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Summary

Foress play an importantrole in the global carbo(C) cycle As the central organ of a tree, the
stemacts as an important C siblg 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. WhileCO; that is emitted from the stecanaccount for ugo 42% of the total C loss

by ecosystem respiratory fluxes in forests, our mechanistic understanding of the underlying
processesf total stem respiratiois still very limited. Therefore, an improved comprehension of

C dynamics in mature tree stersgndispensable.

Estimating stem respiration by using only £flux does ignore possible steinternal transport

and refixation processes that affect the fraction ob €itted locally. In thdirst chapter, |
thereforeprovided an updated view on stem respiration estimates and their uncertdinées
review also included a research agenda to identify multiple challenges that require aftention
robust predictions of woody tissue and whplant respiration. | underscored the need to improve
upscalingprocedures of stn respiration from the tree to ecosystem level by bringing together

observational and experimental data with mechanistic modelling approaches.

The application of paired oxygen {Oand CQ measurements may overcome some of the
challenges in stem respiratidgtiowever,simultaneous measurements have been rarely conducted
as methodological limitations must first be solvéthe aim of the project shown in tisecond
chapter was therefore to develop a new chamber device to quantiyefilGx and Q influx from

tree stemsThe utility of the device relies in itsw-cost, powefautonomy (up to 10 days) and the

high temporal resolution of measurements. Accordingly, it has substantial potefitiailitate
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. Biatehaf CO2 inside tree
stemsmost likely depends on stem dimensiohke aim of the third chapter was to assess the

different fates of C@in stems of mature beech trees to gain insights on the regulation and



Summary

guantification of plant respiration. We combined £Z&fflux, internal CQflux, and Q influx. In

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

Additionally, we measured phosphoenolpyruvate carboxyRE®C)capacity instem wood as
an additional mechanism for caption of £The results of our field experiment showed that ~30%
of the respired C@®was retained in the stem. However, the transpionespired CQaway from

its point of production couldnly partiallyexplain the difference between €€flux and Q influx

in large trees. | provided novel evidence that Pirsliated CQfixation can be seen as a relevant
driver of the mismatch betwe€C; efflux and Qinflux in mature trees, highlighting tipetential

relevance as a mechanism of local C&mnoval to close the stem C balance.

The main focus of theourth chapter was to provide novel insights inttynamics ofC reserve

use The availability and usage of such C resemsng periods ofimited photosynthesiare

still poorly understood in mature tre¢snvestigated how a reduced C supply (induced via stem
girdling) affecedrespiratory substrate use and C mobilization of storage pools in dagpecies

that do not only store C in form of carbohydrates but also lipids, storage mobilization can induce
a substrate shifHowever there are very few studies addressing this in the figid.ratio of CQ

efflux to & influx (apparent respi r at’®of yespied €@ dllosvedt ; ARC
inferences on respiratory substrate sources. Poplar gradually mobilized older substrates for
respiration that werap to 15yr-old. This was demonstrated by the use of the boaadncarbon
method t4C). From our multiyear field experiment, we concluded that, after thedewtn of new
photoassimilates, a mixture of respiratory substrate (carbohydrates, lipids) with a late contribution

of older reserves ensured the lelegm survival of poplatreesunderC stanation

This thesis contributes to a better understanding of C fluxes in mature tree stems. The new method
development ofcombined C@and Q measurements allows for a more holistic approach to
studying respiratory and pemspiratory processes in woody tissues. CombivigdinternalCO;

flux and refixation measurements, it improves stem respiration estimateadaadces our
knowledge on the uncertain fate of £ stems.When addressing forest responses to more
frequent and severe droughts under climate wayn@rdynamicn tree stemshould be an integral

part of future studies.



Introduction and thesis outline

Forests, climate change and the carbon cycle

Forest ecosystems cover approximately-thiel of theworldé &nd surfac€FAO, 2015) Forests

exist in diverse regions from cold to temperate and tropégabns located at high altitudes in
mountains or in coastal ared@m impressive number of approximately 60,000 tree species exist
worldwide (Beechet al, 2017)and they have many fundamental ecological functions that support
life on Earth.Treesremove carbon dioxide (Gfrom the atmosphere and storgitoduce oxygen

(O2), provide habitat for rany speciesprotect soils against erosion and provide resources for
humans, including food, fuel and timb@viyers, 1997; Paret al, 2013; Absonet al, 2014;
Trumboreet al, 2015a; Le Quérét al, 2018) Forest ecosystems are essential for climate
regulation andulfill important functions in the water cycl®onan, 2008)They provide essential
ecosystem servicélatare extremely important in the regulation of biophysical processes on Earth
andunderstanding and protecting forest ecosysisnmpeative.

Changing climate conditions are threatening forest ecosystems worldagdeiell as their
accompanyingecosystem servicegrees unavoidably encounter a variety of stressors such as
droughs, insect or pathogen outbreaks, windthrow osfireoughout their lifetime. However, the
frequency and severity ofecurrent drought events and excessive heat waves has increased
drastically in recenyearswith proceedingclimate changée.g., Reichsteiet al, 2013; Bastogt

al., 2021; Bohnisclet al, 2021) Carbon dioxide, the most important anthropogenic greenhouse
gas on Earth, isne ofthe main drives of climate change and has increased greatly due to human
activities such as fossil fuel burning and land use change, including deforefatimig. the time

of my PhDproject two consecutive droughts in 2018 and 2019 in Central Europe have posed a
great challenge to tree survivBbpeciallylong-living tree speciewere affectedAllen et al, 2010;

Allen et al, 2015; Hartmanet al, 2018; Schuldétal., 2020) due to their long reproduction period
(delayed maturity) andubsequentlow adaptatiorfPetit & Hampe, 2006 Severe drought events
lead to reduced forest productivifiPark Williamset al, 2013) higher susceptibility of trees
towardsstressevents likebark beetle attack®llen et al, 2010)and ultimately to droughhduced

tree mortality(Allen et al, 2010; Adamst al, 2017; Hartmanmt al, 2018; Hajeket al, 2022)
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Increased forest mortality also reduces the carbon (C) sink and impacts the C cycling of forests
(Adamset al, 2010; Andereget al, 2013) Under current climate conditions450gigatons of C

are stored in forests (aboveground biomass), which is about 45 times the anpeahi€bons
derivingfrom human activitie§10.1 Gt C peryear, Friedlingsteiret al,, 2022) In soils, this is even
significantly higher with ~1500 gigatons stbredC (Friedlingsteiret al.,2022).As CO, emissions
continue to increase, stressors on forests will also contiragvamcewvith dramatic, and in some
cases, not yet foreseeable consequences for all of us.

The largest C fluxesn the C cyclebetween the terrestrial biosphere and the atmosprere
photosynthesis and respiratig®chimel, 1995).About 120 gigatons of Gare taken up by
photosynthesisach yearand nearly the same amount is returteethe atmospheigy ecosystem
respiration(includes plant and soil respiration). The £f@lease by leaves and woody tissue
(autotrophic respiratiomepresents an extremely important flux, as plant respiration releases about
six times the C@emissions from fossflel combustion globally20102019; Friedlingsteirt al,

202Q 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 globahange sciendging et al, 2006; Houghton, 2007; Reiehal, 2008;
Salomoéret al, 2019b) A deeper understanding afgulatory mechanisms of C fluxestaétree

levelis required tamprove predictions of respiration (metabolic demand) undeertain future
climatic conditionsTo this datemany processes thdrive and control autotrophic respiration are

not fully understood, and a majooncerns therole of tree stems.

Tree stem aghe central organ in tree functioning

In order to better understand how forests will respionstress, we first need to understand the
processes aheindividual treelevel. Tree stems are impressive organsome of them are over

100 meters tall, and can span over 10 meters in diambilerhavinga variety of functionsThey
support and lift the crown so that leaves receive direct sunlight to perform photosynthesis.
Furthermore stems serve as lowtistance transport pathway between the canopy and the root
system(Furzeet al, 2018)by transporting water and nutrients to the canopy (via the xylem) and
redistributing carbohydrates and other solutes totssskes for tree functioninyia the phloem
(Furzeet al.,2018) Carbon fixed during photosynthesisretsported in form of sugars and is used
e.g, for respiration, growth or storagereesstore wateto e.g.temporarily maintaitheirleaf water
status(Waringet al, 1979;De Guzmanret al.,2017. Further, tee stemsepresent a lontermC

sink by storing structural carbohydrates and mobile, i.e-storctural carbohydrates (NSC
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mainly sugars and stard®alaet al, 2012; Hartmann & Trumbore, 201@ut, also reutral lipids
(triacylglycerols)are considered to serve as storage compof{ifidston & Podesta, 2006; Hoch,
2015) The mobile C storage compoundsn be accessed and metabolized by trees to buffer
metabolic demand when C supgdiym photosynthesiss reduced(e.g., Regieret al, 2009;
Hartmannet al, 2013; Hartmann & rumbore, 2016)Non-structural carbohydratexctas crucial
source of energy and substratasd approximately 40% of tli@otal amount in a tree is stored in
the stem(Furzeet al, 2018)

Storage pools in trees play a crucial role in tree resilience to overcome periods of limited
photosynthesige.g.,caused byghade, insect defoliation, late frostluced defoliation, prolonged
drought), to maintain plant tissuést recovey of lost tissus, or for growth and metabolism during
spring when photosynthesis @alerthan respiratiore.g., Kozlowski, 1992; Fischet al, 2015;
Mubhr et al, 2016;D'Andreaet al.,2019 Zohneret al, 2019; Piper & Paula, 2020; Barker Plotkin
et al, 2021) A shift from carbohydrates, as the dominant respiratory C substrate in(plExt®n

& Podesta, 2006})o alternative substi@s, such as lipids and proteii@auter & van Cleve, 1994;
Hoch et al, 2003; O'Learyet al, 2019) has been documented under C starvation in shaded
herbaceous plantduring senescence and germination of sgdaherkezet al, 2003; Araujoet

al., 2011; Engqviset al, 2011; Hildebrandet al, 2015) In trees, the role of alternative respiratory
substrates is still underexplorgtlsubstrate shift toeutral lipidswasshown for young scots pine
under a shading treatmeint climatecontrolled chambers (Fischet al, 2015). Furthermore,
empirical evidence of the role of neutral lipids as storage compadsnuoften ignored due to
methodological challenges in quantifying neutral lipids in wood (e.g., dbah,2003). Another
strategy allowing swival during unfavorable conditions relates to the ability of trees to store NSCs
over long time periods (Carbomeet al.,2013; Muhret al.,2013). Treegan access and use older
carbohydratedor respiration or growthto withstand stress events, such as drought or insect
defoliation (Carboneet al, 2013; Richardsoet al, 2013; Trumborest al, 2015b; Muhret al,
2018; D'Andreaet al, 2019) Estimating the age of NSCs helps to understand how and when trees
use theirC reserves. Hereby, anipulative experiments in which phloem transport for photo
assimilates from the canopyasblocked (e.g., starvation by girdling) have shown that trees can
respire C thatad beerfixed years to decades before to ensure survival (Mtital., 2013).
ThereforeC stored for long time periods remathaccessible for treés cover metabolic C needs.
Ourunderstanding of tree storage regulation and functionisiglismited, but represents a critical

aspecfor the evaluation oforest resilience undehanging climate conditior(Salaet al.,2012).
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Respiration and CO- efflux

The process ofesspiration generally requires @nd respiratory substrates, mainly carbohydrates
(Cannell & Thornley, 2000)hat are consumed while G@nd water are released as reaction
productgO'Learyet al.,2019) Respiration provides-8keleton intermediates, reducing power and
energy for plant cell§O'Leary et al., 2019) which is needed in a wide array of physiological
processes including growth, cellular maintenance and biosyn(Bésjgpeet al, 2015a; Hartmann

& Trumbore, 2016; O'Learget al, 2019) The process ofespirationis relevant at different
biological scale$ tissue and cellular scaleshole-plant or ecosystem scal@'(earyet al.,2019.
Respirationplaysa predominant role in the ecosystem C balancsumgtantially contribing to

the return of photassimilated C to the atmosphévalentiniet al, 2000).The difference between

C assimilation (gross primary production; GPP) and C loss (ecosystem respiration),isvhich
defined aghenet ecosystem productig@hapinet al.,2006) serves as proxy for theC sink and

C sourcestrengthof forestecosystemsge.g., Valentiniet al, 2000; Luyssaeret al, 2009) For
example, wdely applied eddycovariance techniqueguantify CQ fluxes from the terrestrial
biosphere to the atmosphdrg using towetbased sensofseviewed by Baldocchi, 2020Those
measurements can beeful tocalculateforestC sequestration rated a local scalend helps to
understandchow ecosystems resportd climate variability (Baldocchi, 2020However, eddy
covariancecannot provide further insights into individual flux@autotrophicand heterotrophic
respiration)within the ecosystepas bulk fluxes are measur@umbore, 2006)In order to make

a distinction between the different tree components (e.g., afp soil respiration), chamber
based measuremerasesuitable Leaf respiration labeen intensively investigatéelg.,Atkin et

al., 2005; Vanderwett al, 2015; Heskeét al, 2016; Huntingfordet al, 2017; Wanget al, 2020)
facilitated by the methodological simplicity of enclosing leaves in cuvettes for gas exchange
measuremeni{@iunt, 2003) But, aur understanding of the C release at the deamal is much more
limited (Meir et al, 2017; Fatichiet al, 2019) However, stems (and roots) make up most of the
biomass in woody species, especiallynaturetrees(Poorteret al, 2012)and therefor€ release
from the stems an important contributor twhole plant respiration.

While respiration rates of isolated cells can easily be determined frarmef@@, it becomes more
complicatedn situ. In intact stemstespired CQoriginates from the sum of all living cells in the
phloem, cambium, and parenchyma ray cells in the xylesskeyet al.,2008; Aubrey & Teskey,
2009; Bloemeret al.,2013) However, emission of COrom the stem surface into the atmosphere
(COy efflux; Eco2), measured by chambbased approachednes not represent threierespiration
rate (Meir et al, 2017; Saloméret al, 2017; Teskeyet al, 2017). Interestingly, thecrucial
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differentiationbetweenstem respirationRs) and ko2 has been recognized already 90 years ago
(BoysenJensen, 1933put still today some studi@scorrectlyuse those two terms interchangeable
even though many wuncert afemani es in quantifyin
Carbon dioxide can dissolve in the sap solutiontatcansported internally via the xylem sap flow
(Teskeyet al.,2008). Vertical transport can result in #@port of CQ into a given stem segment,
l.e. locally emitted C@can originate from respiration within the roots or the lower stem base.
Likewise, but to the opposite effect, locally respirecbCé&h dissolve and be transported further up
the stem to diffuse into the atmosphere far away from thep@duction sit€ Teskeyet al, 2017).
Other CQ-removal processes involve the refixation of respired KBOphotosynthetic cellge.g.,
Pfanz & Aschan, 2001; Teskest al, 2008; Avilaet al, 2014, or the activity of the enzyme
phosphoenlopyruvatcarboxylase (PEREY.,Cholletet al, 1996; Berveilleet al, 2007; Werner

& Gessler, 2011; Abadie & Tcherkez, 20E» a potentially important sink for respired 00
trees.Until now, PEPChas been shown to ppeesent iryoungtwigs (Berveiller & Damesin 2008)
butthe role ofthis refixation mechanism remains speculative in mature. trees

Stem respiratior(based onstem CQ efflux) is estimated to account for 5% to 42% of total
ecosystem respiration, depending on season and foreqetgpeCampioliet al, 2016; Salomon

et al, 2017).But, the urtertainfate of respired C®can lead to large uncertaintiestiroseRs
estimatesilt is thereforecritical to develop a cleamderstanding of the respiratory physiology and
the different contributors of &n woody tissues along the stéfirumboreet al.,2013; Teskeet

al., 2017) The potential uncertainties in measuring and upscaling these ftoxtte standor

ecosystem levadan have large implications for the forest C budgsg., Littonet al, 2007)

Potential of simultaneous CQand O, measurements at the ecosystem aistem

level

While intensive research haeadybeen conducted on C fluxes) far,0. measurements at the
ecosystem and trdevel remain less studie@ombined observations @ and CQ have the great
potential to convey additional information on C fluxes that cannot be gawolely from CQ
measurementSeibtet al, 2004) Oxygen and C@are inversely coupled not only in the process
of respiration, but also during photosynthesis and fossil fuel combuy8fianning & Keeling,
2006) By measuring changes in atmospherie &d CQ, the calculated terrestrig.:CO,
exchange rati@an be an alternative estimatetefrestrial C sinkgKeeling & Shertz, 1992)n
contrast to measuring G@uxesalone Keelinget al. (1993)were the first to demonstrate a leng
term decrease in #Dl> concentration in the air due to the burning of fossil fuels, wheres O
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consumed and CQproduced. Hereby, the burnirgf reduced fossil fueleads to a different
02:CO; exchange ratithan photosynthesis and subsequent respiréitiealing, 1988) The tight
coupling enables studying timaturalC cycle andhe effect ofanthropogenic disturbancéSeibt

et al, 2004; Manning & Keeling, 2006; Tohjine al, 2019)

Already 50 years ago, the potential of fOr a better understanding of respiratory procekass
been recognizedtthe tree leve{Woodwell & Botkin, 1973)The flux of Q into the stem should
equal the flux of C@out of the stem, if we assume a carbohyddatinated respiratiofHochet
al., 2003; Plaxton & Podesta, 200®©ne (possible) advantage in usibgover CO, as proxy for
respiration is related to the fact that ©® much less soluble compared to ODejours, 1981).
Therefore, transport within the xylem sap shdaddegligible for Q, allowing to separate transport
of CO, from local physiological processes. Complementing measurements oflu@Qwith
simultaneous measurements of fldix at the stem surface can potentially h&pachieve more
realistic measures oRs and may overcome some of the challenges gn(MRngertet al, 2012;
Trumboreet al, 2013; Hilman & Angert, 2016; Hilmaet al, 2019) Furthermorethe CQ/-O2
ratio provides information on the substrate a tree is using for respiration, as diffarggraunds
(carbohydrates, proteins, lipids) have different ratios and thus can be distaidgistith the
combined ratio of C&-O,, dorage dynamics irsmall trees can be better understoodder
controlled conditions in climate chambgfSischeret al., 2015; Hanf et al., 2015) However,
broader field use of £and the exact interpretation of 8€,/-O, ratiois yet to beaesolved Wider
application of the paired{and CQ measurements is still lacking. Thiscesused by the analytical
challenge®f detecting @ changes in the range caused by plant respiration (less than 0.1%) with a
large Q background of 21% in ambient air (209,58/8m) (Angertet al, 2012) New technical
innovationsfor combining theassessment of GGnd Q measurements would therefore make
important contributions to enhance our understanding of the fatexah€i@e stems and C storage

compounds imaturetrees.



Introduction and thesis outline

Main research questions and dissertation outline

The aim of the present thesis is to gain new insightstiatestem C dynamicsf beech(Fagus
sylvaticaL.) and poplarRopulus tremuld..). More specifically, | will be contributing to a better
understanding of Rat the stemevel. Investigating processes that occur at smaller scales are
necessary to evaluate the magnitude ©foRhe 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 tousvive under stress. For both aims, namely insights into respiratthnges

and C storage use, the simultaneous measurement@@d@ is highly beneficial. Thishesis is

composed of three general research questions:

i) Can we overcome challenges in stem respiration estimates by developingrakiieit

method for simultaneous G@nd Q measurements at the stesurface Chapter 27?

i) Does the concurrent application of two different methodsstimatestem respiratiom

the same trees leads to similar conclusions about the fate of respuré@@pter 3?

iii) Do stressedreesshift respiration supply from carbohydrates to alternative substoates

ensure survival under field conditio(@hapter 47?

The first chapter serves bigrature 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 independentptsathadrave been

publishedn peerreviewed journals.
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Figure 1 Overview of the four chapters of this PhD thesis to understand respiratory processes atthe stem
level of a tree. The review article in Chapter 1 gives an overview of theoétidfieart of stem respiration

(Rs) measurements. Chapter 2 presents a new chamber device for simultangand Q@neasurements.
Chapter 3 focuses on the possible fates of &anhg a vertical stem gradient in beech trees. In Chapter 4, |
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 @/edmobilization

pattern in poplar trees.

Chapter 1 reviews current knowledge about the stafi¢he-art of Rs and the different attempis
its quantification| underscore existing knowledge gaps concerning different fates aric@heir
contribution to changes insRas well as technical limitations. We end with pointing out persisting

ambiguities that require further research.

Chapter 2 introduces a new methodology to simultaneously measurea@® Q at the stem
surface of mature trees. Including-Based methods when investigating stem C dynamics brings
us onestep forward to better constrain local respiration and detect respiratory substrateisise.

method is part of the following two experimental studies.
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In Chapter 3, | provide a comprehensive perspective on the stem respiratory activity and different
sinks of respire@€ Oy in mature trees. The experiment took placéuly and Augus2019 in a beech
forest Fagus sylvaticd..) in Central Germany. European beech is one of the four dominant tree
species in German{BMEL, 2021) Me and my collaborators quantifiecs Ry simultaneous
measurements @. influx (lo2) andCO; efflux (Eco2), as well as intern&O; fluxes. Our specific
objectives were: (i) to use G@nd Q flux measurements simultaneously to quanti§aRd better
disentangle the various contributors tg Bnd (ii) to explore the so far overlooked process of C
fixation via the enzyme PEPC as a cause of (éoval.Based on the objectives, the following

main hypothesis was addressed:

Main hypothesis: We hypothesize that Onflux into the stem igreaterthan CQ efflux to the
atmosphereand that xylem C®transport can explain ¢hobserved differenc@he fraction of
missing CQ not explained by xylem C{ransportcanbe attributed to Cérefixation via PEPC
activity.

Chapter 4 deals withlong-term C dynamics during C starvation of mature poplar tiéepulus
tremulaL. hybrids) during tree growing seasons (2018, 2019, 2021). Poplar is a very common and
rapid growing tree species that is known to sfbesides sugars and stgrshbstantial amounts of

lipids. Within the experiment, the supply of C from the canopy was altered via stem girdling that
stogedphloem flowand with them the supply of new assimilately particular objectives were:

) to elaborate alternative substrate useofEo-lo2r a t Qmy), 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 longer m C r e s er v ¥G andlysis). dBasedc an rthie 0 n

objectives, the following main hypothesis was addressed:

Main hypothesis: After the disruption of the supply of phe&ssimilates, 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 diesctiors for future

research.
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CHAPTER 1

Abstract

Plant respiration substantially contributes to the returnpludtoassimilated carbon to the
atmosphere, and thus to the tree carbon balance. A large component of this carbon flu@.stem C
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 tBer€leased from the

stem, but also because of several pespiratory processes that may consume respi@doGor

to its release into the atmosphere, which causes differences betweenGteffil&@ and local
respiration. In our review article, we give an update on the-sfdtee-art of the topic and develop

a research agenda that aims to fill the most relevant knowledge gaps. We propose upscaling
procedures and experimental approachesddwatlink field data with stem respiration models as

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

Keywords
ARQ, cortical photosynthesi€). influx, PEPC, sap pH, stem respiration modelling, xyle® C
transport

12



CHAPTER 1

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 majarlmation to the plant and ecosystem carbon

(C) balancgLuyssaeret al, 2007) Globally, autotrophic respiration is the second largstflDx

and releases approximately six times the amoun©af(60 PgC peryear) compared to fossil fuel
burning(2010i 2019; Friedlingsteiet al, 2020) Herein, a large component is {G€, release from

woody tissues (branch, stem, and roots), where tree stems make up most of the biomass in woody
speces(Poorteret al.,2012. The C release through the stem into the atmosphesimatedo
be6.7+1.1 PgC per year (Yangt al.,2016),which isin the same range as fossil fuel emissions
(Friedlingsteiret 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
metaboiltes as respiration substrates, plant water content, growth, enzymatic activity and the energy
requirement of the respiring tiss@@mthor, 1995; Atkinet al.,2005;Pruynet al.,2005;Kruseet

al., 2011; Pruyret al.,2011).

Despite the goodccessibility of tree stems, several physiological processes and factors confound
Rsmeasurementteading to a limited mechanistic understanding ©fRiring aerobic respiration,

0. and CQ are coupledRespiration requires respiratory substrates apdvbile CQ and water

are released as byproducts of this catabolic reaction (Kader & Saltveit, YIGR.respiration

rates of isolated cells can easily be determined ft@nreleaseit becomes more complicated

situ. In intact stemsthe phloem, caminm, and parenchyma ray cells in the xylare considered

as living cells anaontribute to the release of @(eskeyet al.,2008; Aubrey & Teskey, 2009;
Bloemenet al.,2013) CO; efflux (Eco2) andOz influx (lo2) can potentiallype used aa metric of
respiration ratedHowever, ko2 from the stem surface into the atmosphere does not represent the
0 r eRa (Méir et al, 2017; Salomdet al, 2017; Teskewt al, 2017).Different postrespiratory
processesvhich hinderCO» from being locally emittedaswell as a variety of anatomicahd
environmental factors (like xylem anatomy and temperature) lead to a limited understanding of
respiratory physiologye.g., Bowmaret al, 2005; Saveyretal, 2 0 1 0 ; et Blu2§Q16)Av §
better understanding of the uncertain fate of respiregi€@eeded to evaluate the magnitude of
Rsto the overall C balance of forest ecosystems.

In this review, we soleljocus on the stertevel of trees. We begin with an overview (sectlyrof
different processes @o2 and/or b2 involved) that affect R estimations with partly unknown

uncertainty. In section 2, we describe the most comma@stnation approaches including recent

13



CHAPTER 1

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 approacheggicome sources of uncertainties i R

estimates and to improve the upscaling efrBm the tree to the ecosystem.

Processes leading to uncertainties in stem respiration estimates

A variety of processekinder the straightforward measurement gf(RRable 1) The following
subsections will present the individual processes and potential biases of efflux {(iafhed

estimates of R(see also Fig. 2).

Table 1 Summary of factors that may influencedd their effect on carbon dioxide (€Coxygen (Q) or
both.

Individual contributors Effect on CO, Effect on O,
Xylem transport Local net import (+) +/- (1/30 of the effect on C{p
Local net export-)
Cortical photosynthesis CQO, consumption+) O, production (+)
Light-induced axial diffusion ir Local net export-j (0)
the gas phase
Phosphoenolpyruvatcarboxylase CO; refixation ¢) (0)
Oxidase enzymes (0) O, consumption)
Not e: +, source process: p 0 s i-tno sulestarttidl flux Q, noteffects i nk pr oce s s

COg2 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 (Fure¢ al., 2018) The vertical tragport pathway is essential for
understanding the fate of respired £Respired C@not emitted locally into the atmosphere can
dissolve in the sap solution and be transported as dissolved inorganic carbon (DIC), including
carbonic acid (HCOs), and two dprotonated forms, bicarbonate (HEand carbonate (GH)
via the xylem flow (Teskegt al.,2008).
Locally emitted C@may originate from respiration in the roots or lower stem base, resulting in a
netimport of CQ into a given stem segmefiteskey & McGuire, 2007; Aubrey & Teskey, 2009;
Bloemenet al, 2013) Or, locallyrespired C@can be transported further up the stem-éxgiort)
and diffuses into the atmosphere far away from the @@duction site(Teskeyet al, 2017).
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Importantly, vertical transport does not affectad much as Cbecause the solubility of2Gn
water is ~30 times lower than for G@ejours, 1981)

Cortical photosynthesis a<CO2 recycling mechanism
Cortical photosynthesis () can affect both &2 and b2 by CO. consumption andO»
production.Stems of woody plants can contain chloropleglhtaining tissues (present in bark,
xylem parenchyma rays and the pifRfanz & Aschan, 2001; Teskey al, 2008; Avilaet al,
2014) Those tloroplastcontaining cells are capable of photosynthesis and, when illuminated,
refix some of the steamternal CO; (Strain & Johnson, 1963; Pfaet al, 2002; Wittmanret al,
2006) Since little light reaches the intal stem tissues/wod@.2 5% of incident light, Pfanet
al., 2002; Wittmann & Pfanz, 2016} can be assumed that internal photosynti@e recycling
is carried out largely by the stem cortékereforewe use the term cortical photosynthesis.¢RS
Cortical photosynthesis mainly consumes resp@@d from internal sourcege.g., Sprugel, 1991;
Pfanzet al, 2002; Saveyst al, 2010; Avilaet al, 2014; Cernusak & Cheesman, 2015)e source
of respiredCO> can be local living cells in the cortex, phloem, cambium, parenchyma cells and rays
or, alternatively, distant organs (e.g. rooteni whereCO. has been transported into the cortex
chlorenchymde.g., by transpiration stream, Tesleal, 2008; Aubrey & Teskey, 2009; Bloemen
et al, 2013) In stem ko2, measurement$Sor is intentionally avoided, as opaque chambers are
generally used (nine out of eleven studies used opaque ones; Table 2), thendlogmee on B
estimates is to be expectddortical photosynthesisan be quantified bgomparing ko2 under
lightand dark conditionéSaveyret al, 2010; Bloemeet al, 2016; Tarvaineet al, 2018; De Roo
et al, 2019; De Roet al, 2020a; De Roet al, 2020b)
Previous studies indicate tH&ort can refix 72%, on average, tbe respied Cin young tree stems
(Pfanzet al, 2002; Avilaet al, 2014)and varies with species, stem 4gej., Ascharet al, 2001;
Damesin, 2003; Wittmann & Pfanz, 20@8)d vertical positioatthe sten{Tarvaineret al, 2018)
Refixation rates decreased rapidly with ageing to around 40%a43/earold stemgWittmann
& Pfanz, 2008; Vick & Young, 2009)The decline is attributed to changes in structural and
functional traitssuch as bark optical properties (younger thinner bark is more permeable to light
transmission), Chl and N content, and the area/mass ratio of the sten{Certexsak & Marshall,
2000; Wittmann & Pfanz, 2008About half of eightyfive species of angiosperms (45%) had
photosynthetic cortex chlorenchyma on main stems and almost all (94%) or(Rogglet al,
2015) Here, it must be pointed out that most ofdrStudies have been performed in young twigs
or branches, while data from stems of maturestiie relatively scarc@ut see Strain & Johnson,
1963; Tarvainemt al, 2018)
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Cortical photosynthesaso produce®: within woody stemgWittmann & Pfanz, 2014; Wittmann

& Pfanz, 2018)butO- concentrationn the sapwood is usually lower than in ambien¢-ali 19%)

(del Hierroet al, 2002; Pfanet al, 2002; Spicer & Holbrook, 2005; Tesketal, 2008; Wittmann

& Pfanz, 2014) Recently, Wittmann and Pfanz (2018fvealed thaPSor actively raises the
cortical O2 concentration under illumination and counteracts temporal/spatial hypoxia within
woody stems. Another benefit #tSor is to provide sugars under drougidnditions when
photosynthetic activity in leaves is limited and the risk of C starvation incréaseantoet al,
2014; Cernusak & Cheesman, 2015; Vandegehuehtal, 2015; Bloemeret al, 2016; De
Baerdemaekest al, 2017; De Roet al, 2020b)

Light-induced axial diffusion in the gas phase
A reduction of kEo2can be driven by axiaiffusion (lightinduced) along the stem. We should
therefore consider the pesspiratory (indirect) effect of photosynthesis on the local mismatch
between R and ko2 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 lighhduced [CQ] vertical gradient along the xylem resulting in vertical
diffusion of respired C&to distant loations with lower xylem [Cg) (Saveynet al, 2008a; De
Rooet al, 2019; De Roet al, 2020a; De Roet al, 2020b; De Roet al, 2020c) For instance,
in dormant 4yearold oak Quercus robut.) trees, axial C® diffusion as induced by the
occurrence of Pt above the site of measurement (via illuminating stem sections) resulted in
reductions in Eo2up to 22%(De Rooet al, 2019)

PEPC-driven dark CO:z fixation
Bicarbonate (HC@) 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 pespiratory sink for respired GOThis ubiquitous
cytosolic enzyméCholletet al, 1996) present in plants, green algae and cyanobacgt@tizzary
et al, 2011) is involved in substrate provision (in the form of organic acidsCfassimilation in
C4 and CAM plantgNimmo, 2008; Gowik & Westhoff, 2011; O'Leaey al, 2011) Moreover, it
also plays a central role in G@xation for anaplerotic metabolic pathways (to replenish TCA cycle
intermediates) in all tissues of plants, independent of their photosyntheqi€ygtletet al, 1996;
Berveilleret al, 2007; Werner & Gessler, 2011; Abadie & Tcherkez, 20IB¢ PEPC fixation
capacity was firstly edenced in a trunk of }gears oldRobinia pseudoacaciaith “C labelled
CQO, that was incorporated into the downstream metabolites of REHBIL 1974) Likewise,
Berveiller and Damesin (2008)und high activities of PEPC in stems of 9 different trees.
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Importantly,Hibberd and Quick (20023)ostulated that PEPC in stems of C3 plants results in a C4
like recycling mechanisms. G®inds to phosphoenolpyruvate (PEP) and the resulting oxaloacetate
(OAA) is transformed to malate (and aspartate) in a following enzymati¢Gitefietet al,, 1996;
Plaxton & Podesta, 2006; O'Leayal, 2011; Abadie & Tcherkez, 2019)he limited pH buffer
capacity in cells may constrain their capacity to produce and store organic acids such as malate
(Spicer & Holbrook, 2007xnd thus also for COfixation via PEPC. Malate can be locally
processed in the Krebs cycle in parenchymatic or stem cambial cells releasiigca® also be
transported in the xylem via the transpiration stréaahill et al, 1996; Patonniegt al, 1999)and
increase the malate pool in leayEessleret al, 2009) Reintegration of this malate in the Krebs
cycle during daynight transitions causes lighhhanced dark respiratiqsee an overview by
Werner & Gessler, 2011Alternatively, malate migibe loaded into sieve tubes of the phloem and
exported(Hoffland et al, 1992) potentially to the root syste(ouraineet al, 1992) where it is
released as root exuda{@haneet al, 2004) Malate was observed to contribute up to 2% to the
phloemC pool in several tree speci@Sessleret al, 2013) and thus it needs to be assumed that

malateis transported in a basipetal direction via the phloem.

Oxidase enzymes
A possibility of nonrespiratory Q uptake is given by £&consuming enzymebatare oxidasgor
hydrolasegSweetloveet al, 2013) involved in lignification. If those enzymes consumen@hout
releasing C@as a byproduct(Kruse & Adams, 2008; Tcherket al, 2012; O'Learet al, 2019)

lo2 will increase for a constantk.. But knowledge about the actual amount is currently unknown.

Approachesfor estimating stem respiration

Mass balance
The mass balance approach (MBA) from McGuire and Teskey (2004) endeavors to quagtify net
emissions from respiration of tleem section by assessing the@&lux into the atmosphere
(Eco2), transport of dissolved respired €@ the sap through the xylem+{f-and the storage of
dissolved CQin the stem sectiorgf):

Rs= Ecoxt+ Fr 33 [1]

CQ; efflux into the atmospheiEcoz; umol CO, m'3 s'Y) is calculated as follows:

o
0 Thwo [l
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where £ is the air flow rate through the stem cuvette (8] v is the sapwood volume of the stem
segment ()  a n dj] ixpfe Gifference between GGoncentration at the inlet and the outlet of
the cuvette (umamol?). Cuvettes are normally connected to an infrared gas analyzer (IRGA) in
openthrougf | ow conf i gur at d. When usimgaacksed donfiguratmdei©
determined based on the €i@crease over time.

A compilation of studies using the MBA showed a high variation in the contributiosoatd=Rs
among and within trees (45%00%; Table 2). Two factors determine the magnitude of diffusion
of xylem CQ into the atmosphere (according to Fick's law of diffusion) and theretere [Erst,

the radial xylem C@diffusivity needs to be accounted for and can be related to conductance or
(reciprocal) resistance. Second, the -Cé€oncentration gradient between the stem and the
atmosphere, as a consequence of sotiataCQO diffusive barriers in xylem, cambium and bark.
Build-up of respired C&@in the stem leads to xylem G©@oncentrations ([C&) between 1% and
26% (Teskeyet al, 2008; Stutz & Anderson, 202Inuch higher than the [GDin the ambient
atmosphere (0.04%). Lower radial €@ffusivity and lower xylem [CG] have been found in
conifers with tracheid wood anatomy compared to trees with veseel anatomy of broadleaf
tree speciegSalomonet al, 2021a) Steppeet al. (2007) showed a sifold difference in the
resistance to radial diffusion amoRgpulus deltoid$ree stems, which might also be responsible
for inconsistencies observed in the contribution ef-Ho 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
volumebased respiration rates and £ild-up among plant functional types. The contribution of
Eco2to Rs decreases with stem diameter and also from smaller branches toHtesnsdue to a
lower ratio of surface area to volume, higher diffusion barriers (thicker {i@akpaleriet al, 2006)

and a longer radial CQliffusive pathway.

Transport CQflux (Fr; pmol CO, m'3s'1) is the transpomf dissolved, respired Gan the xylem

sap.Fr is calculateasfollows:

Lo I 3]

where fs is the sap flow ratest), v is the sapwood volume within the stem segmer} énd
@[ G'Dis the difference in total DIC concentratioreasured above and below the stem cuvette

( £ md)l
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Therelative contribution of £to Rsin previous studies applying the MBA has shown substantial
variability (0% 55%; Table 2). According to the original formulation of the MBA,is negative
when CQ import into the stem segment under study is greater thaexpOrt 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 BRshowed that the relative contribution afté Rsincreases with increasing stem
diameter and sapwood arféen et al.,2017) This isdue to the higher sap flow and, therefore,
greater amount of CQlissolved in the sap transported upwards.

The biggest uncertainty regarding the determinationr @i Ehe MBA is related to sap pH. Sap pH
has a major effect on the calculation of the.@@ncentration in the liquid phase ([€) and,
therefore, the fate of respired e(@etails seenodelling exercisé). [CQ;'] can be calculated from
gaseous xylem [C£]) xylem sap temperature and xylem sap pH using Henry g Batier, 1991;
McGuire & Teskey, 2004, see also Material S1 available as Supplementary Gae) the
technical challenges of continuous sap pH measurements at thiewttmylem sap is esdcted
from distant canopy twigdJsing those measuremeiats a proxy for stem pH might lead to over
or underestimation of [C£) (Erdaet al, 2014) although pH values obtained from stems showed
to be similar to twig pH valug&aveynret al, 2008c; Aubret al, 2011) Values of xylem sap pH
have been reported to range between 4.5 an(fof.Bterature overview see Table 2 in Teslaty
al., 2017) If pH values approach 7, G®olubility exponentially increases. For examtepulus
deltoidescan havea high xylem sap pH of 6.8.2 (Saveynet al, 2008c; Aubreyet al, 2011)
allowing large quantities of CQo dissolve and be transported in the xylem sap. By contrast, in
Prunus domesticawith a low sap pH between 53.6, the amount of CQhat can be dissolved in
the sap is limitedErdaet al, 2014) Most studies assume a constant pH over the study gerggd
Saveyret al, 2008c; Aubrey & Teskey, 2009; Cerasetlial, 2009; Etzoldet al, 2013; Bloemen

et al, 2014) However, daily or seasonal pH fluctuations may be impo(tamtaet al, 2014)
Thus,the timing of collecting sap phightintroduce uncertainty in estimating xylem &x@nsport
capacity (Salomoet al.,2016; see Table S1 available as Supplementary Data). In the compiled
studies, seasonal variation ranged froni ®.5pH unit differences. To a lower extent, pH can also
vary during the course of a day, with a pH unit decrease from day to night in Miedianean oak
trees (Salomoet al.,2016) and a 0.BH unit reduction at prdawn compared to daytime inyt-

old Populus nigrastems(Brunettiet al, 2019)

Storage CQflux ( S ; COmMV &Y represents the change in the quantity of €red in the

xylem over time as follows:
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$Y DHBO's DHO's OIY [4]

where |CQ |1 and 0are the mean [C£) above and below the measured stem segment atitamed t

to, L is volumetric water content of sapwoodn(f) and T is theduration of the time interval
betweentand ¢ (S).

The storage flux has been consistently observed to be the smallest contribusocamRonly

accounting for less than 3% okRn a daily basis, with sporadic values up to 8% (T&hle

However, this flux is also affected by sap pH dynamics and therefore uncertain. Positive values of

@S i mp | y-upofeCQ dissolvied iMithesap([CQ i ncreases), while ne;q

release of C@dissolved in the sap ([GQ decreases).
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Table 2Summary of published experimental studies on the relative contribution 0éfh@x (Ecoz), xylem CQ transport () and CQs't or ag e

respiration (I). Abbreviations: DBH diameter at breast height, HRM Heat Ratio Method, IRGA Infrared Gas Analyzer, NDifspimsive infrared CO

sensor for xylem [Cé€), TC thermocouple, TDP thermal dissipation probe.

Species, age (yr) o

Ecoz Fr ®S DBH (cm) Method Ecoz Method Fr Met hod References
0.77 0.15 0.08 Eﬁ?ﬁsw L g;‘;"”d'ﬂora
Plata.r’wsl occidentali PVC cuvette, IRGA, CO: microelectrode, TC sapwood wate .
0.45 0.55 0.00 L 10.2 cm " open system TDP, sap pH of expresst content assume McGuire and Teskey (2004)
Liﬁuiciambar sap from twigs to be 50%
0.83 0.14 0.02 .
styraciflua L.,14.5 cm
&S calculated a
the difference
. clear polycarbonate ga SEREaR e
Dacrydium exchange chamber TC (1.5cm depth), TDP,+F Ecoz
0.88 0.11 0.01 cupressinum IRGA, open system predicted from sap flu &5 negligible at Bowmanet al.(2005)
18 cm67 cm ! density night and during
periods of
maximum  saf
flux density
0.18 (5°C) 0.82
o CO microelectrode
0.44 (35°C) 0.56 controlled temperature !
Platanus occidentalis PVC cuvette, IRGA, opel .20’ 35°C, . .
030 (hiah 1-3 cm branches ~ system internal flux measured wit - McGuireet al.(2007)
) .( 'gh S8k 70 graduated cylinde
velocity) and stopwatch, Sap pH fro
071 (low saf downstream end of branct
velocity)
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Species, age (yr) o

Eco2 Fr ®S DBH (cm) Method Ecoz Method Fr Met hod References
33
Platanus occidentalic PVC cuvette, foilcovered, NDIR, TC, TDP at opposit ¢/ zs
0.72 0.19 0.02 “ IRGA, open system sites, sap pH from ste Teskey and McGuire (2007)
mature, 19.24.8 cm cores $#t/zs
T34
Populus deltroide: \
0.82 0.18 0.00 Bart.ex Marsh.,3-yr- cuvette, foitcovered, NDIR, TC (0.5 cm depth) See eq. 4 .
. TDP, sappH of expressel sapwood wate Saveynet al. (2008c)(note: we
old, DOY: 287 IRGA, open system f . d luded rainv d
0.93 0.09 000 DOY: 296 sap from twigs and stel content assume excluded rainy ays)
0.86 0'13 0.00 DOY: 299 cores after campaign to be 50%
Quercus pyrenaic:
1.00 0.00 0.00  Wild.,45yr-old, DOY: hamber.  IRG2 #'BLR’ TC (2 cm %ep”?’ PV ,
143144 stem chamber, , opposite side of eac alomonet al. ( ) (note: we
0.95 0.05 2001 DOY: 183184 closed system stem, sap Seeeq. 4 report results from 1.5m onl
0'97 0'04 _0'02 DOY: 218219 pH of expressed sap fro mean of n = 2)
0.97 0.03 002 DOY: 267268 twigs
Liriodendron tulipifera
0.86 0.15 001 63 cem . NDIR, TC (2 cm depth)
cuvette, foitcovered,
0.89 0.12 -0.01 252cm IRGA, open system TDP, sap Seeeq. 4 Fanet al.(2017)
0.73 0.26 0.01 314cm » OP y pH of expressed sap fro 9. '
0.54 0.41 0.05 46.2cm twigs
0.46 0.55 -0.01 60.6 cm
NDIR, TC (1 cm depth)
0.973 0.023 0.03 Populus canadensi8; stem cuvette, IRGA, ope HRM sensors, See eq. 4 Salomérnet al. (2018)
yr-old system sap pH of expressed s
from twigs
Eucalyptus
0.82 0.19 001 tereticornis 18.8 cm,
summer season, DO"
352354 stem watel
0.96 0.04 001 DOY: 1517 stem chamber, IRG/ NDIR, TC (3 cm depth), content obtainet Salomonet al. (2019b) (note:
TDP two randomazimuths, ;
closed system from woody we report results from ambie
0.94 sap pH of expressed s _
f . samples o treatment only)
fom twigs nearby trees
0.06 0.00 DOY: 36-38 y
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Species, age (yr) o

Ecoz Fr ®S DBH (cm) Method Ecoz Method Fr Met hod References
1.09 -0.10 0.007 Ash,13.1-16.1cm NDIR, TC (1 cm depth) sapwood wate
chamber, IRGA TDP (north and south site content assume Wanget al. (2019)
0.80 0.20 -0.002 Birch,11.513.5cm differential configuration sap pH of expressed s 1o be 50% '
from twigs
NDIR, Graniertype
sensors, Sap pH of
0.97 <0.06 i Pinus sylvestris90-yr- transparent acrylic plasti expressed sap frol q)S_ _ &S {1, vainenet al. (2021)
old IRGA, open system branches (wate negligible
displacement metho¢e.g.,
Glavacet al, 1990)
1.01 (uppel 001 0
stem segment) Fagus sylvatica, 13C stem chamber, close NDIR, HRM, sap pH fromr H
. elmet al.(2021)
0.65 (lower yr-old system twigs

0.36 -0.01
stem segment)

Note: CO; microelectrodessensitivity to temperature changes and lower stability reduced the reliability under field corfdlitiskesy & McGuire, 2007)Sap

flow: installation at two (opposite) sides of a stem is useful to account for circumferential variability (8taky2008b; Saloméet al.,2016), and might be
especially important for mature trees. Sap flow rate: determination by continuous heating or puls¢Steppigt al, 2010; Vandegehuchte & Steppe, 2013;
Steppeet al, 2015b; Flaet 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 GOproduction and © consumption. Simultaneous
measurements ob4 and ko2 at the stenpotentially allow toget a more robust estimate o R
(Angert & Sherer, 2011; Angedt al, 2012; Trumboreet al, 2013; Hilman & Angert, 2016;
Hilmanet al, 2019) Measuring Qis particularly promising because i@ less affected by the pest
respiratory mechanisms of transport and refixation via PEPC (Section 1). Vertical transport does
not affect @ as much as Cfbecause the sdiiity of Oz in water is ~30 times lower than for €O
(Dejours, 1981)The enzyme PEPC, as it has no affinity foy d@es not affedio..
At the mitochondrial level, the G&o-Oz ratio is termed the respiratory quotient (RQ) and depends
on the oxidative status of the respiration substrate. The exchange.@dnddD in complete
oxidation of a molecule is mathematically related to its stoichionidtagielloet al, 2008) For
example, in glucose ¢B1.0g), that is defined to have neutraldRidation, 6 @ molecules are
required to release 6 G@olecules, resulting in RQ of 1. For more reduced substrates like fatty
acids (lipid; GgHz402) more Q molecules are required for a contpléreakdown of the molecule,
resulting in lower RQ ~0.Respiratory quotientalues above 1 are associated with organic acids
catabolism, as these molecules have a gr@atewntent(for an overview, see Hilmaet al, 2022)
Atthesterd evel , the term &6appar en tAdgerRad ShefeR(EDLL) h a s
to underscore that the observed ratio may be affected bygspstatory 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 subgttath et al, 2003; Plaxton & Podesta,
2006) If solely carbohydrates are used as substrate, the ARQ is expected.tmbiee absence of
Fr. ARQ will be lower than 1 if respired G@s transported in the xylem away from the site of
measuremer(fTeskeyet al, 2008; Trumboret al, 2013)and is thus anitorrelated with sap flow
rate(McGuire & Teskey, 2004; Bowmaat al, 2005; McGuireet al, 2007) However, Hilmaret
al., 2019 found only a minor effect of sap flow rates on declines in ARQuigrcus ilex This
suggest that the contribution of dissolution and transport o @Cthe xylem stream to the mass
balance might be smallhe apparent respiratory quotievitl also be lower than 1 if the respiratory
substrate of a tree is changing. Some tree species store substantial amountgSiniptts 1918;
Holl, 1997; Hochet al, 2002; Hochet al, 2003)that can be used for respiration instead of
carbohydrates. For armple,Fischeret 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 untienitdg conditions, as
shown br young pine trees under a shading treatment (Fistladr2015). However, ARQ values

ranged between 0@.8 in nine noHipid tree speciefHilmanet al, 2019) Those low valuesannot
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be explained by substrate shift alone, suggesting that-nespiratory processes (e.g., transport)
retain part of the respired G@ the sten(Angert & Sherer, 2011; Angeet al, 2012; Hilmaret

al., 2019; Hilmaret al, 2022)

In situlo2 measurements are technical challenging, because of the high backgrowmdarhbient

air (~21%), making the detection ddj changes within continuotffow chamber in the range
caused by plant respiration (several hundred ppm, or less than 0.1%) more difficult than the
detection of [©;] changes. While continuodbw O» measuremestarepossible, it requires
considerable infrastructure afabor (e.g., Stephenst al, 2007; Battleet al, 2019. Technical
innovations are needed for broatleld use

Stem respiration modelling

Generaloverview

Our limited understanding of the complex metabolic processes involved in the production and
consumption of @and CQ hinders the development of a simple biochemical respiration model
(Tcherkez & Ghashghaie, 2017; O'Leatyl, 2019)equivalent to that of photosynthe@&rquhar

et al, 1980) Instead, the growth and maintenance respiration paradigm (GMRP) proposed in the
early 709(Thornley, 1970onstitutes the basis of how plant respiration is currently estimated by
most terrestrial biosphere modéBM, reviewed by Atkiret al, 2017) Here, plant respiration is
divided into growth (R and maintenance (R components and parameters estimated from leaf
respiration measurements. Temperatwanalized leaf R is commonly measured during ron
growing periods and can be estimated from the empirical relationship between dark leaf respiration
(Rdg) and foliar nitrogen (N) conter{Smith & Dukes, 2013pr as a function of the maximum
carboxylation capacity of the enzyme Rubisca{). Once leaf R at a reérence temperature is
determined, temperatudFiven variation in R is accounted for by the ;@ parameter, which
reflects the relative increase & for a 10°C rise in temperature according to Arrhenius kinetics
(e.g., De Vriegt al, 1974; Cannell & Thornley, 2000; Amthdr989. Then, leaf R respiration is

scaled up to the wholglant level using tree biomass partitioning and N allocation patterns, given
the weltknown link between N content and protein turnover rates involved in maintenance
metabolism(Ryan, 1991; Reiclet al, 2008) By contrast, wholéree growth respiration is
commonly estimated as a fixed fraction of the difference between gross primary production (GPP)
and wholeplant Ry (see Table 2 in Atkiet al.(2017). Therefore, this souregriven perspective

of plant C cycling estimates stem and root respiration from leaf metabolism (GRRPand R),

likely as a consequence of our better understanding of leaf photosynthetic processes. Nevertheless,
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the respiratory regulation of ngohotosynthetic woody tissues, where chlorophylhtaining cells

are scarce, might substantially differ from that in foliar tissues. Indeed, the coordination between
photosynthetic and respiratory metabolism in foliaugss(via a direct link betweerny Bnd Vemax
parameters) to optimize net C gain under variable abiotic condfiiéasget al., 2020)is unlikely

to regulate respiration in ngrhotosynthetic stems, as denoted by different thermal acclimation
response§Smith et al, 2019)and NRq relations(Reichet al, 2008)between organs.

Holtta and Kolari (2009¢eveloped a physical model integrating LOdiffusion and solubility
processes in different stem compartments (heartwood, sapwood, phloem and outer bark) to interpret
measurements of stemcde. The CASSIA model constituted another step forward for more
mechanistic modelling of stem and plant respirafio ¢ h i e stal, 20A5a $chiestAalto et

al., 2019) CASSIA considers the sink strength of growth and respiratory processes in different tree
organs to reflect intrannual andnter-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 metai®hssmonet al, 2019a)
TReSpiresimulates water and carbon fluxes at an hourly resol(gemalso Meiet al, 2020)and

can estimate parameters of respiratory traits commonly used inskeate models such as the
growth yield (Ys) , t h e t e mpzedrRageuunitf Ny and its aemperature sensitivity
(Q10). Importantly, TReSpire is calibrated against measurementscf dhd stem diameter
variations, allowing decoupling from sourddven models, and has proven helpful in capturing the

sink strength of growth and respiratory processes across species and(Szdsonset al, 2R22).

Uncertainty analysis of Rusing TReSpire

In the following modelling exercises, we use TReSpire to illustratpdtential of modelling to
understand the movement of respired.@0Othe stem. Specifically, we showcase the importance

of two critical parameters involved in the solubility and transport of ti@ugh 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 ef][€@imates and the fraction

of respired CQthat diffuses to the atmosphere(ZRs). Because most studies applying the MBA
havebeen performed in saplings or small trees the second modelling exercise assesses how stem
diameter affect estimates o Bnd koo

TReSpire consists of two submodels. Submodel A simulates stem hydraulic behaviour to
disentangle waterand growthrelated variations in stem diame{&teppeet al, 2006; Steppet

al., 2015a) For this, cell turgor pressure is simulated to separate growing frorgroamng

metabolism, i.e., Rand R». Subsequently, submodel B estimatesbRsed on the GMRP, also
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considering C®@solubility and diffusivity (Holtta & Kolari, 2009) stem allometry and nitrogen
content to close a double mass balgiMeGuire & Teskey, 2004h 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,@ad3ee supporting
information for further details on the model and relevant equations to these two exercises (see
Material S2 available as Supphentary Data).

Modelling exercise 1: Sap pH

For both modelling exercises, we use data and calibrated parameters for a maple tree shown in
Salomo6n et al. (2019a) which is freely available in an open repository (doi:
10.17632/9c9w7mvy9d.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 95percentile of the four sap pH distributions (6.94, 7.35, 7.76 and 9.39)
correspond to a theoretical sap [CJ®f 13, 26, 47 and 89 mmoli(Fig. 1b). In other words, a

pH increase of 0.82, 1.12, 1.64 and 3.27 units resulted inr,&6258 10.2 and 19.1fold increase

in sap [CQ"] relative to a pH of 6.12, for which sap [eDwas 4.6 mmol [ (see eqns. in Material

S2 available as Supplementary Data). Uncertainty in sap pH and sap fi¢er propagated to
EcodRs estimates, as the corresponding fraction of respired @i@ising to the atmosphere
decreased to 0.81, 0.77, 0.68 and 0.40 (Fig. 1c), respgctiwdth are ratios progressively lower

than the Eo/Rs median of 0.87 at 6.1y2H. This uncertainty analysis highlights the discrepancy
between ko2 and R and their dependency on sap pH. It illustrates how highersBlbility in

xylem sap increases the contribution of storage and transpeft CQu x es t o st edgn r es
and R/Rs) to the detriment of the contribution of radial £fiffusion (EcoZRs).
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Figure 1 Two modelling exercises to illustrate how sap pH affects estimates of sgpri@@ liquid phase

([CO,']) and the contribution of stem G®fflux to stem respiration god/Rs) (left-hand side panels;:@

and how stem size affects estimatesgfBnd R (right-hand side panels:®). 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 estimat@@0fvewaluations

and averaged over theday modelling period. Centerlines, box limits, and whiskepsesent the median,
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Modelling exercise 2: Stem diameter

The normal distribution of thetem diameter was defined by the mean of progressively larger stems
(0.044, 0.2, 0.5 andh, 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). Assumingspqasbmne

traits (Ys, Reo nand Qo) and that the whole stem section is maintained alive and respiring (there

is no heartwood), median values of§ Bn a volume basis progressively decreased with stem
diameter from 1.4 to 0.810l CO, m* h! (Fig. 1e). Sucheduction 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 ylem is metabolically less active than the outer tissues due to-dep&hdency

of respiratory processes and the lower N measured in the xylem relative to the outer tissues (1.5
and 6.3mg N g dry masg, respectively). Median values Bfo2 on a volume bsis decreased with

stem diameter to a larger extent, from 1.2 to 0.1@@J M h’ when comparing stem diameters

of 0.04 and In (Fig. 1f). The length of the diffusive pathway from @@, production site to the
atmosphere largely explains tliso2 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 y@diplar trees, for which
Eco2/Rs decreased from 0.86 to 0.46 with increasing stem diameter from 0.16n(Pahet al,

2017)

Research agenda

Various processes can affect the accuracy ofefimates 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 enumeratettms in the research agenda refer to the numbering shown in Fig. 2.
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ORGAN-LEVEL TREE-LEVEL STAND-LEVEL GLOBAL
heartwood raycells — phigem

outer bark

1]
op (0, efflux

transport gaseous [C0,] (Ew)
flux (F,) sapflow m”. ! =
stem AL (1o,) =
0 temperature E
_ o
storage flux s;,?{ﬁ'éf.'s'? Ecsm,) o =

(AS) . refixation

Xation
- via PEPC (RF)

stem respiration (R)) = E.,, + F; + AS + RF e

Figure 2 Research needs to improve estimates of stem respiratipar{@®upscaling procedures. Numbers

in red circles refer to specific items in the research agérdta Tree stem section highlighting respiratory

fluxes accounted for by the formula REco2+ Fr+ S + RF (extended Mass Bal
measurements as an additional proxy fartRCombination of MBA with oxygetbased techniques might

help to better elucidate the fate of respired.@Accurate measurements of sap pH are kegdantifying

the dissolved inorganic carbon (DIC) in the sap solution {[{}®ince pH determines the equilibrium

between gaseous G@nd total DICw Refixation (RF) ofrespired CQvia cortical photosynthesis (R9

or phosphoenolpyruvate carboxylase (PEPC) enzyme can cause differences betwaed &ctual Rof

underlying tissuesRight Upscaling from tissuéevel measurements to forest stands and above. The
upscaling procedure involvescomparing processes in saplings and mature treesyasuiling to the

wholetree level.z The upscaling ladder can be implemented in stem to -$¢&eti respiration models,
progressively i-mpubkiedgd®ywabtapd expebrseatal \datat (red arrows).

{ Environmental factors should be accounted for §s®Rdies. Measuring both fluxesddz, lo2) allow
conclusions about respiratory metabolism (substr
resilience to environmental stress. Uncertainty increases with observational scale and knowledge gaps

(methodology, procedsased understandingpfn fine to large scales.
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1. Closing theC mass balance

Research challeng&Ve still lack a complete understanding of the fateCGk in tree stems,

making estimates offfrom Eco. measurements highly uncertain. Alternative and complementary
approaches to quantifysRliike simultaneous measurementd@fandEcoz, can help disentangle

the different postespiratory processes involved@®. removal from the production site.

Hypothesis/ExpectatioriMass balance approa¢hiBA) and oxygerbased methodARQ) can

be complementary under the assumption @@t-removal processes likerBr PEPC fixation are
the key drivers for the imbalance betwd®ip. and actual B Measuringoz (Oz less solublejn
combination withEco> would allow us to quantify the magnitude of the different contributors to
Rs, helping to interpret each other (see Table 3).

Method

1 Measure variables required to apply the MBA and AB&4, |02, xylemCO», sap pH, sap

flow, stem temperatuysimultaneously

Table 30verview of relevant variables {fe= CQiefflux, F= t ransport f | uxJocatpS
refixation, either P& or PEPC) to estimate stem respiration more accurately Boz +Fr + (o S+ RF).

Oz influx (lo2) can be an additional proxy fosRHowever, residual uncertainties remain.

Variables  Approach to directly measure Residual uncertainties
each variable

Eco2 cuvette or chamber (transparent PSorfor transparent chambers, and axia), diffusivity
opaque) due to lightinduced gradients in xyler@O,, unknown
PEPC activity and substrate use (or SC)

F (a) sap flow sap pH from branches (not stem), drift in [@adings
(b) gaseous xylem [CD ascribed to potential stem wound closure, unknown P
(c) stem temperature activity and substrate use (or SC)
(d) xylem sapH

®S [CO] sap pH from branches, drift in [CDreadings ascribed t

potential stem wound closure
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2. Uncertainty in transport flux: Sap pH stemmeasurements

Research challeng&iven the high impact of pH on the calculation o] and F, uncertainties

in pH measurement can result in substantial errorsdirbiRigets. Accurate and continuous
measurements of stem sapiptsituare 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/ExpectationAdvanced technologies that could account for spatial and temporal

variability of sap pH daily, seasonal, specigpecific and environmentally dependemtould

decreaserrors in R budgetsSee modelling exercise 1 in section 2.

Method

1 Use technologies from other disciplines like gastric probes from medical applications or
microdialysis (passive diffusion principle, technique in neurosciga@shieve continuous
measurements ofylem sap of treem vivo(e.g.,J e S &tak 2020)

1 Calibrate probem the expected range with pH buffer solutions
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 respiredCO;
Cortical photosynthesi&on)

Research challeng€ortical photosynthesi®&or) has commonly been measured in greégs,

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 ptiéé of mature woody tissues and its influence on

Rs estimates.

Hypothesis/Expectatio?Sort is higher in the outer bark of younger stems, decreases with stem

depth(Wittmann & Pfanz, 2018)ncreases with stem height, but decreases with canopy depth in
older branche¢Cernusak & Marshall, 2000Yhis 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 bi@%&chan & Pfanz, 2003)
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Method

1 Measure chlorophyll fluorescence of stemsvivo and of stem crossections to assess
photochemical activity (photosystem Il activity) of the woody tissue

1 Measure optical properties of the outer bark (periderm) and inner bark (cortex) (e.g.,
photosynthetic pigment conterft)/ittmann & Pfanz, 2016)

PEPGmediated refixation

Research challengd&he nonphotosyntheticCO> fixation catalysed by PEPGas not been well
studied so far, thereforéng magnitude o€0, PEPCmediated refixation remains speculative.

Hypothesis/Expectationmbalancesbetween actual and measure@co, might be related to

PEPC fixation andPEPC might drive sulaily variation in ARQ.

Method

1 Perform tracer studies withiC-labelledCO;to track the label in the malate pool within
the stem and in root exudates via compaespecific isotope analysis, tracing of the label
in theEco2 further up the transpiration stream or usind4as another potential tracer

1 Performenzymatic assay®.g., adapted from the protocolBénard & Gibon(2016) to
guantify PEPC capacity

1 Analyze PEPC fixation productsrganic and amino acids) with time and along the stem
(see Schilkt al, 1996)

4. Scaling carbon flux dynamics from small to large trees

Research challeng®lost studies applying the MBA have been performed in saplings or small trees

for methodological simplicity. However, the movement and fate of res@i@adikely depend on
stem siz¢Fanet al, 2017) and this methodological bias could distort our perspecti@®pfluxes

within the xylem.

Hypothesis/ExpectatioiXylem CO; diffusion is limited in thicker stems due to the long ra@i@b
diffusive pathway. The relative contribution Bto2 to Rs is expected to decrease with stem

diameter, while Fincreases with larger stem sapwood area due to the higher amoQ@k of

dissolved in sap and is transported upwards (see modelling exerdfsa@e CO: is transported
away from the measurement site, stem ARQ ratios will decrease. Stem age likely reduce C
refixation via P& (see research chatige 3). PEP@nediated refixation might be comparable

between saplings and mature trees.
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Method

1 Asses£co, lo2, Fr and RF under comparable environmental conditions for saplings and

mature trees, with a marked size contrast
5. Fate of dissolved and rdixed carbon: Scaling to the wholetree level

Research challeng®ur proces$ased understanding of gas exchange at thelsteghhas not yet

beenexpanded to the whole tré=vel. The drivers to Rand ARQ among different organs (stem,
branches, leaves, and roots) might change with their morphological, anatomical or physiological

traits.

Hypothesis/Expectatiof we assume that up to 30% @0 is not emitted locallyHilmanet al,

2019) import and emission dZO- in branches originating from respiration in stem tissues may
cause local ARQ to increase in upper tree parts (enhanced diffusion oftxgifesportedCO> in

thinner stems/branches) avide versa
Method

! Measure sap [0;'] and ARQ along woody tissues in stems and branches

Apply different tracer approaches to advance our understanding of the @@ afong the soil
plantatmosphere continuum, like:
f Inject'3C tracer as dissolveédC-carbonat¢Powers & Marshall, 2011r 13CO, (Bloemen
et al, 2015)into the xylem or fed aSC labelled sugar into the phlod@essleet al, 1998)
to serve as a respiratory substrate in basipetal locations
f Determine (above the phloem or xylem feeding locatio@. efflux and*3C assimilated
into different organic compound&.f. Josephet al, 2020) allowing a quantitative
assessment of the fate oDg
f Use online measurements of the xyle@,¢°C (and®0) isotopologues composition and
flux with an adapted online systei@essleret al, 2022)where the probe design and the
laser spectrometer need to targ€bstead of water
f Use Cavity RingDown Laser Spectroscopy (CRDS) for rimle measurements 6fC-
CO (Salomoret al, 2021a)

6. Scaling from trees to stands and from stands to larger spatial scales

Research challengd_eaf and stem respiration are unlikely to be regulated by the same

mechanisms, hereby stem respiration models need to be decoupled from thedseence
perspectivge.g., Fatichetal, 2 014 ; S ethlj2615;tSdlomdeadl, 20d9a)lt remains
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unclear, if plant respiration is modulated by respiratory substrate supply (siivee) or by
plant demand of metabolic products (soikven)( S ¢ h i e sttal, 20¥52Colkaltet al, 2020)
Refinements of modelling routines are required by decoupling leaf and woody tissue respiration

for the upscaling of Rto larger spatial scales.

Hypothesis/ExpectatioM.he respiratory metabolism of (nq@motosynthetic) woody stem tissues,

where Rubisco is mainly absent, might substantially differ from that in foliar tidsygementing
algorithms that consider the partially sidkven nature of woody tissue respiratig@alomaonet

al., 2022) its differential thermal acclimatiofsmith et al, 2019) and the physical properties of
sapwood and bark will improve estimates of whole plant respiration, which constitutes one the

largest sources of uadainty in net primary production in global modélsetze, 2014)
Method

1 Compile a global database of stem respiratory traits such as basal respiration rates at a
standard temperature R the temperature sensitivity of respirationid)}Q respiratory
construction costs (@), CO2 diffusion rates in compliance with the global database of leaf
(dark) respiratory trait§GlobResp; Atkinet al, 2015)and the global database of soil
respiration(Bond-Lamberty & Thomson, 2010)

1 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 laregeale models

1 Test processes already described in mechanistic models of woody tissue respiration
(Heltt?a & Kol ar ietal, 2005 Sajomd&etcah 2089 )orlthe Aal t o

incorporation of refined algorithms in largeale models
7. Changes in respiratory metabolism during environmental stress

Research challeng&/hen 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/Expectatiotinder 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 tatiakefor older)
respiratory substrates to cop’eO:w33dh wewled egis:

hint towards lipid metabolism; see Fiscleeal.,2015in climate-controlled chambejs
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Method

f Asses ARQ and thEC natural abundance of stem releas€d hder gradients of heat and
drought stress to gain information on respiratory substrate use

1 Assess4CO; to determine the age of the respiratory substrate

Conclusion

In thisInsightarticle we provide an updated view ogdstimates and their uncertainties. Different
perspectives on plant respiration can complement each other when combined and help to better
elucidate the fate of respiredDz Hereby,combining CQ efflux with Oz influx measurements are

of particular interest to disentangle posspiratory 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 achéwreRs modelling by getting independent of assumptions inferred
from leaflevel studies. An improved upscaling ot Rom the tree to the ecosystdavel is

necessary to evaluate the magnitude sioRhe total C balance of forest ecosystems.
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Abbreviations
Symbol Explanation
ARQ Apparent respiratory quotient
[CO] Gaseous [O7]
[CO.] Dissolved inorganic carbon (DIC); comprises of dissolved, Carbonic
acid (HCGQs), bicarbonate (HC®) and carbonate (GH)
Ecoz 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
loz Oz influx
PEPC Phosphoenolpyruvatcarboxylase; enzymedoe fixation
PSort Cortical photosynthesis
R Dark leaf respiration
Rg Growth respiration
Rm Maintenance respiration
PpS Storage flux; change in the storage of dissolved C in the stem sect
V cmax Maximum carboxylation capacity of enzyme Rubisco
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CHAPTER 2

Abstract

Tree stenCO; efflux is an important component of ecosystem carbon fluxes and has been the focus
of many studies. Whil€O, efflux can easily be measured, a growing number of studies have shown
that it is not identical with actuah situ respiration. Complementing measurement€0§ flux

with simultaneous measurements offldx 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 technicllaltenge to measure relatively small changes in O
concentration against its high atmospheric background has prevented routigasdrements in

field applications.

Here we present a new and lowast fieldtested device for autonomous réale and quasi
continuous longerm measurements of stem respiration by combi@idg(NDIR based) and ©
(quenching based) sensors in a tree stem chamber. Our device operates as a cyclic closed system
and measures changes in bG8, and Q concentration within the chamber over time. The device

is batterypowered with a >1 week power independence and data acquisition is conveniently
achieved by an internal logger. Results from Wagld and laboratory tests document that our
sensors provide reproducible measurement€C©f and Q exchange fluxes under varying

environmental conditions.

Keywords
carbon dioxide consumption, chamitirsed measuremen&Q, efflux, low-cost sensorsO
influx, oxygen production, respiratory fluxes
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Introduction

StemCO:; efflux is an important part of thearbon (Chalance of forest ecosystems, as it accounts

for 51 42%of the total ecosystem respiratory fluxes in for@isésvigneet al, 1997; Damesiet al,

2002; Chamberst al, 2004; Ryaret al, 2009; Yanget al, 2016) It is typically measured by using
chambers of various designs and measurement prin¢gtes Xuet al, 2000; Pumpaneet al,

2004; Maier & Clinton, 2006; Saveyet al, 2008a; Etzoldt al, 2013; Hilman & Angert, 2016;
Katayamaet al, 2016; Brandle & Kunert, 2019nd then often assumed equal, or at least
proportional, to the rate of actual respiration in the underlying tissues. This assumption neglects the
fact that localCO, emission is the combination of respirat@®. production and a number of post
respiratory process€$eskeyet al, 2008; Trumboret al, 2013) Key processes are the transport

of dissolvedCO: in the xylem both away from or towards the site of measure(MoGuire &

Teskey, 2004; Teskey & McGuire, 2007; Teskewl, 2008; Bloemeret al, 2013) photosynthetic
re-assimilation in chloroplasts of swlorticular cellgPfanzet al, 2002; Teskegt al, 2008; Avila

et al, 2014; Cernusak & Cheesman, 2015; De Bioal, 2020c) nonphotosynthetic refixation by
parenchyma cells within the xylem, cambium and phloem via the enzyme phosphoenolpyruvate
carboxylase (PEPQ¥essleet al, 2009; Hilmaret al., 2019)or axial diffusion ofCO: in the gas
phase(De Rooet 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 produ@®,, but also results in an artorrelated uptake of

as Qs consumed as the electron acceptor at the end of the mitochondrial electron transport chain
to form HO. To date, stem {uptake rates have rarely been measured because the high background
of Oz in ambient air (20.9501.% or 209500ppm) makes the detection of @ncentration changes

in stem chambers (typically a few hundred ppm over tens of minutes in many chambers) technically
challenging. Differatial fuelcell analyzerge.g., Stephenst al, 2007; Battlest al, 2019)are able

to detect very small changes in atmospheric(@wn 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 discrdélesk samples from the field, which allow for decentralized measurements
over wider areas. Still requiring typically costipalyzers, 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 resolutioriSeibtet al, 2004; Hilmaret al, 2019) Hilman and Angert (201&)resented

an intermediate approach ( idticoseahdmbedsithatcweret e
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installed independent of each other on several trees ante&urements 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 tempdrand spatial resolution. Cavignhanced Raman mutias
spectrometry (CERS) has been used to measure-cuasiuous fluxes of ©in pine @inus
sylvestrisl.) branchegKeineret al, 2013; Keneret al, 2014; Fischeet 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», Oz fluxes are affected by processes other than respiration. For exampée &so

be transported to or from the site of respiration by xylem water. However, sinse-80 times

less soluble in water tha@O. (Dejours, 1981)this effect is considerably smaller. Stem
photosynthesis is usually considered to play a minor role in stems of oldéWittesnn & Pfanz,

2008; Roselkt al, 2015; Tarvainert al, 2018) but would result in a release of @d an anti
correlatedCO> consumptio. The only G-exclusive metabolic processes we are aware of is
lignification (Amthor, 2003)resulting in Q consumption. While the actual amount o O
consumption by lignification is unknown, it seems unlikely to result in large changes of O
concentration in mature trees. Differences between actual respiration and measured fluxes therefore
have to be expected for both gases.

The ratio ofCO> release to @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 be&en used
identify respiratory substratéStiles & Leach, 1933; Lambers al, 2008) Plant respiration is
commonly assumed to be dominated by ca¥fCbhohydr
of respiredCO> have been usei infer a switch to lipid respiration for plants under stress and
carbon starvatio(iTcherkezet al, 2003; Fischeet al, 2015) The simultaneous measurements of

CO2 and Q 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-ngsgiratory processes @0 in the stem

(Angert & Sherer, 2011; Angesdt al, 2012; Trumboreet al, 2013; Hilman & Angert, 2016;
Hilmanet al, 2019)

Our aim was to develop and test a portable, weatherproofcdstvand fully autonomous stem
chamber design that allows simultaneausitu measurements d2O, and Q 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

42



CHAPTER 2

measurements. Our new tool can improve our understanding of respiratory fluxes in tree stems.
Given its low cost, it allows largecale assessments of ecosystem carbon fluxes with sufficient
replication and the use of.Gsensors in addition t&€€O. 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 measut&¥} concentration with the COZIR nen
dispersive infrared (NDIR) absorption sensor (Gas Sensing Solution GSS, dtOn€&ntration
with the LuminOx Optical fluorescence quenching sensor (sealed;Q28§ SST Sensing Ltd,
UK), and H20 concentration with a high precision humidity sensor (Digital Humidity Senser SHT
85 (RH/T), Sensirion, ZH, Switzerland). Measurementd6) concentration are necessary for the
correctionof @Gme a s u r e meE€arrection ¢frmeasairendent data (for the dilution effect of
changing HO and GOz ¢ 0 n ¢ e n t).fndidlly, wenirsstéad 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
sensor. Therefer we switched to the more accurate and rapidly responding8SH&nsor, using
t he manufacturerds calibration (detailed hunm
found in S1 and S2 available as Supplementary Data at Tree Physiology).Online
The COZIR has €0, 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 or2%e do this to reduce high frequency noisesandoth theCO,
readings, though this leads to an overall slower response times to concentration changes (details see
GSS Sensor User 6s Manual, 2 0 1 5pdint calibtaton (82©Z 1 R
Multiple sensor calibrationath t est)i ng uni t o
The LuminOx Q sensor measures the partial pressurex¢gp@O; mbar), the total pressure (gO
mbar) and temperature (BO’C). The Q 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. Deice specifications are provided in the datasheet of the supplier (see also Table 1).
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Table 1 Specifications of COZIRAH-1 and LuminOx sealed optical oxygen sensor.

COZIR Ambient sensor AH-1 LuminOx Sealed Optical Oxygen
sensor
Mechanism principle non-dispersive infrared (NDIR) fluorescence quenching
Accuracy/resolution +0.005% (= 5(ppm +£ 3%) 0.1%
Operating 0°C1 50°C -30°Ci 60°C
temperature
Relative humidity 0 to 95% 0 to 99%
Measurement range 071 10.000ppm 07 25%
Sensor output CO:z (ppm) ppO2
temperature (°C) Oz (%)
relative humidity (%) barometric pressure (mbar)
temperature (°C)
Manuals http://wwwCO,meters.com/Documenta https://www.sstsensing.comAvp
on/Manuals/ManualGSSSensors.pdf  content/uploads/2017/07/DS0030rev1:
LuminOx.pdf

The SHTF85 humidity sensor allows measurements in the rangel@f09oRH with an accuracy
of +1.5%RH (Sensirion Datasheet, Digital Humidity Sensor S35T(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 @Diteand Q sensors mounted on top
of the chamber, 3) a separate housing for a pump, and 4) a waterproof traaspaantaining the
power supply and an Arduino© logging and control unit. Our device operates as acgiceed
system, alternating between inatilbn periods for measurir@O2/-O2 concentration changes over

time, and periods for flushing the chamber headspace with ambient air.
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Terostat [l
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Figure 1 Custommade modular stem gas exchange system featui@@ and anO, 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 powdrwith 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 anB thick polyethylene higdensity sheeting, and is tt

wide and 2@m long, mounted on acein thick closeeporous cell foam (EPDM, ethylene propylene

diene monomer rubber). The foam is placed between the plate anektlseetn prior to fixing the
chamber module with three ratchet straps. If required for aighirfit, 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 underlyinambium and phloem. Putty butyl sealant (Teroson RB IX,
Henkel, Disseldorf, 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 heads@&peoncentration. 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 ratchetistrsion from ca. 75 to 1&87, it is
measured for each installation by filling the headspacgt(j) 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 droplés appear. Sensors should be removed during headspace measurement.
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TheCO», O, and HO sensors are placed inside a waterproof (IP66 standard) housing (acryonitrile
butadienestyrene copolymers; dimensions:dfiL x 10cmW x 7.5 cmH) 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 holesmahitk EPDM rubber

rings, allowing gas diffusion from the chamber headspace intcetisois. The ©sensor has a
sealed sensor base (LEDR-S) to guarantee that gas from the chamber headspace cannot leak
through the sensor into the ambient air. FoIG@e sensor such a design is currently not available,

so we seal the sensor base by applyot 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 en the sid
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 o (out&) x 3 mm (inner). The sensor€Q»,

O2 and HO) are connected to a 5V power bank (52,800 mAhohitype, MR50000, XTPower,
Seattle, Washington, USA) in a separate waterproof transpset (72601 Outdoor Dry Box,
Dyntronic GmbH, DE), allowing the system to remain operational unattended for up to 1
consecutive days. The chamber operation and data logging are controlled by amnadg®m
Arduino® (Arduino Mega 2560 Rev3, Arduino S.r.L.) device (see S4 available as Supplementary
Data at Tree Physiology Oné). The Arduino processtiased device enables us to program the
measurement time interval, incubation time, duration of chamber headspace flushing, and to define
a CO 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 ovdrdmaecomponent list of the

stem chamber (main parts) see S5 available as Supplem®xta at Tree Physiology Online.

Multiple sensor calibration and testing unit
We built a multiple sensor calibration and testing unit, consisting of -tighaschamber with a
volume of 1945nl featuring two valves for flushing and a series of slots for simultaneous operation
of up to 10 LuminOx and 10 COZIR sensors (see S3 availablSupplementary Data at Tree
Physiology Online). All 20 sensors are connected to a computer via multiple USB HUBSs.
For calibration of the COZIR sensors, we used one reference gas of Keoncentration
(appr ox. half of the maxi mum sensor range, he
calibration unit for 10 min at 2rhin'* with span gas, then closed it and let the reading stabilize (SD

<=30ppm for CO, and <=0.01% for @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 stabilizatiortemia, 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 knownaoncentrations of gas mixtures being measured. The focus was

on accurately measuring changes of thec@nhcentration rather than the absolute concentration
since concentration changes over time are the parameter the chamber flux measurements are base
upon. We placed the LuminOx sersor the calibration unit end exposed them to synthetic air with

an QG concentration of approx. 20.95%.QVe diluted the headspace concentration by injection of

30 ml pure Ninto one port of the unit while extracting80 of t he wunitds air
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 dilutioal §eves. Since we only

have an approximate-@oncentration of the synthetic aylinder 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 concentrai@as@.) 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 cataboligwith an expected ratio &8O, production:Q 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. Sensor:
were mounted in the calibration and testing unit which was subsequently flushed with known gas
concentrations. For the COZIR sensor, we used calibrate@me&gas bottles (Westfalen AG,
Munster, DE) withCO. concentrations of 420, 2944, or 608@m. For Q, we followed the same
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procedure aMutesopltiebesdnisor 6 cal Wb peddarnied threeand t
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 usi@ 40d/or 10 @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/tbehamber 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

e X pl aiNeasdremems dbnown gas concentrations wunder s
(repeated for the different temperature levels).

Sensor drift was determined by repeatedly testing field installed sensors over a period of three
weeks without recalibration, each time measuring known gas concentratio@s: 420ppm,
1430ppm, 2944pm and 602@pm; Q: 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 themstlled in the field without re

calibration.

Incubation of germinating wheat seeds

We tested sensor performance by measurinG@eemission and @uptake of germinating wheat
seeds. While absolute fluxes in this setup are unknown, the rai@Opfproduction to @
consumption (respiratory quotient, RQ) is expected to be 1 since wheat seed exclusively use
carbohydrates as respiratory substréftdes & Leach, 1933; Lambees al, 2008) Wheat seeds

were soaked in water overnight and placed in the calibration and testing unit (laboratory conditions,
25°C). Headspace concentrations wereasured for 8tin (n = 10 for COZIR and LuminOx
sensors respectively). Corrections for the dilution effect en(ly CO, and HO) were

implemented.

Sensor comparison under field conditions: COZIR vs. Vaisala GMP252
COZIR measurements were compared to adispersive infrared (NDIREO.-sensor (GMP252,
Vaisala GmbH, Helsinki, Finland), frequently used for xylé@, measurements inside the stem
(Saveyret al, 2008b; Cerasokt al, 2009; Bloemert al, 2014; Salomoéet al, 2016; Faret al,

48



CHAPTER 2

2017) Vaisala GMP252 has a measurement rari@®10.000ppm CO- with accurate pprhevel

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 seisoisame
chamber under field conditions. Three such chambers were installed at three positions on the same
tree Prunus aviuni., mean stem circumference: 16%) and measure@O. efflux for one week

in September 2019 (1%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 tGOsanksQf(lsiee me as ur e nevaré conducted in theeThuririgienl d 6
Forest; Germany (Obersch©°nau, 50 A7rsiehheight0 A6 6
during July 2019 (stem circumference: 98 to 131.5cm; ~70yr old). During this stage, relative
humidity was still meased with the integrated COZIR RH sensor that later was replaced by the
more accurate SHB85. Corrections for the dilution effect on.Qby CO. and HO) were

implemented.

Correction of measurement data (Q) for the dilution effect of changing HO and
COz2 concentrations

Oxygen as a netrace gas, is sensitive to concentration changes of any oth@fagmget al,

1998) Measured apparent.@oncentrations thus have to be corrected for changé®inH-0,

and even for changes in @self (seltdilution) (Keelinget al, 1998; Bugbee & Blonquist, 2006)

We would like to clarify that these corrections have nothing to do with aicrtesterence of other

gases on the sensor signal, and we are not aware of amyntesfgence 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 Keedingl.(1998). This conversion
undeniably has clear advantages when aiming at reporting and comparing measurements of absolute
atmospheric @concentrations and their changes over time. However, considering the focus and
target group of our new applicati, 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 600,, O, and BO 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 concentrati@®f[-o, [O2]0, [H20]i=0) during a
measurement cycle. The measured apparent change inthe @ c e n t p, gg at anyngivént O

time during a measurement cycle is correcting for the effect of any observed changes in the
concentration ofCO; and HO r el ati ve to theCOsamd fO)i Mlggsec onc e
corrections are proportional to the mole fraction pfrGhe gas mixture, i.e. 2%, =0, which equals

the apparent £concentration ippm divided by 1€

1/ 5 DDI 1#/ PPI 8 1(/ PDI 8 [1]

1/ & DDI 53

For a description of the original approach describe&éslinget al. (1998) (extended by a D
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 absolute HO concentration we first
calculated the saturation water vapor pressure (es, hPa) as a function of the chamber temperature T
(°C) with the Clausiu€lapeyron relatioiBugbee & Blonquist, 2006)

ACEko@A@% [2]

Since relative humidity is 100% at saturation vapor pressure, the ambient partial press@e of H

(ea, in hPa) can be calculated as a function of the cuglative humidity:
AA A@2 ( [3]

The current concentration ob8 thus equals the ratio of ea to the total atmospheric pressure of all

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

. AA [4]
(/ bbbl 0 dont
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Flux calculation and Apparent Respiratory Quotient
TheCO; and Q fluxes (F,umol m? s?) were calculated according to the following equation:

& 3~#®6 0 [5]
3021 %

where @C/ pt (hereafter referred to as sl ope)
time t (s!) for CO; and Q respectively. V is the volume of the chambef)(n® the barometric
pressure (kPa), R the molar gas constant (0.0088k#aK ! mol?), T the temperature (K) and A

the stem surface area (0.0028. P and T are recorded from the sensors. We assumed linearity in
the first 20min of measurement (time is required to measure changes in sttanddCO;
concentration of at least 10pPm, 0.1%) and therefore used the slope of the linear regression to
calculateCO: (increasing concerdtion) and Q (decreasing concentration) change over time. The
negative slope of ©is always given as absolute value. Only measurements with correlation
coefficient () >0.96 for both @ and CO, were used. Lower correlation coefficients were
discarded. For field data the firsnfin of each measurement cycle (udefined) were discarded

after we noticed this data is noisy, probably due to pressure fluctuations after the pumping period.
Thesensos 6 readings wes e extracted every 10

The ratio ofCO> efflux and Q influx results in the Apparent Respiratory Quotient (Angert &
Schere;2011; ARQ; equation 6) as we dondt measur

equivalent of RQ.

#/ D01 AOAOET I [6]

! —————— A oA
'21/ Al 1 OOI BOEI |

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 estimatednuch 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 sensorsl@restimating the true concentration change and vice versa. Slopes

measured by individual sensors{10) were tested for temperature and time effects. For the wheat
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seed respiration test, linear regressions and comparisons among sl@é2simmérease and O

decrease over time was performed, too. For normally distributed dataagme®NOVA was used

for comparison among slopes. Correlation between COZIR and Vaisala GMP252 was evaluated by
Pearsonédés correl at iCOnandcO fld measureneents in theDfield weref r o m
combined to 4h mean for further analysis. All statistical analyses were conductedRn R
Development Core Team, 2019)

Results

Measurements of known gas concentrations
Measurements of know80O: 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 vegassmall
reflected in the Rof 1.0.
For the LuminOx sensors (Fig. 2B), measurements of knowsofentrations 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 abdate concentration measurements was far greater than for the COZIR sensors, with
individual sensors being off by almost +0.5%. This results in a |dwfEhe regression of only
0.68.

A) B)
60001 y=60+099x R*=1 ! y=012+098x R*=0.68
. ™
£ —
g E::CL 20.5
=~ 40001 < u s
O O
° g
B e 5 o ¢
3 § 20.01
® 2000 = ® [ ]
=
]
¢ 19.51
'7’060 &000 6(300 29 2 29 A 29 o 29 ®
Known CO, (ppm) Known O, (%)

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 senserd Q) and (B)O: (in %, dilution
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from 20.95 to 20.16%) by LuminOx sensons=(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 it notCO, measurements. F&@0O, 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 Bar O, differences in temperature were highly significant with
mean slopes (xSD) 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 themsedvelo not differ significantly (ANOVA, COZIR: E0.12,p=0.73;
Luminox: F=0.43,p=0.52). Based on these findings, we formulate the following temperature
correction for the @sensors:

SC/ = mip@d ED# pamn [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 effeaOnmeasurements when exceeding 22 days,

i.e. sensor drift affected tl&0, sensors after ca. 3 weeks (Table 2). Shorter time intervals (14 and
18 days) showed no significant effect 6. measurements. Mean slopes (£SD) from linear
regression parameters of measured vs. kro@nconcentrations were 0.97+0.05, 0.96+0.05, and
0.95+0.04 after 14, 18, and @ays of field operation, respectively. We found no effects of sensor
drift over time for the @senses, with mean slopes (zSD) of 1.02+0.10, 1.03+0.10, and 1.03+0.08
after 14,18, and 2@ays 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 readintO)n
is shown. Significant results are shown in bold.

COZIR-AH1 LuminOx
Effect Mean slopet SD ANOVA Mean slope:t 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=278, 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 80min incubation period of germinating wheat seeds, theQ{sensors reported a mean
(xSD) increase of th€0O. concentration of 562ppm+302ppm, while the 10 @sensors reported
a mean decrease of the Gncentration of 580ppm=300ppm, i.e. concentration changes over
time were antcorrelated and not significantly different with regard to absolute cha@fes (
slope=1.27+0.02, R=0.98; Q: slope=-1.27+0.05, R=0.85, Fig. 3), resulting in an RQ value
(£SD) of 1.00+0.03.

A) B)
—_ 8000 y=-198x10"+127x R*=0.98 - 206000 1 =1.98x10°-1.27x R®=0.85
5 £
2 o 204000 1
S 6000 ot
O © 202000-
@
S 4000+ 5
@ & 200000 -
o =
=
20001 198000 1
AL Phe) ,\'?,‘.QQ A AD ’\,3{50 S he G .5‘61\,3.90’\?)“\6\,3.30\3 P
Time (min) Time (min)

Figure 3Wheat seed respiration within the calibration and testing uii2Z&) over 8amin. (A) Increase

of CO; (ppm) over time and (B) decrease®f(ppm) is shownr{= 10 for CO, andO,, respectively). Linear
regression was used to determine the rate of change.

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

GMP252 (Pearson correlation coefficient=R.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

1.8

1.5

1.21

Flux pmol C m?s’ (Vaisala GMP252)

0.94

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

Figure 4 Scatter plot showing the calculat€é@®. f | u x e sn'2§ % measured with Vaisala GMP252 and

COZIR at oneP. aviumL. tree in Jena, Germany, in September 201%/dék field data pooled; shape
depicts data from three chamber devices). Pear s
solid line shows the trend line and the dashed line is the 1:1 line.

CO2z and Oz flux measurements in the field
During a typical measurement cycle (Fig. 5A, 81 rapidly increases from atmospheric levels
(~400ppm) to ~600(@pm (depending on season and time of day) withinraidSeriod while the
net @ decrease is ~0.7%. Following a typical cycle, it takesmitbflushing period (starting at
20:40 in Fig. 5) to reach initial concentrations again. For analysis, we focus on the imtial @0
measurement (beginningndin after pumping stopped), for wh we assume linearity. In our
example, over the 2@in pefod we observed changes in theaddCO, concentration of 400Ppm
and 0.4% respectively (Fig. 5C, D). Relative humidity can vary up to ~8% over tha20ne
interval (change of 1569pm at standard condition of 20°C, 94Ba).
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Figure 5 Raw data output of one chamber device installed aPoagiumL. tree in Jena, Germany, in
September 2019. (A) Increase ©D, and (B) decrease @.is shown for two consecutive measurement
cycles (each cycle: 4%in). Sharp changes in concentration at the end of each cycle reflect flushing the
system with ambient air. Dashed lines shown#tf time interval for flux calculation; (C) The 2fin time
interval ofCO, increases with linear fit (dashed line) and (D)n2idx time interval ofO, decrease with linear

fit (dashed line). The flushing period and the followingiid were discarded, before the linear fit was

applied.

Calculated fluxes (4mean) from the field application test on three poplar trees are presented in
Fig. 6. Two correction steps for-@uxes were implemented: correction 1) dilution effect en O
(CO2 and HO) and correction 2) temperature effect on LuminOx readings. Dilution correction
(including selfdilution) 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 detdayrone laboratory

test results in an increasktbe fluxes (daily mean increase of 12.7%z+4.5%; Fig. 6A). Over the two
weeks measurement peri@®: efflux is lower than @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) calcul@sefiixes (4h mean) according to Eq.

(5) over 3days in July 2019 (Thuringia, Germamy 3). Uncorrected data and corrected datadgpare
shown. After the correction for dilution effect (correction 1; see Eq. 1), temperature correction (correction
2; see Eq. 7) was applied. (B) Calcula®@: (blue) and correcte@: fluxes (red) according to Eq. (5) over

14 days in July 2019 (Thuringia, Germamys 3+SD).

Discussion

In our study we were able to show that the combination of threedstvsensorsd0», O, H0)

allows reliable and quasontinuous measurements@D. and Q 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 measwy 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 followssteadyostate
incubation design, aiming to measure concentration changes odlsbeesand ppm; therefore we
only tested the sensors6 performance of me
Especially for the @sensors, measurements of known concentrations revealed high variability
between sensors andor individual sesors- 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 th&Ofofsee sensor

specifications in Table 1).
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For the COZIR sensors, one important limitation was the effect of sensor drift over timeZ)lable
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 eadililor 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 miutensor calibration unit similar to ours for efficierdcadibration.

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 fielditioosdwith unknown
concentrations, it is impossible for us to conclude which of the sensor types has the better accuracy.
We did not test or realibrate the Vaisala in the lab, instead we relied on the manufacturer
calibration. The COZIR sensors, on thiher 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
germinatng wheat seeds matched expectations (see below), which indicates that the COZIR works
reliably under a realistic humidity range of typical field measuremeni8f80). Assuming that

the differences between the Vaisala and the COZIR sensor were due toemess$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 measupeth@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 betweeri 990%. One possible solution for tropical applications

of stem chambers can be to use humidity traps as shoBnebheiseret al. (2019)for a field

portable soil gas analyzdBrandle and Kunert (2019resented a stem chamber design with an
implemented lowcost CO2 sensor type MHZ14A (Winsen Electronics Technology Co., Ltd,
Zhengzhou, China). They found good egment of their device with a portable infrared gas
analyzer (Li8 100; LFCOR Inc., Lincoln, NE, USA) under tropical rainforest conditions at high
temperature and high humidity. However, their chamber design was still limiteggiOfo
measurements.

We found two problems that were specific to the LuminOx sensors. First, changes in temperature
did affect LuminOx sensor reading. At lower temperaturgd3%C), Q fluxes based on sensor
readings significantly underestimated actual floxes 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 ingiig can be applied. We only

tested sensor performance betweéB3BC, so it remains uncertain how the sensors behave at
temperatures outside of this temperature range. Second, the fact that the sensor does not suppor
adjustment of the manufacturer cadibon 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
addtion to the abovementioned temperature correction, thee@sors also require a dilution
correction to compensate for apparent changes ino@centration resulting from concentration
changes of other gases (mai@®. and HO). Please note that this istra correction resulting

from technical issues of the sensors, but is a general requirement when measuring concentrations
of nontrace gases like oxygen. In the dilution corrections€@tdilution outweighed the dilution

by other gases00O- and HO), resulting in an increase of ~6% (tmeek average) for calculated

O fluxes after correction. In our application, we used the relative humidity senso8SHT
successfully as this sensor responded quickly (within seconds) to changes in relative humidity
wheras 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 seedssar@ble biological model system

for this purpose as their carbohydrltesed respiration during the initial germination implies equal

CO. and Q fluxes. Results from these wheat seed measurements confirmed that the sensors can
reproduce expected valuesdamork under fielehumidity levels (Fig. 3). The test also underlined

the shortcomings of the lewost sensors with respect to absolute concentration measurements:
While the sensors showed identical concentration changes (slopes) during the incubaiiate, abs
concentration measurements at any given time were subject to major offset biases, especially for
the Q sensors (see also Fig. 2).

To ensure gas tightness, we decided to seal our chambers by means gf@mlogedell 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 thabughly 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 CO2 and Q we postulate that the area covered by foam has no impact on the gas exchange ratio
or the ARQ.

Beyond CQe: Potential application of simultaneous CQ and Oz flux measurements

in ecosystem and ecophysiological research

The combination of simultaneouSO., and Q 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 rat@fefflux to G influx like demonstrated

by Fischeret al. (2015)in a greenhouse experiment using Raman Spectroscopy. Embedded in the
correct experimental design it could also help to quantify actual rates oin@itairespiration by
disentangling respiratorO. production and @ consumption from the effect of other post
respiratory processgsee Hilmanet al, 2019 for a detailed discussiorl)sing simultaneous
measurements @0, and Q fluxes in multiple tree species, they observed a significant mismatch

in the amount o€0, emitted vs. the amount of.@onsumed, which they interpreted as the effect

of a variety of wholdree processes on locally measuré®. concentrations, like nen
photosynthetic refixation or stem xylem transpor€af. away from (e.g., to capy) and to (e.g.,

from roots) the site of measurement. Data from our initial field test also indicates mismatches
betweenCO, and Q fluxes (Fig. 6B), which could be further explored in future experiments.
Experimental approaches may include, for example, simultar@psand Q measurements at
different stem heights and in the canopy to quantify the effect of vertical gas transport. Combining
flux measurements with’C isotope labeling of stem tissue in the dark could help to quantify the
postulated nomhotosyntheticCO, 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 inst&atemadnet al. (2019a)developed
TreSpire, a procedsased model which couples carbon and water fluxes at the organ (stem) level.
Implementation of combine@0O, and Q 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 scalesgrowth respiration coefficient, respiration sensitivity to temperature (Q10) and basal
maintenance respiratig¢Atkin et 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 G0 efflux at breast height are commonly used as estimates for-whole
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tree respiration, even though st@@: efflux does not reflect respiration rates of underlying tissues

(Darenoveet al, 2018; Salomodet al, 2019a)

Conclusion

We present a versatile legost chamber setup for measur®@. and Q 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 thaidosensors are prone to

drift over time and/or require temagure correction. Our data also show thatsénsors require
dilution correction to get accurate @ata that are not biased from concentration changes of other
gases €O, and HO). Ushg bothCO> and Q measurements in the correct experimental design
provides additional information on tree physical and physiological processes like €@dem
transport, post respiratory enzymatic fixation@®. and subcortical photosynthetic uptake of

respiredCO..
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Abstract

Tree stem respiration {Rs a substantial component of the forest carbon baldiheemass balance
uses stem Cgefflux and internal xylem fluxes to sum ug,Rvhile the oxygesbased method
assumes @influx as a proxy of R So far, both approaches have yielded inconsistent results
regarding the fate of respired i@ tree stems, a major challenge for quantifying forest carbon
dynamicsWe collected a datset ofCO; efflux, Oz influx, xylem CQ concentration, sap flow, sap
pH, stem temperature, nonstructural carbohydrates concentration, and potential
phosphoenolpyruvate carboxylase (PEP&)acityon mature beednees to identify the sources of
differences between both approachéee ratio ofCO; efflux to Oz influx was consistently below
unity (0.7) along a-3n vertical gradienthut internal fluxes didhot bridge the gap betweanrflux

and efflux nor did we find evidence for changes in respiratory substrat®BEB€E capacity was
comparable with that previously reported in green cuyeat twigs. Although we could not
reconcik differences between approachessultsshed light on the uncertain fate of €€@spired

by parenchyma cells across the sapwood. Unexpected high values ot&gREyhighlight its

potential relevance as a mechanism of local @@ovalwhich merits further research

Keywords
carbon dioxide transportCOx/O- ratio, maturetrees, oxygen consumption, temperate forest,
vertical stem gradient
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Introduction

Tree stem respiration @Ris an important component of the forest carbon (C) budget and is

estimated to account f&i 42% of total ecosystem respirati@@ampioliet al, 2016; Salomoéret

al., 2017 Yanget al.,2016. Respiration rate is usually extrapolated to the whole stem fro;m CO

efflux measurement at breast height. Even though direct measureméas efflux are easy to
conduct, various processes can decoG@eefflux from Rs, resulting in mismatches of up t6%
(Hilmanet al.,2019 Teskey & McGuire, 2007 (1) Dissolution of CQin xylem water(Teskey &
McGuire, 2007; Aubrey & Teskey, 2009; Bloemsral, 2013) (2) axial CQ diffusivity (De Roo

et al, 2019) (3) nonphototrophicCO, refixation via the enzymes carbonic anhydrase and
phosphoenolpyruvate carboxylase (PERBgrveiller & Damesin, 2008)or (4) photosynthetic
CO, refixation viawoody tissughotosynthesige.g., Avila et al, 2014 De Rooet al, 2020¢ Pfanz

et al, 2002; Steppet al, 2015a) Even if we could accurately estimate & a given stem point,

upscaling Rto the whole tree level in mature stands is questionable as the relative contribution of

abovementioned processes might vary with stem hé@gschiaet al, 2002)

Two main measurement approaches have been applied to estigndteeRarbonbasedmass
balance approadMcGuire & Teskey, 200400t only consider€0O; efflux (Ecoo), but also takes
into accounthe dissolution of CQin the xylem(accounting for its equilibrium speciesEDs,
HCQO4' and CQ?? hereafter C@), its vertical transporthrough the xylem sap ffFand the C@
storage flux (mS), as t hiretheaytemsapouver tiae, to achievea

more precise estimation oRn a volume basig ol m'3 ' 1):

Rs= Ecoxt+ Fr 33 [1]

Most studies applying theass balance approaekRamined the contribution &0, efflux, COz
transport ane€CO; storage® Rsin small trees or saplings.g., McGuire & Teskey, 200&alomoén

et al, 2018 Saveynet al, 2008c)due tothe easiness of constructing custonade stem cuvettes
surrounding the whole stem. However, applying findings from small trees to int€@sretfflux

in mature trees could be hampered by the long radial diffusive pathway in thicksteatscould
result in significantly limited Cediffusion rategSteppeet al, 2007) This assumption is supported
by findings in yellow poplar, where the relative contributiorCah efflux to Rs decreased with
stem diameter (up to Gfin), whileCO; transportincreased withtem size, as could be expected
by larger sapwood conductive area, transpiration rates, and potential foe@Qval from the
point of productior{Fanet al, 2017)
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Many studies have relied primarily @0, efflux (andCO; transport}o estimate B nevertheless,
aerobic respiration involves oxygenzj@onsumption, and the influx of-Grom the atmosphere
into the stem @) can also serve as a proxy fas. Rhe second measurement approach to estimate
Rs is based on simultaneous measurements afflox and CQ efflux. Given the much lower
water solubility of @ compared to C&Dejours, 1981)dissolution effects and vertical transport
should play a potentially negligible role f0s. Boosted by technological improvements to register
small G fluctuations in an atmosphere with a larggb@ckground, emerging interest arises in the
coupled measurement G0, efflux andO; influx at the stem surface (Angert & Sherer, 2011,
Hilman & Angert, 2016). The ratio @O, efflux to Oz influx iscalled the repiratory quotient (RQ)

at the cell level. The celevel RQ allows exploring the substrate of respiratory metabolism. In
trees, norstructural carbohydrates (NSC) are assumed to be the primary respiratory substrate,
theoretically resulting in a RQ ef1. More O is needed for the breakdown of lipids compared to
carbohydrates, resulting in R€D.7 (Masielloet al, 2008) Organic acids catabolism would yield
RQ above one because of the greatszddtent of those molecules being oxidizktasielloet al,
2008) At the organ levels the stem in this cgdhle ratio ofCO; efflux to O influx at the surface

is named the apparent respiratory quotient (ARPpert & Sherer, 2011)

., O [2]
oYv )

Therefore, simultaneous measurements of both gases allow for the assessment of potential shifts in
respiratory substrate over time and under environmental st(Egsdweret al, 2015) Furthermore,

the ARQ ratio can be affected by postrespiratory procg3samboreet al, 2013) providing
information about the role of G@issolution and transport orsBstimates, as G@s highly soluble

in xylem sap, while @is less solubleHereby, assuming NSC as respiratory substrate, RQ would

be ~1, and so wouldRQ as long a£O; transport and storageere negligible, a€0» efflux
versusO: influx equalize. HoweverHilman et al. (2019) showed the inability of sap floand
henceCO, transportfo account for the variability in the ARQ &f. ilextrees. Authors suggested

CQO refixation via the enzyme PEPC as the primary cause of ARQs below the unit, a mechanism
of local CQ removal commonly overlooked insiResearch. However, the role of PE4pacityin

mature stems is still speculative as it has mainly been investigated in C4 plants and only in leaves

and young green twigs of C3 plaiBerveiller & Damesin, 2008)
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It is essential to reconcile insights gained throughntiass balance approaahdoxygenbased
measurement methagdshich disagree on the primary factor causing the mismatch between R

CQO, efflux, either CQ transport through the xylem and storage or PiER@iated CQfixation,
respectively.Note that both approaches commonly use opaque stem cuvettes or chambers,
precluding photosynthetic reassimilation of locally respi@ (see De Rocet al, 2020).
Mathematically, as a first approximation assumigand O influx are equivalent, thenass

balance approaatould be formulated as follows:

ARD = lo2T Eco2=RsT Eco2=Fr +qb [3]

Wherethe apparent respiratory difference (ARD), as an alternatt@tdc tointerpret the mismatch

of CO, andO: fluxes in absolute terms, should equal the amount of locally respirgtta®@ported

and stored if C@refixation ither photosynthetic or nonphotosyntheti€ neglected. If this
assumption isvalid, carbon and oxygenbased methods could be indistinguishably applied to
estimate R 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 C&not emitted locally to the atmosphere. This is precisely the main challenge in
research on metabolism of woody tissue respira#odirect comparison of both approaches is
lacking so far.By combining both approaches at the same iddiais 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, v continuously monitored the vertical and temporal variabilitg@a efflux, Oz influx

and xylem CO;] along a 3m stem gradient in beech tre€a@us sylvatica..) during 1.5 summer
months.Importantly,the study was performed in large mature trees, in which the contribution of
CQO transportto Rs is expected to be highéFanet al, 2017) thereby enhancing the potential
discrepancies between carband oxygerbased approaches. Required additional variables to
estimate the abovementionedpiestionrelated 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 shiftstrizte
stoichiometry andhe role of PEPC fixation on respiratory fluxes, respectiwig.addressed the
following hypothesis: Wheroncurrentlyapplying thecarbon and oxygerbased approaels in

the same trees, xylem G@ansporandstorage can close the dagtweerO: influx andCO; efflux

(i.e., the ARD= 0). Alternatively, the fraction of missing C@ot explained by xylem CQransport
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and storage could be attributed to L£€fixation via PEPCapacityif significant in large mature

stems.

Material and Methods

Site description and experimental setip
The experiment was conducted in a managed purgd&ld beech stand at ~100 distance to
the Fluxnet tower site Leinefelde (EM®f, https://doi.org/10.18140/FLX/1440150) in the forest
di strict of Hei l i genstadt n e2az NjJEt; hea lmasthyydef 4|
Thuringia; central Germany). The mean annual air temperature and precipitation are°& Z@l 7
601+154mm (Tamrakaret al, 2018) We measured four evaized mature beech trees with a tree
height of ca. 38n and stem diametat breast height (DBH) of 0.38 and 0rb84(Table 1) during
July and August 2019 (Days of yd&0Y] 185-226).

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

Tree Diameter (cm) Sapwooddepth (cm)
1 41 125
2 45 135
3 54 16.5
4 38 12.0

Stem CQ efflux, Oz influx and xylem [CO2])
Stem CQefflux and Qinflux at the stem surface were measured hourly on every tree at three stem
heights (1, 2.5, and ) following the approach described in He&hal. (2021). Briefly, we
installed a custormade chamber in each stem location that consistéyl afclosegporous cell
foam and a base plate of 2@ length, 1&m width, and £m heightii) a waterproof housing for
theCO; and Q sensors with a removable lid for easy exchange of the senso(si)antlansport
case containing an air pump, an Arduino® daitdata logging and ¥ power bank battery for
power supply (80@nAh, Li-ion type, MR50000, XTPower, Seattle, WA, USA). S8apporting
Information: FigureSland SZor aschematic overview andaotograph of the setp. 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 photosynthesmmbers were attached
against the tree stem using three ratchet straps. The measurement principle is baskedath
system with measurement cycles ofdin followed by 15mi n t o fl ush t he cham
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with ambient air. To monitorgQ;] increase and(.] decrease within the chamber headspace, a
nondispersive infrared (NDIR) absorption sensor (COZB&s Sensing Solution GSS) and an
optical fluorescence quenching sensor (LuminOx sealed-0BX; SST Sensing Ltd) were used,
respectively. The relative humidity sensor integrated within the COZIR device was used to account
for the dilution effect of chaging HO and CQ concentrations and correct @easurements (for
further details see Helet al.,2021). &nsors were changed after three weeks to limit reading drift
(Helmet al, 2021) Ecozand bz on a surface basisifiol m'? ') were calculated frorthe linear

CO increase and £decrease of the first 2@in time interval (of the 4Ein measurement cycle

excluding 3min after flushing¥ollowing Equation 4:

o tio 20,24 Y [4]
wo 0 Y'Y

w h e rCk tishe change in gas concentration over time (ggjrfor CQ; or Oz, V is the chamber
headspace volume @ndetermined by water displacemgat is the stem surface fn P is the
barometric pressure (kPa), Rli® molar gas constant $iPaK'! mol'Y), and T is the temperature

(K) obtained from the COZIR sensdftom CO; efflux and Oz influx time series, the ARQ and

ARD were calculated followingquationg(2) and(3).

The concentration of xylem [GDin the gas phase (%) was measured with NDIR: €€hsors
(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 wiM@eep and 2&/m wide into

the stem and pushed the probe (lengtm@®) halfway within the hole (~2@m), leaving a closed
headspace in the xylem tissues beyond the cambium layer. Syntidtgr sealant (Teroson RB

IX; Henkd) was used for isolation from the atmospheric gas. Four sensors were installed in each
tree along the verticalrofile monitored with stem chambers at 1, 2.35, 2.65 amdWe initially
envisaged applying thmass balance approacdthe 30cm-length stem segment between 2.35 and
2.65m probes. Nevertheless, we eventually decided to average the xyleitif@®series from

these two probes to survey longer (and more representative) stem segments, fronmi(kova=b

stem) and from 2.5 towh (upper stem)Jupporting Information: Figur81). Probes were placed

ca. 10cm from each chamber on the northwest sidéheftrees. Readings of the 16 sensors were
recorded ever$ min with a datalogger (CR1000x; Campbell Scientific) for the whole experiment
period.
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Xylem COz transport and storage
The amount of C®transported upwards through the xylem and stored within the xylem was
estimated in the lower and upper stem segments. The concentration of dissal\necyl&n sap
([COZ'], mol CO; I'Y) was calculated using temperatafee p e ndent Henr y(besy Law c
et al, 1999; McGuire & Teskey, 2002assuming equilibrium between €@ the gaseous and
liquid phases. For this, xylem [GOn the gas phase, xylem sap pH, and stem temperature must be
known. To monitor sap pH, xylem sap wadedtied from twigs of low branches of monitored trees
(n=3, as one tree was inaccessible for sampling) using a Scholander pressure chémalber at
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 (FivéViettssr Toledo) with a
microelectrode (InLab®, Ultidicro-ISM; Mettler Toledo). Preliminary tests confirmed that sap
pH did not significantly vary over the sample storage period. Stem temperadie °@) was
continuously measured and recorded witbagalogger (CR1000x; Campbell Scientific) every
5 min using thermocouples inserted atr? depth next to each stem chamber.
Once sap [CO] was known CO; transport(Fr, umol CO, m'3 s'%) for both lower and upper stem
segmentsvere estimated according to:

vo
0 = ord b [5]

where SF is the sap flow ratesfl), v is the sapwood volume éin,  a n 4] is th¢ diff€ence in

sap [CQ] above and below the colt)rTeesspmflovdratewyas st e m
estimated as the product of sap flux denfligm' 2 h'Y) and sapwood area (¢hhusing the Sap

Flow Tool software (Plant AnalytiXBap flux density was monitored using sap floeters SFM1

(ICT International Pty Ltd.pperatedby the heat ratio methg@urgesset al, 2001) assuming
stemwater content of 40Dm (Gartneret al, 2004) Sap flow probes werastalled at breast

height on the north side of the trees, and measurements were remggdediSmin.

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 cailgosma the first one aftérh. Sapwood

depth was determined by the length of the stained region of the core and assuming a cylindrical
shape for both heartwood and sapw(bable 1, Goldsteiet al, 1998)
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ThestemC@st or age flux (®S) was esti mat edinthe a f
xylem; that is,the rate of accumulation and depletion of dissol@€d for both lower and upper

stem segments according to

Ao v° - [6]

ny gt
3 A O wo

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 poten(i®Pa 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 andNSC in woody tissues
We took one stem disc (oearlength, bark to xylem) at three stem heights (1, 2.5, amji@h
the south side of each monitored togel4August (DOY 226). Samples were immediately frozen
in liquid nitrogen to stop the metabolic activity and transported to the laboratory. Stem discs were
stored at80°C before grinding into a fine powder in liquid nitrogen with a mortar and pestieg 20
of woody tissue material was used for the discontinuous aeséyrmed in a 96vell microplate
(Bénard & Gibon, 2016)Briefly, aliquots were extracted by shaking wih extraction buffer.
After centrifugation (#min, 3000g, 4°C), extracts were diluted amttubated for 20 minThe
reaction was stopped witHCI. The sealed microplate was then incubated at 95°C for 10 min to
destroy NADH. After cooling down, each well was neutralized with Na@#iTricine-KOH pH
9.0 to adjust the pH to 9.0. The absorbance was read and{@D°C)until rates were stabilized.
Reaction rate¢mOD.mirn') were used to calculate the amount of NABrmed during the first
step of the assay. All pipetting steps were performed usinghe&® robot (Hamilton Star), and
absorbances were measured in a fittesed microplate reader (SAS 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
Landhausseet al.(2018)protocol. One stem core per height (1, 2.6),40uthside)was collected
on 4 July (DOY 185) and l4ugust (DOY 226) for NSC measurements. Samples were stored in
cooling bags for transportation and then oven dried at 60°C flor 3&m cores were cut into two
2-cm long sections starting at the cambiuwwo@d depth0i 2 cm and 24 cm) and ground into a

fine powder (ball mill, MM 400, Reth). We extracted the soluble sugars glucose, fructose,
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sucrose, and starch from each sample. Briefly, §®f dry plant powder was extracted with 80%
ethanol. Supernatants were analysed by a-Rigifiormance Liquid Chromatography coupled to a
Pulsed Amperometric Detection (HPYRAD) for soluble sugar determation. We enzymatically
converted the starch from the remaining pellet to glucose, Wsamgylase amyloglucosidase.

Glucose hydrolysate was measured by the HPLC.

Data analysis
Statistical analyses were performed using R softyr®evelopment Core Team, 20190,
efflux andOz influx data verediscarded when the’Rf the linear fit for CQand Q readings were
below 0.96 to ensure good data quality. For gap filling, we usqubtiieinction inpadr package.
To test whether the average daily value€ 6 efflux, O2 influx and xylem COy] varied with stem
height, linear mixed models were adjusted usindrttfefunction innimepackagegPinheiroet 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 wheth@rdagacity 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 weretégspost hoc with Tukey contrasts using ¢énemeansunction
(emmeangackage). Consistency between carlanmd oxygerbased measurements was tested by
evaluating the relationship betwees [Bcoz+ Fr+ S ) Cainfldx, and between COnternal
fluxes Fr+@S) and ARD, with mixed models consi de:
deviances from the 1:1 relationship would indicate a lack of consistency between methodological
approaches, hence the need to revisit the underlying assumptieagsadion(3). The conditional
and marginal R (Nakagawa & Schielzeth, 2013)f these models was further estimated
(r2_nakagawain the performanceibrary) to further evaluate the degree of agreement between
approaches. Finally, sap flow, sap [£Jand the ARD were normalized to their daily maxima, and
subdaily patterns were compared to evaluate the potential of xylem transport to remove locally

respired CQon a subdaily basis.

Results

Stem temperature, soil water content, sap flow rate and shoot watpotential
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 16m depth was lowest end of July, reaching mumn values of 15.7 vol% and

maximum values of 19.0 vol% afterwards following summer rains (Fig SHp) flow rate showed
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a typical sukdaily patternwith maximum rates of 30h™* during sunny and warm days (Fig. 1c).
Shoot midday Q@ (shoot -1wdPason mostoneasuremenadays, exeepts ¢

the one following rains when it relaxed up-@5MPa (Fig. 1c).
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Figure 1 (a) Onehouraverage of stem temperatufie) volumetric soil water content, afg) sap flow rate
(lines) with shoot water potential (orange dots) froduly to 14 August 2019. Shading i) indicates

averagetl SE across the beech treas=(4).

Gas exchange and internal [C@Q] at different stem heights
The vertical position did not affe€O; efflux andO: influx (p = 0.69 and 0.71, respectively). Mean
daily CQ; efflux (xSE) was 2.9+0.6, 2.7+0.4 and 2.3+0riolm'2s ! at 1, 2.5, and # stem
height, respectively (Fig. 2a). Mean dalyinflux was 4.1+0.7, 3.9+0.5 and 3.3+@®ol m'2s',
respectively (Fig. 2b)O: influx was consistently higher th&0O; efflux along the vertical gradient
(p<0.001), resulting in mean daily ARG 0.71+0.04, 0.69+0.04 and 0.69+0.06 at 1, 2.5 amd 4
stem height, respectively (Fig. 2c). Xylem [g@nged from ca. 5.9 to 12.4%, with no significant
effect of height over the whole surveyed period (Figp2dp.11). However, when congdng the
last third of the experiment (114 August), stem height did affect xylem [€dp = 0.03), with
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values being lower atrh compared to 2.6 height. Sap pH ranged between 6.48 and 7.41 over
the measurement period (Fig. 2d), and differences in sap pH amongpire@slT) or dates

(p =0.21) were not significant. Stem temperature had a strong effegiem [CO;] (p < 0.001),

CQO; efflux and Oz influx (p < 0.01). Likewise, respiratorfjuxes had maximum values during the

afternoonfollowing subdaily thermal dynamics.

“1(a) °71(b)

Ecoa (umol m™ 5'1)
IS
1

loz (umolm?s™")

0.85 A (C) (d)

0.80 1 12 F12

0.75
104 10

ARQ

0.70 4

Xylem [CO;] (%)
Hd

0.65

0.60 + . .

0.55

T T T T T T T T T T T T
Jul08 Jul15 Jul22  Jul29 Aug05 Aug 12 Julog8 Jul15 Jul22  Jul29 Aug 05 Aug 12
Time of year (2019) Time of year (2019)

Figure 2 (a) CQ efflux (Ecoa), (b) Oz influx (lo2), (c) the apparent respiratory quotient (AREX 0 102)

and(d) internal xylem [C@] at 1, 2.5 and 4n height from 4 Julyo 14 August 2019. Sap pH (d, black dots)

was measured from twigs fn3).

PEPC capacity and norstructural carbohydrates at different stem heights
Stem height had no significant effect on PEPC capatitiie outermost stem secti¢m= 0.23)
and did not differ among tregs € 0.93).Mean PEPC capacity wa@$0.5201.6, 661.2560.2 and
547.2577.4nmolmintgFW!at1, 2.5 and m, respectively.
Stem height did not affect soluble sugar and starch concentratieris37 and 0.40espectively)
(Fig. 3). Sapwood depth did affect NSC; both soluble sugar and starch concentrations were higher

near the cambium (@ cm) than deeper into the sapwood 4Zm) (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 O
2cm depth 1 <0.001,p < 0.01 for soluble sugar and starch, respectively), while they remained

constant deeper into the cambiym=(0.1,p = 0.6 for soluble sugar and starch, respectively).

DOY 184 DOY 226

0-2 cm
2-4 cm

Soluble sugars (mg g ™)

DQOY 184 DOY 226

40 -

30 -

20 -

Starch (mgg™")

Height

Figure 3 Starch and soluble sugar concentration WV1) in stem xylem tissues of beech trees at three
stem heights, two wood depths, and two sampling dated). Box whisker plots present the median, lower

(25", and upper (79 percentiles, minimum and maximum values. Colors denote different sapwood depths.

Comparison of carbon and oxygenbased estimates of R
We applied thanass balance approaoch the lower (Ini 2.5m) and upper (2.5014 m) stem
segments to estimatesBnd its contributors for comparison with the oxydpased approach (Fig.
4).In the lower stem segment, there was a positive vertical gradient in saj EBOCO; transport
was, therefore, positive. Averaged across days and trees, the contrib@onafflux to Rs was

64.61£14.5%, and the remaining fraction was attribute@@ transport(35.8+14.3%), a O,
storagewas negligible {0.4+0.2%).

75



CHAPTER 3

The Rsdaily averagdas the sumoféo,, Frand @S) wa ©Oxirglux,ehat bnearswalailip a n
basis Rs exceeded®:; influx only during daytime. During nightme, Rs equaledCO; efflux, and
both were lower tha@®; influx.

The upper stem showed a different pattern whiseevertical gradient in sap [GQ approached
zero and even became negafiwethe last two weeks of our studys a consequence, the relative
contributions ofCO; transport(-1.2+2.2%) andCO; storagg0.0+£2.2%) to Bwere negligible, and
apparently all the respired Gdiffused to the atmosphereddz = 101.1£22.9%). In this stem
section bothCO, efflux and R were on average lower th&@p influx. Notably, the shift from
positive towards negativ@O, transportlux followed the peak in temperature and transpiration at
the end of July.

Upper segment Upper segment
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Figure 4 Seasonal (lefhandside panels) and stdaily (righthandside panels) variation in carboand
oxygenbased estimates of stem respiratiog #Rd O influx [lo2], respectively) in the lower (from 1 to
2.5m) and upper (from 2.® 4 m) stem segments of four mature beech ti@asonbased Ris calculated
as the sum of CLefflux to the atmosphere €&, CO; transport through the xylem-Fand CQ storage
(gB). Mean valuesSE are shown with continuous lines and shaded areas.
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Figure 5 (a) Relationship between daily stem €€flux (Eco?) and Q influx (lo2) denoting apparent
respiratory quotients below the urflt) The relationship between carbbased estimates of stem respiration

(Rs) andO; 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 int€pnal
transport and storage(F gB) indicates the limited potential of interr@D, transport and storage to predict

the difference betweddO; efflux andO; influx. Measurements were performiedour mature beech trees
(shown bydifferent colors) in the lower (from 1 to 2n%) and upper (from.8to 4m) stem segments (shown

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

Daily values of sten€O; efflux andO: influx showed good agreement (Fig. 5a) with a slope of
0.65+0.02 <0.0001), a significant intercept of 0.23+0.14<(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, carband oxygerbased estimates ofsRhowed poor consistency.
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Although Rs andO: influx were positively related (Fig. 5b), the deviation of the mean slope from
unity was significant (1.57+0.1§ < 0.0001), as well as its intercep08+1.01;p <0.05). The
model conditional and marginal’Rvere 0.52 and 0.31, respectively. The slope of the relation
betweemARD andCQyinternal fluxefFr+S) ( Fi g. 5(©.05640.812p <®.000%) s t
and its intercept was again significg0t84+0.09;p < 0.0001) denoting the limited potential of
COp transport and storade bridge the gap betwe&@0O, efflux andOz 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 relationg & 0.1), according to th&ack of consistency in vertical gradients of
respiratoryrelated variables.

To further evaluate theotential of the transpiration stream to transport respireda@@y from its
point of production, we evaluate the sidily patterns of ARD, sap flow and sap [£]das a proxy

of COp solubility). For the comparisemve normalized the values of each of the variables to their
corresponding daily maxima (Fig. 6). Compaseith sap flow dynamics, the ARD showed a
relatively stable pattern over the-B4period. It was higher during the daytime, with nighte
reductions of ca30%-35%relative to the daily mama. By contrast, sap flow showed nigimhe
reductions of ca85%-90% relative to the daily maxima, denoting sdaily decoupling between
CO; transportand the ARD. Suldlaily variation in sap [C&] was minimal, with the highest values
observed during nigitme and limited reductions during daytime3%) according to the inverse

relation between solubility and temperature.

0.754

Variable
ARD
Sap [CO;Y]
Sap flow

Normalized value

0.254

00:00 06:00 12:00 18:00

Figure 6 Subdaily variation in normalized values to the daily maxima of the apparent respiratory difference
(ARD, as the difference between stemii@ux and CQ efflux), sap flow, and sap [GDin the liquid phase
([CO,]). The nighttime reduction in ARD was limited compared to sap flow, indicating a limited role of
the transpiration stream in filling the gap betw&h efflux andO. influx. Subdaily patterns were averaged

across four beech trees and two stem locaflomger and upper) over the experimental period.
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Discussion

Factors contributing to a mismatch between Eoz and loz
We combined @arbonbased mass balanapproach and an oxygdrased method to estimate R
and reconcile apparent discrepancies regarding the fate of respisetbtd@cally emitted to the
atmosphere. Onflux was consistently higher th&0O; efflux across trees, locations and time, with
ARQsfluctuating around 0.7 (Fig. Z;md5a), as similarly observed in several species applying the
same methodological approach (Angsral.,2012; Hilman & Angert, 2016; Hilmaet al.,2019).
Assuming the beech trees use carbohydfatagspirationthe measured ARQ suggests that 30%
of the respired C@is retained in the stem. Figure 7 summarises potential sources of discrepancy
betweenCO; efflux and O influx. The ARD could be attributed to an underestimation of the
respiratory activity bYCO; efflux measurements, an overestimatiortaynflux, or a combination
of both.In any case, @ must be cautious about the specific methodological issues related to the
measurement of the numerous variables monitored hereC@Ogefflux, O influx, xylem [CQ],
sap flow, and sap pH), which might affect the magnitude of the mismatch beatveesarement

approachegsee below)
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Figure 7 Overview of the potential factors contributing to the apparent respiratory difference ,(A&B)
observed as the difference between st efflux (Eco2) andO; influx (lo2) measurements (cf. Fig. 5a)
Our results suggest th@0; transport and PER@ediated fixation o0, may be the main causes for the
deviance from the 1:1 line. Nonrespiratory consumptio®.adnd respiratory substrate change can lead to
overestimating stem respirationdy O influx measurements. By contrasts &hderestimation b O,
efflux measurements can be driven®§; transport through the xylem (although, if coming from below, it
can also lead to Hoverestimatiort!), CO; storage in xylem sap, wootgsue photosynthesis (here avoided
by using opaque stem chambers), ligltuced axialCQO; diffusion above or below the stem chamber, and

PEPCmediated fixationlnvestigated processes within this study are shown with a black frame.

No apparent vertical patterns in st@® efflux, Oz influx and xylem [CQ] were observed along

a 3m-long stemsegment (Fig. 2), likely because of thedest vertical gradient in 38-tall beech

trees. The temporal variability €O; efflux, Oz influx and xylem [CQ] showed that temperature

was the dominant environmental driver controlling & similarly observed befofe.g.,Acostaet

al., 2008; Lavigneet al.,1996;Maier et al.,2010; Rodriguetalcerradaet al.,2014 Ryanet al.,

1999. Interestingly, during and after the peak in temperature and respiratory fluxes at the end of
July, xylem [CQ] did increasealong the lower stem segmefroMm 1 to 2.5m heigh) butremained
relatively stabléoetweenalong the upper stem (froth5 to 4m height) This observed difference

in the vertical gradient of xylem [Gled to contrasting contributions 60, transporto Rsin the

lower and upper stem segmeas discussed belowhe lack of a significant relation of bo@0,

efflux andO: influx with soil water contentlenotes that the mild drought did not limit respiratory
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metabolism to a large extemhterestingly, ARQ remained relatively stable over the 1.5 summer
months, where a temperature peak (30°C) occurred, suggesting similar sensitivity to temperature
of CQ efflux andO- influx.

COz internal fluxes cannot explain differences between st@mninflux and CO; efflux
Higher O influx than CO, efflux could result from the higher solubility of G@n xylem sap
(30fold) comparedwith O> (Dejours, 1981), hence the possibility of £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 GQFanet al.,2017).We founda nonneglectable contribution©O; transport
to Rs, up to 1/3 in the lower stem segment, highlighting themt@lly significant role o€0, xylem
transport in diverting roetespiredCO, from soil measurements (Aubrey & Teskey, 2021).
Nevertheless, we found two lines of evidence refuting our hypothesi§yasternal fluxes could
not bridge the gap betwestemO:, influx andCO; efflux.
First, the relation betwedd, influx and R diverged from the 1:1 line (Fig. 5b), as indicated by a
slope different from the unit and a significant intercept. Furthermore, the margm@al 3. of this
relationdenoesthat stenO: influx accounted for less than ctierd of the variability in thearbon
based estimate ofdRldentical reasoning applies to the comparison betweeni@énal fluxes
(Fr+®S) and ARD ( Fi g. ?d @13, furthei supportiag tha dmitedipoteatial R
of xylem CQ transport and storage to predict the ARD. Second, if the ARD could be primarily
ascribed to xylem C®transport, ARD and sap flow swaily variebility should follow similar
patterngBowmanet al., 2005;McGuire & Teskey, 2004; McGuiret 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 nityine, when sap flow was reduced to a much
larger extent, down to 20 15% of the daily maxima. Moreover, sap [£J®n a sukdaily basis
was remarkably stable, with minimal reductions during daytime ascribed to temperatare
reductions in C@solubility, partly offset by the daytimedrease in respiratory activity and xylem
[CO.]. Therefore, C@solubility in sap could not significantly affect the strengtlCah transport
as a mechanism to remove respirec €@m its production site. Taken together, subdaily patterns
of ARD, sap flow and sap [CGQ thus provide further evidence of the limited role of the
transpiration stream in filling the gap betwe€®, efflux and O influx in this study. This
observation agrees witHilman et al. (2019) showing the inability of sap flow to account for the

variability in ARD of Q. ilextrees.
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Nevertheless, & must be cautious about the specific methodological issues related to the
measurement of sap flow and sap pH and their corresponding propagatiorFerrorstance, ap

flow measured with the heat pulse methods often underestimatasttiaésap flow on average,

by 35% (Steppeet al, 2010) Considering a proportional underestimationGsd, transport, its
contribution to Rwould also increase in parallel, affecting the difference betweand®: influx
differently among individuals ahheightsSap pH, especially above 6.5, iso¢hercritical factor

for calculatingCO; transport as the solubility of C®increases exponentially with pHere, 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 tcCfosttransport
misestimation (Aubregt al.,2011; Erdeet al.,2014, Salomoet al.,2016) and deviances between
carbonbased estimates ofsRnd Oz influx. Moreover, f parenchyma cells were damaged upon
sap extraction, the sample might be contaminated, resulting in an overestimation of theegH va
(Tarvaineret al, 2023)andhenceCO; transportAnother source of uncertainty in ARQ estimation

is the relative humidity correction applied to estim@einflux. The relative humidity sensor
integrated into theJO;] 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 fdD. estimation would increase the ARQ by ~0.001.

Regardless of these potentimeasurement uncertaintiesewdid not succeed in reconciling
differences between the two approachbgh highlights a crucial methodological difference. The
carbonbased approackstimates Rbased on fluxes measured at the stem surface and internal
fluxes measured in the xylem, while the oxygpased approach relies on @flux at the stem
surface. Therefore, the disagreement between approaches might be related to the faCGhat (i)
efflux andOz 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 séaoeding to Fick’s law of diffusion,

the rate of gas (CQor ) diffusion is inversely related to the length of the diffusive pathway
(Nobel, 2009)and, therefore, such decoupling likely increases in {aizgd trees. Here, in the
mature beech trees with a sapwood depth between 12 anchiGlre diffusion of respired GO

by inner living cells is much slower than in seedlings and saplings, wherein each respiring cell is
located nearer to the bagtmosphere interface ebouplingoetween internal respiratofluxes and

fluxes from the stem surface can be exacerbated by the high water content of the cambium layer
(De Scheppeet al, 2012) acting as a major diffusion barrier according to the slow gas diffusivity

in water (ca. 10times lower than in air; Nobel 2009).
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PEPGmediated CQfixation as a relevant driver of the systematic mismatch between
CO; efflux and Oz influx

Higher O influx thanCO; efflux could be explained by CGQefixation via PEPC, which hinders
CO:from being locally emitted. Wieeasured PEPC capacity of 6&6ol mint g FW?, equivalent

to 22 nmols?! g DW? (assumingstem water content &0%). For comparison, the PEPC capacity

in currentyear twigs of beech trees wasrrBols* g DW? (Hilmanet al, 2019, recalculated from
Berveiller & Damesin 2008), and Tifols'gDW- in Pinus sylvestrigHilman et al., 2019,
recalculated from Ivanaet al, 2006) Therefore, the capacity GO, refixation via PEPC measured

here was comparablgith that observed in younger, greener twigsnbnphotosynthetitissue,

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 xylemesir). 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 molecule€6$.Given the low ARQ values
observedere, the resulting malate may not be locally oxidized, but further metabolized to produce,
for example, citrate or amino acids.

Evidence shows thaalate concentration increases in the steroefr platanoidesrees moving
upwards (Schilet al.,1996).Transported malate can increase the malate pool in leaves (@&essler

al., 2009), where it could be metabolized via malic enzymes rele&g thus favouring
carboxylation via Rubisco (Hibberd & Quick 200&)ternatively, the products can be transported
downwards via the phloerfHoffland et al, 1992; Shanest al, 2004 Touraineet al., 1992,
followed by excretion in the rhizpbere as root exudates. Alternatively or additionally, PEPC could

be involved in pH regulatiofCaburatan & Park, 2021dhe latter having appeared stable despite
fluctuations in xylemCO; (see e.g. Erdat al.,2014) Extrapolathg PEPC capacity on a volume

basis for comparisowith CO, efflux or Oz influx (as in Fig. 4) resulted in unrealistically high rates

of PEPC fixation (up téwo orders of magnitude higher thag &stimates)First, enzyme activity
measured in vitro under saturating substrate usually exceeds the in viyaufileeret al, 2007)

Second, PEPC capacity liketkecreases with xylem deptHoll, 1974) and PEPC samples were
uniquely taken from the outermost stem tissievertheless, the high values of PEPC ciypan

a volume basis suggest that even low PEPC capacity could be significant for the stem C budget and

could help explain the discrepancy betw€&y efflux andO2 influx.
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Other potential C sinks
Another potential missing C sink Rs budgetss the CQ photosynthetic refixation occurring in
chloroplastcontaining cells located in peripheral woody tissfesla et al, 2014 De Rooet al,
2020¢ Teskeyet al, 2008) which can reduce stem @missions by half, as observed in young
poplar treegDe Rooet al, 2020c) However, local photosynthetic fixation can be safely discarded
within our experimental setp, as opaque stem chambers were used to me@surefflux,
precluding photosynthetic liglmeactions. Nevertheless, we cannot discard the possibility of axial
diffusion of CQ in the gas phase ascribed to distanbdy tissughotosynthesi¢De Rooet al,
2019 Saveyret al, 2008a) In this line, lightdriven photosynthesis above and below the (opaque)
stem chamber can devellbght-induced vertical [Cg) gradients, leading tGO; axial diffusion in
the gas phasthathas been observed to redug@; efflux by 22% in oak stem@e Rooet al,
2019) Furthermore, we cannot rule out the possibilityOafinflux measurements overestimating
stem respiratory activity. We must critically note tBainflux measurements should be considered
as additional information that helps disentangle 6i6ks and sources, but not as an equivalent to
Rs as uncertainties remaiRirst, ashiftin the respiratory substrate from NSCs to lipids or proteins,
with a lower oxidation state, requires a higher amount ofoD respiratory reduction, hence
increasing the ARQand reducing the ARQ; Fischet al, 2015; Hankt al, 2015) However, our
study extended oved weeks during the summer season amehsured NSC concentrations at
different heights and depths did not indicate a seasonal NSC depletion thdt alteul the
respiratory substrate (Fig. 3)loreover, beech is not known to store lip{toch et al, 2003)
further suggesting the limited role of substrate change on the ARD. $¢coodrespiratory ©
uptake by @-consuming enzymes, like oxidases and hydroxyl¢gesetloveet al, 2013)that are
not involved in respiratory metabolism may incre@sénflux while CO, efflux remains constant
(Kruse & Adams, 2008D'Learyet al.,2019 Tcherkezet al.,2012). Thirdy, high growth rates
related to cell wall deposition, likely occurring at the end of the growing season, may also lead to a
nonrespiratoryncrease in @consumption, as observedifmus radiata(Kruse & Adams, 2008)

Conclusion and outlook

Carbon andoxygenbased methods to estimateyReld inconsistent results when simultaneously
applied to the same individuals under the same conditions. We found a consistent ratio between
CO efflux andOz influx close to 0.7which cannot be primarily explained by internal fluxes (xylem

COe transport and storagahd might bdinked to alternative sinks of respired €@EPC fixation

and axial CQ@diffusion) and nofrespiratory @consumptionRemarkably, the high PEPC capacity
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measured here in mature tree stems, companatii¢hat observed in currefyear greener twigs,

points towards PER@ediated CQ fixation as a relevant driver of the systematic mismatch
betweenCO; efflux andO: influx. We encourage further research combir@@ efflux andOo

influx readings in parallel with measurements of potential respiration and R&FACIty 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 fluxed the stem surface. Ideally, incorporatinggd®nsumption

and biochemicalevel knowledge (such as PEPC fixation) into plant mechanistic models could help

to more accurately estimate Bnd better constrain largecale C models.
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Abbreviations
Symbol Explanation
ARD Apparent respiratory difference, @sinflux 1 CO; efflux
ARQ Apparent respiratory quotient, 86, efflux/O; influx
[CO] [CO] in the gaphase
[COZ Dissolved inorganic carbon comprises of dissolved,€arbonic acid (LCOg3),
bicarbonate (HC®) and carbonate (G8)
Ecoz Stem CQ efflux to the atmosphere (stem surface)
Fr Transport of dissolved respired C in the xylem sap
lo2 Stem Q influx (stem surface)
PEPC Phosphoenolpyruvatcarboxylase; enzymedox fixation
Rs Stem respiration
pS Storage flux, as the temporal change in dissolvegdi€e sap
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CHAPTER 4

Abstract

Carbon (C) assimilation can be severely impaired during perio@gsmwfonmental 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 poptaeges Populus tremuld.. hybrids), a lipidstoring 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 2022MVe measured respiratory fluxes (£&hd Q), NSC concentration, the respiratory
substrate (based on isotopic analysis and/G£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 wit 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 radiocarbont“C, carbon allocation, COefflux, *C of respiredCO,, nonstructural

carbohydrates, £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(@balginet al, 1990;Lambers &
Poorter, 1992; Salet al, 2012) When theC supply from assimilation exceeds demand, trees can
store substantial amourdénon-structural carbon (NSCYhose reservanay be usetb maintain

tree functions€.g.,respirationosmoregulation, repair, biosynthesis of defense compowias)

supply is reduced below requirements, like during periods of harsh environmental coléiggns
Regier et al, 2009; Hartmanret al, 2013; Hartmann & Trumbore, 2016Farbon storage
compoundsijncluding starch, sugars or lipiggovide an essential buffer against C shortage and
play an essenti al r ol @artmann & Trienbdies 2016asge NSCe n c e
storage pools can be beneficial for the recovery of a tree after &rgssinsect herbivore
defoliation, drought, firefSalaet al, 2010; Dietzest al, 2014; Piper & Paula, 2020)he 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 understq@tkessler & 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 resiietice
(McDowell, 2011; Rosast al, 2013; Gessler & Treydte, 2016)

In order to gain insights into C reserve use under stressful conditions, one can artificially produce
a lack of photeassimilate supply via stem girdling. When removing a circumferential band of bark,
phloem and cambium of a tree, the C supply from themario 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 ob system to maintain metabolic activity beneath the girdle. To date,
empirical evidence supporting substrate shifts in trees is scarce, Btisceeret 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 chadlémggiantifying neutral

lipids (Fischer & Holl, 1991; Hoclet al, 2003; Fischeet al, 2015) but progress has been made
(see Grimbergt al.,2018; HerrereRamirezet al.,2021)

The simultaneous measurement of .Gdd Q enables to calculate the ratio of £Q@;, 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 afeQuired as electron acceptor vary
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depending on the respiratory substrate. During the bdeak of carbohydrates, one molecule of

O is consumed for each molecule of £®@leased, resulting in RQ1, while for the breaklown

of lipids more oxygen is needed, resulting in RQ.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 pesgspiratory processes al@ee Trumboret al, 2013 for a
summary) and this is th case when measured away from the mitochondrion, e.g. at the tree stem.
More preciselyhighly solubleCO, can be transported away from the respiration(sitg, Teskey

& McGuire, 2002; McGuire & Teskey, 2004r refixation mechanisms during the dgstem
photosynthesjs (e.g., Pfanzet al, 2002; Wittmannet al, 2006) or during the night
(phosphoenolpyruvatcarboxylase; PER€eaftey can fix CQ locally and therefore reduce the

CO efflux (Ecoo) to the atmosphere, leading to ARQ values beld@arertet al, 2012; Hilman

& Angert, 2016) However, the potentiable of fixation via PEPC has been investigated mainly in
leaves and young green twigs of C3 plgBsrveiller & Damesin, 2008put might beelevant as

a mechanism of local GQemoval as shown for mature beech trees (Hetral.,2023)

Sugars, starch, and lipids can also be distinguished by their C isotope signal of resp{rédd}O
(Gleixneret al, 1993; Cernusakt al, 2003; Bowlinget al, 2008; Briiggemanet al, 2011)

Former studies showed thatyR old oak saplings shifted substrate for respiration from recently
fixed carbohydrates to starch reserves (below the girdle) after gi{@fiagnouryDangeret al,

2010) d e d u c €€ erfrichroemt ofaCOr@spired by stem@rugnoliet al, 1988; Tcherkez

et al, 2004) In youngPinus sylvestrigrees, reducing C assimilation by experimental shading
triggered a shift from carbobyatedominated respiration to almost pure ljdsed respiration,

i ndi cat e dCy,yas welb as dower RQFischeret al, 2015) T ¥Gesignial can also
reflect environmental conditions (stomatal closure to avoid water loss), as e.g., a change towards a
mor e e nC signdl @uld b explained by expected changes in photosynthetic discrimination
(Farquhaet al, 1989; Hogbergt 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. Thedzbogarbon¢’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 intoitHeng-term reserveglLevin et al, 2010; Trumborest al,

2016) Amazonian tree stems below the girdle mobilized/~6ld C for respiration within one
month of girdling, and of decaddd C about Yr postgirdling (Muhr et al, 2018) NSC age of

stumpsprouts(Acer rubrun) regenerated following harvesting was maximum 17 y@asbone
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et al, 2013)andmaximum 16yr old C was used for new fine root growth after hurricane damage
in a seasonally dry tropical forgstargaset al, 2009)

In our study, we investigated responses of mature poplar (Pegsilus tremula.. hybrids)to
reduced C supply to stem sections. This species is a very common agib\Wasg tree species
that is known to store, besides sugars and starch, substantial amounts (fibplust al, 2003)

We acknowledge here the potential effect of root graffimgng starvation, as C transfer between
trees has been reported in mature poplar {i@esRochers & Lieffers, 2001; Frasaral, 2006;
Jelinkovaet al, 2009)and could compensate for the lack of phassimilatesWe investigated
how reduced C supply of recent phatssimilates 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 phetssimilates, poplar trees initially mobilize NSCs
(decrease in NSC concentratioimgreasingly digging into older C reserves (increasge).

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

|-
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=z girdling
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2 (overall
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Age of respired substrate (from 14CO,) [yr]

Figure 1 Graphical representation of the expecteg8r pattern of C reserve mobilizatiommaturepoplar
treesafter 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 andgirdling treatment
The study site is located in the Thuringian forest, Germany (50°42°50"'N, 10°36°13E, site
elevation 616n a.s.l, north slope). Mean annual temperature is ~7°C and mean annual precipitation
is 800 to 1200nm (Bouriaud et al, 2016) Soil was formed on volcanic bedrockur
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) aftgr3Meteordogical information was available from a weather
station nearby, however not directly at the north slépgual precipitation was 360m (2018),
510mm (2019) and 626im (2021), respectivelfFig. 2). Average annual temperature at our site
was 8°C (2018), 9.2°C (2019) and 7.7°C (2021), respectively (Fith 2D18 and 2019, extreme
summer drought affected central Eur¢Bastoset al, 2021) In 2018 we selected 12 mature poplar
trees Populus tremuldaybrids, approx. 6§r-old) in minimum 3m to maximum 18n 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) betweem 2&d 4Zm (Table Slavailable as
Supplementary data @ree PhysiologyOnline). 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 removingan-wite
circumferential band of bark, cambium and phloempgirox. 1.5m height above ground (Picture
S2available as Supplementary datd e Physiologpnline). All stem measurements were made
below the girdle (for girdled trees). For an overview of the different measureamehtie timing
of sampling see Table $®ailable as Supplementary datd ete Physiolog¥nline As we could
not see any signs of wound repair/cambium regrowth at the girdling l@ndny sprouting over
the time of measurements, we assume continuous interruption of the phloem transport pathway over
the 3yr.
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(a) Hermannsberg (616 m) (b) Hermannsberg (616 m) (c) Hermannsberg (616 m)
2018 8C 360 mm 2019 9.2C 510 mm 2021 7.7C 626 mm
— 300 — 300 1 — 300
Cc T mm C T mm C mm
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— 80 Max 40 — 80 — 80
34.1
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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 ofihanum temperatures of the coldest

month.

Stem CQ efflux and Oz influx measurements
We installed automated measurement chambers for quantifying stereffl@@ (Eco2) and Q
influx (lo2) (Helm et al, 2021) The highly autonomous leaost chambebased measurement
device was installed at a height of approx.r,3.e. below the girdling on the girdled treBscfure
S2 available as Supplementary datd ege Physiologynling). In 2018, chambers were installed
on all trees and measurements were conducted ffafiMay to 20 of September. Due to limited
capacity, in 2019, chambers were installed on three control and three girdled tre€¥ tbdure
to 2'9 of Septemberin 2021, chambers were installed on four control and four girdled trees from
2" 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 $é&met al. (2021) Configuration settings are based on a repeated
closed chambemode with 45min measurement cycles (¢@nd Q values were recorded every
10sec), followed by a Hmin flushing period of the chamber headspace to reach ambient air
concentrations before a new measurement cycle with measurements /e®.Cii@adspace
concentrations statAs a general requirement, @s a noftrace gas needs to be corrected for the
dilution effect of changing ¥0 and CQ concentrationgHelm et al, 2021) therefore we used the
relative humidity sensor integrated in the COZIR-dlspersive infrared (NDIR) absorption sensor
(Gas Sensing Solution GSS, Cumbernauld, UK) for the correction. Relative humidity was
converted to [O] using the Magnus formulaee Helnet al, 2021)
Measurements of GDO- headspace concentrations over time are subsequently used to calculate
CO and Q fluxes. To this end, the linear increase of2G@d decrease of dilution corrected O
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concentrations of the first 2@in were used, after removing the firstvn period following
flushing to avoid the influence of pressure fluctuations:

2i 0800 (4]
30! 204

Wh e r @ tpepthe change in gas concentration over time (ppinfer CO; and Q (absolute
value), respectively, V is the volume of the chambe)), (A is the stem surface (0.0088), P is
the barometric pressu(kPa), R is the molar gas constant (0.008334PaK'! mol ) and T the
temperature (Kelvin). Volumes of the stem chambers ranged from 70 tonmf0&nd were
determinedafter installation by injecting water with a calibrated syringe into the chamber
headspacd.o allow airbleeding from headspace we inserted sywinge needlemto the chamber
headspace; one to inject water, the other to vent air from the chédidide Slavailable as

Supplementary data &tee Physiologpnline).

Sensor calibration
In 2018, CQ sensors initially were calibrated every sigeks. Upon noticing substantial sensor
drift beyond3 weekssince calibratiorffHelmet al, 2021)we excluded all data recorded more than
3 weeks since last calibration, and from 2019 on, sengers calibrated every3weeks. For @
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 MGnster, Germany). For more-depth

information about the calibration procedure and calibration unit-éslen et al, 2021)

Sap flow rate
Sap flux density (Em'? h'1) was monitored during the growing season 2018 (May to September),
only. We measured the sap flow with Sap Flow M&&M1 sensors fromCT International
installed below the glass flask chamber at approxm0sgem height. Sap flux density was recorded
every 26min and converted to sap flow rateh(l) by using the software Sap Flow Tool (ICT

International, University Ghenthapwood depth was assumed t&0&oof 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 orear éDOY 147 and
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DOY 195). Stem corefsom all 12 treesvere immediately placed in a cooler §0C) for transport

to the laboratory, where they were dried foh7&t 60°C within 4 after the core collection in the

field. Cores were sanded with sand paper to facilitate identification of annual rings under a light
microscope (Sten2#000C, CarlZeiss Microscopy GmbH, Goéttingen, Germany). Defining the
outermost (most recent) annual ring as ring 1, we then cut the cores into pieces consisting of rings
1i 6 (without bark) andi7l4. Wood material was ground to a fine powder in a ball mill. Aliquots

of 30mg homogenized wood materialere analyzed for concentrations of sugars (glucose,
fructose, sucrose) and starch according to protocols S1 and SRdrmhausseet al. (2018) In

short, ethanol (80% v/v) was used as solvent for sugar extraétitar. vortexing for 1min,
incubating at 90°C for 1in and centrifuging at 13,08Gor 1 min, supernatants weenalyzed

by a HighPerformance 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 extraosorg two digestive enzymes:
alphaamylase ad amyloglucosidase (Sigr#sdrich). The glucose hydrolysate was measured by
HPLC-PAD.

14C and 13C signatures of respired CQ
We repeatedly col | ecltCed ngldCep nedsaresnkents byameans efs f
additional stem chambers that were installed in close proximity below the respiration chamber
(Picture R available as Supplementary datalTate PhysiologyOnling). A glass flask chamber
consisted of polypropylene plagguipped with three connectors for sampling flasks and a foam
frame (2.4cm thick “C neutral materidlplaced between the stem and the plate to ensure airtight
sealing. Chambers for sampling isotopes were installed temporarily for sampling campaigns using
4 raché straps for fastening the chamber on the stiémee flasks were connected to the chamber
and openedzach of these incubation periods lasted approvedk to ensure sufficient amounts of
CO; for 13C and*C analysis and establishment of steady state condifitves, flask inlets were
closed and glass flasks removed from the sEme.sampling flasks were custehuilt, made of
glass and with a volume of 115ml. Glass flasks were evacuated prior to sampling and inlets were
equipped with a Louwers-ong high-vacuum valve (Louwers H.V. glass valves, Louwers Glass
and Ceramic Technologies, Hapert, NetherlarfiiB)hr et al, 2018) We conducted three pre
girdling samplings. Followingirdling, 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 nundpdicates

than intended (& 6 for control and girdling eachjéble S8, 4 and & available as Supplementary
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data afTree Physiolog¥nline). Flask samples were brought to the laboratory at theBGT in

Jena for analysis.

F o C apCO;,, gas samples-0.5 mg of Cwere cryogenically purified, graphitized and analyzed

with an accelerator mass spectromé®teinhofet al, 2017; Muhret al, 2018) Radiocarbon data

are replrt(edad ,as .. t he pliCrno?@iatio ofdralic acal standard f r o m
in 1950. Accountingforanymasse pendent fr acii oesatdoXCvelietdct s,
of -2 5 dStuiver & Polach, 1977Detailed calculation can be foundTnumboreet al. (2016)

T h eC a&f any gven sample can be uséat estimating the “age” of respired £y calculating

the difference Coof thehstwdy asite ratotiseptime of isanpling. The local

at mo s p H® redord between 1993019 was estimated previously Iua et al. (2022)

(northern hemisphere zone 1) difinan et al. (2021) We added to this record an estimation for

2021 at m#GOpby analyzing adpcal annual plant, which is assumed to fix majority of its

C from the 2021 growing season atmospherie (Kyure S5available as Supplemtamy data at

Tree PhysiologyOnline adapted fronmHilman et al. (2021). Samp | ¥Gvalues tlgarly g

bel ow at Me{<®Edr iwere di scarded, as those sampl

from local fossil sources.

We used théollowing formula to estimate the mean age of respired @€ according tddilman

et al. (2021)

PO 3P [2]

3
0 QA& "QQ s
& TwQwi

PCsampei S t he measur ed Vv al“Gagospitds thersighature of gha surresta mp | e
atmosphericCQard47a si t he mean annual Ygd&helestmateforthe at mo.
atmospheriegC during the growing seasons was #2.8018),-2.44 (2019) and5.43 (2021),

respectively.

For i*3CO, measurement two aliquots (fif) from each gas sample were analyzed with an isotope
ratio mass spectrometer (Delta+ XL; Thermo Fisher Scientific, Bremen, Gergwupled to a
modified gas bench with a Conflow Il and GC (Thermo Fisher Scientifid¢ O, samples were
analyzed against a laboratory air standard on the Vienna Pee Dee Belemnite scale realized by the
Jena Reference Air S86 (JRAS06) (Wendebergt al, 2013) The values obtained were corrected

using the Dadson equatioriDavidson, 1995)0 account for fractionation effects
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61 18 6 1 18 [3]
pgtmttda O

where G is the CQ concentration of respired GO n t he flséak (ppmhe
composition of respired GQ a ) 5is the ambient air concentration of £€@ssumed 40ppm)

a n dis the isotopic composition of ambient air (assurted ) .

Be s i dCobrespiredCQ we meg alsofoesdlublé sugars and neutral lipids following

a modified protoco(Bligh & Dyer, 1959; Whiteet al, 1979)and liquid chromatography (Schwab

et al, 2019). Increment cores from all 12 trees were extracted at breast height using a standard
5.15mm diameter increment borer (Haglo6f 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 stephaseseparated: watesoluble 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 Slavailable as Supplementary data Take PhysiologyOnling). Aliquots from the
extractions were put into tin cups, dried and afterwards the measurement was performed with a
Finnigan MAT DeltaPlus XL EARMS (ThermoFinnigan GmbH, Bremen, Germany), coupled to

an autosamplgiKoppenaakt 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 treatnmiemguantify neutral lipids in the stem wood, we used
a histological method based on the protocols proposebldiyemet al. (2013)andHer r er a
Ramirezet al. (2021) We took histological slides (of 30m thick) from the first m, from bark
to pith. The slices were washed with distilled water and then placed in a petri box. Wood
histological slices were stained withl®ed O (ORO) to visualize neutral lipids. ORO stock
solution was prepared adding Z%f ORO to 400nl of 99% (vol/vol) isopropyl alcohol and
mixing the solution for & at room temperature. ORO working solution was prepared by adding
1.5 parts of OROteck solution to one part of distilled water, shaking it fanif, letting it stand
for 10min at room temperature and filtering it through guibfilter to remove the precipitates.
ORO working solution was added into the petri box until completely say#re wood slices. We
closed the petri box to avoid drying and precipitating of the ORO solution, and let the sample

incubate for 20min at room temperature. Then, we rinsed the samples with running distilled water
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for ca. 15min, changing water everyrin. 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 glads. ghfter 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;60a%

USA) at x500 magnification.

We used the pictures to quantify the percentage of the aerial surface covered by neutral lipid
droplets using Imagg$chneideet al, 2012) We quantified the percentage of lipid coverages in
small regions of interest (ROIs) of 0.261? randomly generated by the automatic script used for
Image J (Anexx 1). We divided the images in sections correspondingio &f wood counted

from bark to pith and in eachBm wood section we measured®0Is leading to a total of 500

ROls along the 3 cm of wooWe 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) Coreswere immediately frozen in liquid nitrogen in order to avoid any further metabolic
activity, transported to the laboratory and stored-80°C freezer. We cut the firstc2n of stem
material (bark to xylemand ground the wood to a fine powder with a mortar and pestle in liquid
nitrogen.A discontinuous assay was performed following the steBewérd and Gibon (2016) in
order to quantify potential HPC activity We used 20ng of woody tissue material. All pipetting
steps were performed using a®&ad robot (Hamilton Star). Aliquottogether with500uL of
extraction bufferwere shaken for extractioBxtracts were centrifuged forrdin (3000g, 4°C)
beforethe extractsvere dilutedby a factor of 2000 (w/v). NADstandards were prepared in the
before mentioned extraction buffer (ranging from O toribl per well). Afterwardghose standards
and the diluted extracts were incubatedZ0min in a20 pl medium (100mM Tricine-KOH pH
8.0, 20mM MgClz, 1 unit.mI* malate dehydrogenase, t®1 NaHCQ, 0.1mM NADH, 1% w/v
polyvinylpyrrolidone, phosphoenolpyruvate 0 (blanks) ani (maximal activity)). In order to
stop the reaction 0/& HCI (20 ul) was used. In order to destroy NADH, theweéll microplate
was sealed and incubated forrhilh at 95°CIn a next step, the microplate had to acclimate to room
temperatureand aneutralization step with NaOH 0.5M (20) and 0.2M Tricine-KOH followed
to adjwst thepH to 9.0. Together with 6nits.mI* alcohol dehydrogenase, 160M TricineKOH
pH 9.0, 4 mM EDTA, 0.1 mM PES, 0.6 mM MTT, and 58 ethanol, NAD+ was quantified.

The absorbance at 5hh was measured at 309€ a filte-based microplate reader (SAFAS
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MP96) To calculate the amount of NADormed during the first step of the assay, the reaction
rates (mOD.mir) were used=or further details se@énard and Gibon (2016)

Statistics
All analyses were performed using R softwéReDevelopment Core Team, 2019Ye usedR
packageclimatol for Walther lieth climate graphWVe usedhadfunction from thepadr 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 regressio®.96 and relative humidity 99% (after filtering 2018:
89%,; 2019: 81%,; 2021: 65% used). The ARQ ratio was calculated a®fgeeof changing€ O
concentration over time divided by the negative slope of cha@giogncentration over timgslope
COy/-slope Q). For ARQ values we afipd an outlier removal function, accepting only ARQs
between 25% quantile 1.5*Inter Quartil Range (IQR) and 75% quantid..5*IQR. Data were
averaged over 6h time intervals (net efflux ofGB-o2), net influx of Q (lo2) and ARQ) for raw
data plotting. We computed daily mean values only when data for the whole 24h period exist.
We used théme function (nlme package; Pinheiret al, 2017)to perform linear mixeaffect
models. We analyzed if treatment influencedfand bz, ARQ, NSC{BCO;a n d“C@month
wise (in 2018 thregveekaverage). 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 autdaton structure was included into the models
to account for temporal carl at i on. The model s normal ity

(quantilequantile (QQ) plots). All results were expressed as meatandard deviation (SD).

Results

COg2 efflux, Oz influx and ARQ
Ecozand bzduring the pregirdling period did not differ between treatmenis=(0.48 ancp = 0.53,
for Eco2and by, respectivelyFig. 3). After the girdling event in 2018, a significant difference was
observed in Eo2 between treatments for the measurement period in Augesd.01). Oneyear
after girdling, control and girdled trees differed significangy=(0.03 andp = 0.02, for co2 and
lo2 respectively) with a marked decline afdzand b2in 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) pmol m? s *were recorded for doz, while for ko2 daily maximum values reached 9.7
(control) and 2.9 (girdling) umah' 2 s tin 2019. In 2021, differences between treatments increased
(p<0.001, p< 0.0001 for Eoz2and bz). Control fluxes were twice as high as in 2019, roughly the
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same as in 2018. Differences betweetvEand bz were significantly different in all $r
(p<0.001).

2018 2019 2021

control (b) (c)
girdling

(a)
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CO; flux (umol m?s™")
(8]
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Figure 3 Upper panelsfa-c) CO, efflux (Eco) measurements (6 mean+SD) in 2018, 2019 and 2021 (a
c¢). Middle panels:(d-f) Oz influx (lo2) measurements (6 mean+SD, absolute values) in 2018, 2019 and
2021 (df). Lower panels: (@) ratio of CO; efflux to Oz influx (ARQ) in 2018, 21019 and 2021 with LOESS
smooth (span = 0.4). Arrows indicate budburst before May andidib@i SeptemberThe time of girdling

is indicated by the vertical dashed line. All values aferGean+SDrf=12 (2018),n=6 (2019),n=8
(2021)).

Before the girdling, the ratio dco2to lo2 influx did not differ between treatments < 0.4) with
daily mean ARQ values (xSD) of 0.85+0.1 (control) versus 0.84+0.1 (intended girféiling).
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After the girdling event in 2018, daily AR@alues of the two treatments in August differed
significantly (@ =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 vafue®.01), with 0.77+Q
(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 ( = 0.4) with 0.84+0.1 (control) versus 0.78+0.2 (girdling).

Sap flow rate and ARQin 2018
Sap flow rate (h}) clearly decreased after the girdling evéiiggreS1 available as Supplementary
data atTree PhysiologyOnline). When looking at daily patterns of ARQ in 2018, the ratio was
significantly higher during the night (~8ptm~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 imahaxi
(Fig. 4). Negative correlation was found between ARQ and sap flow rates (Pearson correlation,
r’=-0.57,p < 0.01 for mth control and girdling).

control girdling
1.1

7.54
o 1.0
o

5.01 >
% 090
5= o
o == N - .
8257 S 0.8

0.0 0.7

0 6 12 18 240 6 12 18 24
Hour

Figure 4 Subdaily values of ARQ and sap flow rate (xSD) for control and girdled trees, respectively (data

pooled from Sluly to D September 2018).

Non-structural carbohydrates and neutral lipids
Pregirdling sampling of the outer stem segmernits(@r) showed no differences in soluble sugar
concentration of the xylem (glucose, fructose, sucrosegh¢p = 0.3) and starch concentration
(mgg?) between treatmentp € 1.0; Fig. 5). In 2018 and 2019, starch concentration was lower
than 2mgg?, independent from treatment. Soluble sugar concentration increased from 1.0 to

5.1mgg?’ 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 treatppen®s0Q1 and

p < 0.001, respectively) with mean soluble sugar concentration of 17.B3y3 and mean starch
concentration of 11.0+3Mgg? for control trees, while for girdled trees soluble sugar
concentration and starch concentration remained low (3.6+4.2 and 1Ag8-2 respectively).

The concentrations of soluble sugars and starch in the second stem segment to a maximum depth
of ring 14 did not show significant défences in concentrations in af3(Figure S2 available as

Supplementary data &tee Physiologpnline).
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Figure 5 (a) Soluble sugar (glucose, fructosacrose) concentration (ngg) and (b) starch concentration
(mgg?) before girdling 21 June 201)8and three time points after girdling, extracted from stem cores to a
depth of ring 6. Box whisker plots present the median, lowéh @ad upper (79 percentiles, minimum

and maximum values.

Neutral lipids, analyzed in 2021, were 0.76+0.1 and 0.56+@s2%in control and girdled trees,
respectively without a notable treatment effect (Wilcoxon @st0.4) and high variability in
girdled trees (for individual trees, Tabl& 8vailable as Supplementary datarate Physiology
Online). For visualization of histological slices see Picturea@&ilable as Supplementary data at

Tree Physiolog¥nline

102



CHAPTER 4

14C-based estimates of respired C&ageand *°C signature of stemrespired CO.
Mean age of respired G@om the pregirdling sampling was 1.4r+1.1 (control) versus 1y+1.3
(girdling) (Fig. 6). For the control trees, C age reached its highest valddgf+1.2 in October
2018, after leaves had senesced. By contrast, C age from girdled trees increadé&dlidi 108n
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 yf &6 2021 of 7.%r
(for individual treesseeTable Sl and $ available as Supplementary dataTate Physiology

Online).

2018 2019 2021
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Figure 6 (a-c) Calculated mean age of carb@fC) of the chamber incubation gas samples of control and
girdled poplar trees in (a) 2018, (b) 2019 and (c) 2@2atbon ages were calculated based on Equ. 2). (d
f) UC of CQ;, of the chamber incubation gas samples of contrel §) and girdledr{ = 6) poplar trees in
(d) 2018, (e) 2019 and (f) 20213C was corrected using Equ. (Ihe 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 {2and upper (79 percentiles, minimum and maximum values.

103



CHAPTER 4

WCofC( 4d), f r ognding kaeplipgrwes2 8. 2aN0. 9 (c28t2dMN0. & e
(girdling) (Fig. 6. One month after the girdling event, me#AC of the collected COwas-
25.8aN0.5 (c®ht?2adN). &#efgiusdl ing). Significant
girdled trees did occur on specific dates in July and August 2018 and over the whole measurement
campaign in 2019. In 2021, me&HCO; for the three sampling datesw&s8 . 54 N1. 2 (con
versus2 9. 2 a N1 . 4 withaytiamatdble megtinent effegt£ 0.15) As a general pattern,
postgirdling tH3C O, values of girdled trees were always lower tB&CO; values of control trees

(for individual treesTable S available as Supplementary datalede PhysiologyOnline), even

though in 2021 difference was marginal.

The o b¥Fvalues#HSDYof putative substrates in 2021 were . 1 4 & KQ2)i6 negtral

lipids and-2 7 . 1 1 & N:Q2) i soluble sugaysvithout atreatment effect

Potential PEPC activity in woody tissue
At the end of the growing season in 20i®yvitro PEPC activity (xSD) was 568:249.2and
267.3:94.7nmolg FW min for control and girdled trees, respectivelith a notable treatment
effect (ttest,p < 0.001)(for individual trees see Tabl& @vailable as Supplementary datd ede
PhysiologyOnlineg).

Discussion

Our 3yr experimental studindicatesthat the use od mixture of respiratory substrateith a late
contribution ofincreasinglyolder reservegprovides amechanism of tree resiliende strong
reduction in C supply in poplar tre€3ur data suggest that lipid metabolism, indicated by changes
in 3C of respiredCQ;, (Fig. 7), may allow poplar trees to ride out periods of C starvation, yet,
further dedicated studies on lipid metabolism will be helpfute decline may take much longer
than the duration of our studygas most of therées were still alive after the-y8 starvation

manipulation.

Significant differences in carbohydrate pools between treatments developed only
over time

In our experiment, we combined shashd longeiterm responses of poplar trees to a girdling
treatmentWe could not confirm an initial decrease in NSC concentration (H1) as concentration in
both treatments was very low (starch < 2 mf o 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 maintaincertain NSC corentrations in aboveground organs in order to ensure tree survival
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(Huanget al, 2019) Reduced growth respiration may explain why sugar concentrations initially
remained stable. Girdled trees ceased growth after the girdling event (Figanel @8thod S2
available as Supplementary dataTate PhysiologyOnling), in accordance with other studies
reporting cessation of stem growth below the gi(MaunouryDangeret al, 2010; De Schepper

& Steppe, 2011; Oberhubet al, 2017)and reduced growth in chilled mature red maple trees
below the phloem restrictigirademachest al, 2022) Transport of NSC from neighbouring trees

via root grafts has been shown todoécal for survival of root suckers in poplar trees (DesRochers

& Lieffers, 2001; Jelinkovat 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
observede.g., Hoch, 2015; Webet al, 2019)and NSC concentrations of drouggttessedPicea

abies also strongly C limited, did not differ to control trees in aboveground organs, whereas only
starch reserves in roots strongly declined under drogitgrtmannet 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 thd prdien &

Habib, 1996; Maunourpangeret al, 2010; Regieet al, 2010; De Schepper & Steppe, 2011; Mei

et al, 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
10-fold increase in starch and soluble sugar respectipetgntially 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 sterayers 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 phesssimilate provision. Some of the obsehdifferences between
2018/2019 and 2021 may be due to seasonal variation of NSGsmging dates differed
somewhat between years. Concentrations typically decrease after bud break and then increase in
the late growing season (Hoehal, 2003; Richardonet al, 2013; Scartazzstal, 2 013; Mar t
Vilalta et al,, 2016), however, seasonal variability of NSCs has been shown to be only 10% in stem
sapwood of deciduous treg$ochet 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 dryinglLandhausseet al, 2018)
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Figure 7 Schematic overview summarizing our results about substrate identity and C mean age. 2018/
refers to pragirdling and 2018/l refers to pegirdling in 2018. Mean values for the time period June

August (if data available) are shown to avoid seasonaitsffilumbers in bold refer to mean ARQ values.

Control trees use fresh photosynthesis product over the study piftiexcthe girdling in2018 and 2019,

the U**CO; signal is more enrichedvhich is possible due tirought effects of those years, while 208

comparable with the prgirdling measurement. AR@alues of00.85 might be explained by a mixture of
respiratory substrates, including carbohydrates and lipldsvever, ARQ valuescannot be seen as a
substrateuse indicator alone, as (pgstespiratory processes can affect this régee further explanations

in 6The contribution of lipids during starvatdn | n gi rdl ed tr eée€Q,sign@dinobser v
August 2018 as trees start to use lipids for respirafioh.t er t hi s Y¥COisignaland ARB@ c | i ne
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-§r 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 10 used ~6 yr old C, already two monthefter stem girdling (Muhet
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 svalmost complete and both treatments used older stored C. In
girdled trees, the age of respired frreased up to a maximum of 15 years (average 2021: 7.5
yrs). These values were in accord with previous studies showing maximum C aggr affte4

girdling of tropical treegMuhr 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 ptagtsimilates throughout they8 period
(Fig. 7). But, mixing of young and old NSCs for stem respiration was also repotadisturbed

mature oak tree@rumboreet 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 2af8C0; values close te3 0 &Fig(
6 and 7) indicate that a substantial amour@©f originates from lipid catabolisnii{®C of neutral
lipds~32a, data not shown) but see also 4.4. We
treat méd@®¢62i ma)i, starting already within on
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 meai®*CO;~28 . 5a8), si mi |l ar t oPinustsydvestri§Fache b e e
et al, 2015) In general, w observed high seasonal variations in control trees (8.@,. 2 2 a
(05/2018)to-2 4 . 17 a (; 0able 3vaiBble as Supplementary dataTate Physiology
Onling), most likely with increased values during stem gro@amesin & Lelarge, 2003nd
seasonal variations due to phenological changes (e.g., leaf growth, sengS=shtst)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 2@83(~ig. 3 and 7),
indicating the contribution of lipids to maintain metabolism during starvation. During shading
induced starvation, Fischet al. (2015) found evidence for lipid metabolism, with ARQ ratios ~
0.7 inPinus sylvestridgrees. In May/June (2018, 2019) we observed highest ARQ, which could
indicate the use of carbohydrates @aliby mobilization of reserveghe treatment effect in ARQ
a n dCQa 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 i HCO20ARD jnthatgearfByu n d
contrast, we observed with the histological staining method (Takde&@lable as Supplementary
data atTree PhysiologyOnling) the depletion of lipids in one dhe girdled trees in 2021, but
dedicated studies to address lipid distributiostem 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 processstgrike
photosynthesis, CQransport in the sap, or G@efixation, can lead to lower than 1 ARQ values
(see Trumbore et al., 2013 for a summaig)our study, we can neglestem photosynthesis

because we used opaque chamb®tsm photosynthesis around the chamber could generate a

107



CHAPTER 4

gradient of CQ@, and cause axial diffusion of G@&rom the chamber to the illuminated parts,
affecting ARQ(De Rooet al, 2019) Also, high solubility of CQin the xylem sap may facilitate
import to or export from the site of measurem@rskey & McGuire, 2007; Aubrey & Teskey,
2009; Bloemermt al, 2013) Considering that sap flow was reduced in girdled trees in gdd8re

S1 available as Supplementary dataTate PhysiologyOnling), indicating a limited amount of
upward transport, we would expect a correlation between sap flow and absolute deviation of ARQ
from unity. Refixation of CQ via the enzyme phosphoenolpyruvatecarboxylase (PEPC) might
remove CQ locally, but we found ~50% reduced PEPC activity in girdled trees the year after
girdling (Table S7available as Supplementary datal e#e Physiolog Online), which suggests a
limiting role of pepemediated C fixation in lowering ARQ values.

Potential effect ofthe exceptional 2018019 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 wid@ii 8 But also in 2020,
which can be seen as a legacy effect of dro(glgt, Milleret al, 2023)(Figure S3available as
Supplementary data &itee Physiologynline). 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 locatedalid b, 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 indz) were observed iQuercus ilexwvhen soil predawn water
potential decrease(RodriguezCalcerradaet al, 2014) Droughtinduced decline in stomatal
conductance woul d ¥Clvalues of G4dde td ohandes it phetasmihalic U
discrimination; Farquhaet al, 1989; Hogberget al, 1995), as most likely observed in 2018 and
2019. @mpared to wetter years, arciease ini*>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
COe pool (MaunouryDangeret al, 2010) In 2021, control trees showed no longer an enriched
W3C, possibly because fresh . Qvaral wearitgalynoth ad a
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-lemg survival under periods when C supply from

the canopy is not giveimsights abouhow long trees can store and access reserve compaunds,
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response to changes in soustek relationshipsare highly needed to improve our understanding

of tree resilience under ongoing climate char@gveral studies have highlighted shortcomings in

the representation of tree stress responses and resilience, mediated by C storage, in vegetation
models(Ogle & Pacala, 2009; DeSo#t al, 2020; Peltier & Ogle, 2020; Hartmaehal, 2022)

The common assumption that assimilated C via photosynthesis is directly respired to the
atmosphere needs to be updated for model improve{8emmtaet al, 2022)as it is contradictory

to our study results and previous empirical evidgiMagaset al, 2009; Carbonet al, 2013;

Muhr et al, 2013; Muhret al, 2018) Combining empirical studies on remobilization and
metabolization of C with C dynamic models may help improve predictions and constrain model

parameterg¢Sierraet al, 2022)
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General scussion anoutlook

This doctoral thesisvas motivated by the need to improve our understandingadion (C)
dynamics in mature treeQur mechanistic understanding of the respiratory processessiéthe
level is limited which hinders accurate stem respiratio) éRtimates (e.gMeir et al, 2017,
Teskeyet al, 2017. Large amounts of C can also be stored within the stem wbisdof great
importance to understand hamature trees utilizetoredC reserves to survive under strésg.,
Regieret al, 2009; Hartmann & Trumbore, 2016xddressethree current challengegthin this
thesis i) to develop a fieldobust method for simultaneounseasurements &0, efflux and Q
influx at thestemsurfaceto better constrain locakspiration ii) to elucidate the fate of respired
CQO, by simultaneously measurir@@O; (internal and at the stegurface) and &fluxes (at the stem
surface) in the same treasad iii) to explorewhetherstressedrees shift respiration supply from
carbohydrates to alternative storage compotméssure survival under reduced C supply

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

revealed discrepancy between both gases

Respirationis a sensitive process that changes rapidly with environmental and physiological
variations. Hence, developing the first quesntinuous measuremesyistenfor simultaneous CO
and Q fluxes to better constrain respiratory procesSémpter 2) was the basi®r all subsequent
experimental approach#sat | performed as part of my dissertatigiaving a highly mobile, easy
to-use and quasautonomous system available allowed me to provide new insightseasmnal,
diurnal and alongtem variations in r@gsratory fluxes.

By comparing both gasé€0, and Q), | showed thabetweenl0and30% of CO, wasnot locally
emitted butwas retained in the stem of mature tre€&h@pter 2-4 (control trees) Further, |
observed greater difference between €éfflux and Q influx during the day(Chapter 3, 4,
indicating thathigh sap flonmight facilitated the transport ofespiredCO, away from its point of
production This clearly showd that effluxbased methods (especially during -diaye)

underestimatéhe true respiration ratat the stemtevel. | will discuss the sources forehCG



General discussion and outlook

retention and its implications in more detail in the next sections when synthesizimgjtHfendings

of the two experimental studieSl{apter 3, 4).

CO2 mass balanceapproach and oxygenbased approach:The mismatch between CQ efflux
and Oz influx cannot be primarily explained by internal fluxes, but is also linked toan

alternative sink of respired COr

Understanding missing C sinks in respiration budgetssientialto improve predictions of
respiratory C loss under changing climate conditions (Gatraly,1997; Huntingforcet al.,2017).
However,the fate of respired COn tree stems remains inconclusive, anddbmbineduse of
different measurement approaches could bekhedlight on this line.The novelty of the field
study inChapter 3 was the concurrent applicationtbe CO, mass balance approa@BA) and

the simultaneous measurement ©f (oxygenrtbased approach) in the same individuals to
mechanistically understand GProduction and movement across the stem.

In the beech trees surveyed herduly and August 20180% of the respired C®wasretained

in the stem This is based on the assumptithat trees use carbohydrates for respiratitie
hypothesized that xylem G@ransporiand storage couldxplain tle mismatchbetween C@and

O2 due to the lower solubility of £in the xylem sap compared to @®lowever,in contrasto

our expectationinternal fluxes (xylem Cétransport and storagepuldonly partiallyexplainthe
difference betweef€O; efflux andO-influx. Our results indicated that measurements at the stem
surface,conducted with chambdrased methods, most likely reflect respiration in the outermost
tissues of the stem (bark, phloem, cambium and outer xyletrpdauly reflect the respiratory
activity in the inner sapwood imaturetrees.Moreover in this thesis, provided novel evidence
for an alternative sink of respired @@ EPC(phosphoenolpyruvatcarboxylgsenediated CQ@
fixation can be a relevant driver of the mismatch betweeneffiDx and Q influx in mature trees.
We measured high PER@pacity in the outer stem tissussnilarto values from green current
year twigs(Berveiller & Damesin, 2008). Thisbservationmplies that PEPC fixatiosan be a
relevant mechanism of loc&lO, removalthat needs to be consideredcompletethe stem C

balance

Poplar trees are well buffered against multiyear C shortage by using a mixture of respiratory

substrates and taping into older C reserves in the long term

Predictingtree survival under environmental stresguires a better understandinglad tiynamics

of respiratory metabolism and C reserve usewever, theavailability and usage of such C
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reservesn field-grown mature treeis still very limited(e.g.,Gessler & Treydte, 201&jartmann

& Trumbore, 201p

We manipulated the access to new prasimilates by girdling mature poplar treetereby,
phloem C transporto the lower stem was permanently interrupted, forcing trees to rely on C
reserves Chapter 4). | combined aunique dataset of loAgerm (i.e. two and a half growing
seasons)sotopic measurementsf respired C@ (**CO, and **CO,) and apparent respiratory
quotient ARQ) to infer the respiratory substrates and the age of the respiRRen@arkably, some

of the treesn our studywere still alive 4yearsafter girdling.Longtermsurvival of the treesvas
possible by downregulating metabolismdmobilizing up to 15yr-old Cto sustain respiratiom

the long termThe age of respired GQvas inaccordance with decaddd C reserve use after
girdling of tropical trees (Muhet al.,2018).As a consequence of reduced prassimilatesARQ,

as a useful traceto identify respiratory substratesjggestedhe contribution of storage lipids to
respiration This has been shown in previous workfor young Pinus sylvestristrees under
experimental shading in a greenhossaely(Fischeret al, 2015; Hantt al, 2015). The results of
theli*CO; signalindicated that poplar trees use lipids for respiration one month after girlliag.

this initial decline inliit3CO,, our resultssuggestedhe use of a mixture of respiratory substrates
(carbohydrateand lipids).The observed change in metabolism from recent carbohydrates to older
storage pools with a mixtud carbohydrates and lipids can explainy the declineof tree vigor

may take many years until death occuksulti-year field experiments can greatly enhance our
mechanistiaunderstanding of storage dynamics inside stems of mature @eefindingsimply

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 allow

treesto survive for several yeansnder Climiting conditions.

Conclusion and Outlook

The results obtained within this thesis have important implications for our understanding of
respiratory processes atigkrole of stems in C metabolism of treBespiration is a key factor to
determining if a forest ecosystem acts as net C sink or suatantini et al, 2000) Current CQ-

efflux based estimates most likely underestimate the contributi®s taf ecosystem respiration.
Integrating @ and CQ measurements can better constrain local regpirahd accounting for the
mismatch will improve current estimates R§. The need to analyze intern@lfluxes andC-
refixation mechanisms is imperative for quantifyidg@ab Rs, and further research into>O

consuming processes should additionally be considered. The affilityature treesto use
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alternative substrates for respiration aodemobiliz older C storage pools addsn important
contribution to our understanding of tree resilience to changing climate conditions.

Despite the novel insightsn Rs, their underlying regulatory factors and timportantrole of C
reserve$s n tr eeds r emBgewquestomsaad cloabepgadarisk that need to be addressed
in future researchMany opportunitiesfor prospective explorationsf the complex nature of GO
inside tree stems are summarized in the reviewlarf@hapter 1). | 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 ecosys{@nmplementing empical datasets into stem respiration
modelling and4) recycling and storage of C during drought. | will discuss each of these suggestions
in detail in the folloving sections.

Continuous measurements of xylem sap pH in the stem
One urgent task for future worktisdevelop a reliable method for situ pH measurements the
stemthat can be included as a standard procedufsfioreasurement protocoSap pH, especially
above 66.5(e.g., Levyet al, 1999; Erdat al, 2014) is a critical factor for calculating tii&nsport
and storagef CO; (from the MBA), as the solubility of C{ncreases exponentially with pBap
pH is currently measured from twigs far away from the site of @@asurements at the stem
(Chapter 1, 3 and potential discrepancies between twigs and stem may beceatelin mature
trees.Another open guestion the temporalvariability (short and longterm) of stem pH values,
and whether twig sampling caeflectthosechanges (Erdat al., 2014). Unfortunately, afirst
attempt from our group to achieve continuous measurements of xylem sap pH iofgreessing
gastric probes from medical applicatiomss not successfuQuantifying the magnitude of GO
transport within the xylem is essentialdstimate total respiration rate (based on the MBksv
technical innovationsGhapter 1) would bring us closer tovercome technical difficulties and

solving ths 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 caRepyas been measured
almost exclusively at breast height. To estimate wRelestudiestypically upscale breast height
measuremest This overlooks within-tree variation. For example, an underestimation of annual
treescale CQ efflux by up to 17% was observed when comparing modelled versus observed
effluxes along the stewf spruce tree€l.3, 10 and 18 mlrarvaineret al, 2014) In Chapter 3, |

found noapparent vertical pattern in st€®;, efflux andOz influx along a 3m-long stem segment
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This is probably due tthe modest vertical gradieig® m)in 38 mtall beech treesdt is still largely
unknown howfluxes will change along thentirestem gradient of large tred=ollowing up on the
work in Chapter 3, more infrastructure is needed e.g. by theaisee canopy crane to tackle this
challenge Future studies should incorporate charrtesed measurements and inte@@p flux
measuremeniwith morphological, anatomical or physiological traitfluencing thediffusivity,
solubility, and transport of respired €(@.9.,savood densitybark thicknessstem temperatuye
along the whole stem gradieRurther research should alsonsidersapwood depth gradients to
asseghe contribution of inner and outer tisstespirationto total Rs. Investigatingwithin-tree

variationis necessary to avoiahiscalculatiorof theentire treeRs (Chapter 1).

Wholetree level ARQ and implication for the ecosystevel

Future workshould expand to the entire trlewel ARQ. | measured lower than unity ARQ values
in two deciduous tree species and during different time of the @aapfer 2-4). If the local ARQ
below one is explained by a net export of locally respired, @@ have to assume that other tree
compartments (foliage, branches, roots) experience a net imporgofeSadting in an ARQ above
one In this regardfuture research can profit froour general chamber setuph@pter 2), as the
current device can be used forlmeasurements in other tree compartments, sudogdranch

or leaf,with only minor modifications.

One may ask whether our findings have implications at the ecosystem scale:J@er@tio of

the global terrestrial biosphere is around ~1 (1.04; Wastall, 2013), therefore we can assume a
COx:O ratio (ARQ) of 1 with narrow variability at the ecosyst&wel. Emissions that areot
detectedat one location or in one plant compartment should erat apother 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 retentiorredpired CQin the stenof poplar and beech treesder
normal environmental conditionsvhen measuring COand Q in parallel. Thisleads to the
conclusion thathe contributionof Rs to the forest C balance may be larger than previously
estimatedfrom CQ efflux measuremen}sThe same has been shown for belowgraasgiration
Neglecting internal C&flux from tree roots througthe stemresulted inunderestimation of total
belowground respiratioril8% in Quercusspeciesup to 50% inPopulus deltoidds(Aubrey &
Teskey 2009Bloemenet al, 2014; Salomoet al, 2015) A comprehensiveinderstanding of the
pathways of C@within forest ecosystesis crucialto improve predictons of respiration and

ultimately of the fores€ balance undduture 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 tempedafpeadent equations or calculated
as a fixed fraction of the difference between gross primary production (GPP) andplemble
maintenance respiration (Atket al.,2017; Fatichiet al.,2019; for details see alsthapter 1).
Additional factors like substrate availability, water status or oxygen concentration within woody
tissues are commonly ignored by laigmale models, as well as the fact that GPP changes with
stand age and across bionteg., DelLuciaet al, 2007; Piacet al, 2010) Recent modeling efforts
have been madey developing a procedmsed model dRs that couples water and carbon fluxes
at the sterevel (e.g., Salomoret al, 2019a) However, we are still far from implementing
mechanistic insights into largeealemodels The quotation fron®Gifford (2003:A Pl ant r espi r
regulation is too complex for a mechanistic representation in current terrestrial productivity models
for carbon account i ngisstlhrelevant tadaykdr futardrraseagch, | r e s e &
underscore the need to implement empirical datasets collected globally across broad gradients of
environmental conditions intBs modeling routines, as has bedone for the leafAtkin et al,
2015; Heskeét al, 2016) Empirical data of combined C£and Q measurementsisprovided by
our sterachamber device, can serve as important input and calibration variables for mechanistic
models of tree respiration and stem functioning. Such efforts are much neeagiaeei model

predictions and further advance our mechanistic understanditg of

Recycling and storage of C during drought

Ongoing climate change has triggered a growing interesbugttinduced tree mortality during
the past~15 years(McDowell et al, 2008; Allenet al, 2010) with a particularinterest in
unravelling theC dynamics during drouglfe.g., Salaet al, 2012; Adamset al, 2013; Piper &
Fajardo, 2016)Especially after the recent droughtentsand increased tree mortality central
Europe in 2018 and 201%ere is a neetd better understartieregulation and functioning of tree
C dynamics This understanding is cruciaéb predicttree resilience undechangingclimate
conditions | want to highlight two aspectdigned with this thesithat areof interest for future

researchi) the recycling of internal C and iilirther insights into lipid storageools

Internal recycling/refixation of C®

Recycling of respired COwithin woody tissues may bsonducivein periods of drought stress
When photosynthetic activity in leaves is limitetle to stomatal closureC 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 reducedstimge sugar

116



General discussion and outlook

transport from the leaves to woody tis§B®emenet al.,2016; De Baerdemaeket al.,2017; De
Rooet al.,2020. Further research e.dpy light exclusion treatments of the stem and manipulations
of temperature, atmospheric €€ncentration, and water availability can help to further unravel
the role of cortical photosynthesisth respect to varying climate conditions.

Additionally, theinternal tree C from PEPC fixation might becopregressively important under
C-limiting conditions. Bhanced PEPC activity ithe roots of young girdled beech treesuld
provide additional C when supply is restricted (Clausing.,2021).Contrary to our expectations
we found reduced PEP€apacityin girdled trees dr after girdling,denoting a limiting role in
compensating for reduced C suppf$hépter 4). Neverthelessbroader consideration of this
mechanisnio maintain the C statysnder e.g. a lack of new photassimilates from the cangpy

in different tree specieand along sapwood depth gradieistaeeded before concluding about the

relevance othis C recyclingmechanisnin a changing climate

Further insightanto lipid storagepools

In tree species that store Ctimeform of carbohydrateandlipids (Sinnott, 1918; HA6ll, 1997; Hoch

et al, 2002; Hoctlet al, 2003, progress can be made in quantifying and localizing neutral lipids

the wood.The quantification of lipidsremainschallenging but histological staining methad
(Grimberget al, 2018;HerreraRamirezet al.,2021) in combination with imaging analystan
facilitate broader implementation in future studies about C storage pools inGlesgster 4).
Interestingly, ipid storage correlatewith lower mortaliy rates in tropicaltreq@s He r r er a Ra m
et al, 2021) and this might suggethat lipid-storing tree species may be more resilterfuture
drought eventsThe staining methodanbring new insightsnto whereand how much lipids are
stored andtherefore could give valuable insights into lipid metabolism in mature treaddition,

a similar method for analyzing the spatial distribution of starch has recently been presented
(Her r er a etRah 202F. @ith further indepth investigations, considering different tree
species, seasonal samplirand the radial distribution from the bark towards the pithgs¢h
techniqus offer a great potential to assdgsd and starclstorage strategies in trees which would
help to predict tree survival undeonstraining conditions.

Overall, this thesis dealed with C dynamics at the skewel. With ongoing climate warming
understanding thdactors determining C los®s and the dynamics ofC storage in treess
fundamentalto understand how forest ecosystems respond to climate claacggees ensure
survival However, further sidies aboutreeC dynamicsunder doughtneedto becoupledwith

othermechanismsuch ashangesn tree water relationsyylem dysfunction, or phloem transport
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failure (e.g.,McDowell, 2011; Sevantet al, 2014; Hartmann, 201®annouraet al.,2019) in

order tobetterunderstand drought imp& on forestsThe combination of water and C relations
providea good frameworkor understandinghe complex physiologi¢aauses of tree mortality
(Hartmanret al, 2018; Hajelet 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 improegegtions of forest mortality undduture
climate change scenaridis isa mucheeded andemanding task going forwage.g., Anderegg

et al, 2015; Trumboret al, 2015a; Hartmanat al, 2018)
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CHAPTER 11 Supplementary data

Material S1 Henry's Law

Dissolved inorganic carbon in the xylenC@.’]) comprises of dissolve@€O,, carbonic acid
(H2CQs), and the two deprotonated forms, bicarbonate (K)C&hd carbonat¢COs%). [CO2']
cannot be measured directly, but can be calculated geseous O], xylem sap temperature
and sap pH. The partial pressure @D, in air (pCO2), Henry's constant fo€O. (Kn) and
dissociation constants for bicarbonate and carbonate ia@s(Kk) should be calculated as parts
of Henr y MeGuirecrTaskel, 2002)

#1°  p p; p+n+ v D#/ [1]

+ T8tpp T8O Apd (2]

+ c@x@pn ovxwpn p A [3]
+ C® X XTp T WBinigp 4 [4]

Where K and K are first and second acidity constants,igHenry's constant. K Ky and kK are
temperaturaependent solubility coefficients fQ0O. in water and 8O- is the partial pressure of
[CO2]. According to those eqsCP:'] increases with higher@0,, lower temperatures, and higher

pH values.
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Table S1Summary of published studies on sap pH measurements (measured at least twice diangdigm) with observed seasonal and/or daily

trends.
Species pH value Measurement  Daily Seasonal trends  References
spring summer autumn  winter wet and dry season location trends \flzti)nntwe?prlng to
Actinidia chinensis 5.3 6.2 6.2 6.2 shoots na spring (Fergusoret al.,
acidification 1983)
Populus x 5.4 6-7 7.5 7.5 branches na spring (Sauter, 1988)
canademis acidification
Airobustad
Fagus sylvatica 6.0 5.6 6.06.5 6.06.5 lowest trunk na summer (Glavacet al.,
parts (42yr-old) acidification 1990)
Fagus sylvatica ~5.86.5 ~5.8 ~6.66.8 ~6.4 trunk segments na xylem sap became (Rennenbergt
(45-yr-old) moreacidic from  al., 1999
february to april,  Estimated values
alkalinisation from
from spring to height 1.2- 2.4m,
autumn see Fig.3
Robinia 5.3 5.45.5 NA 5.7-6.0 branches na spring/summer (Fromardet al.,
pseudoacacia acidification 1995)
Ricinus communis na na na na 6.8 (wellwatered); 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 5.6 na 6.8 5.3 twigs na winter (Alveset 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 (Aubreyet al.,
7.18 cores at lower 2011)
stem during
night)
Prunus domestica 5.29 5.21 na 5.43 branches no summer (Erdaet al.,2014)
acidification
Quercus pyrenaica 6.18 6.4 6.68 na twigs night alkalinisation (Salomoret al.,
decrease from spring to 2016)
(6.1); autumn
daytime
alkalinisatio
n (6.466.5)
Pinus cembra, na 5.8 na 7.3 branches na summer (Lossoet al.,
Picea abies, Larix acidification 2018)
decidua
Grapefruitorchard  na 5.96.0 na 5.1:5.7 winter (Paudekt al.,
acidification 2018)
Populus nigra 5.76.0 NA na na cut stems pre-dawn na (Brunettiet al.,
(1-yr-old) lowest value 2019) note: we

Note: Terminology twigs and branches was maintained from the original studies

report welt
watered
conditions only
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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 Salomoéet al.(2019). For an abridged explanation of the modelSsdemodnret al.(2022)
Relevant equations in modelling exercise 1:

According to Henry's law, safc;’] is proportional to the partial pressure @D: in the gas
phase in the xylem 0O2) (see equation 1, Supplementary Material 1). This equation illustrates
how sap €CO.] increases with sap pH. Consequently, higher solubilitg¢®f leads to a higher
contribution of the storage flux and the transport flux to stem respiration, and hence, a lower

contribution ofEco2to 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
nortlinear relationship between stem diameter (D) and thickness of the outer tisstes (d
According toGenardet al.(2001)

A Ap A

where a and b are allometric parameters. See Fig. S&amonret 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 xylemyjRand outer tissues

(Rm_oT) is estimated according to equations 20 and 23alomonet al. (2019) accounting for

ti ssue volume, density, N content and tempera
2 2 —1 — —
2 2 —1  —

where Rb_N is respiration at basal temperature (Tb, °C) on a Nitrogen molar hasigh&molar
mass of N, Q10 is the temperature sensitivity @f Ris the stem temperature, angh\and Vs

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

Stem size also plays a role in 86 diffusion process, as radi@O; efflux from the xylem to

the outer tissues (&) and radialCO: efflux from the outer tissues to the atmosphéiens)
follows Fick's law of diffusion. According to the geometry of the xylem and outer tissues
(equations 27 and 28 Balomoret al. (2019))
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% $EAE —

% $ EAE —

where Dif isdiffusivity, [CO2]xy, [COz]ot and [CO2]atm are the gaseou€s] in xylem, outer
tissues and atmosphere, respectively B the diameter of the xylem tissueyrds the thickness
of the outer tissues, andvAand As are the axial surface of xylem and stem within the monitored

stem segment, respectively.
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Aubrey DP, Boyles JG, Krysinsky LS, Teskey RO. 201Epatial and temporal patterns of xylem sap pH
derived from stems and twigs Bpulus deltoide&. Environmental and Experimental Botany
71(3): 376381.

Brunetti C, Gori A, Marino G, Latini P, Sobolev AP, Nardini A, Haworth M, Giovannelli A, Capitani
D, Loreto F. 2019.Dynamic changes in ABA content in watgressedPopulus nigra effects on
carbon fixation and soluble carbohydrat&snals of botany24(4): 627643.

Erda FG, Bloemen J, Steppe K. 2014uantifying the impact of daily and seasonal variation in sap pH
on xylem dissolved inorganic carbon estimates in plum tFdest Biology16(1): 4348.

Ferguson A, Eiseman J, Leonard J. 1983Xylem sap fromActinidia chinensisseasonal changes in
compositionAnnals of botanp1(6): 823833.

Fromard L, Babin V, Fleurat-Lessard P, Fromont JC, Serrano R, Bonnemain JL. 1995.Control of
vascular sap pH by the vessasociated cells in woody species (physiological and immunological
studies)Plant Physiologyl08(3): 913918.

Genard M, Fishman S, Vercambre G, Huguet JG, Bussi C, Besset J, Habib R. 2002 biophysical
analysis of stem and root diameter variations in woody plRtdst Physiologyi26(1): 188202.

Glavac V, Koenies H, Ebben U. 19905easonal variations in mineral concentrations in the trunk xylem
sap of beechHagus sylvaticd. . ) i n a 42 vyear NewPhjytoldgisid&1ji474f or e st
54.

Losso A, Nardini A, Damon B, Mayr S. 2018 Xylem sap chemistry: seasonal changes in timberline
conifersPinus cembraPicea abiesandLarix deciduaBiologia Plantarumt2(1): 157165.

McGuire M, Teskey R. 2002.Microelectrode technique for in situ measurement of carbon dioxide
concentrations in xylem sap of treg@see Physiolog22(11): 807811.

Paudel |, Bar-Tal A, Rotbart N, Ephrath J, Cohen S. 2018Water quality changes seasonal variations
in root respiration, xylem COZ2, and sap pH in citrus orchakdsicultural Water Management
197. 147157.

Rennenberg H, Schupp R, Glavac V, Jochheim H. 199&ylem sap composition of beeckggus
sylvatical..) trees: seasonal changes in the axial distribution of sulfur compdinegsPhysiology
14(5): 541548,

Salomon RL, De Roo L, Oleksyn J, De Pauw DJ, Steppe K. 20IReSpirea biophysical TRee Stem
respiration modelNewPhytologist2255): 22142230.

141



Supplementary DataChapter 1
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CHAPTER 21 Supplementary data

Tree Physiology

Supplemental Information

Article title: Low-cost chamber design for simultane@; andO: flux measurements between
tree stems and the atmosphere

Authors: Juliane HelnHenrik Hartmann, Martin Gobel, Boaz Hilman, David Herrera, Jan Muhr

The following Supporting Information is available for this article:
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Supplementary data S1 and S2

We tested two different humidity sensors in the laboratihmy internal relative humidity sensor
integrated in the COZIR sensor, and the S3%T Both sensors were exposed to air that was pumped
through a dew point generator (DPG;610, LFCOR Biosciencg, 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 Hdity. 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
100 1
., 754
S
T !
r 50
25
13:00 14:00 15:00
Time (min)

S1Relative humidity measurements (%) of the external humidity sensor@SHT= 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;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)

S2Relative humidity measurements (%) of the external humidity sensor-8SHand COZIR RH sensor
within the headspace of the stem chamber over time (n = 3). Three chambers were installed at three positions

on the same tre@funus aviuniL., mean stencircumferencel05cm) and measured relative humidity for

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

S3A) 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 thebeltanodule and F) Installation in the field with

sensor box and waterproof transpcase.
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Supplementary Data S4

Details for custom made datalogger: The cushwitt data logger comprises an Arduino Mega

2560 R3 with added data logging shield and a 16x2 RGB LCD shield.

The LCD shield displays actu@lO, and Q 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 retime-clock chip for timestamping the measurement values. The prototyping
area of the shield also holds the MOSFET driver for the 6V piNMiP015S from KNF, ca. 1

L/min due to running at 5V).

The program (a.k.a. AsketchfA) on the arduino
known parameters (pump/flush duration, file number, measurement interval) are loaded from the
EEPROM. Both sensors are set into poll mode to not flood theérar 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 npthen checks and resolves any user input on the LCD shield buttons, then
polls both sensors for all data they can possibly measureCQgpartial pressure, temperature,
barometric pressure,.@ercentage valu&€O,: CO. in ppm, temperature, RH). After all data has
been received itdéds checked for integrity the
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Supplementary Data S5

S5Component list of the stem chamber (main parts).

Unit
Component description Quantity | Supplier Part number| pr i c
Dyntronic
Transporicase 1 plenty.de 72601K 25-
Fibox Grey ABS Enclosure 100mmx100mmx75n
IP67 1 RS 4984025 8-
Ratchet straps 3 Various 15-
8470020004
Closed cell EPDM foam mat 40mm 1 luxCOx4.de 0 2-
Arduino Mega 1 RS 7154084 35-.
EXP-R15
Arduino Display Shield negative 1 exptech.de 123 30-
EXP-R15
Arduino Datalogger Shield 1 exptech.de 003 1.5-
Generic SD card (4GB) 1 Various 10-
Components for circuit board assembly (saHde
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-
O2 Sensor 0...25% 1 SST Litd. 50-
H.O SensoSHT-85 1 RS 23-
*We used this power bank to achieve up to 12 day
continuous operation. Smaller power banks (20
are much cheaper (ca.
acquired, but only allow ca-3 days of continuou:
operation.
Total a
519.5
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Supplementary Data S6

Correction of measurement data. Cfor the dilution effect of changing 2@ and CO:
concentrations; Description of the original approach described by Ketlalg(1998); extended

by a HO 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 me&sed
concentration as follows (using the Kozlostaal. (2008) modified version of the Stephesisal.

(2007) equation):

Y 60 00 Y 00 00
Y p Y

1070

w h e r e/NoJigthe change of thesM>r at i o i n psepparenenmle fradti¥n@hange.

i.e. the differences between the measured apparent mole fraction and the arbitrarily defined
reference mole fraction (SPof 0.20946, multipliedby @ 0 ex pr es s C@Jsampl@er
is the measure@€O, concentration in pmol md| [CO]referenceis the CO, concentration of the
reference cylinders that define the zero point on the Scrippsc@e (363.29 pmol md).
[H20]sample is given in ppm (conwton from % to ppm, see section 2.5)2(MkeferencelS 0. The

addition of 1 umol of @to 1 pumol of dry air results in a change of 4.77 per meg (Keelirag,

1998), so for comparison of2@nd CO, fluxes we divided the results by this factor to get O
concentrations relative to the reference in ppm equivalents, which we used as the basis for all
subsequent £flux calculations.

New mathematical approach (explanation see section 2.5):

105 ARG I80ARAG &  100RAG &

T0R NN 5 6
No significant difference between the two approaches was found for our measurement campaign
on three poplar trees#£t0.0283, p = 0.9776).

General note: The implemented correction function we use within this manuscript for dilution by
0., CO2 and HO is based on some assumptions that mightaiwsays be justified (personal
communication Dr. Jelka Bradéehrens). Among other assumptions, such as constant nitrogen
and argon content and a constaptr®@le fraction relative t€0. (and HO)-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-trised@®s and

O dilution correction (see e.g., Kozloeaal, 2008).
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Supplementary Data S7

O, flux uncorrected
— O, flux (D+T - corrected)
--- Deviation of 10 Luminox Sensors \
i

2 1
s

05 Flux pmol m

04

w of w o b o ot ol
Year 2019

S7 CalculatedO» fluxes (4hmean) according to eq. [6] over 3 days in July 2019 (Thuringia, Germany,
n = 3). Uncorrected data (dotted line) and corrected data (dilutigra¢idl temperature (Y corrected, solid

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

SCO = mrpaY QI p8 mandSCH) = Mm@y QIO p& @

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

Geophysical Research: Atmosphet@§D3): 33813397.

Kozlova EA, Manning AC, Kisilyakhov Y, Seifert T, Heimann M. 2008.Seasonal, synoptic, and
diurnal scale variability of biogeochemical tr
Siberia.Global Biogeochemical Cycl&2(4).

Stephens BB, Bakwin PS, Tans PP, Teclaw RM, Baumann DD. 20@fplication of a differential fuel
cell analyzer for measuring atmospheric oxygen variatidmstnal of atmospheric and oceanic
technology24(1): 8294.
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CHAPTER 31 Supplementary data

Plant, Cell and Environment

Supplementd Information

Article title: Differences between tree stem £&¥lux and Q influx rates cannot be explained

by internal CQ transport or storage in large beech trees
Authors: Juliane HelmRoberto L. Salomon; Boaz Hilman, Jan Muhr, Alexander Knohl, Kathy

Steppe, Yves Gibon, Cédric Cassidenrik Hartmann

Thefollowing Supporting Information is available for this article:
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== Stem temperature
CO, efflux
0, influx
[CO,]

40m

Upper stem

2.65m

Lower stem

1.0 m_|

Sap flow meter SF{] m—
I

Vaisala sensor GMP 251

Figure S1Schematic overview of the experimentalgptand measurement devices installed on the
stem at different stedevels.

Picture S1(a)Beech tree with stem chambers (@dlux, O, influx) and Vaisala sensors (internal [gO
at different stem height¢b) Closeup of the equipment with butty butyl sealant for isolation from
atmosphere.
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Method S1:Measurement of PEPC capacity

Aliquots were extracted by vigorous shaking with HQ0of extractionbuffer (20%v/v glycerol,
0.25%wl/v bovine serum albumin, 1% v/v Triton-X¥00, 50mM HepeskKOH pH 7.5, 10mM
MgClz, 1mM EDTA, 1mM EGTA, 1mM aminocaproic acid, @M benzamidine, 2QM
leupeptin, 0.5nM  dithiothreitol, 1mM  phenylmethylsulfonylfluoride, 10% w/v
polyvinylpolypyrrolidone and 1%v/v polyvinylpyrrolidone). After centrifugation (#in, 3000g,
4°C), extacts were diluted by a factor of 2000 (w/v). Diluted extracts and N#tBndards
(prepared in the extraction buffer and ranging from Oniondl per well) were incubated for 20in

in 20l of a medium containing 108M Tricine-KOH pH 8.0, 20mM MgCls, 1 unit mI* malate
dehydrogenase, 18@M NaHCQ, 0.1mM NADH, 1%w/v polyvinylpyrrolidone and
phosphoenolpyruvate 0 (blanks) om®1 (maximal activity). The reaction was stopped withu20

of 0.5M HCI. The sealed microplate was then incubated &C9for 10 min to destroy NADH.
After cooling down, eeh well was neutralised with 20 of NaOH0.5M and 0.2M Tricine-KOH

pH 9.0 to adjust the pH ta® NAD" was then measured withuditsml™ alcohol dehydrogenase,
100mM TricineeKOH pH 9.0, 4mM EDTA, 0.1mM PES, 0.6nM MTT, and 500mM ethanol.
The absorbance was read at Bin®and 30C until rates were stabilised. Reaction rates expressed
in mOD.min' were used to calculate the amount of NA@&rmed during the first step of the assay.
All pipetting steps were performed using al8&d robot (Hamilton Star), and absorbances were

measured in a filtebased microplate reader (SAFAS96).
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Supplementd Information

Article title: Carbon dynamics in lontgrm starving poplar treésthe importance of older

carbohydrates and a shift to lipids during survival

Authors: Juliane Helm, Jan Muhr, Boaz Hilman, Ansgar Kahmen, Hbestef Schulze, Susan

Trumbore,David HerreraRamirez, Henrik Hartmann

The following Supporting Information is available for this article:
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Table S1Diameter 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 (cf
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 30.4 Control 98 84 98

6 31.1 Girdling 96 100

7 29.1 Girdling 83 93

8 33.4 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 Overviewof measurement&kenin all threecampaign2018,2019and2021or in individual

years,only.

Measurement Time period Numberof trees(n)

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

NSC 2018 (DOY 172, 262), 201' 10-12 (whenanalysisfailed)
(DOY 147), 2021(DOY 195)

i3CO,MC 16 measurementpoints, for 10-12(whenanalysisfailed)
detailsseeTablesS4,S6

Sapflow 2018 12

PEPCcapacity 2019(DOY 236) 11

Neutrallipids (stainingmethod) 2021(DOY 147) 6

UH3C of substrates 2021(DOY 236) 12
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Table S3 Meanii**CO; (+SD) of thechambeiincubationgassampledor all treesindividually.

Year Date DOY Treatment SampleNumber(n)
Control+£ SD Girdled+ SD Control  Girdled

09.05.2018 129 -29.22+0.6 -28.84+0.6 6 6

31.05.2018 151 -27.50+0.3 -27.70+0.4 6 6

21.06.2018 172 -27.90+04 -28.11+04 6 6

11.07.2018 192 -24.23+0.3 -25.93+0.9 6 6

2018 02.08.2018 214 -25.78+0.5 -31.20+1.6 6 6

22.08.2018 234 -24.17+0.5 -28.40+2.2 6 6

12.09.2018 255 -24.27+0.9 -26.04+1.5 6 4

04.10.2018 277 -24.92+0.7 -26.07£2.0 6 6

05.06.2019 156 -27.37+0.4 -28.26x0.5 6 6

20.06.2019 171 -26.76x0.3 -28.51+0.6 6 6

2019 04.07.2019 185 -25.09+0.3 -30.92+7.8 6 5

02.08.2019 214 -24.51+0.3 -27.71+0.9 6 6

25.09.2019 268 -26.80+0.9 -28.65+1.0 5 6

14.07.2021 195 -29.70+1.1 -30.47+1.2 6 6

2021 03.08.2021 215 -27.85+0.2 -28.48+1.1 6 6

16.09.2021 259 -27.81+0.9 -28.57+0.9 6 6
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Table $4 Meangd“C (+SD) of thechambeiincubationgassampledor all treesindividually.

Year Date DOY Treatment SampleNumber(n)
Control+ SD Girdled+ SD  Control Girdled
09.05.2018 129 7.2811.2 5,25+ 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 4,70+ 3.7 2.98+2.6 6 6
2018 02.08.2018 214 2.53+£3.8 13.17£ 1.6 6 6
22.08.2018 234 24719 3.93x1.6 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 19.42+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£2.9 17.40£ 2.5 4 4
02.08.2019 214 7.98+2.1 18.38+ 4.2 6 6
25.09.2019 268 9.37+£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 25.23+ 9.5 6 6
16.09.2021 259 -0.92+ 3.5 31.42+2.8 6 5
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Table S5 MeanAge of C (xSD) of thechambeiincubationgassampledor all treesindividually.

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
31.05.2018 151 0.95%+0.9 1.29+ 0.8
21.06.2018 172 2.18+1.4 2.68+1.3
11.07.2018 192 0.5+1.9 0.14+1.3
02.08.2018 214 0.05+1.9 2.26+0.8
22.08.2018 234 0.03+1.0 0.34+0.8
12.09.2018 255 -0.23+0.8 3.67+£2.4
04.10.2018 277 3.94+1.2 4.88+2.1

2018

20.06.2019 171 1.14+1.3 5.67+6.2
2019 04.07.2019 185 2.03+1.2 413+1.1
02.08.2019 214 2.16%+1.1 413+x1.1
25.09.2019 268 2.45+0.9 4.57+3.2

14.07.2021 195 0.85+2.3 15.08+11.8
2021 03.08.2021 215 -0.24+21 6.38+4.8
16.09.2021 259 0.93+1.8 7.7+1.3

g o oo o M~ A OO O O O O O O O

6
6
6
6
6
6
6
6
05.06.2019 156  3.09+5.2 455+2.9 5
4
4
6
6
6
6
6

Table S5 Neutral lipid quantification for control and girdled trees in 2021 (sampling, DOY 147). Einst 3
has beemnalyzed.

Treatment Treenumber Lipid quantification(% area)

(first 3cm)
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 Treenumber PEPCactivity (nmol/gFW/mint)

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 S1a) Two girdledandonecontrolpoplartreeat the studysitein Septembe018,b) girdling
bandin 2018,c) controltreein 2021,d) girdling bandin 2021ande) girdledtreein 2021.
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Picture S2 Experimentaketup with the respirationchambetbelow the girdling, the glassflasksfor gas

sampleanalysisandSapFlow Meter SFM1in 2018.
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