in the lab, instead we relied on the manufacturer
calibration. The COZIR sensors, on the other hand, were calibrated and thoroughly tested under
various laboratory conditions, but calibration was done in dry air, so it is possible that humidity
affected the measurements under field conditions. However, the respiration measurements of
germinating wheat seeds matched expectations (see below), which indicates that the COZIR works
reliably under a realistic humidity range of typical field measurements (50—-85%). Assuming that
the differences between the Vaisala and the COZIR sensor were due to measurement errors of the
COZIR sensor, we would have to consider correction of the field test by up to 11%, thus reducing
the observed imbalance between measured O» and CO» fluxes. We would like to point out, however,
that this offset is smaller than the observed differences in the field application test.

Field tests in a tropical rainforest (Tanguro ranch, Matogroso, Brazil) indicated complete sensor
failure at relative humidity levels between 95-100%. One possible solution for tropical applications
of stem chambers can be to use humidity traps as shown by Brecheisen et al. (2019) for a field-
portable soil gas analyzer. Brindle and Kunert (2019) presented a stem chamber design with an
implemented low-cost CO; sensor type MH-Z14A (Winsen Electronics Technology Co., Ltd,
Zhengzhou, China). They found good agreement of their device with a portable infrared gas
analyzer (Li-8 100; Li-COR Inc., Lincoln, NE, USA) under tropical rainforest conditions at high
temperature and high humidity. However, their chamber design was still limited to CO»
measurements.

We found two problems that were specific to the LuminOx sensors. First, changes in temperature
did affect LuminOx sensor reading. At lower temperatures (5—-15°C), O> fluxes based on sensor
readings significantly underestimated actual O> fluxes and required a temperature correction
(equation 7). Our data indicated that the effect of temperature on sensor readings can differ between

individual sensors. In our approach we used the average correction determined by measuring 10
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individual sensors, but correction parameters for individual sensors deviated from the mean by as
much as £8% (see S7 available as Supplementary Data at Tree Physiology Online). In order to
avoid this deviation, correction functions for each sensor individually can be applied. We only
tested sensor performance between 5-25°C, so it remains uncertain how the sensors behave at
temperatures outside of this temperature range. Second, the fact that the sensor does not support
adjustment of the manufacturer calibration parameters makes working with this sensor less
convenient. However, since we observed no critical sensor drift as with the COZIR sensor this issue
was less of a problem, but it should still be kept in mind when considering using this sensor. In
addition to the abovementioned temperature correction, the O sensors also require a dilution
correction to compensate for apparent changes in O> concentration resulting from concentration
changes of other gases (mainly CO; and H20O). Please note that this is not a correction resulting
from technical issues of the sensors, but is a general requirement when measuring concentrations
of non-trace gases like oxygen. In the dilution correction, O self-dilution outweighed the dilution
by other gases (CO2 and H>0), resulting in an increase of ~6% (two-week average) for calculated
O fluxes after correction. In our application, we used the relative humidity sensor SHT-85
successfully as this sensor responded quickly (within seconds) to changes in relative humidity
whereas the integrated COZIR RH sensor often underestimate actual humidity levels in the
chambers as their response time is very slow to the increasing humidity (see S1 and S2 available as
Supplementary Data at Tree Physiology Online).

To evaluate actual sensor performance under realistic conditions we measured respiration of
germinating wheat seeds. This test allowed testing the sensors over a wider range of concentration
changes and within a realistic humidity range. Wheat seeds are a suitable biological model system
for this purpose as their carbohydrate-based respiration during the initial germination implies equal
CO; and O fluxes. Results from these wheat seed measurements confirmed that the sensors can
reproduce expected values and work under field-humidity levels (Fig. 3). The test also underlined
the shortcomings of the low-cost sensors with respect to absolute concentration measurements:
While the sensors showed identical concentration changes (slopes) during the incubation, absolute
concentration measurements at any given time were subject to major offset biases, especially for
the O sensors (see also Fig. 2).

To ensure gas tightness, we decided to seal our chambers by means of closed-porous cell foam. The
area of the tree stem covered by foam was relatively large compared to the chamber headspace area.
Gas exchange for any live tissue underneath the area covered by the foam has to occur via an
alternative surface, and some of it will occur via the chamber headspace surface. As a rule of thumb,

one may assume that roughly half of the area covered by the foam should be considered as
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effectively being part of the chamber area. In any case, assuming that the resulting effect is identical
for CO»2 and O, we postulate that the area covered by foam has no impact on the gas exchange ratio

or the ARQ.

Beyond COz: Potential application of simultaneous CO:z and O2 flux measurements

in ecosystem and ecophysiological research

The combination of simultaneous CO; and O measurements in one chamber design allows
addressing new additional research questions. It could be used for the detection of respiratory
substrate shifts during stress by calculating the ratio of CO, efflux to O, influx like demonstrated
by Fischer et al. (2015) in a greenhouse experiment using Raman Spectroscopy. Embedded in the
correct experimental design it could also help to quantify actual rates of local in situ respiration by
disentangling respiratory CO production and O, consumption from the effect of other post-
respiratory processes (see Hilman et al., 2019 for a detailed discussion). Using simultaneous
measurements of CO; and O fluxes in multiple tree species, they observed a significant mismatch
in the amount of CO; emitted vs. the amount of O consumed, which they interpreted as the effect
of a variety of whole-tree processes on locally measured CO: concentrations, like non-
photosynthetic refixation or stem xylem transport of CO2 away from (e.g., to canopy) and to (e.g.,
from roots) the site of measurement. Data from our initial field test also indicates mismatches
between CO> and O fluxes (Fig. 6B), which could be further explored in future experiments.
Experimental approaches may include, for example, simultaneous CO; and O> measurements at
different stem heights and in the canopy to quantify the effect of vertical gas transport. Combining
flux measurements with 1*C isotope labeling of stem tissue in the dark could help to quantify the
postulated non-photosynthetic CO, uptake in tree stems due to PEPC activity. With slight
modifications, our chamber design may also be useful for measuring other ecosystem components
like soil, root, branch or leaf fluxes.

Furthermore, data provided by our device can serve as important input and calibration variables for
mechanistic models of tree and stem functioning. For instance, Salomoén et al. (2019a) developed
TreSpire, a process-based model which couples carbon and water fluxes at the organ (stem) level.
Implementation of combined CO; and O> data can provide crucial information to constrain the
model parameter space. In this way, key parameters used to estimate overall tree respiration at large
spatial scales - growth respiration coefficient, respiration sensitivity to temperature (Q10) and basal
maintenance respiration (Atkin e al., 2017) - could be accurately estimated. Such insights are much
needed to improve model predictions and advance our understanding of stem respiration, for which

currently measurements of CO; efflux at breast height are commonly used as estimates for whole-

60



CHAPTER 2

tree respiration, even though stem CO» efflux does not reflect respiration rates of underlying tissues

(Darenova et al., 2018; Salomoén et al., 2019a).

Conclusion

We present a versatile low-cost chamber setup for measuring CO; and O> fluxes between tree stems
and the atmosphere. Adaptation of the general setup to other applications (e.g. soil or branch
measurements) should technically be relatively easy. We showed that low-cost sensors are prone to
drift over time and/or require temperature correction. Our data also show that O, sensors require
dilution correction to get accurate O data that are not biased from concentration changes of other
gases (CO2 and H20). Using both CO; and O, measurements in the correct experimental design
provides additional information on tree physical and physiological processes like xylem CO»
transport, post respiratory enzymatic fixation of CO> and subcortical photosynthetic uptake of

respired COa.
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Abstract

Tree stem respiration (R) is a substantial component of the forest carbon balance. The mass balance
uses stem CO; efflux and internal xylem fluxes to sum up Rs, while the oxygen-based method
assumes O influx as a proxy of Rs. So far, both approaches have yielded inconsistent results
regarding the fate of respired CO; in tree stems, a major challenge for quantifying forest carbon
dynamics. We collected a data set of CO; efflux, O> influx, xylem CO» concentration, sap flow, sap
pH, stem temperature, nonstructural carbohydrates concentration, and potential
phosphoenolpyruvate carboxylase (PEPC) capacity on mature beech trees to identify the sources of
differences between both approaches. The ratio of CO» efflux to O influx was consistently below
unity (0.7) along a 3-m vertical gradient, but internal fluxes did not bridge the gap between influx
and efflux, nor did we find evidence for changes in respiratory substrate use. PEPC capacity was
comparable with that previously reported in green current-year twigs. Although we could not
reconcile differences between approaches, results shed light on the uncertain fate of CO; respired
by parenchyma cells across the sapwood. Unexpected high values of PEPC capacity highlight its

potential relevance as a mechanism of local CO; removal which merits further research.

Keywords
carbon dioxide transport, CO»/O; ratio, mature trees, oxygen consumption, temperate forest,

vertical stem gradient
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Introduction

Tree stem respiration (Rs) is an important component of the forest carbon (C) budget and is
estimated to account for 5—42% of total ecosystem respiration (Campioli et al., 2016; Salomon et
al., 2017; Yang et al., 2016). Respiration rate is usually extrapolated to the whole stem from CO>
efflux measurement at breast height. Even though direct measurements of CO, efflux are easy to
conduct, various processes can decouple CO; efflux from Rs, resulting in mismatches of up to 45%
(Hilman et al., 2019; Teskey & McGuire, 2007): (1) Dissolution of CO» in xylem water (Teskey &
McGuire, 2007; Aubrey & Teskey, 2009; Bloemen et al., 2013), (2) axial CO» diffusivity (De Roo
et al., 2019), (3) non-phototrophic CO> refixation via the enzymes carbonic anhydrase and
phosphoenolpyruvate carboxylase (PEPC) (Berveiller & Damesin, 2008), or (4) photosynthetic
CO; refixation via woody tissue photosynthesis (e.g., Avila et al., 2014; De Roo et al., 2020c, Pfanz
et al., 2002; Steppe et al., 2015a). Even if we could accurately estimate Rs at a given stem point,
upscaling Rs to the whole tree level in mature stands is questionable as the relative contribution of
abovementioned processes might vary with stem height (Ceschia et al., 2002).

Two main measurement approaches have been applied to estimate Rs. The carbon-based mass
balance approach (McGuire & Teskey, 2004) not only considers CO» efflux (Ecoz), but also takes
into account the dissolution of CO» in the xylem (accounting for its equilibrium species H2COs,
HCOs ™ and COs>"; hereafter CO»"), its vertical transport through the xylem sap (Fr) and the CO;
storage flux (AS), as the accumulation or depletion of CO> in the xylem sap over time, to achieve a

more precise estimation of Rs on a volume basis (umol m> s™1):

Rs = Ecoz + Fr + AS [1]

Most studies applying the mass balance approach examined the contribution of CO» efflux, CO2
transport and CO; storage to R in small trees or saplings (e.g., McGuire & Teskey, 2004; Salomdn
et al., 2018; Saveyn et al., 2008c) due to the easiness of constructing custom-made stem cuvettes
surrounding the whole stem. However, applying findings from small trees to interpret CO» eftlux
in mature trees could be hampered by the long radial diffusive pathway in thick stems, which could
result in significantly limited CO, diffusion rates (Steppe et al., 2007). This assumption is supported
by findings in yellow poplar, where the relative contribution of CO» efflux to Rs decreased with
stem diameter (up to 60 cm), while CO> transport increased with stem size, as could be expected
by larger sapwood conductive area, transpiration rates, and potential for CO> removal from the

point of production (Fan et al., 2017).

65



CHAPTER 3

Many studies have relied primarily on CO> efflux (and CO» transport) to estimate Rs; nevertheless,
aerobic respiration involves oxygen (O2) consumption, and the influx of O, from the atmosphere
into the stem (Io2) can also serve as a proxy for Rs. The second measurement approach to estimate
Rs is based on simultaneous measurements of Oz influx and CO; efflux. Given the much lower
water solubility of O, compared to CO: (Dejours, 1981), dissolution effects and vertical transport
should play a potentially negligible role for O» Boosted by technological improvements to register
small O; fluctuations in an atmosphere with a large O2 background, emerging interest arises in the
coupled measurement of CO; efflux and O influx at the stem surface (Angert & Sherer, 2011;
Hilman & Angert, 2016). The ratio of CO; efflux to O influx is called the respiratory quotient (RQ)
at the cell level. The cell-level RQ allows exploring the substrate of respiratory metabolism. In
trees, non-structural carbohydrates (NSC) are assumed to be the primary respiratory substrate,
theoretically resulting in a RQ of ~ 1. More O is needed for the breakdown of lipids compared to
carbohydrates, resulting in RQ ~ 0.7 (Masiello et al., 2008). Organic acids catabolism would yield
RQ above one because of the greater O content of those molecules being oxidized (Masiello et al.,
2008). At the organ level, as the stem in this case, the ratio of CO; efflux to O influx at the surface
is named the apparent respiratory quotient (ARQ) (Angert & Sherer, 2011):

Ecoz [2]

ARQ =
Ioz

Therefore, simultaneous measurements of both gases allow for the assessment of potential shifts in
respiratory substrate over time and under environmental stresses (Fischer ef al., 2015). Furthermore,
the ARQ ratio can be affected by postrespiratory processes (Trumbore et al., 2013), providing
information about the role of CO> dissolution and transport on Rs estimates, as CO» is highly soluble
in xylem sap, while O is less soluble. Hereby, assuming NSC as respiratory substrate, RQ would
be ~1, and so would ARQ as long as CO; transport and storage were negligible, as CO> efflux
versus O influx equalize. However, Hilman et al. (2019) showed the inability of sap flow (and
hence CO; transport) to account for the variability in the ARQ of Q. ilex trees. Authors suggested
COg, refixation via the enzyme PEPC as the primary cause of ARQs below the unit, a mechanism
of local CO2 removal commonly overlooked in Rs research. However, the role of PEPC capacity in
mature stems is still speculative as it has mainly been investigated in C4 plants and only in leaves

and young green twigs of C3 plants (Berveiller & Damesin, 2008).
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It is essential to reconcile insights gained through the mass balance approach and oxygen-based
measurement methods, which disagree on the primary factor causing the mismatch between Rs and
CO, efflux, either CO> transport through the xylem and storage or PEPC-mediated CO, fixation,
respectively. Note that both approaches commonly use opaque stem cuvettes or chambers,
precluding photosynthetic reassimilation of locally respired CO> (see De Roo et al., 2020).
Mathematically, as a first approximation assuming Rs and O: influx are equivalent, the mass

balance approach could be formulated as follows:

ARD =102 — Ecoo =Rs — Eco2 =Fr + AS [3]

Where the apparent respiratory difference (ARD), as an alternative metric to interpret the mismatch
of COz and O fluxes in absolute terms, should equal the amount of locally respired CO; transported
and stored if CO; refixation (either photosynthetic or nonphotosynthetic) is neglected. If this
assumption is valid, carbon- and oxygen-based methods could be indistinguishably applied to
estimate Rs. If not, it would be necessary to revisit underlying assumptions from both approaches
to constrain the interpretation of each other and provide a more comprehensive perspective on the
fate of respired CO: not emitted locally to the atmosphere. This is precisely the main challenge in
research on metabolism of woody tissue respiration. A direct comparison of both approaches is
lacking so far. By combining both approaches at the same individuals and under the same
conditions, it would be possible to assess whether discrepancies observed so far vanish or whether
assumptions should be revisited.

To do so, we continuously monitored the vertical and temporal variability in CO; efflux, O, influx
and xylem [COz] along a 3-m stem gradient in beech trees (Fagus sylvatica L.) during 1.5 summer
months. Importantly, the study was performed in large mature trees, in which the contribution of
CO; transport to Rs is expected to be higher (Fan et al., 2017), thereby enhancing the potential
discrepancies between carbon- and oxygen-based approaches. Required additional variables to
estimate the abovementioned respiration-related variables, like stem temperature, sap flow rate, and
twig sap pH were also measured. Additionally, NSC concentrations and PEPC capacity from stem
discs of the outermost tissues were discretely measured to evaluate potential shifts in substrate
stoichiometry and the role of PEPC fixation on respiratory fluxes, respectively. We addressed the
following hypothesis: When concurrently applying the carbon- and oxygen-based approaches in
the same trees, xylem COz transport and storage can close the gap between Oz influx and CO; efflux

(i.e., the ARD =0). Alternatively, the fraction of missing CO: not explained by xylem CO; transport
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and storage could be attributed to CO- refixation via PEPC capacity if significant in large mature

stems.

Material and Methods

Site description and experimental set-up

The experiment was conducted in a managed pure 130-year-old beech stand at ~100 m distance to
the Fluxnet tower site Leinefelde (DE-Lnf, https://doi.org/10.18140/FLX/1440150) in the forest
district of Heiligenstadt near the city of Leinefelde (51°20'N, 10°22'E; altitude 450 m a.s.l;
Thuringia; central Germany). The mean annual air temperature and precipitation are 8.3+0.7 °C and
601+154 mm (Tamrakar et al., 2018). We measured four even-sized mature beech trees with a tree
height of ca. 38 m and stem diameter at breast height (DBH) of 0.38 and 0.54 m (Table 1) during
July and August 2019 (Days of year [DOY] 185-226).

Table 1 Diameter at breast height (DBH) and sapwood depth of the four beech trees.

Tree Diameter (¢cm) Sapwood depth (cm)
1 41 12.5
2 45 13.5
3 54 16.5
4 38 12.0

Stem CO:z efflux, Oz influx and xylem [CO2])
Stem CO; efflux and Oz influx at the stem surface were measured hourly on every tree at three stem
heights (1, 2.5, and 4 m) following the approach described in Helm et al. (2021). Briefly, we
installed a custom-made chamber in each stem location that consisted of (i) a closed-porous cell
foam and a base plate of 20 cm length, 10 cm width, and 4 cm height, (i1) a waterproof housing for
the CO2 and O; sensors with a removable lid for easy exchange of the sensors, and (iii) a transport-
case containing an air pump, an Arduino® unit for data logging and 5 V power bank battery for
power supply (800 mAh, Li-ion type, MP-50000, XTPower, Seattle, WA, USA). See Supporting
Information: Figures S1 and S2 for a schematic overview and a photograph of the set-up. Chambers
were installed on the north side of the trees, and chambers were covered with aluminium foil to
avoid direct solar radiation and impede local cortical photosynthesis. Chambers were attached
against the tree stem using three ratchet straps. The measurement principle is based on a closed

system with measurement cycles of 45 min followed by 15 min to flush the chamber’s headspace
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with ambient air. To monitor [CO;] increase and [O2] decrease within the chamber headspace, a
non-dispersive infrared (NDIR) absorption sensor (COZIR; Gas Sensing Solution GSS) and an
optical fluorescence quenching sensor (LuminOx sealed, LOX-02-S; SST Sensing Ltd) were used,
respectively. The relative humidity sensor integrated within the COZIR device was used to account
for the dilution effect of changing H,O and CO; concentrations and correct O2 measurements (for
further details see Helm et al., 2021). Sensors were changed after three weeks to limit reading drift
(Helm et al., 2021). Ecoz and Ioz on a surface basis (umol m 2 s™!) were calculated from the linear
CO2z increase and O; decrease of the first 20-min time interval (of the 45 min measurement cycle

excluding 3 min after flushing) following Equation 4:

AC
Ecop 01 lp; = —

p [4]
At~

*RxT

%4
A

where AC/At is the change in gas concentration over time (ppm s ') for COz or Oz, V is the chamber
headspace volume (m?) determined by water displacement, A is the stem surface (m?), P is the
barometric pressure (kPa), R is the molar gas constant (m* kPa K™! mol ), and T is the temperature
(K) obtained from the COZIR sensor. From CO> efflux and O; influx time series, the ARQ and
ARD were calculated following Equations (2) and (3).

The concentration of xylem [CO:] in the gas phase (%) was measured with NDIR CO; sensors
(GMP221 and GMP251; Vaisala Inc.) calibrated before installation using reference gases at known
[CO2] of 0, 5, 10 and 15%. For each sensor, we drilled a hole of 40 mm deep and 25 mm wide into
the stem and pushed the probe (length: 96 mm) halfway within the hole (~20 mm), leaving a closed
headspace in the xylem tissues beyond the cambium layer. Synthetic rubber sealant (Teroson RB
IX; Henkel) was used for isolation from the atmospheric gas. Four sensors were installed in each
tree along the vertical profile monitored with stem chambers at 1, 2.35, 2.65 and 4 m. We initially
envisaged applying the mass balance approach in the 30-cm-length stem segment between 2.35 and
2.65 m probes. Nevertheless, we eventually decided to average the xylem [CO-] time series from
these two probes to survey longer (and more representative) stem segments, from 1 to 2.5 m (lower
stem) and from 2.5 to 4 m (upper stem) (Supporting Information: Figure S1). Probes were placed
ca. 10 cm from each chamber on the northwest side of the trees. Readings of the 16 sensors were
recorded every 5 min with a datalogger (CR1000x; Campbell Scientific) for the whole experiment

period.
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Xylem CO: transport and storage

The amount of CO; transported upwards through the xylem and stored within the xylem was
estimated in the lower and upper stem segments. The concentration of dissolved CO> in xylem sap
([CO2"], mol COz 1) was calculated using temperature-dependent Henry’s Law coefficients (Levy
et al., 1999; McGuire & Teskey, 2002), assuming equilibrium between CO; in the gaseous and
liquid phases. For this, xylem [CO-] in the gas phase, xylem sap pH, and stem temperature must be
known. To monitor sap pH, xylem sap was collected from twigs of low branches of monitored trees
(n=3, as one tree was inaccessible for sampling) using a Scholander pressure chamber at four
sampling dates (DOYs 204, 212, 218 and 226). Sap samples were quickly placed in Eppendorf
tubes and a cold box for transportation to the laboratory and then stored in a refrigerator until
measurement. Xylem sap pH was measured using a pH meter (Five Easy; Mettler Toledo) with a
microelectrode (InLab®, Ultra-Micro-ISM; Mettler Toledo). Preliminary tests confirmed that sap
pH did not significantly vary over the sample storage period. Stem temperature (Tsem, °C) was
continuously measured and recorded with a datalogger (CR1000x; Campbell Scientific) every
5 min using thermocouples inserted at 2 cm depth next to each stem chamber.

Once sap [CO>] was known, CO; transport (Fr, pmol CO, m s for both lower and upper stem

segments were estimated according to:
SF

where SF is the sap flow rate (1 s™), v is the sapwood volume (m?), and A[CO:] is the difference in
sap [CO,'] above and below the corresponding stem segment (umol I'!). The sap flow rate was
estimated as the product of sap flux density (1cm 2 h!) and sapwood area (cm™) using the Sap
Flow Tool software (Plant AnalytiX). Sap flux density was monitored using sap flow meters SFM1
(ICT International Pty Ltd.) operated by the heat ratio method (Burgess et al., 2001), assuming a
stem water content of 400 1 m> (Gartner et al., 2004). Sap flow probes were installed at breast
height on the north side of the trees, and measurements were recorded every 15 min.

A staining method was applied to determine the sapwood area; upon extraction of one wood core
per tree at breast height on the northwest side of the tree (until the pith), a blue dye (E131) was
injected into the hole, and a second core was extracted one cm above the first one after 1 h. Sapwood
depth was determined by the length of the stained region of the core and assuming a cylindrical

shape for both heartwood and sapwood (Table 1, Goldstein et al., 1998).
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The stem CO» storage flux (AS) was estimated as a function of the time derivative of [CO2"] in the
xylem; that is, the rate of accumulation and depletion of dissolved CO» for both lower and upper

stem segments according to:

d[C0,"] (6]

AS =
S dt

Soil water content and shoot water potential
Soil water content (%) was continuously measured at the meteorological flux tower with one sensor
(ML-2x; DeltaT) inserted at 16 cm depth, 100 m away from our instrumented trees, with a temporal
resolution of 10 min. Shoot water potential (MPa) was measured around solar midday (as for sap
pH sampling) at four sampling dates (DOYs 204, 212, 218, and 226) using the Scholander pressure

chamber.

PEPC capacity and NSC in woody tissues

We took one stem disc (one cm-length, bark to xylem) at three stem heights (1, 2.5, and 4 m) on
the south side of each monitored tree on 14 August (DOY 226). Samples were immediately frozen
in liquid nitrogen to stop the metabolic activity and transported to the laboratory. Stem discs were
stored at -80°C before grinding into a fine powder in liquid nitrogen with a mortar and pestle. 20 mg
of woody tissue material was used for the discontinuous assay performed in a 96-well microplate
(Bénard & Gibon, 2016). Briefly, aliquots were extracted by shaking with an extraction buffer.
After centrifugation (7 min, 3000 g, 4°C), extracts were diluted and incubated for 20 min. The
reaction was stopped with HCI. The sealed microplate was then incubated at 95°C for 10 min to
destroy NADH. After cooling down, each well was neutralized with NaOH and Tricine-KOH pH
9.0 to adjust the pH to 9.0. The absorbance was read at 570 nm (30°C) until rates were stabilized.
Reaction rates (mOD.min™!) were used to calculate the amount of NAD" formed during the first
step of the assay. All pipetting steps were performed using a 96-head robot (Hamilton Star), and
absorbances were measured in a filter-based microplate reader (SAFAS MP96). For further details,
see Supporting Information: Methods S1 and Bénard and Gibon (2016).

We measured soluble sugars and starch in stem cores from the instrumented trees following the
Landhiusser et al. (2018) protocol. One stem core per height (1, 2.5, 4 m, south-side) was collected
on 4 July (DOY 185) and 14 August (DOY 226) for NSC measurements. Samples were stored in
cooling bags for transportation and then oven dried at 60°C for 72 h. Stem cores were cut into two
2-cm long sections starting at the cambium (wood depth: 0-2 cm and 24 cm) and ground into a

fine powder (ball mill, MM 400, Retsch). We extracted the soluble sugars glucose, fructose,
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sucrose, and starch from each sample. Briefly, ~30 mg of dry plant powder was extracted with 80%
ethanol. Supernatants were analysed by a High-Performance Liquid Chromatography coupled to a
Pulsed Amperometric Detection (HPLC-PAD) for soluble sugar determination. We enzymatically
converted the starch from the remaining pellet to glucose, using a-amylase amyloglucosidase.

Glucose hydrolysate was measured by the HPLC.

Data analysis
Statistical analyses were performed using R software (R Development Core Team, 2019). CO>
efflux and O» influx data were discarded when the R? of the linear fit for CO, and Ox readings were
below 0.96 to ensure good data quality. For gap filling, we used the pad function in padr package.
To test whether the average daily values of CO; efflux, Oz influx and xylem [COz] varied with stem
height, linear mixed models were adjusted using the /me function in nlme package (Pinheiro et al.,
2017), considering height as a fixed factor and tree as a random factor including an autocorrelation
structure to account for repeated measurements. To test whether PEPC capacity varied with stem
height, and sap pH among sampling dates, linear mixed models were adjusted likewise, considering
the tree as a random factor. The normality of residuals was checked visually. When significant,
differences among heights were tested post hoc with Tukey contrasts using the emmeans function
(emmeans package). Consistency between carbon- and oxygen-based measurements was tested by
evaluating the relationship between Rs (Eco2 + Fr + AS) and O: influx, and between CO- internal
fluxes (Fr+ AS) and ARD, with mixed models considering tree a random factor. Potential
deviances from the 1:1 relationship would indicate a lack of consistency between methodological
approaches, hence the need to revisit the underlying assumptions of Equation (3). The conditional
and marginal R?> (Nakagawa & Schielzeth, 2013) of these models was further estimated
(r2_nakagawa in the performance library) to further evaluate the degree of agreement between
approaches. Finally, sap flow, sap [CO."] and the ARD were normalized to their daily maxima, and
sub-daily patterns were compared to evaluate the potential of xylem transport to remove locally

respired CO2 on a sub-daily basis.

Results

Stem temperature, soil water content, sap flow rate and shoot water potential
The mean stem temperature during the experiment was 17.7°C, with minimum values of 10°C
during early July and peaking at the end of July with values close to 30°C (Fig. 1a). Volumetric soil
water content at 16 cm depth was lowest end of July, reaching minimum values of 15.7 vol% and

maximum values of 19.0 vol% afterwards following summer rains (Fig. 1b). Sap flow rate showed
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a typical sub-daily pattern with maximum rates of 30 1 h! during sunny and warm days (Fig. 1c).
Shoot midday ¥ (shoot water potential) was close to -1.4 MPa on most measurement days, except

the one following rains when it relaxed up to -0.5 MPa (Fig. Ic).
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Figure 1 (a) One-hour average of stem temperature, (b) volumetric soil water content, and (c) sap flow rate
(lines) with shoot water potential (orange dots) from 4 July to 14 August 2019. Shading in (c) indicates

average £1 SE across the beech trees (n = 4).

Gas exchange and internal [CO2] at different stem heights
The vertical position did not affect CO; efflux and Oz influx (p = 0.69 and 0.71, respectively). Mean
daily CO; efflux (£SE) was 2.9£0.6, 2.7+0.4 and 2.3+0.6 umol m2s™! at 1, 2.5, and 4 m stem
height, respectively (Fig. 2a). Mean daily Oz influx was 4.1£0.7, 3.9+0.5 and 3.3+0.6 pmol m 2 s},
respectively (Fig. 2b). Oz influx was consistently higher than CO- efflux along the vertical gradient
(p <0.001), resulting in mean daily ARQ of 0.71+0.04, 0.69+0.04 and 0.69+0.06 at 1, 2.5 and 4 m
stem height, respectively (Fig. 2¢). Xylem [CO:] ranged from ca. 5.9 to 12.4%, with no significant
effect of height over the whole surveyed period (Fig. 2d; p = 0.11). However, when considering the
last third of the experiment (1 - 14 August), stem height did affect xylem [CO:] (p = 0.03), with
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values being lower at 1 m compared to 2.5 m height. Sap pH ranged between 6.48 and 7.41 over
the measurement period (Fig. 2d), and differences in sap pH among trees (p =0.17) or dates
(» = 0.21) were not significant. Stem temperature had a strong effect on xylem [CO:] (p <0.001),
COs efflux and O> influx (p <0.01). Likewise, respiratory fluxes had maximum values during the

afternoon, following sub-daily thermal dynamics.
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Figure 2 (a) CO; efflux (Ecoz), (b) Oz influx (In2), (¢) the apparent respiratory quotient (ARQ; Ecoz/lo2)

and (d) internal xylem [CO-] at 1, 2.5 and 4 m height from 4 July to 14 August 2019. Sap pH (d, black dots)

was measured from twigs (n = 3).

PEPC capacity and non-structural carbohydrates at different stem heights
Stem height had no significant effect on PEPC capacity in the outermost stem section (p = 0.23)
and did not differ among trees (p = 0.93). Mean PEPC capacity was 760.5£201.6, 661.25+60.2 and
547.25+77.4 nmol min"! gFW' at 1, 2.5 and 4 m, respectively.
Stem height did not affect soluble sugar and starch concentrations (p = 0.37 and 0.40, respectively)
(Fig. 3). Sapwood depth did affect NSC; both soluble sugar and starch concentrations were higher
near the cambium (0-2 cm) than deeper into the sapwood (2—4 cm) (p < 0.05). Soluble sugar and
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starch concentrations were higher on the second sampling date in August (DOY 226) for the 0—

2 cm depth (p <0.001, p <0.01 for soluble sugar and starch, respectively), while they remained

constant deeper into the cambium (p = 0.1, p = 0.6 for soluble sugar and starch, respectively).
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Figure 3 Starch and soluble sugar concentration (mg g DW™) in stem xylem tissues of beech trees at three

stem heights, two wood depths, and two sampling dates (» = 4). Box whisker plots present the median, lower

(25™), and upper (75'™) percentiles, minimum and maximum values. Colors denote different sapwood depths.

Comparison of carbon- and oxygen-based estimates of Rs

We applied the mass balance approach on the lower (1 m—2.5 m) and upper (2.5 m—4 m) stem

segments to estimate Rs and its contributors for comparison with the oxygen-based approach (Fig.

4). In the lower stem segment, there was a positive vertical gradient in sap [CO2"], and CO, transport

was, therefore, positive. Averaged across days and trees, the contribution of CO; efflux to Rs was

64.6+14.5%, and the remaining fraction was attributed to CO; transport (35.8+14.3%), as CO>

storage was negligible (-0.4+0.2%).
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The Rs daily average (as the sum of Ecoz, Frand AS) was greater than O influx, but on a sub-daily
basis, Rs exceeded O2 influx only during daytime. During night-time, Rs equaled CO; efflux, and

both were lower than O; influx.

The upper stem showed a different pattern where the vertical gradient in sap [CO2"] approached
zero and even became negative for the last two weeks of our study. As a consequence, the relative
contributions of CO; transport (-1.2+2.2%) and CO> storage (0.0+2.2%) to Rs were negligible, and
apparently all the respired CO. diffused to the atmosphere (Ecoz = 101.1£22.9%). In this stem
section both CO» efflux and Rs were on average lower than O influx. Notably, the shift from

positive towards negative CO» transport flux followed the peak in temperature and transpiration at
the end of July.
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Figure 4 Seasonal (left-hand-side panels) and sub-daily (right-hand-side panels) variation in carbon- and
oxygen-based estimates of stem respiration (Rs and O; influx [Ioz], respectively) in the lower (from 1 to
2.5 m) and upper (from 2.5 to 4 m) stem segments of four mature beech trees. Carbon-based Rs is calculated
as the sum of CO; efflux to the atmosphere (Ecoz), CO» transport through the xylem (Fr) and CO, storage

(AS). Mean values £SE are shown with continuous lines and shaded areas.
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Figure 5 (a) Relationship between daily stem CO; efflux (Eco2) and O, influx (Io2) denoting apparent
respiratory quotients below the unit. (b) The relationship between carbon-based estimates of stem respiration
(Rs) and O; influx illustrates the deviation from the 1:1 line and, thus, discrepancies between measurement
approaches. (c¢) The relationship between the apparent respiratory difference (ARD) and internal CO;
transport and storage (Fr + AS) indicates the limited potential of internal CO; transport and storage to predict
the difference between CO; efflux and O; influx. Measurements were performed in four mature beech trees
(shown by different colors) in the lower (from 1 to 2.5 m) and upper (from 2.5 to 4 m) stem segments (shown

by different point and line types). Dashed black lines show the 1:1 relation.

Daily values of stem CO> efflux and Oz influx showed good agreement (Fig. 5a) with a slope of
0.65+0.02 (p <0.0001), a significant intercept of 0.23+0.11 (p <0.05), and conditional and
marginal R? of 0.87 and 0.86, respectively. When this relation was forced through the origin (the
intercept is zero), the slope increased to 0.69+0.02, which is in better agreement with the mean

ARQ of 0.70. Nevertheless, carbon- and oxygen-based estimates of Rs showed poor consistency.
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Although Rs and O» influx were positively related (Fig. 5b), the deviation of the mean slope from
unity was significant (1.57+0.18; p <0.0001), as well as its intercept (-2.08+1.01; p <0.05). The
model conditional and marginal R? were 0.52 and 0.31, respectively. The slope of the relation
between ARD and CO; internal fluxes (Fr + AS) (Fig. 5¢) was almost 0 (0.056=0.012; p < 0.0001),
and its intercept was again significant (0.84+0.09; p < 0.0001), denoting the limited potential of
CO; transport and storage to bridge the gap between CO; efflux and O influx. The conditional and
marginal R? of this model were 0.21 and 0.13, respectively. Stem location did not affect the intercept
of any of these relations (p > 0.1), according to the lack of consistency in vertical gradients of
respiratory-related variables.

To further evaluate the potential of the transpiration stream to transport respired CO, away from its
point of production, we evaluate the sub-daily patterns of ARD, sap flow and sap [CO."] (as a proxy
of COz solubility). For the comparison, we normalized the values of each of the variables to their
corresponding daily maxima (Fig. 6). Compared with sap flow dynamics, the ARD showed a
relatively stable pattern over the 24-h period. It was higher during the daytime, with night-time
reductions of ca. 30%-35% relative to the daily maxima. By contrast, sap flow showed night-time
reductions of ca. 85%-90% relative to the daily maxima, denoting sub-daily decoupling between
CO; transport and the ARD. Sub-daily variation in sap [CO2"] was minimal, with the highest values
observed during night-time and limited reductions during daytime (< 2%) according to the inverse

relation between solubility and temperature.
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Figure 6 Subdaily variation in normalized values to the daily maxima of the apparent respiratory difference
(ARD, as the difference between stem O influx and CO; efflux), sap flow, and sap [CO:] in the liquid phase
([CO,")). The night-time reduction in ARD was limited compared to sap flow, indicating a limited role of
the transpiration stream in filling the gap between CO; efflux and O; influx. Subdaily patterns were averaged

across four beech trees and two stem locations (lower and upper) over the experimental period.
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Discussion

Factors contributing to a mismatch between Eco2 and lo2
We combined a carbon-based mass balance approach and an oxygen-based method to estimate Rs
and reconcile apparent discrepancies regarding the fate of respired CO> not locally emitted to the
atmosphere. O, influx was consistently higher than CO, efflux across trees, locations and time, with
ARQs fluctuating around 0.7 (Fig. 2¢ and 5a), as similarly observed in several species applying the
same methodological approach (Angert ef al., 2012; Hilman & Angert, 2016; Hilman et al., 2019).
Assuming the beech trees use carbohydrates for respiration, the measured ARQ suggests that 30%
of the respired COs is retained in the stem. Figure 7 summarises potential sources of discrepancy
between CO> efflux and O; influx. The ARD could be attributed to an underestimation of the
respiratory activity by CO; efflux measurements, an overestimation by O influx, or a combination
of both. In any case, we must be cautious about the specific methodological issues related to the
measurement of the numerous variables monitored here (i.e., CO; efflux, O influx, xylem [COz],
sap flow, and sap pH), which might affect the magnitude of the mismatch between measurement

approaches (see below).
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Figure 7 Overview of the potential factors contributing to the apparent respiratory difference (ARD), here
observed as the difference between stem CO; efflux (Eco2) and O» influx (Io2) measurements (cf. Fig. 5a).
Our results suggest that CO; transport and PEPC-mediated fixation of CO, may be the main causes for the
deviance from the 1:1 line. Nonrespiratory consumption of O, and respiratory substrate change can lead to
overestimating stem respiration (Rs) by O influx measurements. By contrast, Rs underestimation by CO»
efflux measurements can be driven by CO, transport through the xylem (although, if coming from below, it
can also lead to Rs overestimation ['l), CO, storage in xylem sap, woody tissue photosynthesis (here avoided
by using opaque stem chambers), light-induced axial CO; diffusion above or below the stem chamber, and

PEPC-mediated fixation. Investigated processes within this study are shown with a black frame.

No apparent vertical patterns in stem CO; efflux, O> influx and xylem [CO;] were observed along
a 3-m-long stem segment (Fig. 2), likely because of the modest vertical gradient in 38-m-tall beech
trees. The temporal variability of CO; efflux, O influx and xylem [CO>] showed that temperature
was the dominant environmental driver controlling Rs, as similarly observed before (e.g., Acosta et
al., 2008; Lavigne ef al., 1996; Maier et al., 2010; Rodriguez-Calcerrada et al., 2014; Ryan et al.,
1995). Interestingly, during and after the peak in temperature and respiratory fluxes at the end of
July, xylem [COz] did increase along the lower stem segment (from 1 to 2.5 m height) but remained
relatively stable between along the upper stem (from 2.5 to 4 m height). This observed difference
in the vertical gradient of xylem [CO;] led to contrasting contributions of CO» transport to Rs in the
lower and upper stem segment, as discussed below. The lack of a significant relation of both CO»

efflux and O2 influx with soil water content denotes that the mild drought did not limit respiratory
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metabolism to a large extent. Interestingly, ARQ remained relatively stable over the 1.5 summer
months, where a temperature peak (30°C) occurred, suggesting similar sensitivity to temperature

of CO; efflux and O3 influx.

CO: internal fluxes cannot explain differences between stem O; influx and CO; efflux
Higher O influx than CO; efflux could result from the higher solubility of CO; in xylem sap
(30 fold) compared with O> (Dejours, 1981), hence the possibility of CO; dissolving in the sap
solution and being transported upwards or stored. If true, this would be evident in our mature beech
trees, whose large sapwood conducting area provides room for potentially high transport and
storage of respired CO; (Fan et al., 2017). We found a nonneglectable contribution of CO; transport
to Rs, up to 1/3 in the lower stem segment, highlighting the potentially significant role of CO2 xylem
transport in diverting root-respired CO, from soil measurements (Aubrey & Teskey, 2021).
Nevertheless, we found two lines of evidence refuting our hypothesis, as CO; internal fluxes could
not bridge the gap between stem O» influx and CO; efflux.

First, the relation between O influx and Rs diverged from the 1:1 line (Fig. 5b), as indicated by a
slope different from the unit and a significant intercept. Furthermore, the marginal R>= 0.31 of this
relation denotes that stem O; influx accounted for less than one-third of the variability in the carbon-
based estimate of Rs. Identical reasoning applies to the comparison between CO; internal fluxes
(Fr + AS) and ARD (Fig. 5c), with a marginal R? of 0.13, further supporting the limited potential
of xylem CO; transport and storage to predict the ARD. Second, if the ARD could be primarily
ascribed to xylem CO» transport, ARD and sap flow sub-daily variability should follow similar
patterns (Bowman et al., 2005; McGuire & Teskey, 2004; McGuire et al., 2007). However, the sub-
daily variation in ARD was limited compared to sap flow (Fig. 6). Specifically, ARD maintained
values above 50% of the daily maxima during night-time, when sap flow was reduced to a much
larger extent, down to 10%—15% of the daily maxima. Moreover, sap [CO2"] on a sub-daily basis
was remarkably stable, with minimal reductions during daytime ascribed to temperature-driven
reductions in CO> solubility, partly offset by the daytime increase in respiratory activity and xylem
[COz]. Therefore, CO2 solubility in sap could not significantly affect the strength of CO- transport
as a mechanism to remove respired CO> from its production site. Taken together, subdaily patterns
of ARD, sap flow and sap [CO,'] thus provide further evidence of the limited role of the
transpiration stream in filling the gap between CO: efflux and O influx in this study. This
observation agrees with Hilman et al. (2019), showing the inability of sap flow to account for the

variability in ARD of Q. ilex trees.
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Nevertheless, we must be cautious about the specific methodological issues related to the
measurement of sap flow and sap pH and their corresponding propagation errors. For instance, sap
flow measured with the heat pulse methods often underestimates the actual sap flow, on average,
by 35% (Steppe et al., 2010). Considering a proportional underestimation of CO; transport, its
contribution to Rs would also increase in parallel, affecting the difference between Rs and O2 influx
differently among individuals and heights. Sap pH, especially above 6.5, is another critical factor
for calculating CO> transport, as the solubility of CO, increases exponentially with pH. Here, we
applied a constant pH value across daily and subdaily temporal scales and assumed similar pH
between twig sap and stem sap. However, these assumptions can lead to further CO transport
misestimation (Aubrey et al., 2011; Erda et al., 2014, Salomoén ef al., 2016) and deviances between
carbon-based estimates of Rs and O influx. Moreover, if parenchyma cells were damaged upon
sap extraction, the sample might be contaminated, resulting in an overestimation of the pH values
(Tarvainen et al., 2023) and hence CO; transport. Another source of uncertainty in ARQ estimation
is the relative humidity correction applied to estimate O influx. The relative humidity sensor
integrated into the [CO:] sensor has a slow response time, as shown in Helm et al. (2021). Assuming
an underestimation of humidity levels in the measurement chamber by, for example, 5%, the
dilution correction required for O; estimation would increase the ARQ by ~0.001.

Regardless of these potential measurement uncertainties, we did not succeed in reconciling
differences between the two approaches which highlights a crucial methodological difference. The
carbon-based approach estimates Rs based on fluxes measured at the stem surface and internal
fluxes measured in the xylem, while the oxygen-based approach relies on O, influx at the stem
surface. Therefore, the disagreement between approaches might be related to the fact that (i) CO>
efflux and O; influx likely reflect respiration in the outermost tissues of the stem (bark, phloem,
cambium and outer xylem), and that (ii) respiration of the inner sapwood in large trees cannot be
appropriately detected by measurements taken at the surface. According to Fick’s law of diffusion,
the rate of gas (CO; or Oy) diffusion is inversely related to the length of the diffusive pathway
(Nobel, 2009) and, therefore, such decoupling likely increases in large-sized trees. Here, in the
mature beech trees with a sapwood depth between 12 and 16.5 cm, the diffusion of respired CO:
by inner living cells is much slower than in seedlings and saplings, wherein each respiring cell is
located nearer to the bark-atmosphere interface. Decoupling between internal respiratory fluxes and
fluxes from the stem surface can be exacerbated by the high water content of the cambium layer
(De Schepper et al., 2012), acting as a major diffusion barrier according to the slow gas diffusivity

in water (ca. 10* times lower than in air; Nobel 2009).
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PEPC-mediated CO; fixation as a relevant driver of the systematic mismatch between

CO: efflux and O; influx

Higher O» influx than CO; efflux could be explained by CO, refixation via PEPC, which hinders
CO» from being locally emitted. We measured PEPC capacity of 656 nmol min™ g FW™!, equivalent
to 22 nmol s g DW™! (assuming stem water content of 50%). For comparison, the PEPC capacity
in current-year twigs of beech trees was 13 nmol s g DW™! (Hilman et al., 2019, recalculated from
Berveiller & Damesin 2008), and 17 nmol s g DW™! in Pinus sylvestris (Hilman et al., 2019,
recalculated from Ivanov et al., 2006). Therefore, the capacity of CO; refixation via PEPC measured
here was comparable with that observed in younger, greener twigs. In nonphotosynthetic tissue,
PEPC is involved in anaplerotic reactions, compensating for the depletion of C skeletons consumed
by the tricarboxylic acid cycle towards other pathways (synthesis of amino acids) or even other
organs (export of malate and citrate via the xylem stream). Part of the phosphoenolpyruvate (PEP)
produced by glycolysis may be converted to oxaloacetate and further to malate, with a zero net
balance of ATP and NADH during the fixation of two molecules of CO,.Given the low ARQ values
observed here, the resulting malate may not be locally oxidized, but further metabolized to produce,
for example, citrate or amino acids.

Evidence shows that malate concentration increases in the stem of Acer platanoides trees moving
upwards (Schill ez al., 1996). Transported malate can increase the malate pool in leaves (Gessler et
al., 2009), where it could be metabolized via malic enzymes releasing CO>, thus favouring
carboxylation via Rubisco (Hibberd & Quick 2002). Alternatively, the products can be transported
downwards via the phloem (Hoffland et al., 1992; Shane et al., 2004; Touraine et al, 1992),
followed by excretion in the rhizosphere as root exudates. Alternatively or additionally, PEPC could
be involved in pH regulation (Caburatan & Park, 2021), the latter having appeared stable despite
fluctuations in xylem CO; (see e.g. Erda et al., 2014). Extrapolating PEPC capacity on a volume
basis for comparison with CO» efflux or O influx (as in Fig. 4) resulted in unrealistically high rates
of PEPC fixation (up to two orders of magnitude higher than Rs estimates). First, enzyme activity
measured in vitro under saturating substrate usually exceeds the in vivo flux (Junker et al., 2007).
Second, PEPC capacity likely decreases with xylem depth (H6ll, 1974), and PEPC samples were
uniquely taken from the outermost stem tissues. Nevertheless, the high values of PEPC capacity on
a volume basis suggest that even low PEPC capacity could be significant for the stem C budget and

could help explain the discrepancy between CO; efflux and O» influx.
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Other potential C sinks
Another potential missing C sink in Rs budgets is the CO; photosynthetic refixation occurring in
chloroplast-containing cells located in peripheral woody tissues (Avila et al., 2014; De Roo et al.,
2020c; Teskey et al., 2008), which can reduce stem CO; emissions by half, as observed in young
poplar trees (De Roo et al., 2020c). However, local photosynthetic fixation can be safely discarded
within our experimental set-up, as opaque stem chambers were used to measure CO» efflux,
precluding photosynthetic light reactions. Nevertheless, we cannot discard the possibility of axial
diffusion of CO»> in the gas phase ascribed to distant woody tissue photosynthesis (De Roo et al.,
2019; Saveyn et al., 2008a). In this line, light-driven photosynthesis above and below the (opaque)
stem chamber can develop light-induced vertical [CO»] gradients, leading to CO» axial diffusion in
the gas phase that has been observed to reduce CO; eftflux by 22% in oak stems (De Roo et al.,
2019). Furthermore, we cannot rule out the possibility of O, influx measurements overestimating
stem respiratory activity. We must critically note that O; influx measurements should be considered
as additional information that helps disentangle CO; sinks and sources, but not as an equivalent to
Rs as uncertainties remain. First, a shift in the respiratory substrate from NSCs to lipids or proteins,
with a lower oxidation state, requires a higher amount of O for respiratory reduction, hence
increasing the ARD (and reducing the ARQ; Fischer et al., 2015; Hanf et al., 2015). However, our
study extended over 6 weeks during the summer season and measured NSC concentrations at
different heights and depths did not indicate a seasonal NSC depletion that would alter the
respiratory substrate (Fig. 3). Moreover, beech is not known to store lipids (Hoch et al., 2003),
further suggesting the limited role of substrate change on the ARD. Secondly, nonrespiratory O>
uptake by O»-consuming enzymes, like oxidases and hydroxylases (Sweetlove ef al., 2013) that are
not involved in respiratory metabolism may increase Oz influx while CO; efflux remains constant
(Kruse & Adams, 2008; O'Leary et al., 2019; Tcherkez et al., 2012). Thirdly, high growth rates
related to cell wall deposition, likely occurring at the end of the growing season, may also lead to a

nonrespiratory increase in Oz consumption, as observed in Pinus radiata (Kruse & Adams, 2008).

Conclusion and outlook

Carbon- and oxygen-based methods to estimate Rg yield inconsistent results when simultaneously
applied to the same individuals under the same conditions. We found a consistent ratio between
CO; efflux and O influx close to 0.7, which cannot be primarily explained by internal fluxes (xylem
CO2 transport and storage) and might be linked to alternative sinks of respired CO, (PEPC fixation
and axial COz diffusion) and non-respiratory O> consumption. Remarkably, the high PEPC capacity
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measured here in mature tree stems, comparable with that observed in current-year greener twigs,
points towards PEPC-mediated CO: fixation as a relevant driver of the systematic mismatch
between CO» efflux and O, influx. We encourage further research combining CO» efflux and O
influx readings in parallel with measurements of potential respiration and PEPC capacity at
different sapwood depths, as this would help to assess the contribution of inner and outer tissues to
total Rs and how they relate to fluxes at the stem surface. Ideally, incorporating O> consumption
and biochemical-level knowledge (such as PEPC fixation) into plant mechanistic models could help

to more accurately estimate Rs and better constrain larger-scale C models.
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Abbreviations
Symbol Explanation
ARD Apparent respiratory difference, as O influx — CO> efflux
ARQ Apparent respiratory quotient, as CO; efflux/O; influx
[CO:] [CO2] in the gas phase
[CO2" Dissolved inorganic carbon comprises of dissolved CO», carbonic acid (H2CO3),
bicarbonate (HCO3") and carbonate (CO3>)
Eco2 Stem CO; efflux to the atmosphere (stem surface)
Fr Transport of dissolved respired C in the xylem sap
lo2 Stem O influx (stem surface)
PEPC Phosphoenolpyruvatcarboxylase; enzyme for CO; fixation
Rs Stem respiration
AS Storage flux, as the temporal change in dissolved CO: in the sap
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Abstract

Carbon (C) assimilation can be severely impaired during periods of environmental stress like
drought or defoliation, making trees heavily dependent on the use of C reserve pools for survival;
yet, dynamics of reserve use during periods of reduced C supply are still poorly understood. We
used stem girdling in mature poplar trees (Populus tremula L. hybrids), a lipid-storing species, to
permanently interrupt phloem C transport and induced C shortage in the isolated stem section below
the girdle and monitored metabolic activity during three campaigns in the growing seasons of 2018,
2019, and 2021. We measured respiratory fluxes (CO2 and O2), NSC concentration, the respiratory
substrate (based on isotopic analysis and CO2/O; ratio) and the age of the respiratory substrate
(based on radiocarbon analysis). Our study shows that poplar trees can survive long periods of
reduced C supply from the canopy by switching in metabolism from recent carbohydrates to older
storage pools with a potential mixture of respiratory substrates, including lipids. This mechanism

of stress resilience can explain why tree decline may take many years until death occurs.

Keywords
bomb radiocarbon *C, carbon allocation, CO, efflux, *C of respired COa, non-structural

carbohydrates, Oz influx, stem respiration, tree girdling
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Introduction

Trees require sufficient carbon (C) to build up new biomass (including reproductive structures),
fuel respiration, use C for defense and allocate C to storage pools (Chapin et al., 1990; Lambers &
Poorter, 1992; Sala et al., 2012). When the C supply from assimilation exceeds demand, trees can
store substantial amounts of non-structural carbon (NSC). Those reserves may be used to maintain
tree functions (e.g., respiration, osmoregulation, repair, biosynthesis of defense compounds) when
supply is reduced below requirements, like during periods of harsh environmental conditions (e.g.,
Regier et al., 2009; Hartmann et al., 2013; Hartmann & Trumbore, 2016). Carbon storage
compounds, including starch, sugars or lipids provide an essential buffer against C shortage and
play an essential role in tree’s resilience capability (Hartmann & Trumbore, 2016). Large NSC
storage pools can be beneficial for the recovery of a tree after stress (e.g., insect herbivore
defoliation, drought, fire) (Sala et al., 2010; Dietze et al., 2014; Piper & Paula, 2020). The dynamics
of reserve use and their availability during periods of reduced C supply in mature trees, over the
short- and long term, are still poorly understood (Gessler & Treydte, 2016; Hartmann & Trumbore,
2016). For a more comprehensive understanding of C storage and remobilization dynamics in trees,
studies over several years are needed to improve predictions of tree and forest resilience over time
(McDowell, 2011; Rosas ef al., 2013; Gessler & Treydte, 2016).

In order to gain insights into C reserve use under stressful conditions, one can artificially produce
a lack of photo-assimilate supply via stem girdling. When removing a circumferential band of bark,
phloem and cambium of a tree, the C supply from the canopy to the lower stem section is
interrupted, and only upward water transport through the xylem is maintained. The stem section
below the girdle is isolated from the rest of the tree above and is forced to use C reserves from
within the stem or from the root system to maintain metabolic activity beneath the girdle. To date,
empirical evidence supporting substrate shifts in trees is scarce, but see Fischer et al. (2015) and
Wiley et al. (2019). It is still unclear whether and to what degree all types of reserve compounds,
including sugars, starch, and lipids, can be used as respiratory substrate when C supply is limited.
Plant lipid metabolism is far less studied due to methodological challenges in quantifying neutral
lipids (Fischer & Holl, 1991; Hoch et al., 2003; Fischer et al., 2015), but progress has been made
(see Grimberg et al., 2018; Herrera-Ramirez et al., 2021).

The simultaneous measurement of CO> and O enables to calculate the ratio of CO»/-O3, that
provides an excellent indicator for the respiratory substrate identity (cellular level: Respiratory
Quotient (RQ)). Respiratory substrates differ in their stoichiometric ratios of C:O:H and in their

degree of oxidation. Thus, during respiration, quantities of O, required as electron acceptor vary
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depending on the respiratory substrate. During the break-down of carbohydrates, one molecule of
02 is consumed for each molecule of CO> released, resulting in RQ ~ 1, while for the break-down
of lipids more oxygen is needed, resulting in RQ ~ 0.7. While RQ refers to the respiratory processes
in the strict sense (i.e. measured at the mitochondrion), the apparent respiratory quotient (ARQ,
Angert & Sherer 2011) may imply post-respiratory processes also (see Trumbore ef al., 2013 for a
summary), and this is the case when measured away from the mitochondrion, e.g. at the tree stem.
More precisely, highly soluble CO» can be transported away from the respiration site (e.g., Teskey
& McGuire, 2002; McGuire & Teskey, 2004) or refixation mechanisms during the day (stem
photosynthesis) (e.g., Pfanz et al, 2002; Wittmann et al, 2006) or during the night
(phosphoenolpyruvatcarboxylase; PEPC hereafter) can fix CO; locally and therefore reduce the
CO; efflux (Eco2) to the atmosphere, leading to ARQ values below 1 (Angert et al., 2012; Hilman
& Angert, 2016). However, the potential role of fixation via PEPC has been investigated mainly in
leaves and young green twigs of C3 plants (Berveiller & Damesin, 2008), but might be relevant as
a mechanism of local CO> removal, as shown for mature beech trees (Helm et al., 2023).

Sugars, starch, and lipids can also be distinguished by their C isotope signal of respired CO> (6'*C)
(Gleixner et al., 1993; Cernusak et al., 2003; Bowling et al., 2008; Briiggemann et al., 2011).
Former studies showed that 2-yr old oak saplings shifted substrate for respiration from recently
fixed carbohydrates to starch reserves (below the girdle) after girdling (Maunoury-Danger et al.,
2010), deduced from a §'3C enrichment of CO; respired by stems (Brugnoli et al., 1988; Tcherkez
et al., 2004). In young Pinus sylvestris trees, reducing C assimilation by experimental shading
triggered a shift from carbohydrate-dominated respiration to almost pure lipid-based respiration,
indicated by lower 8'°CO», as well as lower RQ (Fischer ef al., 2015). The §'*C signal can also
reflect environmental conditions (stomatal closure to avoid water loss), as e.g., a change towards a
more enriched §'°C signal could be explained by expected changes in photosynthetic discrimination
(Farquhar et al., 1989; Hogberg et al., 1995).

To enhance our understanding of NSC dynamics in trees, it is important to know how long these C
reserves can be stored and how fast they can be used. The bomb-radiocarbon (}*C) approach allows
determining the mean age of C assimilated by a plant, and thus can be used to estimate the age of
substrates used for respiration by calculating the amount of time elapsed between fixation and use,
and the time trees take to tap into their long-term reserves (Levin et al., 2010; Trumbore et al.,
2016). Amazonian tree stems below the girdle mobilized ~5 yr old C for respiration within one
month of girdling, and of decade-old C about 1 yr post-girdling (Muhr ef al., 2018). NSC age of

stump sprouts (Acer rubrum) regenerated following harvesting was maximum 17 years (Carbone
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et al., 2013) and maximum 16 yr old C was used for new fine root growth after hurricane damage
in a seasonally dry tropical forest (Vargas et al., 2009).

In our study, we investigated responses of mature poplar trees (Populus tremula L. hybrids) to
reduced C supply to stem sections. This species is a very common and fast-growing tree species
that is known to store, besides sugars and starch, substantial amounts of lipids (Hoch et al., 2003).
We acknowledge here the potential effect of root grafting during starvation, as C transfer between
trees has been reported in mature poplar trees (DesRochers & Lieffers, 2001; Fraser et al., 2006;
Jelinkova et al., 2009) and could compensate for the lack of photo-assimilates. We investigated
how reduced C supply of recent photo-assimilates via girdling affects respiratory substrate use and
mobilization of storage pools in the isolated stem section. In particular, we tested the following

hypotheses (Fig. 1):

H1. After the disruption of the supply of photo-assimilates, poplar trees initially mobilize NSCs
(decrease in NSC concentration), increasingly digging into older C reserves (increase in A'*C).

H2. Lipids contribute to metabolism maintenance during starvation, indicated by progressive
mobilization and metabolization of lipids as starvation proceeds (decline in ARQ ratios, lower

813CO; signal).
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Figure 1 Graphical representation of the expected 3-year pattern of C reserve mobilization in mature poplar
trees after girdling. Two hypotheses related to C reserve use (H1) and substrate identity (H2) are presented

together with the expected overall response.
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Material and Methods

Study site and girdling treatment
The study site is located in the Thuringian forest, Germany (50°42°50"'N, 10°36"13"'E, site
elevation 616 m a.s.1, north slope). Mean annual temperature is ~7°C and mean annual precipitation
is 800 to 1200 mm (Bouriaud et al., 2016). Soil was formed on volcanic bedrock. Our
measurements were carried out in the growing season (May to September) of 2018 and 2019. We
included a short measurement campaign in 2021 as most of the girdled trees were still alive (with
a reduced canopy leaf area) after 3 yr. Meteorological information was available from a weather
station nearby, however not directly at the north slope. Annual precipitation was 360 mm (2018),
510 mm (2019) and 626 mm (2021), respectively (Fig. 2). Average annual temperature at our site
was 8°C (2018), 9.2°C (2019) and 7.7°C (2021), respectively (Fig. 2). In 2018 and 2019, extreme
summer drought affected central Europe (Bastos ef al., 2021). In 2018 we selected 12 mature poplar
trees (Populus tremula hybrids, approx. 60 yr-old) in minimum 3 m to maximum 18 m distance to
the neighboring tree, that were free of obvious signs of injury or disease, with easily accessible
stems and stem diameter at breast height (DBH) between 29 cm and 42 cm (Table S1 available as
Supplementary data at Tree Physiology Online). Those trees were growing on terraces that were
formerly used for agriculture, afterwards became grassland and then forest. On 4 July 2018 (DOY
185), 6 of the 12 trees were randomly chosen and girdled by carefully removing a ~ 4-cm-wide
circumferential band of bark, cambium and phloem at approx. 1.5 m height above ground (Picture
S2 available as Supplementary data at Tree Physiology Online). All stem measurements were made
below the girdle (for girdled trees). For an overview of the different measurements and the timing
of sampling see Table S2 available as Supplementary data at Tree Physiology Online. As we could
not see any signs of wound repair/cambium regrowth at the girdling band, nor any sprouting over
the time of measurements, we assume continuous interruption of the phloem transport pathway over

the 3 yr.
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(a) Hermannsberg (616 m) (b) Hermannsberg (616 m) (c) Hermannsberg (616 m)
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Figure 2 Walter Lieth climate diagram of the study site Hermannsberg (Germany) in (a) 2018, (b) 2019 and
(c) 2021. Average annual temperature (°C) and annual precipitation (mm) are shown. Max: mean of the
maximum temperatures of the warmest month. Min: mean of the minimum temperatures of the coldest

month.

Stem CO: efflux and O: influx measurements

We installed automated measurement chambers for quantifying stem CO> efflux (Eco2) and O2
influx (Io2) (Helm et al., 2021). The highly autonomous low-cost chamber-based measurement
device was installed at a height of approx. 1.3 m, i.e. below the girdling on the girdled trees (Picture
S2 available as Supplementary data at Tree Physiology Online). In 2018, chambers were installed
on all trees and measurements were conducted from 5 of May to 20™ of September. Due to limited
capacity, in 2019, chambers were installed on three control and three girdled trees from 2™ of June
to 2™ of September. In 2021, chambers were installed on four control and four girdled trees from
21 of July to 3™ of August. Chambers were installed on the north side of the trees and were covered
with reflective foil to prevent heating from direct solar radiation. For details about the chamber set-
up and sensor specifications see Helm ef al. (2021). Configuration settings are based on a repeated
closed chamber-mode with 45-min measurement cycles (CO; and O; values were recorded every
10 sec), followed by a 15-min flushing period of the chamber headspace to reach ambient air
concentrations before a new measurement cycle with measurements of CO2/-O; headspace
concentrations starts. As a general requirement, O as a non-trace gas needs to be corrected for the
dilution effect of changing H>O and CO; concentrations (Helm ef al., 2021), therefore we used the
relative humidity sensor integrated in the COZIR non-dispersive infrared (NDIR) absorption sensor
(Gas Sensing Solution GSS, Cumbernauld, UK) for the correction. Relative humidity was
converted to [H20] using the Magnus formula (see Helm et al., 2021).

Measurements of CO»/-O> headspace concentrations over time are subsequently used to calculate

COz and O» fluxes. To this end, the linear increase of CO> and decrease of dilution corrected O»
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concentrations of the first 20-min were used, after removing the first 5-min period following

flushing to avoid the influence of pressure fluctuations:

Fl _AC 'V P [1]
= A A RxT

Where AC/At is the change in gas concentration over time (ppm s !) for CO, and O; (absolute
value), respectively, V is the volume of the chamber (m?), A is the stem surface (0.0028 m?), P is
the barometric pressure (kPa), R is the molar gas constant (0.008314 m?® kPa K™! mol™!) and T the
temperature (Kelvin). Volumes of the stem chambers ranged from 70 to 105 cm® and were
determined after installation by injecting water with a calibrated syringe into the chamber
headspace. To allow air-bleeding from headspace we inserted two syringe needles into the chamber
headspace; one to inject water, the other to vent air from the chamber (Table S1 available as

Supplementary data at Tree Physiology Online).

Sensor calibration
In 2018, COz sensors initially were calibrated every six weeks. Upon noticing substantial sensor
drift beyond 3 weeks since calibration (Helm et al., 2021) we excluded all data recorded more than
3 weeks since last calibration, and from 2019 on, sensors were calibrated every ~3 weeks. For O
sensors, electronic storing of calibrated parameters was not possible, therefore stability/validity has
been checked regularly by evaluating possible drift (predefined limit of the slope: 1+0.03) using
different reference gas concentrations (Westfalen AG, Miinster, Germany). For more in-depth

information about the calibration procedure and calibration unit see (Helm ef al., 2021).

Sap flow rate
Sap flux density (1 cm 2 h™!) was monitored during the growing season 2018 (May to September),
only. We measured the sap flow with Sap Flow Meter SFM1 sensors from /CT International
installed below the glass flask chamber at approx. 0.5 m stem height. Sap flux density was recorded
every 20-min and converted to sap flow rate (I h'') by using the software Sap Flow Tool (ICT

International, University Ghent). Sapwood depth was assumed to be 50% of the xylem radius.

Non-structural carbohydrate analysis
The effect of girdling on storage reserves in the sapwood was evaluated by seasonal NSC
measurements of stem cores. In 2018 we sampled twice a year, before the girdling (DOY 172) and

90 days after the girdling (DOY 262). In 2019 and 2021 we sampled once a year (DOY 147 and
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DOY 195). Stem cores from all 12 trees were immediately placed in a cooler (0—5°C) for transport
to the laboratory, where they were dried for 72 h at 60°C within 4 h after the core collection in the
field. Cores were sanded with sand paper to facilitate identification of annual rings under a light
microscope (Stemi 2000-C, Carl Zeiss Microscopy GmbH, Goéttingen, Germany). Defining the
outermost (most recent) annual ring as ring 1, we then cut the cores into pieces consisting of rings
1-6 (without bark) and 7-14. Wood material was ground to a fine powder in a ball mill. Aliquots
of 30 mg homogenized wood material were analyzed for concentrations of sugars (glucose,
fructose, sucrose) and starch according to protocols S1 and S2 from Landhdusser et al. (2018). In
short, ethanol (80% v/v) was used as solvent for sugar extraction. After vortexing for 1 min,
incubating at 90°C for 10 min and centrifuging at 13,000g for 1 min, supernatants were analyzed
by a High-Performance Liquid Chromatography coupled to a Pulsed Amperometric Detection
(HPLC-PAD). Concentrations are expressed in glucose equivalents per dry wood mass. Starch was
extracted from the remaining pellet from soluble sugar extraction using two digestive enzymes:
alpha-amylase and amyloglucosidase (Sigma-Aldrich). The glucose hydrolysate was measured by

HPLC-PAD.

14C and 13C signatures of respired CO2
We repeatedly collected gas flask samples for §'°CO, and A'*CO, measurements by means of
additional stem chambers that were installed in close proximity below the respiration chamber
(Picture S2 available as Supplementary data at 7ree Physiology Online). A glass flask chamber
consisted of polypropylene plate equipped with three connectors for sampling flasks and a foam
frame (2.4 cm thick; '*C neutral material) placed between the stem and the plate to ensure airtight
sealing. Chambers for sampling isotopes were installed temporarily for sampling campaigns using
4 rachet straps for fastening the chamber on the stem. Three flasks were connected to the chamber
and opened. Each of these incubation periods lasted approx. 1 week to ensure sufficient amounts of
COs for 13C and 'C analysis and establishment of steady state conditions. Then, flask inlets were
closed and glass flasks removed from the stem. The sampling flasks were custom-built, made of
glass and with a volume of 115ml. Glass flasks were evacuated prior to sampling and inlets were
equipped with a Louwers O-ring high-vacuum valve (Louwers H.V. glass valves, Louwers Glass
and Ceramic Technologies, Hapert, Netherlands) (Muhr ef al., 2018). We conducted three pre-
girdling samplings. Following girdling, sampling took place at approx. monthly intervals from July
to October in the same year, from June to September in 2019 and from July to September in 2021.
Leaks in the field or problems during extractions repeatedly resulted in smaller number of replicates

than intended (n = 6 for control and girdling each) (Table S3, S4 and S5 available as Supplementary
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data at Tree Physiology Online). Flask samples were brought to the laboratory at the MPI-BGC in
Jena for analysis.

For A'C of CO», gas samples (~0.5 mg of C) were cryogenically purified, graphitized and analyzed
with an accelerator mass spectrometer (Steinhof et al., 2017; Muhr et al., 2018). Radiocarbon data
are reported as A'*C (%), i.e. the per mil deviation from the *C to '?C ratio of oxalic acid standard
in 1950. Accounting for any mass-dependent fractionation effects, A'C is corrected to a §'°C value
of -25%o (Stuiver & Polach, 1977). Detailed calculation can be found in Trumbore et al. (2016).
The AC of any given sample can be used for estimating the “age” of respired COz by calculating
the difference to the atmospheric AC of the study site at the time of sampling. The local
atmospheric A“C record between 1993-2019 was estimated previously by Hua et al. (2022)
(northern hemisphere zone 1) and Hilman et al. (2021). We added to this record an estimation for
2021 atmospheric A*CO, by analyzing a local annual plant, which is assumed to fix majority of its
C from the 2021 growing season atmospheric CO> (Figure S5 available as Supplementary data at
Tree Physiology Online, adapted from Hilman et al. (2021)). Samples with A*C values clearly
below atmospheric A'C (< 5%o) were discarded, as those samples might reflect influence of CO>
from local fossil sources.

We used the following formula to estimate the mean age of respired CO> (yr) according to Hilman

et al. (2021):

A14'(:5(1mple — A14'(:a1:mosphere [2]
4.7%o0/year

Mean Age =

A™Csample is the measured value from the gas sample, A*Camosphere is the signature of the current
atmospheric CO2, and 4.7%o is the mean annual decline in atmospheric A'*C. The estimate for the
atmospheric A!*C during the growing seasons was +2.3%o (2018), -2.4%o (2019) and -5.4%o (2021),

respectively.

For §!°CO, measurement two aliquots (50 pl) from each gas sample were analyzed with an isotope
ratio mass spectrometer (Delta+ XL; Thermo Fisher Scientific, Bremen, Germany) coupled to a
modified gas bench with a Conflow III and GC (Thermo Fisher Scientific). §'*CO, samples were
analyzed against a laboratory air standard on the Vienna Pee Dee Belemnite scale realized by the
Jena Reference Air Set-06 (JRAS-06) (Wendeberg et al., 2013). The values obtained were corrected

using the Davidson equation (Davidson, 1995) to account for fractionation effects:
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Co(8; — 4.4) — C, (6, — 4.4) [3]
1.0044 (C, — C,)

where Cs is the CO> concentration of respired CO> in the flask (ppm), ds (%o) is the isotopic
composition of respired CO2 (%o), Ca is the ambient air concentration of CO; (assumed 400 ppm)
and 0, is the isotopic composition of ambient air (assumed -9%o).

Besides 5'°C of respired CO2, we measured 8'°C also for soluble sugars and neutral lipids following
a modified protocol (Bligh & Dyer, 1959; White et al., 1979) and liquid chromatography (Schwab
et al., 2019). Increment cores from all 12 trees were extracted at breast height using a standard
5.15 mm diameter increment borer (Haglof Company Group, Sweden) in 2021 (DOY 236, ring 1-
14). Wood material was ground to a fine powder in a ball mill (MM 400, Retsch, Haan, Germany)
and in a next step phase-separated: water-soluble C was analyzed as proxy for soluble sugars and
C extractable in methanol:chloroform solution (total lipids) was transferred to silica gel column.
The lipids that eluted by chloroform were regarded as "neutral" and analyzed (further details see
Method S1 available as Supplementary data at Tree Physiology Online). Aliquots from the
extractions were put into tin cups, dried and afterwards the measurement was performed with a
Finnigan MAT DeltaPlus XL EA-IRMS (ThermoFinnigan GmbH, Bremen, Germany), coupled to
an autosampler (Koppenaal et al., 1991).

Quantification of neutral lipids in stem-woods
For the visualization and quantification of lipids, we took stem cores in 2021 (DOY 147) from 3
randomly selected trees from each treatment. To quantify neutral lipids in the stem wood, we used
a histological method based on the protocols proposed by Mehlem et al. (2013) and Herrera-
Ramirez et al. (2021). We took histological slides (of 30 um thick) from the first 3 cm, from bark
to pith. The slices were washed with distilled water and then placed in a petri box. Wood
histological slices were stained with Oil Red O (ORO) to visualize neutral lipids. ORO stock
solution was prepared adding 2.5 g of ORO to 400 ml of 99% (vol/vol) isopropyl alcohol and
mixing the solution for 2 h at room temperature. ORO working solution was prepared by adding
1.5 parts of ORO stock solution to one part of distilled water, shaking it for 5 min, letting it stand
for 10 min at room temperature and filtering it through a 45 um filter to remove the precipitates.
ORO working solution was added into the petri box until completely covering the wood slices. We
closed the petri box to avoid drying and precipitating of the ORO solution, and let the sample

incubate for 20 min at room temperature. Then, we rinsed the samples with running distilled water
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for ca. 15 min, changing water every 5 min. The histological slices were mounted on glass slides
using water as a mounting medium, and placed under a coverslip. We took pictures of each
histological slice within one hour after mounting them on the glass slide. After that time water
started to dry out and the ORO solution started to precipitate. Panoramic photos of the wood slides
were taking using an optical digital microscope with large depth of field (Keyence, VHX-6000,
USA) at x500 magnification.

We used the pictures to quantify the percentage of the aerial surface covered by neutral lipid
droplets using ImageJ (Schneider et al., 2012). We quantified the percentage of lipid coverages in
small regions of interest (ROIs) of 0.25 mm? randomly generated by the automatic script used for
Image J (Anexx 1). We divided the images in sections corresponding to 3 mm of wood counted
from bark to pith and in each 3 mm wood section we measured 50 ROIs, leading to a total of 500
ROIs along the 3 cm of wood. We estimated the percentage of the aerial surfaced covered by neutral

lipids in the wood as the average between all the measured ROIs along the wood sample.

Potential PEPC capacity in woody tissue
For PEPC capacity measurements, we collected stem cores from all 12 trees in August 2019 (DOY
236). Cores were immediately frozen in liquid nitrogen in order to avoid any further metabolic
activity, transported to the laboratory and stored at a -80°C freezer. We cut the first 2 cm of stem
material (bark to xylem) and ground the wood to a fine powder with a mortar and pestle in liquid
nitrogen. A discontinuous assay was performed following the steps of Bénard and Gibon (2016) in
order to quantify potential PEPC activity. We used 20 mg of woody tissue material. All pipetting
steps were performed using a 96-head robot (Hamilton Star). Aliquots, together with 500 uL of
extraction buffer, were shaken for extraction. Extracts were centrifuged for 7 min (3000 g, 4°C )
before the extracts were diluted by a factor of 2000 (w/v). NAD" standards were prepared in the
before mentioned extraction buffer (ranging from 0 to 1 nmol per well). Afterwards, those standards
and the diluted extracts were incubated for 20 min in a 20 pl medium (100 mM Tricine-KOH pH
8.0, 20 mM MgCly, 1 unit.ml"! malate dehydrogenase, 10 mM NaHCOs;, 0.1 mM NADH, 1% w/v
polyvinylpyrrolidone, phosphoenolpyruvate 0 (blanks) or 2 mM (maximal activity)). In order to
stop the reaction 0.5 M HCI (20 pl) was used. In order to destroy NADH, the 96-well microplate
was sealed and incubated for 10 min at 95°C. In a next step, the microplate had to acclimate to room
temperature, and a neutralization step with NaOH 0.5M (20 pl) and 0.2 M Tricine-KOH followed
to adjust the pH to 9.0. Together with 6 units.ml"!' alcohol dehydrogenase, 100 mM Tricine-KOH
pH 9.0, 4 mM EDTA, 0.1 mM PES, 0.6 mM MTT, and 500 mM ethanol, NAD+ was quantified.

The absorbance at 570 nm was measured at 30°C in a filter-based microplate reader (SAFAS
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MP96). To calculate the amount of NAD" formed during the first step of the assay, the reaction
rates (mOD.min") were used. For further details see Bénard and Gibon (2016).

Statistics

All analyses were performed using R software (R Development Core Team, 2019). We used R
package climatol for Walther lieth climate graph. We used pad function from the padr package for
linear interpolation of the flux data to fill flux data gaps short than 2h. Flux data were discarded if
R? of the slope of the linear regression < 0.96 and relative humidity > 99% (after filtering 2018:
89%; 2019: 81%; 2021: 65% used). The ARQ ratio was calculated as the slope of changing CO;
concentration over time divided by the negative slope of changing O concentration over time (slope
COy/-slope O2). For ARQ values we applied an outlier removal function, accepting only ARQs
between 25% quantile — 1.5*Inter Quartil Range (IQR) and 75% quantile + 1.5*IQR. Data were
averaged over 6h time intervals (net efflux of COz (Eco2), net influx of Oz (Io2) and ARQ) for raw
data plotting. We computed daily mean values only when data for the whole 24h period exist.

We used the /me function (nlme package; Pinheiro ef al., 2017) to perform linear mixed-effect
models. We analyzed if treatment influenced Ecoz and Ioz2, ARQ, NSC, §'°CO; and A*CO, month-
wise (in 2018 three-week-average). Treatment was considered as a fixed factor, while tree and if
applicable sensor ID, to account for the effect of different sensors being installed on trees across
years, were considered as random factors. An autocorrelation structure was included into the models
to account for temporal correlation. The model’s normality of residuals was checked visually

(quantile-quantile (Q-Q) plots). All results were expressed as mean + standard deviation (SD).

Results

CO:2: efflux, Oz influx and ARQ
Eco2 and lo2 during the pre-girdling period did not differ between treatments (p = 0.48 and p = 0.53,
for Ecoz and Ioz, respectively, Fig. 3). After the girdling event in 2018, a significant difference was
observed in Ecoz between treatments for the measurement period in August (p < 0.01). One year
after girdling, control and girdled trees differed significantly (p = 0.03 and p = 0.02, for Eco2 and
loz respectively) with a marked decline of Ecoz and o2 in girdled trees. However, in 2019 fluxes in
control trees were also ca. 40% lower than in 2018. Daily maximum values of 6.7 (control) and 2.4
(girdling) umol m ™ s~! were recorded for Ecoa, while for Io, daily maximum values reached 9.7
(control) and 2.9 (girdling) pmol m 2 s~ 1in 2019. In 2021, differences between treatments increased

(p <0.001, p<0.0001 for Ecoz and In2). Control fluxes were twice as high as in 2019, roughly the
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same as in 2018. Differences between Eco: and lo» were significantly different in all 3 yr

(p <0.001).
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Figure 3 Upper panels: (a-c) CO; efflux (Ecoz) measurements (6 h mean+SD) in 2018, 2019 and 2021 (a-
¢). Middle panels: (d-f) O influx (Io,) measurements (6 h mean+SD, absolute values) in 2018, 2019 and
2021 (d-f). Lower panels: (g-1) ratio of CO; efflux to O, influx (ARQ) in 2018, 21019 and 2021 with LOESS

smooth (span = 0.4). Arrows indicate budburst before May and leaf-fall in September. The time of girdling
is indicated by the vertical dashed line. All values are 6 h meantSD (n =12 (2018), n =06 (2019), n =8

(2021)).

Before the girdling, the ratio of Ecoz to loz influx did not differ between treatments (p = 0.4) with
daily mean ARQ values (£SD) of 0.85+0.1 (control) versus 0.8440.1 (intended girdling; Fig. 3).
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After the girdling event in 2018, daily ARQ values of the two treatments in August differed
significantly (p =0.02) with daily mean ARQ values of 0.93+0.03 (control) versus 0.72+0.02
(girdled). In 2019, a treatment effect was visible in mean ARQ values (p < 0.01), with 0.77+0.1
(control) versus 0.63%0.2 (girdling) from July until the end of August. In June 2019, ARQ was
higher in girdled than in control trees. In summer 2021, mean ARQ values did not differ

significantly (p = 0.4) with 0.84+0.1 (control) versus 0.78+0.2 (girdling).

Sap flow rate and ARQ in 2018
Sap flow rate (1 h") clearly decreased after the girdling event (Figure S1 available as Supplementary
data at Tree Physiology Online). When looking at daily patterns of ARQ in 2018, the ratio was
significantly higher during the night (~8pm to ~4am; 0.93 for control, 0.83 for girdling) compared
to daytime (~8am to ~4pm; 0.85 for control and 0.79 for girdling), when sap flow rate is maximal
(Fig. 4). Negative correlation was found between ARQ and sap flow rates (Pearson correlation,

r*=-0.57, p <0.01 for both control and girdling).
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Figure 4 Subdaily values of ARQ and sap flow rate (+SD) for control and girdled trees, respectively (data
pooled from 5 July to 30 September 2018).

Non-structural carbohydrates and neutral lipids
Pre-girdling sampling of the outer stem segment (0—6 yr) showed no differences in soluble sugar
concentration of the xylem (glucose, fructose, sucrose; mg g™!) (p = 0.3) and starch concentration
(mg g!) between treatments (p = 1.0; Fig. 5). In 2018 and 2019, starch concentration was lower
than 2 mg g”!, independent from treatment. Soluble sugar concentration increased from 1.0 to

5.1 mg g after the growing season (09/2018) in control trees. Finally, in 2021, soluble sugar
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concentration and starch concentration varied significantly between treatments (p <0.001 and
p <0.001, respectively) with mean soluble sugar concentration of 17.5+3.5 mg g™! and mean starch
concentration of 11.0£3.0 mgg' for control trees, while for girdled trees soluble sugar
concentration and starch concentration remained low (3.6+4.2 and 1.4£2.2 mg g!, respectively).
The concentrations of soluble sugars and starch in the second stem segment to a maximum depth
of ring 14 did not show significant differences in concentrations in all 3 yr (Figure S2 available as

Supplementary data at Tree Physiology Online).
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Figure 5 (a) Soluble sugar (glucose, fructose, sucrose) concentration (mg g™) and (b) starch concentration
(mg g') before girdling (21 June 2018) and three time points after girdling, extracted from stem cores to a
depth of ring 6. Box whisker plots present the median, lower (25") and upper (75™) percentiles, minimum

and maximum values.

Neutral lipids, analyzed in 2021, were 0.76%0.1 and 0.56+0.2% area in control and girdled trees,
respectively without a notable treatment effect (Wilcoxon test, p = 0.4) and high variability in
girdled trees (for individual trees, Table S6 available as Supplementary data at Tree Physiology
Online). For visualization of histological slices see Picture S3 available as Supplementary data at

Tree Physiology Online.
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14C-based estimates of respired CO2 age and '3C signature of stem-respired CO2

Mean age of respired CO» from the pre-girdling sampling was 1.4 yr£1.1 (control) versus 1.5 yr+1.3
(girdling) (Fig. 6). For the control trees, C age reached its highest value of 4.0 yr+1.2 in October
2018, after leaves had senesced. By contrast, C age from girdled trees increased up to 15.1£11.8 in
2021. In 2018 and 2019, C age between control and girdled trees was significantly different for
certain time points with mean differences of all sampling dates in 2019 of 3.5 yr and 2021 of 7.5 yr
(for individual trees, see Table S4 and S5 available as Supplementary data at Tree Physiology
Online).
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Figure 6 (a-c) Calculated mean age of carbon ('*C) of the chamber incubation gas samples of control and
girdled poplar trees in (a) 2018, (b) 2019 and (c) 2021. Carbon ages were calculated based on Equ. (2). (d-
f) 8°C of CO, of the chamber incubation gas samples of control (n = 6) and girdled (n = 6) poplar trees in
(d) 2018, (e) 2019 and (f) 2021. 3'*C was corrected using Equ. (3). The time of girdling is indicated by the
vertical dashed line. Asteriks on top represent the statistical differences between the treatments. Box whisker

plots present the median, lower (25™) and upper (75™) percentiles, minimum and maximum values.
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313C of CO2 (%o), from the pre-girdling sampling was -28.2%0+0.9 (control) versus -28.2%0+0.8
(girdling) (Fig. 6). One month after the girdling event, mean §'>C of the collected CO> was -
25.8%0%0.5 (control) versus -31.2%0%1.6 (girdling). Significant differences between control and
girdled trees did occur on specific dates in July and August 2018 and over the whole measurement
campaign in 2019. In 2021, mean §'*°CO, for the three sampling dates was -28.5%o+1.2 (control)
versus -29.2%o+1.4 (girdling) without a notable treatment effect (p = 0.15). As a general pattern,
post-girdling §'*CO; values of girdled trees were always lower than §'*COz values of control trees
(for individual trees, Table S3 available as Supplementary data at Tree Physiology Online), even
though in 2021 difference was marginal.

The obtained 5'°C values (+SD) of putative substrates in 2021 were -31.14%0+0.6 (n = 12) in neutral

lipids and -27.11%0%0.9 (n = 12) in soluble sugars, without a treatment effect.

Potential PEPC activity in woody tissue
At the end of the growing season in 2019, in vitro PEPC activity (£SD) was 568.2+149.2 and
267.3£94.7 nmol g FW min for control and girdled trees, respectively with a notable treatment
effect (t-test, p <0.001) (for individual trees see Table S7 available as Supplementary data at Tree
Physiology Online).

Discussion

Our 3-yr experimental study indicates that the use of a mixture of respiratory substrates with a late
contribution of increasingly older reserves provides a mechanism of tree resilience to strong
reduction in C supply in poplar trees. Our data suggest that lipid metabolism, indicated by changes
in 1*C of respired CO, (Fig. 7), may allow poplar trees to ride out periods of C starvation, yet,
further dedicated studies on lipid metabolism will be helpful. Tree decline may take much longer
than the duration of our study, as most of the trees were still alive after the 3-yr starvation

manipulation.

Significant differences in carbohydrate pools between treatments developed only
over time

In our experiment, we combined short- and longer-term responses of poplar trees to a girdling
treatment. We could not confirm an initial decrease in NSC concentration (H1) as concentration in
both treatments was very low (starch < 2 mg g!) in 2018 (Fig. 5). Girdled trees apparently
downregulated their metabolism in concern with sugar supply, as suggested by the strong reduction
in respiration rates in 2019 (Fig. 3). The downregulation of respiration and growth can be a strategy

to maintain certain NSC concentrations in aboveground organs in order to ensure tree survival

104



CHAPTER 4

(Huang et al., 2019). Reduced growth respiration may explain why sugar concentrations initially
remained stable. Girdled trees ceased growth after the girdling event (Figure S3 and Method S2
available as Supplementary data at Tree Physiology Online), in accordance with other studies
reporting cessation of stem growth below the girdle (Maunoury-Danger ef al., 2010; De Schepper
& Steppe, 2011; Oberhuber ef al., 2017) and reduced growth in chilled mature red maple trees
below the phloem restriction (Rademacher ef al., 2022). Transport of NSC from neighbouring trees
via root grafts has been shown to be critical for survival of root suckers in poplar trees (DesRochers
& Lieffers, 2001; Jelinkova et al., 2009), however, net exchange between trees usually is very low
(Klein et al, 2016) and may not explain why girdled trees were able to maintain NSC
concentrations. In other studies on C limitation, no complete depletion of starch reserves had been
observed (e.g., Hoch, 2015; Weber et al., 2019) and NSC concentrations of drought-stressed Picea
abies, also strongly C limited, did not differ to control trees in aboveground organs, whereas only
starch reserves in roots strongly declined under drought (Hartmann et al., 2013). However, with
regard to stem girdling, various studies showed that NSC concentrations usually decrease below
the girdle and/or in the roots, with a concomitant accumulation of NSC above the girdle (Jordan &
Habib, 1996; Maunoury-Danger ef al., 2010; Regier et al., 2010; De Schepper & Steppe, 2011; Mei
etal.,2015).

In our study, significant differences in carbohydrate pools between treatments developed only over
time. In 2021, control trees showed significantly greater carbohydrate concentrations with a 5- to
10-fold increase in starch and soluble sugar respectively, potentially because climate conditions had
normalized, after the 2018 and 2019 dry years (see below). Surprisingly, concentrations of soluble
sugars in two of the 6 girdled trees increased in 2021. We hypothesize a remobilization of NSCs
from deeper stem layers or from the roots to the section below the girdle in the stem. Overall NSC
concentrations in girdled trees were more or less stable and remained at a low level over the 3 years,
despite the lack of new photo-assimilate provision. Some of the observed differences between
2018/2019 and 2021 may be due to seasonal variation of NSCs, as sampling dates differed
somewhat between years. Concentrations typically decrease after bud break and then increase in
the late growing season (Hoch et al., 2003; Richardson ef al., 2013; Scartazza et al., 2013; Martinez-
Vilalta et al., 2016), however, seasonal variability of NSCs has been shown to be only 10% in stem
sapwood of deciduous trees (Hoch et al., 2003), much less than in our study. Also, as our stem cores
were not microwaved, this may have resulted in loss of NSCs to respiration during the initial stage

of oven drying (Landh&usser et al., 2018).
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Figure 7 Schematic overview summarizing our results about substrate identity and C mean age. 2018/I
refers to pre-girdling and 2018/II refers to post-girdling in 2018. Mean values for the time period June—
August (if data available) are shown to avoid seasonal effects. Numbers in bold refer to mean ARQ values.
Control trees use fresh photosynthesis product over the study period. After the girdling in 2018 and 2019,
the 8'3CO, signal is more enriched, which is possible due to drought effects of those years, while 2021 is
comparable with the pre-girdling measurement. ARQ values of <0.85 might be explained by a mixture of
respiratory substrates, including carbohydrates and lipids. However, ARQ values cannot be seen as a
substrate-use indicator alone, as (post-) respiratory processes can affect this ratio (see further explanations
in ‘The contribution of lipids during starvation’). In girdled trees, we observed a lower 8'3CO, signal in
August 2018 as trees start to use lipids for respiration. After this initial decline, 8'*CO, signal and ARQ
values points towards the use of a mixture of respiratory substrates (COH and lipids). A progressive increase

in the mean age of C was observed.

Slow mobilization of older carbohydrate storage pools 3-yr after girdling
In accordance with our hypothesis (H1), poplar trees accessed older C pools once the supply of
fresh assimilates was disrupted. In a girdling study in the Amazon rainforest, trees that were
presumably older than 100 yr used ~ 6 yr old C, already two months after stem girdling (Muhr et
al., 2018) while our *C data indicated a delayed use of older C reserves (Fig. 6). Girdled trees
respired slightly older C than control trees starting in late summer 2018, except for the date in
October, when leaf shedding was almost complete and both treatments used older stored C. In
girdled trees, the age of respired CO: increased up to a maximum of 15 years (average 2021: 7.5
yrs). These values were in accord with previous studies showing maximum C age of 14 yr after

girdling of tropical trees (Muhr et al., 2018) and decade old stored C in temperate trees (Richardson
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et al., 2013). Control trees relied mostly on recent photo-assimilates throughout the 3-yr period
(Fig. 7). But, mixing of young and old NSCs for stem respiration was also reported in undisturbed

mature oak trees (Trumbore et al., 2015).

The contribution of lipids during starvation

We found evidence supporting our second hypothesis (H2), that poplar trees mobilize and
metabolize lipids after starvation via girdling. In August 2018, §'*CO; values close to -30%o (Fig.
6 and 7) indicate that a substantial amount of CO; originates from lipid catabolism (8!°C of neutral
lipids ~-32%o, data not shown) but see also 4.4. We found substantial average differences between
treatments in §'3CO, (2.5%o), starting already within one month after girdling, indicating that
control and girdled trees did not use the same respiratory C source mixture. For control trees, we
assume that poplar use a mixture of carbohydrates and lipids supporting respiration (Fig. 7; mean
ARQ: ~ 0.85, mean §'*CO;, ~-28.5%o), similar to what have been found in Pinus sylvestris (Fischer
et al., 2015). In general, we observed high seasonal variations in control trees (e.g., -29.22%o
(05/2018) to -24.17%0 (08/2018); Table S3 available as Supplementary data at Tree Physiology
Online), most likely with increased values during stem growth (Damesin & Lelarge, 2003) and
seasonal variations due to phenological changes (e.g., leaf growth, senescence) (Seibt et al., 2008).
The observed decline in ARQ values after the girdling treatment in autumn 2018 was followed by
a more drastic decline in ARQ values during the summer months in 2019 (~ 0.63, Fig. 3 and 7),
indicating the contribution of lipids to maintain metabolism during starvation. During shading-
induced starvation, Fischer et al. (2015) found evidence for lipid metabolism, with ARQ ratios ~
0.7 in Pinus sylvestris trees. In May/June (2018, 2019) we observed highest ARQ, which could
indicate the use of carbohydrates caused by mobilization of reserves. The treatment effect in ARQ
and 8'3CO; decreased then towards the end of the seasons, likely because remobilization of storage
decreased at the onset of dormancy. Despite the high soluble sugar and starch concentrations
observed in control trees in 2021, we found no clear difference in 3'*CO, or ARQ in that year. By
contrast, we observed with the histological staining method (Table S6 available as Supplementary
data at Tree Physiology Online) the depletion of lipids in one of the girdled trees in 2021, but
dedicated studies to address lipid distribution in stem wood would be necessary to fully understand
lipid metabolism in stems under C limitation.

ARQ is an useful indicator for respiratory substrate use, but a variety of other processes, like stem
photosynthesis, CO: transport in the sap, or CO; refixation, can lead to lower than 1 ARQ values
(see Trumbore et al., 2013 for a summary). In our study, we can neglect stem photosynthesis

because we used opaque chambers. Stem photosynthesis around the chamber could generate a
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gradient of CO, and cause axial diffusion of CO> from the chamber to the illuminated parts,
affecting ARQ (De Roo ef al., 2019). Also, high solubility of CO> in the xylem sap may facilitate
import to or export from the site of measurement (Teskey & McGuire, 2007; Aubrey & Teskey,
2009; Bloemen et al., 2013). Considering that sap flow was reduced in girdled trees in 2018 (Figure
S1 available as Supplementary data at Tree Physiology Online), indicating a limited amount of
upward transport, we would expect a correlation between sap flow and absolute deviation of ARQ
from unity. Refixation of CO, via the enzyme phosphoenolpyruvatecarboxylase (PEPC) might
remove CO2 locally, but we found ~ 50% reduced PEPC activity in girdled trees the year after
girdling (Table S7 available as Supplementary data at Tree Physiology Online), which suggests a

limiting role of pepc-mediated C fixation in lowering ARQ values.

Potential effect of the exceptional 2018-2019 drought
Our study coincided with the exceptionally dry and hot summers in 2018 and 2019 in Central
Europe, during which C supply may have been impaired also in control trees from reduced C
assimilation. A tree ring analysis showed ~50% reduced tree ring width in 2019, but also in 2020,
which can be seen as a legacy effect of drought (e.g., Miller et al., 2023) (Figure S3 available as
Supplementary data at Tree Physiology Online). While in 2018, trees either were still able to cope
with the dry and hot conditions, or were simply not yet severely affected by the 2018 summer
drought at the north slope where our study was located. Ecoz and loz were reduced by ~40% in 2019
compared to 2018 in control trees, which could potentially be explained by the drought effect in
2019. Similar results (50% decline in Ecoz2) were observed in Quercus ilex when soil predawn water
potential decreased (Rodriguez-Calcerrada et al., 2014). Drought-induced decline in stomatal
conductance would also lead to increased §'*C values of CO: (due to changes in photosynthetic
discrimination; Farquhar et al., 1989; Hogberg et al., 1995), as most likely observed in 2018 and
2019. Compared to wetter years, an increase in 8'°CO; of control trees might also be due to starch
hydrolysis, as an alternative and more enriched C source that causes a shift towards a more enriched
CO2 pool (Maunoury-Danger ef al., 2010). In 2021, control trees showed no longer an enriched
813C, possibly because fresh C no longer had a drought signal in §'*C. Overall, we critically note
that we did not assess tree water relations, and that we lack evidence of how severe the drought

stress was.

Outlook

Storage use provides a buffer and enables long-term survival under periods when C supply from

the canopy is not given. Insights about how long trees can store and access reserve compounds, in
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response to changes in source-sink relationships, are highly needed to improve our understanding
of tree resilience under ongoing climate change. Several studies have highlighted shortcomings in
the representation of tree stress responses and resilience, mediated by C storage, in vegetation
models (Ogle & Pacala, 2009; DeSoto et al., 2020; Peltier & Ogle, 2020; Hartmann et al., 2022).
The common assumption that assimilated C via photosynthesis is directly respired to the
atmosphere needs to be updated for model improvement (Sierra et al., 2022) as it is contradictory
to our study results and previous empirical evidence (Vargas et al., 2009; Carbone et al., 2013;
Muhr et al., 2013; Muhr et al., 2018). Combining empirical studies on remobilization and
metabolization of C with C dynamic models may help improve predictions and constrain model

parameters (Sierra et al., 2022).
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General discussion and outlook

This doctoral thesis was motivated by the need to improve our understanding of carbon (C)
dynamics in mature trees. Our mechanistic understanding of the respiratory processes at the stem-
level is limited which hinders accurate stem respiration (Rs) estimates (e.g., Meir et al., 2017;
Teskey et al., 2017). Large amounts of C can also be stored within the stem wood. It is of great
importance to understand how mature trees utilize stored C reserves to survive under stress (e.g.,
Regier et al., 2009; Hartmann & Trumbore, 2016). I addressed three current challenges within this
thesis: i) to develop a field-robust method for simultaneous measurements of CO» efflux and Oz
influx at the stem-surface to better constrain local respiration, ii) to elucidate the fate of respired
CO; by simultaneously measuring CO: (internal and at the stem-surface) and O fluxes (at the stem-
surface) in the same trees, and iii) to explore whether stressed trees shift respiration supply from

carbohydrates to alternative storage compounds to ensure survival under reduced C supply.

Simultaneous CO: and O: flux measurements between tree stems and the atmosphere

revealed discrepancy between both gases

Respiration is a sensitive process that changes rapidly with environmental and physiological
variations. Hence, developing the first quasi-continuous measurement system for simultaneous CO»
and O fluxes to better constrain respiratory processes (Chapter 2) was the basis for all subsequent
experimental approaches that I performed as part of my dissertation. Having a highly mobile, easy-
to-use and quasi-autonomous system available allowed me to provide new insights into seasonal,
diurnal and along-stem variations in respiratory fluxes.

By comparing both gases (CO2 and O>), I showed that between 10 and 30% of CO> was not locally
emitted but was retained in the stem of mature trees (Chapter 2-4 (control trees)). Further, |
observed a greater difference between CO; efflux and O; influx during the day (Chapter 3, 4),
indicating that high sap flow might facilitated the transport of respired CO> away from its point of
production This clearly showed that efflux-based methods (especially during day-time)

underestimate the true respiration rate at the stem-level. I will discuss the sources for the CO;
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retention and its implications in more detail in the next sections when synthesizing the main findings

of the two experimental studies (Chapter 3, 4).

CO:2 mass balance approach and oxygen-based approach: The mismatch between CO: efflux
and O: influx cannot be primarily explained by internal fluxes, but is also linked to an

alternative sink of respired CO:

Understanding missing C sinks in respiration budgets is essential to improve predictions of
respiratory C loss under changing climate conditions (Carey et al., 1997; Huntingford et al., 2017).
However, the fate of respired CO» in tree stems remains inconclusive, and the combined use of
different measurement approaches could help to shed light on this line. The novelty of the field
study in Chapter 3 was the concurrent application of the CO; mass balance approach (MBA) and
the simultaneous measurement of O (oxygen-based approach) in the same individuals to
mechanistically understand CO; production and movement across the stem.

In the beech trees surveyed here in July and August 2019, 30% of the respired CO; was retained
in the stem. This is based on the assumption that trees use carbohydrates for respiration. We
hypothesized that xylem CO- transport and storage could explain the mismatch between CO; and
O2 due to the lower solubility of O in the xylem sap compared to CO2. However, in contrast to
our expectation, internal fluxes (xylem CO; transport and storage) could only partially explain the
difference between CO; efflux and O2 influx. Our results indicated that measurements at the stem
surface, conducted with chamber-based methods, most likely reflect respiration in the outermost
tissues of the stem (bark, phloem, cambium and outer xylem) but poorly reflect the respiratory
activity in the inner sapwood in mature trees. Moreover, in this thesis, I provided novel evidence
for an alternative sink of respired CO,. PEPC (phosphoenolpyruvatcarboxylase)- mediated CO»
fixation can be a relevant driver of the mismatch between CO; efflux and O influx in mature trees.
We measured high PEPC-capacity in the outer stem tissues, similar to values from green current-
year twigs (Berveiller & Damesin, 2008). This observation implies that PEPC fixation can be a
relevant mechanism of local CO> removal that needs to be considered to complete the stem C

balance.

Poplar trees are well buffered against multi-year C shortage by using a mixture of respiratory

substrates and taping into older C reserves in the long term

Predicting tree survival under environmental stress requires a better understanding of the dynamics

of respiratory metabolism and C reserve use. However, the availability and usage of such C
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reserves in field-grown mature trees is still very limited (e.g., Gessler & Treydte, 2016; Hartmann
& Trumbore, 2016).

We manipulated the access to new photo-assimilates by girdling mature poplar trees. Hereby,
phloem C transport to the lower stem was permanently interrupted, forcing trees to rely on C
reserves (Chapter 4). I combined a unique dataset of long-term (i.e. two and a half growing
seasons) isotopic measurements of respired CO2 ('*CO, and '>CO;) and apparent respiratory
quotient (ARQ) to infer the respiratory substrates and the age of the respired C. Remarkably, some
of the trees in our study were still alive 4 years after girdling. Long-term survival of the trees was
possible by downregulating metabolism and mobilizing up to 15-yr-old C to sustain respiration in
the long term. The age of respired CO2 was in accordance with decade-old C reserve use after
girdling of tropical trees (Muhr et al., 2018). As a consequence of reduced photo-assimilates, ARQ,
as an useful tracer to identify respiratory substrates, suggested the contribution of storage lipids to
respiration. This has been shown in previous work for young Pinus sylvestris trees under
experimental shading in a greenhouse study (Fischer ef al., 2015; Hanf et al., 2015). The results of
the 5'3COz signal indicated that poplar trees use lipids for respiration one month after girdling. After
this initial decline in §'3CO,, our results suggested the use of a mixture of respiratory substrates
(carbohydrates and lipids). The observed change in metabolism from recent carbohydrates to older
storage pools with a mixture of carbohydrates and lipids can explain why the decline of tree vigor
may take many years until death occurs. Multi-year field experiments can greatly enhance our
mechanistic understanding of storage dynamics inside stems of mature trees. Our findings imply
that in species that store C not only in the form of carbohydrates but also in the form of lipids, these
currently overlooked alternative compounds must be considered as potential reserves that allows

trees to survive for several years under C-limiting conditions.

Conclusion and Outlook

The results obtained within this thesis have important implications for our understanding of
respiratory processes and the role of stems in C metabolism of trees. Respiration is a key factor to
determining if a forest ecosystem acts as net C sink or source (Valentini et al., 2000). Current CO»-
efflux based estimates most likely underestimate the contribution of Rs to ecosystem respiration.
Integrating O2 and CO2 measurements can better constrain local respiration and accounting for the
mismatch will improve current estimates of Rs. The need to analyze internal C fluxes and C-
refixation mechanisms is imperative for quantifying ‘real’ Rs, and further research into O»-

consuming processes should additionally be considered. The ability of mature trees to use
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alternative substrates for respiration and to remobilize older C storage pools adds an important
contribution to our understanding of tree resilience to changing climate conditions.

Despite the novel insights on Rs, their underlying regulatory factors and the important role of C
reserves in tree’s resilience capability, new questions and challenges arise that need to be addressed
in future research. Many opportunities for prospective explorations of the complex nature of CO»
inside tree stems are summarized in the review article (Chapter 1). I would like to call special
attention to the following points: (1) sap pH measurement in the stem, (2) scaling respiratory
processes from stems to the ecosystem, (3) implementing empirical datasets into stem respiration
modelling and (4) recycling and storage of C during drought. I will discuss each of these suggestions

in detail in the following sections.

Continuous measurements of xylem sap pH in the stem
One urgent task for future work is to develop a reliable method for in situ pH measurements in the
stem that can be included as a standard procedure for Rs measurement protocols. Sap pH, especially
above 6-6.5 (e.g., Levyetal., 1999; Erda et al., 2014), is a critical factor for calculating the transport
and storage of CO; (from the MBA), as the solubility of CO; increases exponentially with pH. Sap
pH is currently measured from twigs far away from the site of CO> measurements at the stem
(Chapter 1, 3) and potential discrepancies between twigs and stem may become greater in mature
trees. Another open question is the temporal variability (short- and long-term) of stem pH values,
and whether twig sampling can reflect those changes (Erda ef al., 2014). Unfortunately, a first
attempt from our group to achieve continuous measurements of xylem sap pH of trees in situ, using
gastric probes from medical applications, was not successful. Quantifying the magnitude of CO»
transport within the xylem is essential to estimate total respiration rate (based on the MBA). New
technical innovations (Chapter 1) would bring us closer to overcome technical difficulties and

solving this fundamental issue.
Linking stem respiratory processes across scales: from stems to trees to ecosystems

Along a stem gradient

Due to limited accessibility of elevated regions of the stem and canopy, Rs has been measured
almost exclusively at breast height. To estimate whole Rs, studies typically upscale breast height
measurements. This overlooks within-tree variation. For example, an underestimation of annual
tree-scale CO; efflux by up to 17% was observed when comparing modelled versus observed
effluxes along the stem of spruce trees (1.3, 10 and 18 m; Tarvainen ef al., 2014). In Chapter 3, |

found no apparent vertical pattern in stem CO; efflux and O; influx along a 3-m-long stem segment.
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This is probably due to the modest vertical gradient (3 m) in 38 m tall beech trees. It is still largely
unknown how fluxes will change along the entire stem gradient of large trees. Following up on the
work in Chapter 3, more infrastructure is needed e.g. by the use of a canopy crane to tackle this
challenge. Future studies should incorporate chamber-based measurements and internal CO> flux
measurements, with morphological, anatomical or physiological traits influencing the diffusivity,
solubility, and transport of respired CO- (e.g., sapwood density, bark thickness, stem temperature)
along the whole stem gradient. Further research should also consider sapwood depth gradients to
asses the contribution of inner and outer tissue respiration to total Rs. Investigating within-tree

variation is necessary to avoid miscalculation of the entire tree Rs (Chapter 1).

Whole-tree level ARQ and implication for the ecosystem-level

Future work should expand to the entire tree-level ARQ. I measured lower than unity ARQ values
in two deciduous tree species and during different time of the year (Chapter 2-4). If the local ARQ
below one is explained by a net export of locally respired CO2, we have to assume that other tree
compartments (foliage, branches, roots) experience a net import of CO,, resulting in an ARQ above
one. In this regard, future research can profit from our general chamber setup (Chapter 2), as the
current device can be used for flux measurements in other tree compartments, such as root, branch
or leaf, with only minor modifications.

One may ask whether our findings have implications at the ecosystem scale. The O2:CO» ratio of
the global terrestrial biosphere is around ~1 (1.04; Worrall et al., 2013), therefore we can assume a
CO2:0; ratio (ARQ) of 1 with narrow variability at the ecosystem-level. Emissions that are not
detected at one location or in one plant compartment should end up at another plant compartment
(Meir et al., 2017). The overall ecosystem ARQ will not be affected, but measurements in different
plant compartments and different forest components are still required to understand tree and forest
respiratory processes.

Our results showed a clear retention of respired CO: in the stem of poplar and beech trees under
normal environmental conditions, when measuring CO> and O in parallel. This leads to the
conclusion that the contribution of Rs to the forest C balance may be larger than previously
estimated (from CO; efflux measurements). The same has been shown for belowground respiration.
Neglecting internal CO: flux from tree roots through the stem resulted in underestimation of total
belowground respiration (18% in Quercus species; up to 50% in Populus deltoides) (Aubrey &
Teskey 2009; Bloemen et al., 2014; Salomoén et al., 2015). A comprehensive understanding of the
pathways of CO> within forest ecosystems is crucial to improve predictions of respiration and

ultimately of the forest C balance under future climate change scenarios.
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On the need to implement empirical datasets into stem respiration modelling
Plant respiration estimates are commonly based on temperature-dependent equations or calculated
as a fixed fraction of the difference between gross primary production (GPP) and whole-plant
maintenance respiration (Atkin et al., 2017; Fatichi et al., 2019; for details see also Chapter 1).
Additional factors like substrate availability, water status or oxygen concentration within woody
tissues are commonly ignored by large-scale models, as well as the fact that GPP changes with
stand age and across biomes (e.g., DeLucia et al., 2007; Piao et al., 2010). Recent modeling efforts
have been made by developing a process-based model of Rs that couples water and carbon fluxes
at the stem-level (e.g., Salomén et al., 2019a). However, we are still far from implementing
mechanistic insights into large-scale models. The quotation from Gifford (2003): “Plant respiratory
regulation is too complex for a mechanistic representation in current terrestrial productivity models
for carbon accounting and global change research” is still relevant today. For future research, I
underscore the need to implement empirical datasets collected globally across broad gradients of
environmental conditions into Rs modeling routines, as has been done for the leaf (Atkin et al.,
2015; Heskel et al., 2016). Empirical data of combined CO> and O> measurements, as provided by
our stem-chamber device, can serve as important input and calibration variables for mechanistic
models of tree respiration and stem functioning. Such efforts are much needed to improve model

predictions and further advance our mechanistic understanding of Rs.

Recycling and storage of C during drought

Ongoing climate change has triggered a growing interest in drought-induced tree mortality during
the past ~15 years (McDowell et al., 2008; Allen et al., 2010) with a particular interest in
unravelling the C dynamics during drought (e.g., Sala et al., 2012; Adams et al., 2013; Piper &
Fajardo, 2016). Especially after the recent drought events and increased tree mortality in central
Europe in 2018 and 2019, there is a need to better understand the regulation and functioning of tree
C dynamics. This understanding is crucial to predict tree resilience under changing climate
conditions. I want to highlight two aspects aligned with this thesis that are of interest for future

research: 1) the recycling of internal C and ii) further insights into lipid storage pools.

Internal recycling/refixation of CO:

Recycling of respired CO> within woody tissues may be conducive in periods of drought stress.
When photosynthetic activity in leaves is limited due to stomatal closure, C fixation by
photosynthetic bark can prevent the risk of C starvation and increase drought tolerance. Cortical

photosynthesis can provide local sugars and compensate for the reduced long-distance sugar
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transport from the leaves to woody tissue (Bloemen ef al., 2016; De Baerdemacker ef al., 2017; De
Roo et al., 2020). Further research e.g., by light exclusion treatments of the stem and manipulations
of temperature, atmospheric CO> concentration, and water availability can help to further unravel
the role of cortical photosynthesis with respect to varying climate conditions.

Additionally, the internal tree C from PEPC fixation might become progressively important under
C-limiting conditions. Enhanced PEPC activity in the roots of young girdled beech trees could
provide additional C when supply is restricted (Clausing et al., 2021). Contrary to our expectations,
we found reduced PEPC capacity in girdled trees 1-yr after girdling, denoting a limiting role in
compensating for reduced C supply (Chapter 4). Nevertheless, broader consideration of this
mechanism to maintain the C status (under, e.g. a lack of new photo-assimilates from the canopy)
in different tree species and along sapwood depth gradients is needed before concluding about the

relevance of this C recycling mechanism in a changing climate.

Further insights into lipid storage pools

In tree species that store C in the form of carbohydrates and lipids (Sinnott, 1918; Holl, 1997; Hoch
et al.,2002; Hoch et al., 2003), progress can be made in quantifying and localizing neutral lipids in
the wood. The quantification of lipids remains challenging, but histological staining methods
(Grimberg et al., 2018; Herrera-Ramirez et al., 2021) in combination with imaging analysis can
facilitate broader implementation in future studies about C storage pools in trees (Chapter 4).
Interestingly, lipid storage correlated with lower mortality rates in tropical trees (Herrera-Ramirez
et al., 2021), and this might suggest that lipid-storing tree species may be more resilient to future
drought events. The staining method can bring new insights into where and how much lipids are
stored, and therefore could give valuable insights into lipid metabolism in mature trees. In addition,
a similar method for analyzing the spatial distribution of starch has recently been presented
(Herrera-Ramirez et al., 2021). With further in-depth investigations, considering different tree
species, seasonal sampling, and the radial distribution from the bark towards the pith, those
techniques offer a great potential to assess lipid and starch storage strategies in trees which would

help to predict tree survival under constraining conditions.

Overall, this thesis dealed with C dynamics at the stem-level. With ongoing climate warming,
understanding the factors determining C losses and the dynamics of C storage in trees is
fundamental to understand how forest ecosystems respond to climate change and trees ensure
survival. However, further studies about tree C dynamics under drought need to be coupled with

other mechanisms such as changes in tree water relations, xylem dysfunction, or phloem transport
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failure (e.g., McDowell, 2011; Sevanto et al., 2014; Hartmann, 2015; Dannoura et al., 2019) in
order to better understand drought impacts on forests. The combination of water and C relations
provide a good framework for understanding the complex physiological causes of tree mortality
(Hartmann et al., 2018; Hajek et al., 2022). Field experiments, greenhouse studies, and observations
during naturally occurring drought events should be complemented by a close collaboration
between modelers and experimentalists to improve projections of forest mortality under future
climate change scenarios. This is a much needed and demanding task going forward (e.g., Anderegg

et al., 2015; Trumbore et al., 2015a; Hartmann et al., 2018).
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CHAPTER 1 — Supplementary data

Material S1 Henry's Law

Dissolved inorganic carbon in the xylem ([CO2"]) comprises of dissolved CO», carbonic acid
(H2CO3), and the two deprotonated forms, bicarbonate (HCO3") and carbonate (CO3%). [CO,"]
cannot be measured directly, but can be calculated from gaseous [CO2], xylem sap temperature
and sap pH. The partial pressure of CO> in air (pCOz), Henry's constant for CO> (Ku) and
dissociation constants for bicarbonate and carbonate ions (K and K») should be calculated as parts

of Henry’s formula (McGuire & Teskey, 2002):

£ _ Ky K;K; [1]
[CO,"] = (1 + o T (10_pHX)2>KHpC02
Ky = 0.0114 + (0.0661e~0-0433T [2]
Ky = (2.5764x1077) + (3.3742x 1077)(1 — ¢~ 0:0318T) [3]
K, = (23777 x10711) + (9.0041x 1073) T [4]

Where K and K> are first and second acidity constants, Ky is Henry's constant. Ky, K1 and K» are
temperature-dependent solubility coefficients for CO; in water and pCO: is the partial pressure of
[CO:]. According to those eqs. [CO,"] increases with higher PCO,, lower temperatures, and higher

pH values.
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Table S1 Summary of published studies on sap pH measurements (measured at least twice during the campaign) with observed seasonal and/or daily

trends.
Species pH value Measurement Daily Seasonal trends References
. . location trends from spring to
spring summer autumn  winter wet and dry season winter
Actinidia chinensis 53 6.2 6.2 6.2 shoots na spring (Ferguson et al.,
acidification 1983)
Populus x branches spring (Sauter, 1988)
canademis acidification
“robusta”
Fagus sylvatica lowest trunk summer (Glavac et al.,
parts (42-yr-old) acidification 1990)
Fagus sylvatica trunk segments xylem sap became  (Rennenberg et
(45-yr-old) more acidic from  al, 1994)
february to april, Estimated values
alkalinisation from
from spring to height 1.2 - 2.4 m,
autumn see Fig.3
Robinia 53 5.4-5.5 NA 5.7-6.0 branches na spring/summer (Fromard et al.,
pseudoacacia acidification 1995)
Ricinus communis na na na na 6.8 (well-watered); night (Schurr &
6.3 (drought decrease Schulze, 1995;
stressed) (6.0); Schurr & Schulze
daytime 1996)
alkalinisatio
n (6.6)
Eucalyptus species,  na na na na evergreen and semi-  branches no na (Thomas &
Acacia mimula, decidious species: Eamus, 2002)
Alphitonia excelsa, sap pH increased
Planchonia careya, from the wet to dry
Cochlospermum season (0.7 pH
fraseri, Terminalia units)
ferdinandiana deciduous species:
sap pH declined
slightly from wet to
dry season
Juglans regia twigs winter (Alves et al.,
acidification 2004)
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Species pH value Measurement Daily Seasonal trends References
spring  summer  autumn winter  wet and dry season  location trends from spring to
winter
Populus deltoides 6.94— na na na twigs, stem No (higher no (Aubrey et al.,
7.18 cores at lower 2011)
stem during
night)
Prunus domestica 5.29 5.21 na 5.43 branches no summer (Erda et al., 2014)
acidification
Quercus pyrenaica 6.18 6.4 6.68 na twigs night alkalinisation (Salomoén et al.,
decrease from spring to 2016)
6.1); autumn
daytime
alkalinisatio
n (6.46-6.5)
Pinus cembra, na 5.8 na 7.3 branches na summer (Losso et al.,
Picea abies, Larix acidification 2018)
decidua
Grapefiruit orchard ~ na 5.9-6.0 na 5.1-5.7 winter (Paudel et al.,
acidification 2018)
Populus nigra 5.7-6.0 NA na na cut stems pre-dawn na (Brunetti et al.,
(1-yr-old) lowest value 2019) note: we
report well-
watered

conditions only
Note: Terminology twigs and branches was maintained from the original studies
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Material S2 Equations for modelling exercises 1 and 2.

For a fully detailed explanation of model equations, variables, parameters and corresponding units,

see Salomon et al. (2019). For an abridged explanation of the model see Salomon et al. (2022).
Relevant equations in modelling exercise 1:

According to Henry’s law, sap [CO,"] is proportional to the partial pressure of CO; in the gas
phase in the xylem (pCOz) (see equation 1, Supplementary Material 1). This equation illustrates
how sap [CO,"] increases with sap pH. Consequently, higher solubility of COx leads to a higher
contribution of the storage flux and the transport flux to stem respiration, and hence, a lower

contribution of Ecoz to Rs.
Relevant equations in modelling exercise 2:

The higher portion of the xylem to outer tissues with increasing stem size is a consequence of the
non-linear relationship between stem diameter (D) and thickness of the outer tissues (dor).

According to Genard et al. (2001):
dor =a(1— e-PD)
where a and b are allometric parameters. See Fig. S2 in Salomoén ef al. (2019).

Once the dimensions of the xylem and outer tissues are known and assuming here that non-
respiring heartwood is absent, maintenance respiration in the xylem (Rm xy) and outer tissues
(Rwm or) is estimated according to equations 20 and 21 in Salomoén et al. (2019) accounting for
tissue volume, density, N content and temperature-dependent kinetics:

T Th vy

Pxy
Rmxy = Ro.n [Nlxy 3 Quo 0 5=

pot T"Th vg-vyy
Rm or = Rp N [N]Jor 55— Qi0 10 =
My Vs

where Rb_N is respiration at basal temperature (Tb, °C) on a Nitrogen molar basis, M is the molar
mass of N, Q10 is the temperature sensitivity of Ry, T is the stem temperature, and Vxy and Vs

are the volumes of the xylem and the stem within the monitored segment.

Stem size also plays a role in the CO; diffusion process, as radial CO; efflux from the xylem to
the outer tissues (Exy) and radial CO; efflux from the outer tissues to the atmosphere (Ecoz)
follows Fick’s law of diffusion. According to the geometry of the xylem and outer tissues

(equations 27 and 28 in Salomoén et al. (2019)):
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_ e [€COz2lxy = [COzloT Axy
EXY = Dif ZDxy Vs
3m

_ i [COz]or = [COz]aTM  As
ECOZ - le doT VS
2

where Dif is diffusivity, [CO2]xy, [COz]otr and [CO2]atm are the gaseous [CO:] in xylem, outer
tissues and atmosphere, respectively, Dxy is the diameter of the xylem tissue, dor is the thickness
of the outer tissues, and Axy and As are the axial surface of xylem and stem within the monitored

stem segment, respectively.
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Supplementary data S1 and S2

We tested two different humidity sensors in the laboratory- the internal relative humidity sensor
integrated in the COZIR sensor, and the SHT-85. Both sensors were exposed to air that was pumped
through a dew point generator (DPG, LI-610, LI-COR Biosciences, Bad Homburg, DE) to create
known levels of humidity. Our tests showed very fast response and accurate measurements for the
SHT-85. The internal humidity sensor of the COZIR, however, reacted much slower to changes
and consistently underestimated the humidity. In the beginning and during the field tests we used
the COZIR data for dilution corrections, but this will underestimate humidity (S2). For the humidity

correction, we recommend using the more accurate alternative.

COZIR DPG —— SHT

13:00 14:00 15:00
Time (min)

S1 Relative humidity measurements (%) of the external humidity sensor (SHT-85, n=2) and COZIR sensors
(n = 10) over time within the calibration and testing unit in the laboratory. Different humidity levels were

set with a Dew Point Generator (DPG, LI-610, LI-COR Biosciences, Bad Homburg, DE).
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COZIR —— SHT-85

70 1
_ 601
X
T 50

40 1

AD AL AD A®
po* po* pot po*
Time (days)

S2 Relative humidity measurements (%) of the external humidity sensor (SHT-85) and COZIR RH sensor
within the headspace of the stem chamber over time (n = 3). Three chambers were installed at three positions

on the same tree (Prunus avium L., mean stem circumference: 105 cm) and measured relative humidity for

three days in April 2020 in Jena, Thuringia, Germany.
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Supplementary Data S3

S3 A) and B) Calibration and testing unit for 10 COZIR and 10 LuminOx sensors. C) Sensor box for COZIR
and LuminOx sensors covered with aluminium foil, D) COZIR and LuminOx sensors placed inside the
waterproof housing. E) Sensor box and base plate of the chamber module and F) Installation in the field with

sensor box and waterproof transport-case.
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Supplementary Data S4

Details for custom made datalogger: The custom-built data logger comprises an Arduino Mega
2560 R3 with added data logging shield and a 16x2 RGB LCD shield.

The LCD shield displays actual CO; and O> values and other parameters like time/date, file name
and accumulation/flushing times, which can be set using the buttons.

The data logging shield holds the SD memory card for data storage (4 MB, more than one year of
operation) and the real-time-clock chip for time-stamping the measurement values. The prototyping
area of the shield also holds the MOSFET driver for the 6V pump (NMP015S from KNF, ca. 1
L/min due to running at 5V).

The program (a.k.a. ,,sketch*) on the arduino has the following structure: On powering up, the last
known parameters (pump/flush duration, file number, measurement interval) are loaded from the
EEPROM. Both sensors are set into poll mode to not flood the arduino in buffer. The SD card is
checked for existing data files and a new one is being created to hold this session's data. After this
initialisation, the standard main loop is entered, which runs ad infinitum. The main loop checks if
pumping is due or not, then checks and resolves any user input on the LCD shield buttons, then
polls both sensors for all data they can possibly measure (O2: O;partial pressure, temperature,
barometric pressure, Oz percentage value; CO2: COz in ppm, temperature, RH). After all data has

been received it’s checked for integrity then formatted and saved to the file on the SD card.
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Supplementary Data S5

S5 Component list of the stem chamber (main parts).

Unit
Component description Quantity | Supplier Part number | price [€]
Dyntronic-
Transport-case 1 plenty.de 72601-K 25.-
Fibox Grey ABS Enclosure 100mmx100mmx75mm
P67 1 RS 498-4025 8.-
Ratchet straps 3 Various 15.-
8470020004
Closed cell EPDM foam mat 40mm 1 luxCO»4.de 0 2.-
Arduino Mega 1 RS 7154084 35.-.
EXP-R15-
Arduino Display Shield negative 1 exp-tech.de 123 30.-
EXP-R15-
Arduino Datalogger Shield 1 exp-tech.de 003 1.5.-
Generic SD card (4GB) 1 Various 10.-
Components for circuit board assembly (self-made
design) 1 10.-
Battery 50.000mAh* 1 Xtpower.de 150.-
Membrane pump, NMP015S, 6VDC 1 KNF NMPO15B 70.-
CO; Sensor 10k ppm 1 GSS Ltd. 90.-
O, Sensor 0...25% 1 SST Ltd. 50.-
H,0 Sensor SHT-85 1 RS 23.-
*We used this power bank to achieve up to 12 days of
continuous operation. Smaller power banks (20 Ah)
are much cheaper (ca. 30 €) and can be more easily
acquired, but only allow ca. 4-5 days of continuous
operation.
Total [€]:
519.5
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Supplementary Data S6

Correction of measurement data (O2) for the dilution effect of changing H,O and CO»
concentrations; Description of the original approach described by Keeling et al. (1998); extended
by a H>O correction:

We can convert our measurements of apparent mole fraction to relative changes on the per meg
scale while correcting for the diluting effect of changes in the simultaneously measured CO>
concentration as follows (using the Kozlova et al. (2008) modified version of the Stephens et al.

(2007) equation):

5X02 + 502([C02]sample - [Coz]reference) + 502([H20]sample - [Hzo]reference)
So,(1 = So,)

where 6(02/N>) is the change of the O2/N; ratio in per meg, 6XO; is apparent mole fraction change.

6(0,/Ny) =

i.e. the differences between the measured apparent mole fraction and the arbitrarily defined
reference mole fraction (SO2) of 0.20946, multiplied by 10° to express as ‘per meg’. [CO2]sample
is the measured CO» concentration in pmol mol™!, [COx2]reference is the CO, concentration of the
reference cylinders that define the zero point on the Scripps O» scale (363.29 pmol mol™).
[H2O]sample is given in ppm (conversion from % to ppm, see section 2.5). [H2O]reference 1 0. The
addition of 1 pmol of O to 1 umol of dry air results in a change of 4.77 per meg (Keeling et al.,
1998), so for comparison of Oz and CO: fluxes we divided the results by this factor to get O2
concentrations relative to the reference in ppm equivalents, which we used as the basis for all
subsequent O> flux calculations.

New mathematical approach (explanation see section 2.5):

80z,app[pPPm] + 6CO,[ppm] X Xo, _ +6H,0[ppm] X Xo, _
1-Xo,,_,

502,corr [ppm] =

No significant difference between the two approaches was found for our measurement campaign
on three poplar trees (t = 0.0283, p = 0.9776).

General note: The implemented correction function we use within this manuscript for dilution by
02, CO2 and H2O is based on some assumptions that might not always be justified (personal
communication Dr. Jelka Braden-Behrens). Among other assumptions, such as constant nitrogen
and argon content and a constant O, mole fraction relative to CO» (and H>O)-free air, this correction
function neglects some second order (mixed) terms (personal communication Dr. Jelka Braden-
Behrens). These are basically the same assumptions as those that underlie the often-used CO> and

O: dilution correction (see e.g., Kozlova et al., 2008).
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Supplementary Data S7
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S7 Calculated O> fluxes (4h mean) according to eq. [6] over 3 days in July 2019 (Thuringia, Germany,
n = 3). Uncorrected data (dotted line) and corrected data (dilution (D-) and temperature (T-) corrected, solid

line) for Oy are shown. Black dashed line represents the extremes of 10 sensors, applying the formulas

SC(0,) =—0.010 x T (in °C) + 1.40 and SC(0,) =—0.009 x T (in °C) + 1.20.

Keeling RF, Manning AC, McEvoy EM, Shertz SR. 1998. Methods for measuring changes in
atmospheric O2 concentration and their application in southern hemisphere air. Journal of

Geophysical Research: Atmospheres 103(D3): 3381-3397.

Kozlova EA, Manning AC, Kisilyakhov Y, Seifert T, Heimann M. 2008. Seasonal, synoptic, and
diurnal-scale variability of biogeochemical trace gases and O2 from a 300-m tall tower in central

Siberia. Global Biogeochemical Cycles 22(4).

Stephens BB, Bakwin PS, Tans PP, Teclaw RM, Baumann DD. 2007. Application of a differential fuel-
cell analyzer for measuring atmospheric oxygen variations. Journal of atmospheric and oceanic

technology 24(1): 82-94.
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Figure S1 Schematic overview of the experimental set-up and measurement devices installed on the

stem at different stem-levels.

Picture S1 (a) Beech tree with stem chambers (CO; efflux, O influx) and Vaisala sensors (internal [CO-])
at different stem heights. (b) Close-up of the equipment with butty butyl sealant for isolation from the

atmosphere.
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Method S1: Measurement of PEPC capacity

Aliquots were extracted by vigorous shaking with 500 pL of extraction buffer (20% v/v glycerol,
0.25% w/v bovine serum albumin, 1% v/v Triton X-100, 50 mM Hepes-KOH pH 7.5, 10 mM
MgClh, 1 mM EDTA, 1 mM EGTA, 1 mM aminocaproic acid, 1 mM benzamidine, 20 uM
leupeptin, 0.5mM  dithiothreitol, 1mM  phenylmethylsulfonylfluoride, 10%  w/v
polyvinylpolypyrrolidone and 1% w/v polyvinylpyrrolidone). After centrifugation (7 min, 3000 g,
4 °(C), extracts were diluted by a factor of 2000 (w/v). Diluted extracts and NAD" standards
(prepared in the extraction buffer and ranging from 0 to 1 nmol per well) were incubated for 20 min
in 20 ul of a medium containing 100 mM Tricine-KOH pH 8.0, 20 mM MgCly, 1 unit ml! malate
dehydrogenase, 10 mM NaHCO;, 0.1 mM NADH, 1% w/v polyvinylpyrrolidone and
phosphoenolpyruvate 0 (blanks) or 2 mM (maximal activity). The reaction was stopped with 20 pl
of 0.5 M HCl. The sealed microplate was then incubated at 95 °C for 10 min to destroy NADH.
After cooling down, each well was neutralised with 20 pul of NaOH 0.5 M and 0.2 M Tricine-KOH
pH 9.0 to adjust the pH to 9.0. NAD" was then measured with 6 units ml"! alcohol dehydrogenase,
100 mM Tricine-KOH pH 9.0, 4 mM EDTA, 0.1 mM PES, 0.6 mM MTT, and 500 mM ethanol.
The absorbance was read at 570 nm and 30 °C until rates were stabilised. Reaction rates expressed
in mOD.min"! were used to calculate the amount of NAD" formed during the first step of the assay.
All pipetting steps were performed using a 96-head robot (Hamilton Star), and absorbances were

measured in a filter-based microplate reader (SAFAS MP96).
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Table S1 Diameter at breast height (cm) of the 12 poplar trees (6 control, 6 girdled) in July 2018. Volume

of the stem chamber was determined once after installation in each year.

Tree Number DBH (cm) Treatment Volume determination (cm?)

2018 2019 2021
1 36.0 Girdling 92
2 39.3 Control 101
3 34.6 Control 105 84 95
4 32.8 Control 96
5 304 Control 98 84 98
6 31.1 Girdling 96 100
7 29.1 Girdling 83 93
8 334 Girdling 99 88 90
9 41.9 Control 101 97 87
10 37.1 Girdling 104 85 97
11 34.9 Girdling 99 97
12 36.3 Control 76 92

Table S2 Overview of measurements taken in all three campaigns 2018, 2019 and 2021 or in individual

years, only.

Measurement Time period Number of trees (n)

CO; efflux, O influx 2018, 2019, 2021 12,6, 8

NSC 2018 (DOY 172, 262), 2019 10-12 (when analysis failed)
(DOY 147), 2021 (DOY 195)

313COL,MC 16 measurement points, for 10-12 (when analysis failed)
details see Tables S4, S6

Sap flow 2018 12

PEPC capacity 2019 (DOY 236) 11

Neutral lipids (staining method) 2021 (DOY 147) 6

8"3C of substrates 2021 (DOY 236) 12
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Table S3 Mean §'3CO» (£SD) of the chamber incubation gas samples for all trees individually.

Year Date DOY Treatment Sample Number (n)
Control + SD  Girdled + SD Control  Girdled

09.05.2018 129 -2922+0.6 -28.84+0.6 6 6
31.05.2018 151 -2750+03  -27.70+0.4 6 6
21.06.2018 172 -2790+04  -28.11+£04 6 6
11.07.2018 192 -2423+£03 -2593+09 6 6

2018 02.08.2018 214 -25.78+0.5 -31.20+1.6 6 6
22.08.2018 234 -2417+£0.5 -2840+22 6 6
12.09.2018 255 242709  -26.04=+1.5 6 4
04.10.2018 277 -2492+0.7 -26.07+2.0 6 6
05.06.2019 156 -2737+04  -2826=+0.5 6 6
20.06.2019 171 -26.76 £0.3  -28.51+0.6 6 6

2019 04.07.2019 185 -25.09+03  -3092+7.8 6 5
02.08.2019 214 -2451+£03 -27.71+09 6 6
25.09.2019 268 -26.80+£0.9 -28.65+1.0 5 6
14.07.2021 195 -29.70+1.1  -3047+1.2 6 6

2021 03.08.2021 215 -27.85+£0.2 -2848+1.1 6 6
16.09.2021 259 278109  -2857+09 6 6
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Table S4 Mean A*C (£SD) of the chamber incubation gas samples for all trees individually.

Year Date DOY Treatment Sample Number (n)
Control + SD  Girdled+=SD  Control Girdled
09.05.2018 129 7.28+1.2 525+1.6 6 6
31.05.2018 151 6.87+ 1.8 8.48+1.5 6 6
21.06.2018 172 12.77 £ 2.7 15.15+£2.5 6 6
11.07.2018 192 470+ 3.7 298+2.6 6 6
2018 02.08.2018 214 2.53+3.8 13.17+ 1.6 6 6
22.08.2018 234 247+19 393+1.6 6 6
12.09.2018 255 1.20+1.6 19.90 £4.8 6 6
04.10.2018 277 21.22+2.3 25.73£4.1 6 6
05.06.2019 156 1244 £11.1  1942+5.7 5 6
20.06.2019 171 3.05+3.1 24.80+ 14.8 4 4
2019 04.07.2019 185 7.33+29 17.40 £2.5 4 4
02.08.2019 214 7.98 +2.1 18.38£4.2 6 6
25.09.2019 268 937+1.8 19.55+6.2 6 6
14.07.2021 195 -1.33+£4.5 66.98 +£23.1 6 6
2021 03.08.2021 215 -6.55+4.1 2523+9.5 6 6
16.09.2021 259 -0.92+£3.5 3142+2.8 6 5
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Table S5 Mean Age of C (£SD) of the chamber incubation gas samples for all trees individually.

Year Date DOY Treatment Sample Number (n)
Control £ SD Girdled = SD Control Girdled

09.05.2018 129 1.04+£0.6 0.61+0.8 6 6
31.05.2018 151 0.95+0.9 1.29+0.8 6 6
21.06.2018 172 2.18+14 2.68+1.3 6 6
11.07.2018 192 05+19 0.14+13 6 6

2018 02.08.2018 214 0.05+1.9 2.26+0.8 6 6
22.08.2018 234 0.03+1.0 0.34+0.8 6 6
12.09.2018 255 -0.23+£0.8 3.67+2.4 6 6
04.10.2018 277 394+1.2 4.88+2.1 6 6
05.06.2019 156 3.09+5.2 455+29 5 6
20.06.2019 171 1.14+1.3 5.67+£6.2 4 4

2019 04.07.2019 185 2.03+1.2 413 +1.1 4 4
02.08.2019 214 216+ 1.1 413+1.1 6 6
25.09.2019 268 2.45+09 45732 6 6
14.07.2021 195 0.85+23 15.08£11.8 6 6

2021 03.08.2021 215 -0.24 £2.1 6.38+4.8 6 6
16.09.2021 259 093+1.8 7.7+1.3 6 5

Table S6 Neutral lipid quantification for control and girdled trees in 2021 (sampling, DOY 147). First 3 cm

has been analyzed.

Treatment Tree number Lipid quantification (% area)
(first 3 cm)
Control 3 0.72
9 0.89
12 0.67
Girdling 7 0.61
8 0.75
10 0.33
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Table S7 In vitro PEPC activity for control and girdled trees in 2019 (from wood material of the first 2 cm,
sampling: DOY 236).

Treatment Tree number  PEPC activity (nmol/gFW/min™)

Control 2 764.8.0
3 529.1
4 417.7
5 398.0
9 594.7
12 705.2

Girdling 1 NA
6 129.1
7 257.2
8 241.1
10 334.4
11 374.4

Picture S1 a) Two girdled and one control poplar tree at the study site in September 2018, b) girdling
band in 2018, ¢) control tree in 2021, d) girdling band in 2021 and e) girdled tree in 2021.
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Picture S2 Experimental set-up with the respiration chamber below the girdling, the glass flasks for gas

sample analysis and Sap Flow Meter SFM1 in 2018.
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Picture S3 Wood histological slices stained with Oil Red O (ORO) (C26H24N40). This is a lysochrome (fat-
soluble dye) used for staining neutral lipids (i.e. triglycerides, diacylglycerols and cholesterol esters). We

visualized neutral lipids in a) a control, b) a girdled tree and c) red lipid droplets in ray parenchyma cells of

a control tree.
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Figure S1 Sap flow rate (1 h™") in 2018 (n= 6 for control (grey) and girdled (yellow) trees, respectively).

Girdling event took place 4 July 2018.
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Figure S2 Soluble sugar (glucose, fructose, sucrose) concentration (mg g') and starch concentration

(mg g ') before girdling (DOY 172) and three time points after girdling, extracted from stem cores from a

depth of ring 6 to 14. Colors denote treatment (n = 6 for control (grey) and girdled (yellow) trees,

respectively). Box whisker plots present the median, lower (25™) and upper (75™) percentiles, minimum

and maximum values.
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Figure S3 Deviation of tree ring width (TRW) from the 20 yr average (TRW2002-2022), analyzed in control
trees (grey, n = 6) and girdled trees (yellow, n = 3).

Method S1 Estimation of the 3'°C signatures of sugars and neutral lipids.

To estimate the §'3C signatures of sugars and neutral lipids we followed a modified protocol (Bligh
and Dyer 1959; White et al. 1979) and liquid chromatography (Schwab et al. 2019). We separated
stem cores into the two treatments (n = 6, each). We then milled the wood and prepared 100 mg
aliquots, sonicated in a mixture of chloroform, methanol and water, and centrifuged at 2000 rpm
for 10 min. The upper phase in the solution contains the water and its solutes, e.g. sugars. To exhaust
all sugars we re-added water, centrifuged, and collected the water phase two more times. The lower
phase that assumed to contain all lipid fractions was dried over sodium sulfate. Then we extracted
the neutral-lipids fraction with column chromatography (SPE 6 ml column) of silica gel (Merck
silica mesh 230400, 3 g activated 1 hr at 120 °C) eluted with 18 ml chloroform. Aliquotes from
the sugars and neutral lipids solutions were pipetted into tin capsules and analyzed for 813C in

Delta+XL IRMS (Thermo Finnigan, Bremen, Germany).

Bligh EG, Dyer WJ. 1959. A rapid method of total lipid extraction and purification. Canadian journal of
biochemistry and physiology 37(8): 911-917.

Schwab VF, Nowak ME, Trumbore SE, Xu X, Gleixner G, Muhr J, Kiisel K, Totsche KU. 2019.
Isolation of individual saturated fatty acid methyl esters derived from groundwater phospholipids
by preparative high-pressure liquid chromatography for compound-specific radiocarbon analyses.
Water Resources Research 55(3): 2521-2531.

White D, Davis W, Nickels J, King J, Bobbie R. 1979. Determination of the sedimentary microbial
biomass by extractible lipid phosphate. Oecologia 40(1): 51-62.
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Method S2 Tree ring width analysis.

In order to quantify radial growth and to better evaluate whether the drought events in 2018 and
2019 impacted our measurements in the control trees, we analyzed variations in tree ring width as
an indicator of stress. In 2022, we took increment cores from 3 control trees and 3 girdled trees
(west side of the trees). After gluing the cores on wood strips, we cut them with a core-microtome
using a cutter blade (Gértner and Nievergelt 2010). To enhance contrast for analysis of ring
boundaries, the cut surface was stained with ink, and covered with white chalk powder to fill vessels
of earlywood (Gonzélez-Gonzalez et al. 2014). Stem cores were scanned at 2400 dpi. Radial growth
measurements and cross-dating were performed using the program CDendro suite software (Cybis
Elektronik & Data, Saltsjobaden, Sweden). Cross-dating was further checked by comparing the
tree-ring series to that of non-girdled spruces trees growing near to the site. We calculated the 20-
yr average ring width (2002-2022) and compared this calculated average with each individual year

for control and girdled trees, respectively.

Girtner, H. and D. Nievergelt. 2010. The core-microtome: a new tool for surface preparation on cores
and time series analysis of varying cell parameters. Dendrochronologia. 28(2):85-92.

Gonzalez-Gonzalez, B.D., V. Rozas and I. Garcia-Gonzalez. 2014. Earlywood vessels of the sub-
Mediterranean oak Quercus pyrenaica have greater plasticity and sensitivity than those of the
temperate Q. petraea at the Atlantic—Mediterranean boundary. Trees. 28(1):237-252.
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