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Abstract
Drought affects the carbon and water cycle of terrestrial ecosystems substantially since
water availability controls leaf stomatal conductance and thus plant photosynthesis and
transpiration. With ongoing climate change Europe is facing a higher risk of extreme
summer droughts in the future. Observations have shown that severe drought conditions
have the potential to reduce or even reverse current ecosystem carbon sink capacities.
However, the mechanistic understanding which determines carbon and water cycling in
terrestrial ecosystem is still sparse. Therefore, the parameterization of drought in earth
system-, land surface- and ecosystem models is very limited to adequately simulate the
biogeochemical cycling of carbon and water between the pedosphere, atmosphere and
the biosphere.
The present doctoral thesis comprises a number of manipulative experiments, which
were conducted in order to quantify the susceptibility of carbon and water fluxes within
the atmosphere-plant-soil system (APS-S) to drought. In particular, it was investigated
how the coupling of carbon and water fluxes between above- and belowground is altered during drought and post-drought recovery periods. Above-belowground coupling
was investigated looking at the effects of (i) drought on the allocation of recently assimilated carbon, (ii) drought on transport times of recently assimilated carbon, (iii) drought
on the diel coupling between photosynthesis and soil respiration and, (iv) re-watering
after drought on aboveground processes at immediate (hours) and intermediate (days)
timescales.
Manipulative drought experiments were performed with beech saplings (Fagus sylvatica L.) under controlled laboratory conditions (climate chambers). Ecophysiological and
biogeochemical processes were investigated using laser spectroscopy which provided
real-time measurements of isotopologues as well as mixing ratios of CO2 and H2Ovapor (δ13C; δ18O). In a first step, a combined soil/canopy chamber system was developed, which was suitable for an automated measurement of isotopic gas-exchange with
laser spectroscopy. Plant component fluxes (soil and canopy gas-exchange) were measured separately by using a gas-tight separation between the soil and canopy
compartment. Such separation is of particular importance when working with tracers as
it prevents the contamination of the respective adjacent compartments. Carbon and water fluxes of soil and canopy were investigated via natural abundance or by artificially
enriching the heavy isotope (labeling). Labeling was done with either 13CO2 or H218O.
Both tracers allowed to follow isotopic fluxes from the atmosphere through the plant to
belowground (carbon flux via 13CO2) or in opposite direction from the soil to aboveground (water flux via H218O). Several measurement campaigns lasting approximately
one month each were performed subsequent to a testing phase of the chamber system.
The results showed that the combined soil/chamber was well suited for 13CO2 pulse labeling experiments since only aboveground plant components were exposed to 13CO2.
Such a setup had two major advantages: First, 13C enrichment in soil respiration could
solely be attributed to biological processes since physical back-diffusion of 13CO2 from
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soils was prevented. Second, the non-existing physical label reflux from soil could not
induce a relabeling (re-assimilation), which was crucial for the interpretation of observed δ13C dynamics in soil respiration (δ13CSR). Furthermore, it was assessed whether
canopy respiration caused 13CO2 re-cycling and accordingly a re-assimilation by the
canopy. Physiologically, the 13CO2 canopy pulse labeling experiments revealed that the
transport of freshly assimilated carbon to below-ground occurs within less than three
hours and is substantially slowed during drought (~7h). In addition, a strong diel coupling of leaf metabolism with soil respiration was found. Under control (non-stress)
conditions, the diel dynamics of δ13CSR were driven by the alternate supply of mobile
leaf carbon and transient leaf starch. Under drought-stress, however, δ13CSR dynamics
were driven by the relative contribution of autotrophic and heterotrophic soil respiration. For both treatments, sub-daily δ13CSR dynamics could be reproduced and
substantiated by a simple plant carbon allocation model based on Bayesian probability.
The 13CO2 pulse labeling experiment revealed further that F. sylvatica strongly invests
recently assimilated carbon in biomass and little in respiratory processes – independently of soil water availability. Nonetheless, a larger proportion of the carbon was allocated
to belowground during drought-stress (root biomass, root respiration).
The H218O labeling experiment indicated a rapid (~30 min) response of stomatal conductance and photosynthesis to re-watering following drought. However, this rapid
information transfer was not accompanied by the arrival of labeled water molecules.
Measurements of oxygen stable isotopes in CO2 and H2O vapor confirmed independently that the label appearance in the canopy occurred ~2.5 h subsequent to the initial
response of photosynthesis and stomatal conductance. Accordingly, the delayed arrival
of labeled water molecules pointed to a water flux independent root-to-shoot signaling
mechanism.
Overall, carbon and water flow through the APS-S is likewise affected by drought,
which was demonstrated by 13CO2 and H218O labeling experiments combined with realtime isotope measurements. The imprinted isotopic signature in both fluxes conveyed
inherent information on plant functioning. The presented results advanced the mechanistic understanding on how terrestrial carbon and water fluxes are governed under
drought and have the potential to improve current ecosystem and carbon cycle models.

VIII

Zusammenfassung
Der Kohlenstoff- und Wasserkreislauf innerhalb terrestrischer Ökosysteme wird wesentlich durch die Bodenwasser-Verfügbarkeit beeinflusst, da diese die stomatäre
Leitfähigkeit, ein Maß für den Öffnungsgrad der Blatt-Spaltöffnungen, und somit den
Gasaustausch von Pflanzen bestimmt. Ungünstige Bedingungen wie Trockenheit verringern die stomatäre Leitfähigkeit und beeinträchtigen infolgedessen die Transpiration
sowie die Photosynthese. Der fortschreitende Klimawandel erhöht die Wahrscheinlichkeit für extreme Dürreperioden und Sommertrockenheit innerhalb Europas. Messungen
haben gezeigt, dass durch Trockenheit bestehende Kohlenstoffsenken verkleinert und
diese sogar in Kohlenstoffquellen umwandelt werden können. Das derzeitige Prozessverständnis über Kohlenstoff- und Wasserflüsse während andauernder Trockenphasen
ist begrenzt. In Folge dessen ist die korrekte Parametrisierung von Erdsystem-, Landoberflächen-, und Ökosystemmodellen, und somit die genaue Bilanzierung von
Kohlenstoffflüssen nicht gewährleistet. Die vorliegende Dissertation beinhaltet eine
Reihe von manipulativen Experimenten, die durchgeführt wurden, um die Anfälligkeit
und die Reaktionen der Kohlenstoff- und Wasserflüsse auf Trockenstress innerhalb des
Atmosphäre-Pflanze-Boden-Kontinuums zu quantifizieren. Hierbei wurde untersucht,
wie Trockenstress (und anschliessende Erholung) die Kopplung von Kohlenstoff- und
Wasserflüssen zwischen ober- und unterirdischen Systemkomponenten beeinflusst. Im
Besonderen wurde der Einfluss von Trockenstress auf die Verteilung, sowie den Transport, von frisch assimiliertem Kohlenstoff innerhalb der Pflanze untersucht. Des
Weiteren wurde untersucht, ob sich die Kopplung zwischen ober- und unterirdischen
Systemkomponenten durch Trockenstress und Erholung verändert.
Die Experimente wurden an jungen Buchenbäumen (Fagus sylvatica L.) unter kontrollierten Laborbedingungen (Klimakammern) durchgeführt. Ökophysiologische und
biogeochemische Prozesse wurden mittels Laser-Spektroskopie ermittelt, welche die
Messung von Wasserdampf- und CO2-Isotopologen, sowie deren Konzentrationen, in
Echtzeit ermöglicht (δ13C; δ18O). Für die Durchführung von automatisierten IsotopenGaswechselmessungen mittels Laser-Spektroskopie wurde ein geeignetes MesskammerSystem entwickelt. Innerhalb des Messkammer-Systems wurden Boden und Spross der
jeweiligen Versuchsbäume durch eine luftdichte Separierung voneinander getrennt.
Diese Trennung war für die durchgeführten Experimente von großer Bedeutung, da auf
diese Weise eine Kontaminierung des jeweils benachbarten Kompartiments mit angereichertem Isotopenmaterial verhindert werden konnte. Die Kohlenstoff- und
Wasserflüsse wurden entweder mit Hilfe der natürlich vorkommenden Isotopenkonzentrationen oder mit Hilfe von künstlich angereicherten Isotopenzusammensetzungen
untersucht (Labeling), wobei entweder 13CO2 oder H218O als sogenannte Tracer eingesetzt wurden. Durch die Tracer-Substanzen konnten die Stoffflüsse von der Atmosphäre
durch die Pflanze hindurch in den Boden (Kohlenstofffluss via 13CO2) oder in jeweils
umgekehrter Richtung verfolgt werden (Wasserfluss via H218O). Im Anschluss an eine
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Testphase des Kammersystems wurden mehrere Messkampagnen von je ca. einem Monat Dauer durchgeführt.
Die Ergebnisse zeigten, dass das kombinierte Kammersystem mit einer luftdichten
Trennwand für die angestrebten 13CO2 Labelingexperimente geeignet war, da nur die
oberirdischen Pflanzenkompartimente gezielt 13CO2 ausgesetzt werden konnten und auf
diese Weise eine Kontaminierung des Bodens ausgeschlossen wurde. Die Separierung
hatte zwei wesentliche Vorteile: Erstens, die 13C-Anreicherung in der Bodenatmung
konnte ausschließlich auf biologische Prozesse zurückgeführt werden. Zweitens konnte
durch das Ausschließen einer physikalischen Rückdiffusion von 13CO2 aus dem Boden
kein erneutes Labeling (durch Re-Assimilation) stattfinden. Dies ist entscheidend für
die Interpretation der beobachteten δ13C Dynamiken der Bodenatmung (δ13CSR). In
demselben Kontext wurde geprüft, ob die Blattatmung ein 13CO2-Recycling (ReAssimilation) und dementsprechend ein erneutes Labeling des Sprosses verursacht.
Durch das 13CO2-Labeling und Messung der Bodenatmung konnte beobachtet werden,
dass der Assimilat-Transport vom Spross in den Boden innerhalb von weniger als drei
Stunden auftritt und durch Trockenheit deutlich verlangsamt wird (~7h). Darüber hinaus
wurde eine starke Kopplung des Blattstoffwechsels mit der Bodenatmung gefunden.
Unter Kontrollbedingungen wurden die tageszeitlichen Dynamiken von δ13CSR durch
die abwechselnde Versorgung mit mobilen Blattkohlenstoff und temporärer Blattstärke
angetrieben. Unter Trockenstress hingegen, wurden die Dynamiken in δ13CSR durch den
relativen Beitrag der autotrophen und heterotrophen Bodenatmung bestimmt. Die
δ13CSR-Dynamiken konnten für beide Behandlungen durch ein einfaches pflanzenphysiologisches Model reproduziert werden. Die Ergebnisse zeigten weiter, dass F. sylvatica
frische Assimilate vor allem für den Aufbau von Biomasse und weniger für respiratorische Prozesse verwendet - unabhängig von der Wasserverfügbarkeit. Unter
Trockenstress wurde dennoch ein größerer Anteil der Assimilate in unterirdische Systemteile verteilt (Wurzelbiomasse, Wurzelatmung).
Das H218O-Labeling zeigte eine schnelle (~30 min) Stomata- und PhotosyntheseReaktion im Anschluss an eine erste Bewässerung nach einer Trockenphase. Dieser
schnelle Informationstransfer war zeitlich jedoch nicht an das Eintreffen der ersten markierten Wassermoleküle gekoppelt. Messungen der Sauerstoffisotopenzusammensetzung in CO2 und Wasserdampf bestätigten unabhängig, dass die markierten Wassermoleküle erst ~ 2,5h nach der ersten Reaktion der Stomata im Spross eintrafen. Das
verspätete Eintreffen der markierten Wassermoleküle deutet darauf hin, dass ein unabhängiger Signalmechanismus für die schnelle Antwort der Stomata und der
Photosynthese verantwortlich ist.
Zusammenfassend kann man sagen, dass sowohl Kohlenstoff als auch Wasserflüsse
durch das Atmosphäre-Pflanze-Boden-Kontinuum durch Trockenstress beeinflusst werden, was mit Hilfe von 13CO2 und H218O Labeling in Kombination mit Echtzeitisotopenmessungen gezeigt werden konnte. Die Isotopensignaturen welche durch beide Flüsse
transportiert wurden enthielten inhärente Informationen über pflanzenökophysiologische Prozesse. Die gewonnenen Ergebnisse haben das mechanistische Verständnis der
terrestrischen Kohlenstoff- und Wasserflüsse unter Trockenstress verbessert und haben
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das Potenzial, aktuelle Modelle über Ökosystem-, und Kohlenstoffkreisläufe zu verbessern.
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CHAPTER 1
General Introduction
1.1

THE ROLE OF TERRESTRIAL ECOSYSTEMS
WITHIN THE CLIMATE SYSTEM

The chemical composition of the atmosphere affects the global climate by radiatively
active greenhouse gases (GHG; Yakir 2003). The most important anthropogenic GHG
are carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and halocarbons. Among
these, CO2 is the most important as its concentrations exert the highest radiative forcing
(Forster et al., 2007). Ice core records have revealed rather stable atmospheric CO2 concentrations, fluctuating between 180 and 280 ppm during the last 650 thousand years.
These natural fluctuations were predominantly related to glacial-interglacial cycles
(Siegenthaler et al. 2005; Jansen et al., 2007). Since the beginning of the industrialization in the 18th century, global CO2 emissions have increased substantially to 390 ppm
in 2011 (NOAA-ESRL) due to anthropogenic activities such as fossil fuel burning and
land use change (Denman et al., 2007). The anthropogenic release of GHG to the atmosphere resulted in an increase of global mean temperature by 0.7 °C during the last
40 years (Copenhagen Report 2009). The Earth surface plays a crucial role in compensating the anthropogenic release of GHG: Currently “Europe’s terrestrial biosphere
absorbs 7 to 12% of the European anthropogenic CO2 emissions” (Janssens et al.,
2003). Globally, even half of the anthropogenic emissions of CO2 are absorbed by
oceans (24%) and the terrestrial biosphere (30%), reducing the anthropogenic impact
(Canadell et al., 2007).
CO2 from the atmosphere is consumed by plants and microorganisms in the terrestrial
biosphere via photosynthesis and chemical reactions. At the same time, CO2 is released
from the biosphere by the biochemical processing of metabolites – a process commonly
known as respiration. The counteractive fluxes of photosynthesis and respiration determine the net carbon exchange between atmosphere and terrestrial biosphere. Total
ecosystem respiration can be separated in respiratory fluxes of non-photosynthesizing
organisms (heterotrophic respiration) and plants (autotrophic respiration), at which the
latter contributes up to 60% (Janssens et al., 2001; Fig. 1). The close balance between
assimilation and release of carbon is largely controlled by belowground processes as
plants allocate 35-80% of the assimilated carbon to root respiration, -growth, -exudates
or mycorrhiza (Ryan & Law 2005). Carbon release from the soil to the atmosphere (soil
respiration) contributes about 70% of total ecosystem respiration (Janssens et al., 2001)
and is therefore a crucial process for the ecosystem carbon balance. Soil respiration,
photosynthesis and consequently the carbon sink capacity of terrestrial ecosystems are
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highly sensitive to environmental factors. Therefore, the terrestrial biosphere is particularly vulnerable to changes in climate (Yakir & Sternberg 2000). In order to better
assess the role of terrestrial ecosystems in the global carbon cycle, an improved understanding of the underlying processes is urgently required.

1.2

DROUGHT

Extreme climatic events such as drought strongly affect the carbon and water cycling in
terrestrial ecosystems. Soil water availability is largely reduced during drought and
causes stomatal closure in plants (Gollan et al., 1989) in order to restrict the water loss
by transpiration. At the same time, however, stomatal closure inhibits CO2 diffusion
into leaves, which in turn reduces photosynthesis. A reduction in photosynthesis is further facilitated by rapid reductions in mesophyll conductance (Flexas et al., 2006) as
well as changes in cellular metabolism (Lawlor & Cornic, 2002). Consequently, carbon
uptake of terrestrial ecosystems is reduced under drought and restricts the substrate supply for plant growth, carbon storage and involved respiratory processes. Thereby
drought also reduces the CO2 release from ecosystems due to its effects on autotrophic
(root-rhizosphere) and heterotrophic (microbes) components of soil respiration (Nikolova et al., 2009; Carbone et al., 2011).
The past decade was the warmest since the start of meteorological recording and
droughts were found to substantially reduce the global terrestrial net primary production
(Zhao & Running 2010). For the future, climate models predict decreases in summer
rainfall for most of central and southern Europe (Christensen et al., 2007; Räisänen et
al., 2004; CH2011, 2011). Along with rising temperatures, these predictions also indicate an increasing frequency and intensity of extreme events such as drought or heat
spells (Meehl & Tebaldi, 2004; Schär et al., 2004). Such extreme events will have a
large impact on the terrestrial carbon sink capacity and have the potential to turn current
sinks into sources. In 2003, a severe heat-wave caused a 30% reduction in gross primary
productivity (GPP) in European forest ecosystems and converted the biosphere into a
substantial carbon source (Ciais et al., 2005). Moreover, Reichstein et al., (2007)
showed that the reductions in GPP during this extreme event were caused rather by
drought stress than high temperatures. Models also indicate that carbon cycle feedback
mechanisms could significantly accelerate climate change (Cox et al., 2000; Dufresne et
al., 2002, Friedlingstein et al., 2006). Most ecosystems respond to drought with a simultaneous reduction of GPP and total ecosystem respiration, as respiratory processes are
tightly linked to assimilates of recent photosynthesis (van der Molen et al., 2011). For
instance, Högberg et al., (2001) showed that recently fixed carbon is one of the main
drivers for soil respiration, contributing to at least 54% of the total flux. However, under
changing environmental conditions, the allocation of recently fixed carbon within the
atmosphere-plant-soil system (APS-S hereafter) remains a key uncertainty in the global
carbon cycle. Considering the projected increases in the frequency and intensity of extreme events, it is therefore crucial to understand the underlying ecophysiological and
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biogeochemical mechanisms that control carbon and water fluxes within the APS-S
during drought. In addition to the drought itself, it is important to investigate the postdrought period to understand the recovery potential of carbon and water fluxes. This
knowledge will help to better implement potential feedback mechanisms into climate
models and to better predict the response of terrestrial ecosystems to drought.

1.3

CARBON AND OXYGEN STABLE ISOTOPES

Fluxes of CO2 and water vapor between the terrestrial biosphere and the atmosphere are
typically measured directly by integrating fluxes over entire ecosystems (eddy covariance method). However, to understand the carbon and water cycling within the APS-S
in response to drought one needs to decipher the underlying mechanisms involved. Stable isotopes (see Box 1.1) of oxygen (O) and carbon (C) have a great potential to study
relationships between plant processes and environmental constraints and to ultimately
relate these to climate change (Augusti & Schleucher 2007). Even though 13C and 18O
occur naturally with an abundance of only 1.11% and 0.21%, respectively, they are
powerful tracers to understand the carbon and water cycling in terrestrial ecosystems
(Bowling et al., 2008; Barbour et al., 2007).
Plants are depleted in 13C compared to atmospheric CO2 due to diffusional and kinetic
fractionation processes during CO2 fixation in leaves (Farquhar & Richards, 1984). This
isotopic difference has been first observed by Nier & Gulbransen (1939) and is since
1980 widely applied within plant ecological research in order to resolve plantenvironmental interactions (Dawson et al., 2002). The advantage of 13C as a natural
tracer of plant ecological processes derives from the fact that the leaf intercellular CO2
concentration largely determines how strongly plants discriminate (fractionate) against
13
CO2. The intercellular CO2 concentration is in turn dependent on environmental conditions since they affect stomatal conductance (CO2 supply) and photosynthesis (CO2
demand). The resulting ratio of intercellular CO2 concentrations relative to atmospheric
CO2 concentrations thus leads to different fractionation intensities. Therefore, leaf isotopic discrimination is generally dependent on all environmental factors, which
influence either stomatal conductance, photosynthesis or both. As photosynthesis provides the substrate for all plant respiratory processes, plant discrimination can also be
linked to autotrophic respiration (e.g. Ekblad et al., 2005). The 13C signal generated in
leaves is transferred to belowground plant compartments and associated soil compartments within very short timescales (Ekblad & Högberg 2001; Bowling et al., 2002).
The strength of the 13C signal is especially pronounced following rapid changes in environmental conditions. Stable isotopes of carbon can also be used as tracers by
artificially increasing the heavy isotope above natural abundance levels (labeling). This
technique enables the investigation of carbon cycling within the entire APS-S (e.g.
Simard et al., 1997) and reveals differences in carbon allocation under different environmental conditions (Palta & Gregory 1997).
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Stable oxygen isotopes provide a direct link to stomatal conductance (Scheidegger et
al., 2000) as leaf water enrichment is largely determined by the gradient of leaf to air
water vapor pressure, which in turn relates to stomatal conductance. Leaf water is generally enriched in 18O due to fractionation, which occurs at the evaporative site of the
leaf (Dongman et al., 1974). This enrichment provides a direct link between the carbon
and water cycle at the leaf level as CO2 equilibrates with leaf water, thereby exchanging
its isotopic signature. The hydration reaction is catalyzed by the enzyme carbonic anhydrase. Two-thirds of the CO2 that initially diffused into the leaf, diffuses back to the
atmosphere. Thus, the retro-diffusing CO2 has a 18O enriched isotopic signature (Gillon
& Yakir 2000). Overall, carbon and oxygen isotopes are powerful indicators for the
pathway of carbon flow through the APS-S during drought. Past research revealed a
strong reduction of carbon transfer through the APS-S during water limitation (Rühr et
al., 2009). In the same context, the δ13C variability of total ecosystem respiration could
be linked to water availability (Fessenden & Ehleringer, 2003; Barbour et al., 2005;
Scartazza et al., 2004), linked to its indirect effect on stomatal conductance (Pataki et
al., 2007). Recently, a complementary assessment of δ13C and δ18O measurements in
leaf and phloem sugars advanced the interpretation of the time-lagged coupling between
plant and soil (Gavrichkova et al., 2011).

1.4

MEASUREMENT OF STABLE ISOTOPES

Traditionally, isotope ratios are directly quantified by their mass difference using isotope ratio mass spectroscopy (IRMS; Nier, 1937). However, the sampling rate of IRMS
measurements is slow and thus limiting for many ecological applications. The uptake of
carbon and its subsequent transportation to below-ground can occur rapidly within
hours and influence soil respiration dynamics even on a diel time-scale (Bahn et al.,
2009). The cycling is so fast that recent carbon can be found already 24 h after label
application in soil microbes (de Deyn et al., 2011). Similarly, the water transport from
below- to aboveground was also found to occur within hours.
Recently available and novel high-frequency laser spectroscopy is a powerful tool that
provides real-time measurements of the isotopic composition of CO2 and water vapor.
The method utilizes unique absorption bands within the infrared region (Rothman et al.
2008) that are caused by a transition from the vibrational ground state to the first vibrational excited state (Kerstel, 2004). Such a transition takes place when the frequency of
an infrared photon matches the vibrational motion frequency of a particular molecular
bond. The resulting absorption of the photon is then accompanied by a change of the
vibrational state. Isotopologues of a molecule have specific absorption lines. Thus, the
isotopic composition of a sample can be quantified by scanning along narrow infrared
bands covering the absorption lines of the isotopologues of interest.
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Box 1.1: Stable isotopes
Isotopes are atoms of a particular element which differ in their atomic mass due to different numbers of neutrons within the atomic nucleus. Isotopes can either be non-stable
or stable, meaning they undergo radioactive decay over time or not. Essentially, stable
isotopes of one element have identical chemical properties and participate in the same
chemical reactions. However, their difference in mass becomes evident during all physical and biological processes, which results in deviations from perfect chemical
equivalence. Heavy isotopes have a lower vibration frequency than lighter ones, meaning the covalent bonds formed between atoms is stronger in molecules containing
heavier stable isotopes. Therefore more energy is required to break the covalent bonding (Dawson & Siegwolf 2007). As Urey 1948 put it: “The heavy isotopes concentrate
in the compound in which the element is most strongly held“. Such isotope effects are
the cause for fractionation processes which means that a partial separation of the isotopes occurs (Hayes 2004). For instance, enzymes preferentially catalyze reactions with
molecules containing the lighter isotope which results in a higher abundance of the
heavy isotope in the substrate. There are several kinds of fractionation processes, including kinetic-, equilibrium-, or diffusive fractionation. Kinetic fractionation occurs
during unidirectional chemical reactions. In biological systems those are usually enzyme-mediated (Dawson et al., 2002). Diffusive fractionation is a special kind of
kinetic fractionation and occurs during fluxes along a concentration gradient, where
heavier isotopes stay behind. Equilibrium fractionation occurs during phase transitions,
for instance, from a liquid to a vapor phase. Any fractionation process is generally
quantified as:
α=

R substrate

R product ,

where Rsubstrate and Rproduct denotes the ratio of the heavy to the lighter isotope between
substrate and product, respectively. The abundance of stable isotopes within a substance is generally referenced to an international standard and expressed in the δnotation first described by McKinney et al., (1950):
δ Z X=

Rsample
Rstandard

−1 ,

where δZX designates the abundance of the heavy isotope Z of element X. Rsample and
Rstandard are the isotope ratios of the sample and the standard, respectively. Since Rsample
never deviates much from Rstandard the result is multiplied by a factor 1000, thus expressing the value in per mil (‰). Widely used standards are Vienna-Pee Dee
Belemnite (V-PDB; carbon), Vienna Standard Mean Ocean Water (V-SMOW; hydrogen, oxygen) or Atmospheric Air (AIR; nitrogen).
The concept for using isotopes as tracers for natural processes was originally invented
by G. de Hevesy for which he received the Nobel Prize in 1943. In research, isotopes
can either be used at their natural abundance levels or as tracers by artificially enriching the rare isotope species. Since carbon, oxygen, hydrogen and nitrogen are the main
building blocks for all life forms particular interest is given on the isotopes of these
elements. During the past, stable isotopes have proofed as a powerful tool in many applications to source, trace, indicate or record metabolic (Bathellier et al., 2009)
ecological (Harrison et al., 2007), ecophysiological (Kodama et al., 2008) or biogeochemical (Gillon & Yakir, 2001) processes ranging from molecular to global scales.
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1.5

EUROPEAN BEECH (Fagus sylvatica L.)

Fagus sylvatica is the most widely distributed species among the genus Fagus (Fang et
al., 2006) and covers large areas of Europe (Granier et al., 2000). Beech grows in temperate humid environments (Ellenberg, 1996) and is sensitive to drought conditions
(Leuschner et al., 2001; Betsch et al., 2011). During the severe summer drought in 2003
a higher drought sensitivity of beech was found compared to coniferous stands and oak
(Granier et al., 2007; Leuzinger et al., 2005). Therefore, beech dominated European
forest ecosystems are particularly vulnerable to extreme events such as drought that are
predicted to occur more frequently in the future.

Figure 1: Overview of the isotopic labeling methods: 13CO2 was used to trace the carbon flow from photosynthesis to respiration. H218O was used to trace the water flow through the soil-plant-atmosphere
continuum.

1.6

THESIS OBJECTIVES

Within this thesis, stable isotopes of carbon and oxygen are used as tracers by artificially enriching either 13C in CO2 or 18O in H2O above natural abundance levels (Fig 2).
Atmospheric CO2 enriched in 13C enabled the tracking of carbon flow from the atmosphere through the plant to soil respiration. On the other hand, soil water enriched in 18O
enabled to track the water flow from the soil to the leaf transpirational flux.
The principle thesis aim was to improve the understanding of the terrestrial carbon and
water cycling in response to drought by conducting manipulative experiments in climate
chambers on plant individuals. The specific objectives were:
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(1) To develop a fully automated measurement setup suitable for continuous isotopic
gas-exchange measurements in canopy and soil compartments of young trees.
(2) To quantify the effect of tracer contamination on the interpretation of 13CO2 plantsoil pulse label experiments, including the effect of 13CO2 recycling at the canopy
level and the interference of physical 13CO2 soil back-diffusion on the biological
δ13C signal of soil respiration.
(3) To investigate the diel coupling between photosynthesis and root respiration, and to
elucidate potential differences between drought and non-drought stressed plants.
(4) To investigate the influence of drought on transport velocity and allocation of
recently fixed carbon.
(5) To assess the response of the APS-S to re-watering following drought by tracking
the sequence of recovery events of canopy and soil related processes on different
time-scales, ranging from hours to days.

1.7

THESIS OUTLINE

This thesis comprises the results of manipulative experiments conducted in climate
chambers using stable isotopes in CO2 and H2O vapor as the main tool for investigations. The experiments covered natural abundance as well as labeling studies: 13C and
18
O were used as tracers in order to track water and carbon molecules through the
APS-S.
Subsequently to the introduction in CHAPTER 1, the recurring experimental design is
presented in CHAPTER 2. Details of the self-designed soil/canopy chamber system are
given along with a description of the peripheral instrumental setup, including laser spectrometer and labeling system. Data obtained from two labeling experiments was used to
examine the effect of post-labeling 13CO2 contamination on the interpretation of plantsoil pulse label experiments. The expertise and knowledge gained from this experiment
was required for the ecophysiological interpretation of the third 13CO2 pulse labeling
experiment explained in chapter 3.
In CHAPTER 3, the diel imprint of leaf metabolism on the δ13C signal of soil respiration
is thoroughly discussed by comparing differences between control and drought conditions. Using laser spectroscopy combined with 13CO2 canopy labeling and Bayesian
modeling enabled to explain the underlying mechanisms of the diel patterns in δ13C of
soil respiration. Furthermore, a plant carbon budget was calculated where differences in
carbon allocation pattern between drought and non-drought stressed plants were presented.
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The entire CHAPTER 4 incorporates the results of two experiments examining the effect
of re-watering during drought stress. In a first experiment, soils of drought stressed and
non-drought stressed plants were re-watered with H2O enriched in 18O (H218O). The
change in δ18O was then monitored in the carbon and water fluxes of soil and canopy. In
a second experiment, the effect of re-watering during drought and recovery periods was
investigated in order to examine the effect of improving aboveground conditions on soil
respiration. The coupling between above and belowground processes was examined in
detail during a drought and post-drought period.
CHAPTER 5 synthesizes the knowledge gained within this thesis and derives general
conclusions with an outlook for potential future directions of research.
The APPENDIX comprises a co-authored review of stable carbon isotope studies on
“Carbon allocation and carbon isotope fluxes in the plant-soil-atmosphere continuum”
by Brüggemann et al. (2011). The review was initiated during a working group discussion at the conference on “Stable Isotopes and Biogeochemical Cycles in Terrestrial
Ecosystems”, in Monte Verità, Switzerland (2010).
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Soil matrix tracer contamination and canopy re-cycling did
not impair 13CO2 plant-soil pulse labeling experiments
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*ETH Zurich, Institute of Agricultural Sciences, Switzerland
+
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ABSTRACT
When conducting 13CO2 plant-soil pulse labeling experiments tracer material might
cause unwanted side effects which potentially affect δ13C measurements of soil respiration (δ13CSR) and the subsequent data interpretation. Firstly, when the soil matrix is not
isolated from the atmosphere, contamination of the soil matrix with tracer material occurs leading to a physical back-diffusion from soil pores. Secondly, when using canopy
chambers continuously, 13CO2 is permanently re-introduced into the atmosphere due to
leaf respiration which then aids re-assimilation of tracer material by the canopy. Accordingly, two climate chamber experiments on European beech saplings (Fagus
sylvatica L.) were conducted to evaluate the influence of soil matrix 13CO2 contamination and canopy re-cycling on soil 13CO2 efflux during 13CO2 plant-soil pulse labeling
experiments. For that, a combined soil/canopy chamber system was developed which
separates soil and canopy compartment in order to (a) prevent diffusion of 13C tracer
into the soil chamber during a 13CO2 canopy pulse labeling (b) study stable isotope processes in soil and canopy individually and independently. In combination with laser
spectrometry, measuring CO2 isotopologue mixing ratios at a rate of 1 Hz, we were able
to measure δ13C in canopy and soil at very high temporal resolution. For the soil matrix
contamination experiment, 13CO2 was applied to bare soil, canopy only, or simultaneously, to soil and canopy of the beech trees. The obtained δ13CSR fluxes from the
different treatments were then compared with respect to label re-appearance, first peak
time and magnitude. By determining the δ13CSR decay of physical 13CO2 back-diffusion
from bare soils (contamination) it was possible to separate biological and physical components in δ13CSR of a combined flux of both. A second pulse labeling experiment, with
chambers permanently enclosing the canopy, revealed that 13CO2 recycling at canopy
level had no effect on δ13CSR dynamics.

2.1

INTRODUCTION

A mechanistic understanding of carbon cycling in terrestrial ecosystems is crucial as
ecosystem carbon sequestration potentials play an important role in the global climate
system. A pivotal point within the carbon cycle constitutes the transport of carbon from
the site of assimilation to the site of respiration within terrestrial ecosystems. Here, particularly the transport rate and duration between above- (leaf) and belowground plant
parts (roots) are of major interest since root respiration is a major constituent of soil
respiration. Root-rhizosphere respiration accounts for 6-71 % of total soil respiration in
temperate deciduous forests (Subke 2006) and encompasses a major proportion of the
plants’ carbon budget. Approximately 10-50% of daily carbohydrate production in
plants is spent on root respiration, depending on environmental conditions and species
(van der Werf et al., 1992). Consequently, the strong links between above and belowground processes complicate the overall understanding of terrestrial ecosystem carbon
cycling and its integration into climate models. A number of recent studies have used
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CO2 ecosystem pulse labeling experiments to trace the carbon flow through the atmosphere-plant-soil system (Rühr et al., 2009; Plain et al., 2009; Bahn et al., 2009;
Subke et al., 2009) and, furthermore, to understand its source–sink relationships (Carbone & Trumbore 2007; Carbone et al., 2007; Högberg et al., 2008; Talhelm et al.,
2007). However, several methodological issues arise when using ecosystem 13CO2 pulse
labeling approaches in order to assess carbon transfer times and the allocation within
plants. For instance, a 13CO2 ecosystem pulse labeling may result in physical contamination of the soil matrix with 13CO2 tracer material if the soil is not isolated from the
canopy during application since 13CO2 diffuses into the soil pore space and equilibrates
with soil water (Bahn et al., 2009; Högberg et al., 2008). Such a physical contamination
masks the root derived 13C signal because the 13CO2 in the soil matrix eventually diffuses back to the atmosphere after labeling is completed. 13CO2 back-diffusion takes places
particularly within the first few hours after labeling and thus complicates the correct
estimation of the coupling speed between above- (photosynthesis) and belowground
(soil respiration) processes. The initial period following the pulse is, according to Subke
(2006), prone to erroneous conclusion and may lead to an overestimation of soil return
fluxes under these conditions. Bahn et al., 2009 accounted for the back-diffusion fluxes
by fitting a first order decay function to the initial decrease in 13CO2 within the soil and
calculated back-diffusion constants up to 15 min. So far only a recent study on tall, 20year-old beech trees in a French forest was able, by enclosure of the canopy only, to
assess accurately transfer/residence times through the plant without contaminating the
soil matrix (Plain et al., 2009). However, short vegetation such as grasses or stands of
tree saplings are not easily isolated from the soil matrix, in particular in field studies. In
addition, the short transport length increases the coupling speed (Kuzyakov & Gavrichkova 2010) hence, the transport of fresh assimilates into the roots may occur within
a few hours. Therefore, it is crucial to avoid soil matrix contamination especially when
studying short vegetation. Otherwise fast and dynamic changes of root derived 13CO2
cannot be detected. Another problem which occurs in labelling studies describes the
potential re-assimilation of CO2 which is not derived from the pulse label itself, but
from label respired from the leaf when gas-exchange chambers are used continuously.
As plants permanently release CO2 by respiration of which 50 % originate from recent
assimilates (van der Werf et al., 1992), such a re-labeling could occur only during daytime. This would lead to an artificial re-cycling of 13CO2 within the atmosphere-plantsoil system and cause unwanted interference with the actual 13CO2 pulse label signal. In
order to evaluate the effect of soil matrix contamination and canopy re-cycling on 13CO2
labeling studies, two labeling experiments with different settings were conducted using
a combined canopy/soil chamber system. The chamber system was developed for laboratory experiments on small tree saplings, ensuring a gas-tight separation between
canopy and soil when applying a 13CO2 canopy pulse label. Such clear separation between canopy and soil prevents any contamination of the soil matrix with tracer material
and enables to clearly identify the initial biotic 13CO2 tracer return from the root system.
In addition to the combined chamber system, stable isotope laser spectroscopy was deployed in order to detect fast and dynamic changes in the 13CO2 signal. Laser
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spectroscopy allows continuous real-time measurements of CO2 isotopologues (12CO2;
13
CO2; CO18O) with an accuracy of 0.25 ‰. Particularly in ecosystem research it permits the investigation of temporal dynamics in stable isotope processes which have been
previously limited for their high time resolution requirements. Hitherto, only few studies have applied on-line laser spectrometry in 13CO2 labeling studies (Plain et al., 2009;
Bahn et al., 2009).
Overall, this study aims to (1) present a combined soil/canopy chamber system, separating soil and canopy in order to study their isotopic gas-exchange processes individually;
(2) estimate the influence of physical 13CO2 tracer contamination in the soil matrix on
time-lag estimates between canopy and roots; (3) re-calculate the pure root derived
13
CO2 signal (δ13CSR) after contamination; (4) evaluate the effect of canopy re-labeling
due to 13CO2 re-cycling when constantly enclosing aboveground plant parts after canopy
labeling.

2.2

METHODS

2.2.1 Experimental design & setup
Labeling experiments were performed inside a climate chamber with controlled air humidity, air temperature and light conditions. In the climate chamber a diurnal cycle with
a light period of 15 h was simulated, achieving photosynthetic active radiation values up
to 600 μmol m−2 s−1. Combined soil/canopy chamber replicates were installed inside the
climate chamber each fully enclosing the canopy and soil component of one potted 0.8
m tall European beech sapling (Fagus sylvatica L.). A physical barrier between the soil
and canopy compartments allowed the measurement of isotopic gas-exchange processes
in canopy and soil separately on the same plant individual. Climate chamber temperature and relative humidity were adjusted in order to keep canopy chamber temperatures
and relative humidity values below 25°C and 75%, respectively.
For the quantification of soil matrix contamination with 13CO2 tracer material three replicates were intentionally not separated between above- and belowground compartments
and were thus contaminated with 13CO2 during the canopy pulse labeling. The canopy
and soil of another three replicates were separated in order to measure the pure root derived 13CO2 flux. Finally, in order to quantify physical 13C tracer diffusion
magnitude/duration in bare soils (without interference of plant related processes) soilonly pots were additionally labeled.
In a subsequent second experiment the separated combined soil/canopy chamber system
was also used to quantify canopy recycling. The recycling was measured by leaving the
canopy enclosed by the canopy chamber after labeling. Isotopic gas-exchange measurement was then done on both, soil and canopy chamber. In the following, the intended
purpose of each experiment and the corresponding approach are summarized (each n =
3):
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(1) Quantify magnitude/duration of physical 13CO2 back-diffusion → 13CO2
application to bare soil only
(2) Quantify pure root-derived 13CO2 label → soil/canopy separation
(3) Quantify 13CO2 contamination interference with root-derived 13CO2 →
simultaneous 13CO2 application to soil and canopy
(4) Quantify the effect of canopy chamber on 13CO2 re-cycling → soil/canopy
separation plus continuous canopy chamber measurement
2.2.2 Steady-state flow-through chamber system
A combined soil–canopy chamber system (Figure 1) was developed to conduct isotopic
gas-exchange measurements on the same plant individuals, yet with a gas–tight physical
separation between canopy- and soil-compartment. All chambers were constructed as
steady-state flow-through chambers (open dynamic chamber; Pumpanen et al. 2004;
Livingston et al., 1995). The soil compartment, a bottom closed cylinder consisting of
PVC (diameter (d) = 300/297 mm, length (l) = 250 mm, volume (V) = 17.67 L), was
designed to fully enclose the planting pot. In order to ensure adequate gas tightness the
soil chamber was clamped between two square varnished wooden boards, which could
be tightened via threaded rods. The boards were sealed with cellular rubber against the
soil and canopy chamber. The upper wooden board had a circular opening in the combined chamber system which could be closed with two semi-circle shaped PVC discs,
leaving only a small opening (ø = 35 mm) for the stem. In that way, physical separation
between canopy and soil compartment was ensured. A top closed transparent acrylic
glass cylinder (d = 300/292 mm, l = 800 mm, V = 56.54 L, Plexiglas®, KUSKunststofftechnik, Recklinghausen, Germany) with two openings for inlet/outlet was
mounted on top, serving as the canopy chamber. All potential leakage points, especially
those between the semi-circular discs, were additionally sealed with Terostat® (Henkel
Teroson GmbH, Heidelberg, Germany). The chamber system was tested for its gastightness by measuring the empty canopy chamber when using a soil pot with a metal
stick (as stem) in the soil chamber. This test showed changes in CO2 concentration of
less than 1 ppm over 12 h in the canopy chamber confirming gas-tight separation of
both chambers. Inside the canopy chamber a small permanently running electrical fan
(80 × 80 mm, 16.5 L/s, Multicomp) was installed to ensure good mixing of the canopy
chamber air. The inlet of the soil chamber (d = 21/25 mm, l = 250 mm) served also as
the entrance point for various sensors, measuring soil moisture (ECH2O EC-5, Decagon
Devices, Inc., Pullman, WA, USA), soil temperature (AD 592, Analog Devices, Inc.,
Norwood, MA, USA), relative humidity, air temperature (HygroClip® S3C03, rotronic
AG, Bassersdorf, Switzerland), and leaf temperature (Thermocouple Type K, Omega
Engineering Inc., Stamford, CT, USA). The wiring for the canopy chamber probes was
threaded, along with the stem, through the opening between the semi-circle shaped
discs. Moreover, irrigation tubing was installed at each soil chamber to allow watering
without opening of the chambers. In order to maintain steady state conditions both, soil
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and canopy chambers were permanently flushed via a vacuum pump (VTE 6 & VLT 15,
Gardner Denver Inc., Quincy, IL, USA) at a rate of about 4 L/min and 5 L/min, respectively. Subsamples were drawn from the flushing air stream to the laser spectrometers at
a rate of 500 mL/min and analyzed for their respective isotopic composition and mixing
ratios (see section 4.3). Soil and canopy chambers were measured consecutively. The
respective inlet and outlet measurements were minimum 90 s each with a logging interval of 1.8 s, resulting in at least 50 logged values per inlet/outlet measurement. Before
each chamber measurement (outlet), the well mixed climate chamber air was sampled as
reference (inlet), leaving each chamber measurement framed with two reference measurements. Communication between PC, sensors and valves was achieved by using
network data acquisition/control modules (I-7000 series, ICP DAS Co, Hukou Township, Taiwan). All data has been continuously logged using a custom written LabVIEW
(National Instruments Corp., Austin, TX, USA) program. The δ13C values of soil respiration were calculated via an isotopic mass balance equation similar to Bahn et al.
(2009):

 C SR 
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 13C o CO2 o  13C i CO2 i

CO2 o  CO2 i

where o refers to the chamber outlet, i to the chamber inlet and [CO2] to the respective
mixing ratios.
The light intensity and the potential spectral change of visible light within the canopy
chamber was tested with a photo spectrometer (USB4000, Ocean Optics, FL, USA) and
a PAR sensor (LI-189; LI-COR Biosciences, Inc., Lincoln, NE, USA). The sensors
were placed at the same position within the climate chamber and measured with and
without the canopy chamber mounted on top. The light transmission was reduced by
12% due to light attenuation of the plexiglas® material and showed no change in the
spectral composition.

2.2.3 Instrumentation and Calibration
A CO2 isotope laser spectrometer (QCLAS-ISO, Aerodyne Research, Inc., Billerica,
MA, USA) was mounted outside the climate chamber. By scanning across a small spectral window (near 2310 cm−1) the quantification of the CO2 isotopologues 12CO2, 13CO2,
and C18O16O is achieved. The spectrometer enables real-time simultaneous measurements of the isotopic ratios of 13C/12C and 18O/16O in CO2 as well as CO2 mixing ratios
in air. The pulsed quantum cascade laser spectrometer system operates with two optical
multiple pass absorption cells, whose pressures and temperatures are continuously stabilized at 308 K and 7 kPa in order to maintain steady conditions during measurement. A
detailed technical description of the CO2 laser spectrometer system can be found in
Tuzson et al. (2008) as well as in Nelson et al., (2008). The instrument is equipped with
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an infrared detector cooled by liquid nitrogen. This was accomplished using an automated refilling device (liquid N2 Microdosing system # 906, Norhof, Maarssen, The
Netherlands). The self-made, fully automated calibration system and the automated liquid nitrogen re-filling device reduced system servicing to a minimum. Calibration of the
CO2 laser system was done automatically every full hour for 6 min duration, using two
calibration gases with known isotopic composition and mixing ratios. A third calibration gas was dynamically diluted with CO2-free air in order to account for nonlinearity
effects. The 1 σ precision estimated from Allan variance plots is about 0.25‰ at 1 s and
about 0.08‰ at 30 min averaging time for both, δ13C and δ18O in CO2. The long-term
stability was assessed with repeated measurements of a quality control standard and
resulted in an accuracy of about 0.25‰. This is close to what can be achieved with conventional mass spectrometers and adequate for ecophysiological research. Carbon
isotopic compositions are presented as (δ13C = Rsample/RVPDB – 1 in ‰), where Rsample is
the sample 13C/12C ratio and RVPDB is the 13C/12C ratio of the international Vienna-Pee
Dee Belemnite (V-PDB) standard. Concurrently to the CO2 measurements, water vapor
mixing ratios were measured using a water vapor isotope analyzer (WVIA, DLT-100,
Los Gatos Research, Inc., Mountain View, CA, USA) which has been described in detail by Sturm & Knohl (2010). This instrument is capable of in-situ measurements of the
water vapor isotopic composition in air (18O/16O; 2H/1H) and its respective mixing ratios. Water vapor concentration was needed to calculate transpiration rate (see equations
in appendix). For all connections between the chambers and instruments, 6 mm synflex
tubing (SERTOflex, Serto AG, Aadorf, Switzerland) and brass fittings (Swagelok, Solon, OH, USA) were used.

2.2.4 Label application
Pulse labeling was achieved by connecting all canopy chambers in parallel into a closed
loop, where air containing 13CO2 was circulated at a rate of 32 L/min (Figure 2). In order to avoid contamination of the reference air, the label injection (see next section) was
done outside the climate chamber by directing a part of the loop out and back into the
climate chamber. The 13CO2 proportion within the label loop was monitored using two
IRGAs with different 13CO2 sensitivities (LI840, LI6262, LI-COR Biosciences, Inc.,
Lincoln, NE, USA; see Figure 3). During the label period no condensation of the canopy chambers could be observed, although air humidity continuously increased due to
transpiration (maximum range 76 - 86%). After the labeled air had been circulated for
30 min within the canopy system, the remaining label was flushed into the rooms’ ventilation exhaust, leaving no labeled air inside the canopy chambers or the climate
chamber itself. Flushing was done at a rate of 38 L/min for 1 h until CO2 mixing ratios
in the canopy chambers returned to pre-labeling values of 300 to 350 ppm. During the
flushing period, the label loop was disconnected at the canopy inlet in order to avoid
condensation within the canopy chamber due to transpiration. This caused a slight disturbance of the gas-exchange data as seen in soil respiration outliers within that short
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period. After labeling was completed all tubing used for the label procedure was removed and original measurement setup restored. Soil chambers with leaks for
intentional contamination were sealed after the labeling. Depending on the objective,
canopy chambers were either removed or remained enclosing the plant canopy.

2.2.4.1 Labeling with 13CO2
The labeling for the contamination experiment was done with tank 13CO2 (99% enriched) by increasing ambient CO2 concentrations (around 360 ppm) to 700 ppm using a
mass flow controller (red-y smart controller GSC, Vögtlin Instruments AG, Aesch,
Switzerland). Steady CO2 concentrations at 700 ppm were maintained by adding equal
amounts of CO2 which were photosynthetically consumed over time (Figure 3). The
label was applied at 12.30 pm CET.

2.2.4.2 Labeling with Na213CO3
For the re-cycling experiment CO2 was generated via acidification of 13C sodium carbonate (Na2CO3; 99% enriched; Cambridge Isotope Laboratories, Inc., Andover, MA,
USA):
Na213CO3 + H2SO4 ↔ H2O + Na2SO4 + 13CO2
To accomplish that, a gas tight box equipped with a rubber seal was connected to the
outside part of the loop. Inside the box two small beakers, containing approximately 4 g
Na2CO3 each, were placed whereon H2SO4 could be applied with a syringe, causing a
label release into the air stream. Within 30 min H2SO4 was added twice into the system
which resulted in a CO2 concentration increase from 360 to 2560 ppm. Na213CO3 was
used as a substitute for tank 13CO2. However, by using Na213CO3 it was difficult to precisely adjust CO2 concentrations. It is therefore suggested to use gaseous label in order
to avoid too high CO2 concentrations while labeling. The label was applied at 11.00 am.
Total leaf area was measured destructively after the experiment using a leaf area meter
(LI-3050A/4; LI-COR Biosciences, Inc., Lincoln, NE, USA).

2.2.5 Statistical analysis
The software R 2.8.1 (R Development Core Team) and MATLAB (The MathWorks,
Inc.) were used for all statistical analyses and data processing. To test significant differences between treatments, a two-tailed non-paired t-test was done. All equations used
for the calculation of gas-exchange parameters are listed in the appendix. In order to
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estimate half-life times of 13CO2 within the soil the following exponential function was
used:
f (t )  a  e (  t )
, where t is the time and a and τ fitted parameters. Half-life time (HLT) and mean residence time (MRT) were then calculated as HLT = ln(2)/τ and MRT = 1/τ , respectively.
All δ13CSR values exceeding four times the standard deviation of the mean before the
labeling were classified as labeled. Assimilation fluxes are denoted negatively, respiration fluxes positively.

2.3

RESULTS & DISCUSSION

2.3.1 Effect of 13CO2 soil matrix contamination
Figure 4 shows the mean 13CO2 curve development for all label categories measured for
the contamination experiment (n = 3 each). The mean natural abundance values for all
δ13CSR replicates were -24.76 ± 0.27 ‰ among replicates before the label was applied to
the canopy.

2.3.1.1 δ13CSR: Physical signal
A rapid physical 13CO2 return flux from pots with bare soil was observed after 13CO2
application (Figure 4a). δ13CSR decay followed a single exponential function (τ = 22.54
± 0.20) where individual HLT between curves varied between 44–45 min. The δ13CSR
returned to natural abundance values within a maximum of 9.89 ± 0.27 h, which indicates that no label material was dissolved in soil water over longer time scales, hence
not affecting label dynamics later on. Considering the findings of (Subke et al., 2009),
where the abiotic 13CO2 efflux from soil pores remained significant for up to 48 h after
labeling, the here observed back-diffusion times are comparatively small. However,
label duration was three times longer (100 min) in their experiment. In addition, soil
texture, soil depth, pore space or soil moisture might play a crucial role for the backdiffusion time of the tracer within the soil since label penetration in and out of the soil
pores would vary. For instance, Rühr et al., (2009) show that the intensity of δ13CSR
back-diffusion was three times larger in dry compared to well watered soils. A time-lag
of 0.6 to 1.2 days in CO2 diffusion from a depth of 30 cm will occur if volumetric soil
water content increases by 0.1 m3 m−3 (Kuzyakov & Gavrichkova, 2010).
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2.3.1.2 δ13CSR: Biological signal
The δ13CSR progression of the separated canopy and soil samples are shown in Figure
4b. No change in the δ13CSR signal was observed during the application of the 13CO2
label to the canopy, which indicates that our chamber system was sufficiently gas-tight
and thus no contamination of the soil matrix with labeled material occurred (compare
Figure 4c). Evidently, the later observed enrichment in δ13CSR originates exclusively
from recent assimilates which have been photosynthetically fixed during the labeling
and were then transported via phloem to the roots. Within 2.69 ± 0.10 h after label application a simultaneous increase in δ13CSR could be observed in all replicates. From the
appearance of label in δ13CSR and its 1st peak we calculated phloem transport times by
considering longest and shortest distances from canopy to the soil surface (0.08 m and
1.08 m). Values of 0.03 to 0.4 m h−1 and 0.01 to 0.14 m h−1 were obtained when calculating phloem transport velocity from the first appearance or first peak time,
respectively. In general, phloem transport velocities range between 0.5 to 1.0 m h−1
(Zimmermann & Braun, 1971; Peuke et al., 2001) and were measured particularly in
beech at about 0.22 to 1.21 m h−1 (Plain et al., 2009; Dannoura et al., 2011). Apparently, the here reported values are clearly below the velocities obtained from other studies.
However, Dannoura et al., (2011) showed that phloem transport velocity increased with
tree diameter, which would partly explain such low values in saplings. Furthermore,
velocity estimation in this study involves also other processes such as the time needed
for photosynthetic fixation, phloem loading/unloading and respiration.

2.3.1.3 δ13CSR: Mixed signal (physical/biological)
When looking at the δ13CSR tracer return from those replicates where the soil matrix had
been intentionally contaminated during canopy labeling, it can been seen that the initial
phase of root-derived tracer return from soils is masked due to physical 13CO2 tracer
return from soil pores (Figure 4c, compare 4b). It is assumed, that physical 13CO2 backdiffusion follows a similar exponential function as observed in bare soil samples (Figure
4c, grey curve), since the same soil was used. Hence, that exponential function was used
to recalculate the pure biological δ13CSR flux from the contaminated soil by subtracting
the measured data with the hypothetical 13C back-diffusion fit (Figure 4c). For the τ
coefficient, the mean of all bare soil fits was used and the intercept was adjusted according to the respective contamination curve. The result of the correction is shown in
Figure 4d. The newly obtained function reflects nicely the curve development of control
plants. The obtained appearance of labeled material in the corrected contamination
curve is the same as obtained from well separated plants (Figure 5, t-test showed no
significant differences, p = 0.21). Consequently, an accurate reconstruction of the initial
phase in δ13CSR after labeling still can be done even when the soil was previously contaminated during labeling. Furthermore, HLT, MRT and the time-lag to the first
maximum for corrected and control replicates show no significant differences, indicat-
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ing no time delayed influence of 13CO2 back-diffusion (Figure 5). However, other soils
types or other soil moisture contents might cause different residence times of label within the soil, which could complicate a back-calculation to the pure biological flux. It is
therefore recommended to run a simultaneous bare soil sample treatment with the same
soil water content, especially in field studies, where canopy/soil isolation possibilities
are mostly limited.

2.3.2 Effect of 13C recycling in the canopy (canopy chamber)
In the following section the canopy chamber effect on 13C recycling is discussed with
the data that were obtained from the isotopic gas-exchange measurements using the
combined soil/canopy chamber (Figure 6). No day-to-day diurnal variations were observed for photosynthesis and soil respiration as climate chamber conditions remained
the same over the duration of the experiment. Changes in soil respiration were here best
explained by soil temperature (R2 = 0.88, p ≤ 0.001). The corresponding δ-values for
canopy and soil chamber gas-exchange measurements are shown in Figure 6c and 6d. In
order to compare δ-values between canopy and soil gas-exchange measurements, the
δ13CSR was corrected for the time-lag caused by phloem transport by shifting the 1st
peak of δ13CSR towards the actual labeling time (time-lag = 11.09 ± 0.61 h). The δ13CSR
should reflect then δ13C changes on the leaf scale, assuming no fractionation processes
due to phloem loading and transport. When correcting the δ13CSR for the time-lag
caused by transport from leaves to roots, a similar time course as in canopy δ13C was
found. Pulse labeling caused a strong increase in δ-values which was immediately followed by a strong decrease within the remaining daytime. With the onset of the
subsequent night, δ-values were again increasing.
The δ13C enrichment of nighttime canopy respiration was, with a maximum of 55‰,
vanishingly small (0.14%) compared to δ-values in canopy air achieved during the actual pulse labeling (at least 40000 ‰). Such a small enrichment should result in a relabeling of well below 1 % in magnitude compared with the actual experimental labeling. Note, in our setup 13CO2 is only re-introduced by canopy respiration. However,
even without separation between plant and soil compartment additional 13CO2 input
from soil respiration (max 550 ‰ in this study) would affect the results by only 1.4 %,
meaning an increase of not even 2 ‰ in δ13CSR. Similar curve dynamics in δ13C of canopy and soil can therefore not have resulted from a re-cycling of labeled material within
the system. The similar pattern in canopy and soil δ-values are clear evidence that plant
internal carbon allocation processes are responsible for the observed dynamics rather
than a re-cycling of labeled material. In order to explain the underlying mechanisms
causing those plant internal carbon allocation processes more experiments are needed
which also focus on internal plant metabolism.
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2.4

CONCLUSIONS

In this study we were able to recalculate pure root-derived δ13CSR values from previously 13CO2 contaminated soils. MRT, HLT, peak times as well as the first appearance in
corrected replicates were not significantly different to the control treatments. In order to
overcome effects of 13CO2 contamination it is suggested to either assess back-diffusion
properties of the studied soil system or isolate, if possible, the soil during the pulse labeling. Especially in short vegetation transport times might be too fast to capture early
root-derived signals if no such issues are considered. Further, no indication was found
for label recycling within the canopy chamber as canopy air δ-values affected by label
enriched leaf respired CO2 remained well below the δ-values achieved during the actual
13
CO2 pulse labeling. Nevertheless, label reintroduction and thus re-assimilation should
be still kept as low as possible since a permanent label re-consumption might still cause,
for instance, slower δ13CSR decay rates. That again would lead to an overestimation of
carbon residence times within the plant-soil system.

2.5

ACKNOWLEDGMENTS

The authors thank Peter Plüss and Thomas Baur for their excellent technical support and
the Grassland Group at ETH Zürich for hosting this project. This study was financed by
a Marie Curie Excellence Grant granted by the European Commission to A.K. (Project
N°: MEXT-CT-2006-042268).

Soil matrix contamination and canopy re-cycling

2.6

SUPPLEMENT

The following equations are according to von Caemmerer & Farquhar, (1981).

E

A

F (H 2 O O  H 2 O i )
LL (1  H 2 O O )

F (CO2 i  CO2 O )
 CO2 O E
LL

SR 

F (CO2 O  CO2 i )
LS

Table S1: Overview of parameters used for calculations and the respective abbreviations.
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2.7

FIGURES & TABLES

Figure 1: Explosion image of combined chamber setup for separate gas-exchange measurements of soil
and canopy processes; designed for potted tree saplings, canopy chamber part missing in bare soil chambers; dimensions canopy chamber: d = 300/292 mm, l = 800 mm, V = 56.54 L; dimensions soil chamber:
d = 300/297 mm, l = 250 mm, V = 17.67 L; cch = canopy chamber, hpl = semi-circle shaped discs, upa =
upper panel, lpa = lower panel, sch = soil chamber, inl = inlet soil (d = 19/21 mm, l = 250 mm), sea = seal
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Figure 2: Setup flow scheme with solenoid valves; climate chamber (grey area); permanent setup (solid
line); transient setup for label (dotted line), FM - flow meter, WVIA-water vapor isotope analyzer,
QCLAS-ISO - quantum cascade laser absorption spectrometer
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Figure 5: Mean ± standard error are shown for δ13CSR contaminated and separated (controls) replicates
regarding label appearance, 1st peak, half-life time (HLT), and mean residence time (MRT); No significant differences were observed between treatments; Appearances were assessed from the corrected
contaminated replicates
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ABSTRACT
 Recent 13CO2 canopy pulse chase labeling studies revealed that photosynthesis
influences the carbon isotopic composition of soil respired CO2 (δ13CSR) even on
a diel timescale. However, the driving mechanisms causing these short-term
responses remain unclear, in particular under drought conditions.
 The gas-exchange of CO2 isotopes of canopy and soil was monitored on
drought/non-drought stressed beech saplings (Fagus sylvatica L.) after a 13CO2
canopy pulse labeling. A combined canopy/soil chamber system with gas-tight
separated soil and canopy compartments was coupled to a laser spectrometer
measuring mixing ratios and isotopic composition of CO2 in air at high temporal
resolution. The measured δ13CSR signal was then explained and substantiated by
a mechanistic carbon allocation model.
 Leaf metabolism had a strong imprint on diel cycles in control plants, caused by
an alternating substrate supply switching between sugar and transient starch. In
contrast, diel cycles in drought stressed plants were determined by the relative
contribution of autotrophic and heterotrophic respiration throughout the day.
Drought reduced the speed of link between photosynthesis and soil respiration
by a factor of ~2.5, depending on photosynthetic rate.
 Drought slows the coupling between photosynthesis and soil respiration and
alters the underlying mechanism causing diel variations of δ13CSR.

1

INTRODUCTION

Understanding the carbon cycle in terrestrial ecosystems has become increasingly important with climate change as terrestrial ecosystems contribute - via photosynthesis and
respiration - to the regulation of atmospheric CO2 concentrations. The largest CO2
source in terrestrial ecosystems is soil respiration (Lavigne et al., 1997; Janssens et al.,
2001), consisting of heterotrophic (microbial) and autotrophic (root-rhizosphere) components. In the past, soil respiration dynamics were assumed to be solely controlled by
temperature and soil moisture as these influence decomposition rates and microbial activity. However, as recent photo-assimilates can contribute up to 60% of total soil
respiration (Epron et al., 1999; Bhupinderpal-Singh et al., 2003) photosynthesis and
drivers of it should indirectly influence the magnitude and dynamics of soil respiration
to a large extent.
13
C natural abundance experiments showed that changes in recent aboveground weather
conditions such as air temperature, vapor pressure deficit, air relative humidity or precipitation explain variations in the δ13C (carbon isotope composition) signal of soil
respiration, indicating a direct, but time–delayed link between photosynthesis and soil
respiration (Ekblad & Hogberg, 2001; Bowling et al., 2002; Barbour et al., 2005;
Ekblad et al., 2005; Knohl et al., 2005; Kodama et al., 2008). Recently, a number of
13
CO2 pulse chase labeling experiments clearly showed that photosynthesis is directly
linked to root-rhizosphere respiration (Högberg et al., 2007), influencing its δ13C signal
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even on a diel timescale as observed by diel pattern of 13C in soil respiration (Bahn et
al., 2009; Plain et al., 2009; Dannoura et al., 2011). However, the underlying mechanisms causing these short-term effects of recent photo-assimilates on belowground
biogeochemistry are poorly understood. Possible mechanisms include diel pattern of
transitory starch accumulation and remobilization at the leaf level as hypothesized by
Bahn et al. 2009. Transitory starch is formed in the leaf during the day and supplies
carbon for plant metabolism during the night including respiration (Zeeman et al.,
2007). So far, it remains unclear if the isotopic imprint of this process is translated from
above ground to below ground and hence is reflected in root respiration and thus soil
respiration. Generally, the time that it takes for a C molecule to pass from above- to
belowground conveys highly important information about C use, plant physiology and
plant-soil coupling (Kayler et al., 2010).
Recently it has been shown by 13CO2 canopy pulse labeling that drought reduces phloem transport velocities, thus reducing the supply of fresh assimilates supporting root
respiration (Ruehr et al., 2009). Kuzyakov & Gavrichkova (2010) determined phloem
transport rates as an important rate limiting step for plant-soil coupling. However, so far
a detailed process understanding of plant-soil coupling and C use over short time scales
is still pending, particularly under drought conditions. Up till now, the investigation of
climatic extremes is generally underrepresented among climate manipulation experiments (Jentsch et al., 2007), although current climate change is increasing the
probability and the intensity of extreme events (Sterl et al., 2008), where ecosystems are
more susceptible to changes in precipitation rather than to changes in temperature
(Reichstein et al., 2007; De Boeck et al., 2011). Since the biosphere mediates the carbon flow from the atmosphere to the soil system on a daily timescale, it is crucial to
understand the key mechanisms determining carbon allocation, carbon transfer times
and coupling strength under extreme conditions such as drought.
The aim of this study was to investigate the underlying mechanisms controlling the diel
coupling between aboveground (canopy photosynthesis) and belowground (soil respiration) processes under control and drought conditions using a 13CO2 canopy pulse
labeling approach. In particular, this study investigated the effect of drought on (1) plant
carbon allocation, (2) the time-lag between assimilation and (soil) respiration (plant
carbon transfer times), (3) plant carbon residence times, and (4) the role of leaf mobile
and immobile carbon pools for soil respiration on a diel time-scale. It is hypothesized
that leaf metabolism imprints a signal on temporal variations in the carbon isotopic
composition of soil respired CO2 (δ13CSR), reflecting changes in respiratory substrate.
This imprint should be reduced under drought conditions due to a lower carbon supply
from assimilation.
In order to achieve a sufficient temporal resolution in δ13C measurements, laser spectroscopy technology was used to continuously monitor isotopic composition and mixing
ratios of CO2 in canopy and soil gas exchange of drought stressed beech saplings. Additionally, a simple carbon allocation and growth model was used to gain a better
mechanistic understanding of the processes.
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3.2

MATERIALS & METHODS

3.2.1 Experimental design & setup
The study was conducted in a climate chamber with controlled relative humidity (3050%), temperature (18-22 °C) and light conditions (maximal photosynthetic active radiation 560 μmol m-2 s-1) simulating a regular diel cycle with a light period of 15 hours
(Supporting Information Fig. S1, S2). Isotopic gas-exchange measurements were done
on six 0.8 m tall beech saplings (Fagus sylvatica L.), grown in individual pots with potting soil (Containererde, ökohum, Herrenhof, Switzerland). Three of the saplings were
subjected and adjusted to drought and three to non-drought conditions three weeks prior
to the 13CO2 canopy pulse label application. At the time of labeling, canopy conductance to water vapor was reduced by about -87% in the drought stressed plants compared
to the control plants (Table 1) and the relative volumetric soil moisture content was reduced from 87% to 53% (Supporting Information Fig. S3). The drought and nondrought conditions were maintained at the same level after labeling by adding respective amounts of water lost daily due to evapotranspiration. In order to monitor soil and
canopy isotopic gas-exchange fluxes separately, six combined canopy/soil chamber systems were used, where both, canopy and soil pot of each beech tree were fully enclosed
by a chamber compartment. The soil and canopy compartments of each chamber system
were physically separated via two semicircular shaped discs put around the trunk. By
separating above- and belowground plant parts, contamination of the soil matrix with
13
C tracer material was prevented during labeling and each compartment could be
measured individually concerning isotopic composition and mixing ratios. In addition,
each individual chamber system was equipped with sensors for air-, soil-, and leaf temperature, soil moisture, and relative humidity. The soil chamber was further equipped
with tubing in order to water the soil pots from the outside without deconstructing the
chamber system. The six combined soil/canopy chambers were attached to a laser spectrometer (Aerodyne Research Inc., Billerica, MA, USA) which measured continuously
(1 Hz) mixing ratios as well as isotopic composition of CO2, alternating at chamber inlets and outlets. In parallel, water vapor mixing ratios were measured with a water vapor
laser spectrometer (DLT-100, Los Gatos Research Inc., Mountain View, CA, USA) in
order to calculate for transpiration, stomatal conductance, and photosynthesis based on
the total canopy leaf area (measured destructively after the campaign was completed).
Between one chamber measurement and the next, inlet air was measured, framing each
outlet measurement with a reference. Inlet and outlet where measured for 90 s each and
the mean values where used for subsequent calculations. Within roughly 1 hour 18
chamber measurements were completed, where soil chambers were measured twice and
canopy chambers once per replicate. After completing one sequence of 18 measurements the laser spectrometers were automatically calibrated for 6 min. The
measurement sequence of soil and canopy chambers as well as sensor recording was
fully automated and controlled by a custom written LabView program (National In-
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struments Corp., Austin, TX, USA). A detailed description of the setup can be found in
Barthel et al. (2011).

3.2.2 Labeling procedure
13

CO2 canopy pulse labeling was conducted by connecting all canopy chambers in parallel into a closed loop, into which 99% of the 13CO2 (Cambridge Isotope Laboratories,
Inc., Andover, MA, USA) could be released. A mass flow controller (red-y smart controller GSC, Vögtlin Instruments AG, Aesch, Switzerland) regulated 13CO2 label supply
into the air stream, maintaining CO2 mixing ratios at ca. 600 ppm. Additionally, two
IRGAs (LI840, LI6262, LI-COR Biosciences Inc., Lincoln, NE, USA), with different
13
CO2 sensitivities, were connected to the loop in order to monitor the 13CO2 to 12CO2
ratio. After labeling the canopy for 30 min at 11am, the system was flushed with labelfree air for another hour. The flushing tubing outlet was directed into an air conditioning
exhaust, leaving no label within the climate chamber, hence avoiding potential secondary labeling. Subsequent to the label procedure, all label tubing was removed and the
original measurement sequence resumed. The estimated amount of 13CO2 fixed by photosynthesis during labeling was based on the ratio and concentrations of 13CO2 and
12
CO2 within the label loop. Given the mean photosynthesis measurements before and
after the labeling (measured with the canopy chambers and the Aerodyne laser spectrometer for CO2), the total 13CO2 input for each plant individual could be calculated.
Since the CO2 concentration within the label loop was elevated compared to the normal
measurement setup (from ca. 400 to 600 ppm), photosynthesis rate was corrected for the
higher CO2 concentration based on CO2 response curves which have been measured
prior to the experiment (Supporting Information Fig. S4).
At the end of the label experiment, each tree was harvested and separated into stem,
twig, leaf and root parts before drying at 60°C. Those samples were later milled,
weighed and analyzed for their bulk δ13C content in order to estimate the recovered 13C
content in the biomass.

3.2.3 Labeling for organic δ13C leaf sampling
In a subsequent labeling experiment, another six beech saplings were grown and labeled
in an identical manner as described in the previous section but had not been subjected to
drought conditions. Instead of measuring gas-exchange in the canopy, canopy chambers
were removed after labeling and leaf samples taken in steps of 0, 3, 6, 9, 12, 15, 18, 21,
24, 48, 72h. Harvested leaf samples were immediately put in liquid nitrogen and then
dried at 60°C for subsequent δ13C sugar and starch analysis. Sample preparation for
IRMS (isotope ratio mass spectrometry) δ13C analysis was done according to Gessler et
al. (2007); Gottlicher et al. (2006) and Wanek et al. (2001). A detailed description may
be found in the supporting online file. IRMS analysis was performed using a Flash EA
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1112 Series elemental analyzer (Thermo Italy, former CE Instruments, Rhodano, Italy).
For specific instrument details see also supporting online file. Carbon isotopic compositions are reported in the δ-notation, expressed relatively to the international reference
standard Vienna-Pee Dee Belemnite (V-PDB) in ‰:
δ13C = (Rsample/Rstandard − 1)

(1)

where R denotes the molar ratio of 13C/12C for the standard and sample material. In addition to the δ-notation, the 13C amount in solid samples added by pulse labeling
(13Cexcess) was calculated as:

13

Cexcess

atom% S  atom% N
C
 DWtissue 
100
100 , where
mg 13 C/ g C plant 
DW plant  0.5





 

RSTANDARD  
 1
 1000 
atom% 100 
 

1  RSTANDARD  
 1
 1000 

(2)

For Rstandard the value of 0.0111802 (V-PDB), reported by Werner & Brand (2001), was
used. Atom %S is the sample atom-% and atom-%N the natural background (set to 28‰). DW refers to the dry weight (g) and C to the carbon fraction (%) of the respective samples.

3.2.4 Laser spectroscopy measurements

CO2 isotope laser spectroscopy (QCLAS, Aerodyne Research, Inc., Billerica, MA,
USA) enabled real-time simultaneous quantification of 13CO2 and 12CO2 isotopologues
as well as corresponding CO2 mixing ratios by scanning across a small spectral window
(near 2310cm−1). A fully automated calibration system and an automated liquid nitrogen
refilling device (liquid N2 Microdosing system # 906, Norhof, Maarssen, The Netherlands), needed for the infrared detector, reduced system servicing to a minimum. The
QCLAS was calibrated using two calibration gases with known isotopic composition
and mixing ratios (concentrations low standard [ppm]: 12CO2 = 361.90, 13CO2 = 3.99;
high standard [ppm]: 12CO2 = 529.07, 13CO2 = 5.79). The 1 σ precision was 0.25‰ at 1
s and 0.05‰ at 90 s averaging time (estimated from Allen variance plots). In order to
account for nonlinearity effects a third calibration gas was dynamically diluted with
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CO2-free air resulting in a CO2 range of 300 – 850 ppm with constant isotopic composition. The obtained 12CO2 mixing ratio of the dilution calibration was then used to
normalize the measured isotope ratios to a reference mixing ratio of 400 ppm. In addition, a quality control standard was repeatedly measured to check for long-term stability
and resulted in an accuracy of about 0.25‰.

3.2.5 Modeling

The model used is a very simple representation of the plant carbon balance and was
originally published by Rasse & Tocquin (2006) for Arabidopsis (Fig. 1). As the model
was used for modeling the δ13C signal of soil respiration (δ13CSR) all fluxes and pools of
the model were run separately for 12C and 13C. Thus each flux consisted of a 12C and a
13
C “branch” (indicated by double arrows in Fig. 1). The 13C ratio of soil respiration was
calculated from the sum of 12C fluxes from root maintenance respiration, root growth
respiration and heterotrophic soil respiration and the sum of the corresponding 13C fluxes. Finally, a time-lag function was incorporated to account for carbon transportation
times and 13C-signal dispersion effects from the leaves via stem, roots, and soil to the
measured soil respiration signal. Associated parameters are tlm, tlmax and tlerror, representing mean and maximal transportation times as well as a standard deviation around
that mean.
The model calibration was based on a Bayesian approach using the Differential Evolution Adaptive Metropolis (DREAM) algorithm (version 1.1; Vrugt et al., 2009) encoded
in Matlab (The MathWorks Inc., Natick, MA, USA). For a detailed description of the
model structure, calibration and parameters see Table 3 and consult the online supporting file.

3.2.6 Statistics

All δ13CSR values exceeding four times the standard deviation of the mean of natural
abundance values were classified as labeled. The assessment of peak times was done by
a least squares optimization of four parameters of a co-spectral model by Massman &
Clement (2004). This model was able to fit the δ13CSR data around peak time very well
for all 6 trees (all root mean square error ≤ 8.99). Peak times were derived individually
for each tree from the optimized peak time (frequency) parameters (fx). All exponential
decay fits were done from the first maximum in δ13CSR, where half-life time (HLT) and
mean residence time (MRT) were calculated as 1/τ and ln(2)/τ , respectively from equation: f(t) = a · e(−τ·t). All values in the result section denote mean ± standard error (n = 3)
for control and drought treatments.
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3.3

RESULTS

3.3.1 Ecophysiology, biomass and 13Cexcess

In general, canopy photosynthesis and soil respiration showed significantly reduced
values under drought and followed a pronounced diel cycle (Fig. 2a, b; Table 1). In addition, a reduction in canopy transpiration and conductance (g) was observed, which
came along with a decrease in relative humidity (69 ± 1% in control and 49 ± 1% in
drought replicates; Table 1). Under control conditions the diel cycle of soil respiration
was linearly dependent on soil temperature (TS; R2 = 0.76, p ≤ 0.001), whereas in
drought replicates such a relationship could not be found (Fig. 2c). Instead, a clear step
between day and night was visible, which was not determined by changes in TS. Soil
respiration was elevated during daytime (likely due to assimilate input) by 0.43 µmol m2 -1
s and decreased to a baseline level at night.
Moreover, Table 1 shows differences between control and drought samples regarding
biomass and 13Cexcess data for various plant tissues, where 13Cexcess values were used as a
measure of carbon allocation within the plant. Both parameters showed a reduction in
all plant parts under drought with highest effects in roots and stem tissue in absolute
terms. However, according to the 13Cexcess data relatively more carbon was partitioned to
the roots compared to stem under drought conditions.
A complete plant carbon balance was determined by calculating how much 13C was
fixed during the labeling and how much of it was finally recovered in biomass and respiration. The total amount of 13C added by photosynthesis was estimated to be 0.91 mg
13
C / g plant in control and 0.62 mg 13C / g plant in drought stressed plants. In control
plants, 89% of the added 13C was recovered in biomass (0.85 mg 13C / g plant, detailed
in Table 1), 9% in root respiration (0.09 mg 13C / g plant) and 2% in nighttime canopy
respiration (0.02 mg 13C / g plant). In contrast, in drought stressed plants only 45% were
recovered in biomass (0.28 mg 13C / g plant), 13% in root respiration (0.08 mg 13C / g
plant) and 1% in nighttime canopy respiration (0.01 mg 13C / g plant), leaving 41% unexplained (0.25 mg 13C / g plant). Comparing control and drought samples, a
significantly lower proportion of recovered 13C in plant biomass (-67%) and nighttime
canopy respiration (-49%) was found. However, with only 59% of the initially added
13
C recovered in the drought stressed samples, interpretation of the data is limited.

3.3.2 Time-lags and residence times of δ13CSR

Contamination of the soil atmosphere with tracer material was avoided during the canopy 13CO2 pulse labeling because of the physical separation between canopy and soil
chamber compartments. Hence, no 13CO2 tracer artifacts (potentially diffusing from soil
pore spaces) influenced the δ13C measurements of soil respiration (δ13CSR). Apparently,
the later observed enrichment in δ13CSR could be exclusively attributed to a direct
transport of labeled photo-assimilates to the root system and their subsequent utilization
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for respiration (Fig. 3b). The coupling speed between above- (photosynthesis) and below-ground (root respiration) processes was reduced under drought conditions. That is,
the first appearance of 13C tracer material in soil respiration after label application
(time-lag1, tl1) increased from 2.73 ± 0.03 h to 6.71 ± 0.66 h between control and
drought replicates, and the time to the first δ13CSR maximum (time-lag2, tl2) from 9.82
± 0.35 h to 21.04 ± 0.14 h. Both time-lags (tl1 and tl2) correlated strongly with photosynthetic rate of the respective plant canopy (Fig. 4a). Furthermore, the time-lags
described by the model time-lag function were 6.3 ± 2.1 h and 11.4 ± 3.6 h for the control and drought replicates, and are well within the measured ranges of tl1 and tl2 for the
two treatments (calculated from model parameter tlm; Table 2).
In addition, the half-life time (HLT) and the mean residence time (MRT; Fig. 4b), obtained from the exponential decay δ13CSR function, showed a similar relationship to
photosynthesis as found for the time-lags. The average MRT in control plants was calculated as 27.87 ± 1.02 h and in drought plants as 59.46 ± 5.37 h, which was more than
twice as long as in control plants.

3.3.3 Diel dynamics of δ13CSR in control samples

The measured δ13CSR signal in control treatments followed a pronounced diel cycle
within the first 24 h after label application (Fig. 3b), including a strong secondary increase after the initial peak. Interestingly, the δ13C of canopy respiration (δ13CCR)
increased also within the first night after label application but showed little change in
subsequent nights (Fig. 3a). When δ13CSR was shifted for the time-lag assigned to the
time from leaf carbon uptake to soil efflux - which was assumed to be reflected by the
first maximum in δ13CSR (tl2) after label application - variations of δ13CSR coincided
with daytime and nighttime periods (Fig. 3c). After the first δ13CSR maximum (caused
by the canopy labeling), new, non-labeled assimilates (from photosynthesis after the
labeling) diluted the carbon pool with 12C atoms, which in turn caused a depletion in the
δ13CSR signal within the remaining daytime. Coincidental with nightfall, a second increase in the δ13CSR was observed which lasted almost for the entire night. At next days
"sunrise" δ13CSR started to decay permanently without any further increase. To interpret
the data, we adapted a simple model of plant physiological processes (Rasse & Tocquin,
2006) to model mobile and immobile carbon pools. The model captured the measured
δ13CSR diel dynamics despite its simplicity (Fig. 1, 5a; Tables 2 and 3). A combination
of a mobile sugar pool (MSP) and a transient immobile starch pool (TISP), feeding
maintenance and growth respiration fluxes in roots, was able to explain the δ13CSR behavior in control plants. That is, transitory starch, which was labeled within the labeling
time window during daytime, was re-mobilized at night thus re-enriching δ13CSR and
δ13CCR. Therefore, it was hypothesized that leaf metabolism directly drives the diel
rhythm of δ13CSR.
In addition to the measured and modeled data, diel δ13C dynamics in leaf carbohydrates
compounds were assessed. As previously explained in the methods section another set

38
of well-watered beech trees (n = 6) was labeled and leaf samples taken in steps of 3 h
over the course of a day. The bulk leaf material showed a strong enrichment in 13C after
label application which steadily decayed thereafter (Fig. 6a). A more detailed analysis
of the leaf material, however, revealed pronounced diel dynamics in the water soluble
organic carbon fraction (organic acids, amino acids and soluble sugars; δ13CWSOCF, Fig.
6b), the neutral organic carbon fraction (soluble leaf sugars only; δ13CNOCF, Fig. 6c), and
the starch fraction (δ13CSTARCH, Fig. 6d). δ13CWSOCF and δ13CNOCF decayed during the
remaining daytime, whereas δ13CSTARCH values remained at a steady level. During
nighttime, in contrast, δ13CSTARCH rapidly decreased to natural abundance levels, whereas the corresponding δ13CWSOCF and δ13CNOCF values increased simultaneously. The
concurrent increase in δ13C leaf sugars during the night likely stemmed from transient
starch degradation within the leaf. Note, as δ13C in leaf sugar and leaf starch returned to
natural abundance levels after the first night, it seems unlikely that any 13C tracer material remained within the leaf mobile carbon pool thereafter. Those results corresponded
well to the steady exponential decay in δ13CSR after the "starch" peak and to the singular
increase of δ13CCR.

3.3.4 Diel dynamics of δ13CSR in drought samples

As observed in control plants, the δ13CCR of drought stressed plants showed also a singular increase within the first night, which was, however, less intense (Fig. 3a). Further,
no strong secondary increase in the δ13CSR signal was observed in the drought-stressed
samples (Fig. 3b). Instead, weaker diel cycles were measured over the entire label period, which were not captured by the plant physiological model (Fig. 5b). However, the
model was nonetheless able to fit the prolonged time lag and the smaller intensity of the
δ13CSR very well. Furthermore, the obtained optimized parameters from the model output delivered additional information on physiology (Table 2). The proportion of the
assimilative flux into TISP (STbr) was reduced from ~30 to ~3% under drought, whereas
parameters concerning storage were identical to control plants (β, stem growth coefficient; GRmax, maximum growth rate; RSal, root to shoot allocation ratio). Furthermore,
according to the model parameters (gain, modelled parameter associated with maintenance respiration; α, growth respiration coefficient), the absolute and relative
contribution of maintenance respiration to total respiration (compared to growth respiration) was higher in drought stressed trees. In addition, the contribution of SRhet to total
SR was also reduced from 60% to 30% under drought (part, fraction of heterotrophic
respiration to SR).
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DISCUSSION

3.4.1 Carbon allocation

The 13Cexcess data indicated that the internal carbon allocation and utilization changed
under drought conditions. At the very least, the short-term data suggest that, proportionally, more carbon is allocated to the roots at the expense of stems. Stem and roots
contain the highest quantities of reserves in adult beech (84%; Barbaroux et al., 2003)
and therefore provide a good measure for carbon storage strategies. A higher carbon
dislocation to roots under drought stress, as found in the 13Cexcess data, is known as the
optimal partitioning theory after Bloom et al. (1985) which states that plants allocate
relatively more nutrients and carbon to belowground when plants are limited by a water
or nutrient shortage. That theory has been validated for beech by monitoring stimulated
fine root production in stands along a precipitation gradient (Meier & Leuschner, 2010)
as well as for seedlings at sufficient irradiance intensities (Lof et al., 2005). Furthermore, a relatively higher allocation of recent assimilates to roots under drought has also
been found for Triticum aestivum (Palta & Gregory, 1997) and Populus tremuloides
Michx. (Galves et al., 2011).
The absolute difference in tissue biomass did not confirm the 13Cexcess results. The higher root biomass in control plants was likely caused by unconstrained growth conditions
which led to a much faster biomass increase compared to drought stressed plants. According to McDowell (2011) and references therein, growth declines before
photosynthesis in drought stress plants, which results in an excess of non-structural carbohydrates. Accordingly, a switch from growth to root reserve storage occurs (Galves et
al., 2011). Therefore, it is probable that the growth effect on the biomass data did override the actual allocation difference. Generally, carbon availability and thus storage
depends largely on the duration of drought (McDowell, 2011) - after a sufficiently long
drought period (< 30 days) photosynthesis cannot compensate maintenance respiration
which causes an overall decline in non-structural carbohydrates.

3.4.2 Time-lags and residence times of δ13CSR

Both time-lags (tl1, tl2) correlated well with photosynthetic rate indicating that 13C label
transport velocity from leaves (site of assimilation) to roots (site of respiration) and thus
the speed of link between above- and belowground processes depends on canopy photosynthesis, hence on carbon supply and demand. A similar time–lag dependence on
photosynthetic rate was also discussed in a recent review by Kuzyakov & Gavrichkova
(2010), where it was stated that high photosynthesis and water availability accelerates
assimilate transport, hence altering the time-lag between photosynthesis and soil respiration. They argue that one of the bottleneck processes responsible for time-lag is the
transport rate of assimilates in the phloem. Physiologically, these findings are explained
by enhanced phloem loading at the source based on higher assimilate supply and the
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subsequent water influx into sieve cells from the apoplast (Münch, 1930). Active phloem loading sets up a gradient in osmotic pressure, which in turn increases the
hydrostatic pressure gradient between both phloem ends, thus increasing phloem
transport velocities (Nobel, 2009). Phloem transport velocities are generally in the range
of 0.5 to 1 m h−1 in tree species (Zimmermann & Braun, 1971), which is comparable to
the control values in this present study (0.4 m h−1, estimated from tl1). However, the
transport rate of 0.09 m h−1 in drought stressed plants is higher than the recently published rate of 0.01 m h−1 in beech saplings (Rühr et al., 2009). Generally, the results are
not consistent but supportive with those of Hall & Milburn (1973), who found a reduction in phloem exudation, accompanied by a rise in sap concentration, in Ricinus under
drought stress. Similarly, Hölttä et al. (2009) showed that phloem viscosity may play an
additional role in determining transport velocities. Interestingly, no significant relationship with time-lag could be found for either transpiration or conductance although
xylem and phloem are interlinked (Münch, 1930; Helfter et al., 2007). Whether a much
faster information transfer via pressure-concentration waves, as suggested by
Mencuccini & Hölttä (2010), existed could not be determined as no rapid changes in
photosynthesis were induced. Nevertheless, this did not hinder the interpretation of the
results since the time needed for a C molecule to pass to belowground was assessed and
thus represents a direct measure of above- and belowground plant coupling and its integrated information on physiology (Kayler et al. 2010).
Besides canopy photosynthesis being responsible for the carbon transport within the
plant, it was shown that photosynthesis also determines the carbon turnover within the
plant. The MRT and HLT dependence on photosynthesis suggest that a higher carbon
fixation rate drives faster carbon utilization within the plant. Under control conditions
assimilated carbon is quickly turned over (MRT = 27 ± 3.1 h) due to either respiration,
growth or storage in non-labile pools, e.g. structural biomass which in turn causes a
shorter residence time of label within the labile carbon pool. This result is consistent
with a study conducted by Carbone & Trumbore (2007) who calculated MRT of around
13 h at shrub and grassland sites within the first 6 days after labeling. For a temperate
grassland MRT values of 57 ± 2.7 h are reported (Bahn et al., 2009), which is almost
twice as high as the control values reported in this study. Overall, in the control plants,
fresh assimilates were rapidly respired and converted to starch or structural biomass.
Drought-stressed plants, on the other hand, required all available assimilates for maintenance processes.

3.4.3 Diel dynamics of δ13CSR

The results obtained from isotopic gas-exchange measurements in canopy and soil, δ13C
analysis of leaf carbohydrate compounds, and the model output strongly suggest a transitory leaf starch pool to be responsible for the observed diel dynamics in δ13CSR of
control plants. Transitory starch, synthesized in chloroplasts during the day, provides a
steady and sufficient supply of carbon for growth, sucrose synthesis and respiration
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throughout the subsequent night, where starch degradation rate is dependent on the photoperiodic length (Zeeman et al., 2007). Strong diel cycles in δ13CSR after a canopy
labeling were also reported by Bahn et al. (2009), who found an enrichment of δ13CSR in
the late night and early morning hours for alpine grassland. Recent publications applying 13CO2 pulse label to entire canopies of beech, oak (Quercus petraea), and pine
(Pinus pinaster) showed similar diel patterns in δ13CSR as found in the present study
(Plain et al., 2009; Dannoura et al., 2011). Furthermore, the dependence of respiration
on various plant carbon pools has been recently reported for Lolium perenne by
Lehmeier et al. (2008), where respiration consists of two fast pools and one short-term
storage pool through which carbon cycled at least once before being respired. However,
none of those pools represented a single biochemical compound or a specific location
within the plant. Werner & Gessler (2011) reviewed three major mechanisms assignable
to diel variations in the natural carbon isotope composition of respired CO2: (1) substrate driven variations, (2) fractionation driven variations, and (3) flux biased
variations. Transitory starch was also discussed as a prominent player in substrate driven natural variations of δ13C of respiration fluxes. As a result of isotope fractionation
processes during the production of starch in the chloroplast, transitory starch is naturally
enriched in 13C compared to cytosolic sucrose (Gleixner & Schmidt, 1997; Tcherkez et
al., 2004). Accordingly, diel starch storage and remobilization was shown to be responsible for natural diel variations in phloem exudates of Eucalyptus delegatensis (Gessler
et al., 2007) with up to 2.5‰ 13C-enrichment during the night and 13C-depletion during
the day. Also for a beech forest, natural diel variations in δ13CSR have been explained by
starch day/night dynamics (Gavrichkova et al., 2011). However, natural abundance
studies have produced contradictory results as a multitude of processes interact with
each other (Werner & Gessler, 2011 and references therein).
Substrate driven variations (sugar vs. starch) could not explain the small diel variations
in drought stressed samples since no distinct TISP peak in δ13CSR was identified in
drought stressed plants and the observed low diel variations were not captured by the
model. The model output showed that much less assimilates from photosynthesis were
branched into the TISP (small STbr) which might explain why a strong peak due to
starch degradation was not distinguishable in δ13CSR of drought replicates. The only
response which might be related to TISP degradation was the small increase in δ13CCR
within the first night. A down-regulation of transient starch production in leaves under
drought stress has been previously shown for other species such as Betula pendula
(Paakkonen et al., 1998), Picea abies (Kivimaenpaa et al., 2003; Zellnig et al., 2010),
and Spinacia oleracea (Zellnig et al., 2004). Consequently, substrate driven variations
could not explain the very small, but distinct, δ13CSR diel changes under drought. However, according to the model and the gas-exchange measurements, drought stressed
plants show a distinct diel flux biased change of soil respiration. As drought reduces soil
microbial activity, the ratio between SRaut and SRhet should be largely biased towards
SRaut under drought stress (Muhr & Borken 2009; Borken et al., 2006). Hence, the
δ13CSR signal of drought replicates should be less influenced by the δ13C released by soil
microbes, and therefore changes in the source more visible. Consequently, diel variabil-

42
ity in the contribution of SRaut with a distinct isotopic composition might drive δ13CSR in
drought stressed plants, which is in line with the potential mechanisms driving shortterm dynamics proposed by Werner & Gessler (2011). For this reason, the small diel
variations in δ13CSR are attributed to the dilution of the δ13C pool by fresh, unlabeled
assimilates coming from daytime photosynthesis. As photosynthesis stops at nighttime,
dilution of δ13CSR ceases. This aside, the possibility cannot completely dismissed
whether TISP is also involved in the diel δ13CSR dynamics under drought stress. Since
there were no carbohydrate samples available for drought stressed plants it was assumed
that if there was any leaf starch produced, the δ13C dynamics in leaf carbohydrates
should be similar to those observed in the control plants. However, both our modeling
and SR data suggest that the enrichment would be in much smaller intensity.
Further, as already discussed in the carbon allocation section, a surplus of non-structural
carbohydrates should be apparent under drought stress. Such surplus would aid diel dynamics in δ13CSR since labeled material is not allocated to growth but to storage. Stored
carbohydrates are then potentially redistributed, depending on the duration of the
drought period. To examine this, however, further experiments focusing on the diel δ13C
assessment of biochemical compounds in various tissues (leaf, stem, roots) and in different drought phases are needed.
Overall, the results demonstrate the relevance of leaf scale processes for understanding
soil respiration flux dynamics to the atmosphere since basic concepts as soil respiration
dependency to temperature fail under drought due to the lack of transient starch. Further
research needs to be done to investigate the leaf level effects on soil respiration under
field conditions and to test its relevance for terrestrial carbon cycle models.

3.5

CONCLUSIONS

Drought facilitates a relatively higher carbon allocation to roots and reduces the speed
of link between photosynthesis and soil respiration where photosynthetic rate is the actual rate-limiting step. In control plants, soil (root) respiration underlies a diel substrate
shift, which is determined by leaf metabolism. The switch between a mobile sugar and a
transient immobile carbon pool (starch) determined the interaction between assimilation
and soil respiration on a diel timescale. The strong imprint of leaf metabolism on the
diel pattern of δ13CSR was verified by a mechanistic carbon allocation model and additionally supported by δ13C measurements of leaf carbohydrate compounds. In contrast,
diel dynamics in δ13CSR of drought stressed plants were not substrate driven. Instead, the
model suggests that diel cycles were based on the diel variability regarding the influence of root respiration to δ13CSR, which led to different flux contributions between day
and night. The fast decay of δ13CSR within several days in the control plants suggested
that the utilization of recent assimilates starts immediately after allocation and is rapidly
completed. The results indicate that control plants invest carbon more quickly in storage, growth, or respiration than drought stressed plants since the supply of assimilates
does not limit these processes. The observed differences between control and drought
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stressed beech saplings in the coupling between above- and belowground processes
suggest that there are limitations in current carbon cycle models representing terrestrial
ecosystem carbon cycling under a changing climate.
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3.7

SUPPLEMENT - additional methodological information

3.7.1 Sample preparation for IRMS δ13C analysis
Bulk plant compartments: The oven-dried finely ground bulk plant material from both
label experiments was weighed into tin capsules and then δ13C measured by EA/IRMS.
Leaf water soluble-, neutral fraction: To obtain the water soluble- and neutral carbon
fraction of leaves from the second labeling, the samples were first suspended in 1 mL
de-mineralized water and then put on ice for 60min. In order to precipitate proteins, the
solution was heated for 3 min at 100°C and subsequently centrifuged at 12000 g. For
the water soluble fraction 300 μL of the supernatant were pipetted into tin capsules and
subjected to IRMS analysis (adapted from Gessler et al., 2007). The remaining supernatant was transferred into 2 mL reaction vials containing anion and cation exchange
resins (Dowex 1 & Dowex 50, VWR International AG, West Chester, PA, USA) in order to remove amino- and organic acids (Gottlicher et al., 2006). The neutral fraction
was also pipetted into tin capsules and subsequently measured by IRMS.
Leaf starch fraction: In order to determine δ13C in transitory starch we largely adapted
the following method from Wanek et al. (2001). 100 mg ground plant material was extracted with a 1.5 mL methanol/chloroform/water (MCW, 12:3:5, v:v:v) solution for 30
min at 70 °C to remove soluble carbohydrates. After cooling, samples were centrifuged
at 12000 g and the supernatant carefully decanted. This step was repeated twice before
the pellet was washed three times with demineralized water and subsequently ovendried at 60 °C. To gelatinize starch, the dried samples were then incubated with 750 μL
de-mineralized water for 15 min at 100 °C. Starch hydrolysis was achieved by reincubating the samples for 120 min at 85 °C with 250 μL heat-stable α-amylase from
Bacillus licheniformis (equates to 3000 U mL−1). Purification of the enzyme solution
was previously done with Vivaspin 15R regenerated cellulose membrane (5000 Da mo-
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lecular-weight cut-off, Sartorius, Göttingen, Germany). After hydrolysis, samples were
centrifuged and 450 μL of the supernatant was ultra-filtered at 10000 g for 50 min using
pre-cleaned regenerated cellulose membrane filters (Vivaspin 500, 10000 Da molecularweight cut-off, Sartorius, Göttingen, Germany). The filtrate (50 μL) was pipetted into
tin capsules and oven-dried before measured by IRMS.

3.7.1 IRMS

The IRMS was coupled via a 6-port valve and a ConFlo III to a Finnigan MAT Deltaplus
XP isotope ratio mass spectrometer (Finnigan MAT, Bremen, Germany). The Flash
EA was additionally equipped with a home-made Nafion-trap in order to avoid frequent
exchange of the Mg(ClO4)2 in the conventional trap. The trap was followed by a 4-port
valve between reduction tube and GC column for easy maintenance of the oxidation and
reduction tubes without closing the isolation valve of the mass spectrometer. The positioning of samples, blanks and (laboratory) standards (Identical-Treatment principle) in
a measurement series for all measurements followed the scheme described by Werner &
Brand (2001). The calibration of laboratory standards was periodically done by comparison of laboratory standards to international reference materials provided by the IAEA
(Vienna, Austria). The long-term precision (1.5 years) of the quality control standard
(caffeine) was 0.09‰ for δ13C.

3.7.3 Modeling

The model adaptions and modifications needed for this study are explained in the following section. In addition to the original model, an extra pool, representing the plants
stem carbon pool (ST), was introduced. The ST pool acted as an additional pool for
immobilized carbon. The “overflow” of carbon from the mobile sugar pool (MSP) to
the transient immobile starch pool (TISP) was modeled as the residual of SF – (Rmc +
Rmr + Gr + STc) during daytime periods bearing the isotopic signature of the MSP pool
(SF sugar flux, Rmc canopy maintenance respiration, Rmr root maintenance respiration,
Gr Carbon used for root growth, STc nighttime starch breakdown). Furthermore the
starch breakdown flux was modeled ensuring a linear decrease of the total TISP during
nighttime but mirroring the isotopic signature of the daytime starch buildup (to account
for the starch grain buildup in layers; Badenhuizen 1955). Heterotrophic soil respiration
(SRhet) was estimated according to SRhet = SR * part, where SR denotes the total measured soil respiration (SR = SRhet + SRaut) and part a tunable parameter between 0 - 1.
Gross photosynthetic rate (Ag) was calculated from net CO2 exchange and nighttime
respiration rates, measured by the means of the steady-state through-flow chambers in
combination with the laser spectrometer, neglecting any possible reduction of leaf respiration in light relative to darkness (Brooks & Farquhar, 1985; Villar et al., 1995). Due
to constant temperatures during nighttime conditions no temperature dependency of leaf
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respiration could be determined. Thus, we conducted a sensitivity analysis doubling
nighttime respiration rates, accounting for the effect of higher day time temperatures on
respiration, but neglecting any light inhibition of non-photorespiratory respiration,
which would counteract the effect of higher temperatures. As even a doubling in
nighttime respiration rates resulted in negligible differences in the parameter estimation
and model-output, measured nighttime respiration rates were used for calculating Ag in
the further analysis. For a detailed listing of all model parameters and variables see Table 2.
Model calibration: Given a certain set of measured data and a model, the Bayesian
framework allows for probability statements about underlying model parameters. The
DREAM code from Vrugt et al. (2009) overcomes the problem of slow convergence
and high-dimensionality by (i) running multiple different chains simultaneously, learning from each other, for global parameter space exploration, (ii) explicit outlier chain
handling and (iii) automatically tuning scale and orientation of the proposal distributions during the parameter search (Vrugt et al., 2009). Input data were linearly
interpolated to constant time steps of 18 minutes, which was the shortest time step between two consecutive measurements. The 13C/12C ratio during labeling, which lasted
for 30 minutes, was modeled by a 6th degree polynomial fit to the measured isotope ratio data (R2 = 0.9976) and 13C/12C isotope ratios were calculated for the interpolated
input data time series. Initial carbon pool sizes for the LF, RT and ST pools were set as
plant dry weight/2 (50% carbon). TISP size was initialized with the value received for
the starting time after initial model runs for the two treatments. MSP starting values
were subject to optimization. All 14 parameters were sufficiently constrained after the
first Bayesian inversion run already. Their mean estimates, maximum likelihood estimates (mle) as well as their upper and lower bounds are depicted in Table 2.
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3.8

FIGURES & TABLES

Figure 1: Schematic overview of the model structure illustrating fluxes between various plant carbon
pools. The model was adapted and modified from Rasse et al., (2006); grey boxes denote pools, double
arrows indicating simultaneous carbon fluxes of 12C and 13C. For abbreviations see Table 3.
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Figure 2: (a) Canopy photosynthesis and (b) soil respiration in control (closed symbols) and drought
stressed (open symbols) plants shown for the first day after canopy 13CO2 label application; black line
denotes soil temperature; error bars are ± standard error of the mean (c) Soil respiration dependence on
soil temperature for drought (open circles) and control (closed circles); daytime data in grey, nighttime
data in black
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Figure 3: Enrichment in 13C of (a) canopy and (b) soil respiration after canopy 13CO2 label application
(vertical solid black line); (c) control samples shifted for time-lag 2; controls (closed circles); drought
(open circles); nighttime (grey areas).
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Figure 5: Mean ± standard deviation for δ13C of soil respiration and the corresponding model output for
(a) control and (b) drought; measured data (white line) ± standard deviation (dark grey area); model output (black line) ± 99% confidence intervals resulting from parameter uncertainties (not visible); mobile
sugar pool (MSP); transient immobile starch pool (TISP); nighttime (light grey areas); canopy 13CO2
label application (vertical solid line)
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Table 1: Comparison of control and drought treatments regarding ecophysiological, environmental, biomass and 13Cexcess parameters; canopy net photosynthesis (A); canopy transpiration (E); canopy
conductance (g); soil respiration (SR); air-, soil-, leaf temperature (Ta, Ts, Tl); relative humidity (RH). P <
0.05 (*); P < 0.01 (**); P < 0.001 (***); Significant values based on the p-value are set in bold.
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Table 2: Overview of optimized parameters used in the model for control and drought run with upper and
lower bounds for each parameter, as well as mean and maximum likelihood (mle) parameter estimates.
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Table 3: List of abbreviations used within the manuscript.
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Supplemental Figures S1-S4

Figure S1: Climate chamber conditions during the labeling period. (a) photosynthetic active radiation
(PAR) (b) air temperature (c) relative humidity (RH).

56

Figure S2: Light response curve (LRC; n = 6). The LRC was measured with a LI-6400 (LICOR Biosciences Inc., Lincoln, NE, USA) on all trees before they were subjected to drought conditions. The solid
vertical line represents the light conditions within the climate chamber and the dashed horizontal line
mean photosynthetic rate of control plants measured with the combined soil/canopy chamber system.
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Figure S3: Mean ± standard error of relative volumetric soil moisture content until start of label application in control (black line) and drought stressed beech (grey line).

58

Figure S4: CO2 response curve measured with a LI-6400 (LICOR Biosciences Inc., Lincoln, NE, USA)
on all trees before they were subjected to drought conditions (n = 6). The CO2 response curve is based on
the instruments internal auto-program meant for standard A-Ci-curves (A photosynthesis; Ci – intercellular CO2 concentration).
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CHAPTER 4
The response of carbon and water fluxes within the
atmosphere-plant-soil system to re-watering after drought
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ABSTRACT
Above and belowground processes in plants are tightly coupled via carbon or water
flows through the atmosphere plant soil system. While recent studies elucidated the influence of drought on this coupling, much less is known on how this coupling responds
to re-watering after drought. In order to investigate post-drought recovery of carbon and
water fluxes within the atmosphere-plant-soil continuum at (i) immediate (within hours)
and (ii) intermediate (within days) timescales, two different experiments with beech
saplings (Fagus sylvatica L.) under controlled climate chamber conditions were conducted. A custom-made chamber system, separating canopy from soil compartments,
allowed independent measurements of canopy and soil related processes. Isotopic gasexchange of oxygen and carbon stable isotopes in CO2 and H2O-vapor served as the
main tool for investigation and were monitored in real-time using laser spectroscopy.
The immediate response of canopy and soil processes to re-watering after drought was
investigated using 18O labeled water for irrigation. Photosynthesis (A) and stomatal
conductance (gs) showed an immediate simultaneous increase to the H218O re-watering
after only ~30 min. This increase, however, was not accompanied by the arrival of 18O
labeled water molecules within the canopy. The actual label induced enrichment in transpired water and leaf exchanged CO2 occurred not until ~2h after labeling in control
plants and was about 3h in drought-stressed ones. The obtained results pointed to a water flux independent recovery response of A and gs to re-watering. Moreover, the 18O
exchange between H2O and CO2 occurred with a lower intensity in drought-stressed
replicates, indicating a reduced CO2 retro-flux from leaves under drought conditions.
During the first day, A and gs displayed a net total recovery of only 13%.
Furthermore, a second experiment was conducted in order to assess plant physiological
parameters and resulting feedbacks between above and belowground during drought
and recovery periods using δ13C (intermediate timescale). Plant physiological parameters fully recovered within 10 days, with fastest full recovery in A (34h) followed by 13C
discrimination (Δ13C; 57h), gs (82h) and E (153h). A strong relationship between the
flux weighted canopy 13C discrimination (Δ13C) and the δ13C signal of soil respiration
(δ13CSR) revealed a persisting coupling between canopy and soil carbon fluxes during
both, drought and recovery periods. A steeper slope between Δ13C and δ13CSR during the
drought compared to the recovery period pointed to a stronger influence of recent plant
derived metabolites on soil respiration during the drought period.

4.1

INTRODUCTION

Terrestrial ecosystems interact strongly with the climate system due to biogeochemical
cycling of carbon and water fluxes between the biosphere and the atmosphere (Denman
et al., 2007). The net carbon exchange between the terrestrial biosphere and the atmosphere depends on respective rates of two opposing fluxes, respiration and
photosynthesis. Depending on the relative strength of these two fluxes, the biosphere
either acts as a carbon sink or source to the atmosphere. As future temperate ecosystems
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are predicted to suffer from a higher probability of climate extremes such as heatwaves
and droughts (Schär et al., 2004), it is necessary to understand the ecosystem response
of carbon and water fluxes to changing soil water availability.
In general, soil water availability is a major factor determining carbon and water fluxes
through the atmosphere-plant-soil system (Granier et al., 2007), since it controls stomatal regulation (e.g. Gollan et al., 1986), which in turn influences photosynthesis and
transpiration. An essential part of the terrestrial carbon cycle denotes the coupling between photosynthesis and soil respiration (Högberg et al., 2001) as the latter contributes
up to 70% of total ecosystem respiration (Janssens et al., 2001). However, recent research has shown that drought reduces this above- to belowground carbon flow, likely
being limited due to stomata-mediated canopy/leaf carbon uptake (Rühr et al., 2009;
Barthel et al., 2011b). To date, however, no study addressed the recovery rate of the
carbon and water flow through the atmosphere-plant-soil system.
So far, the recovery period was investigated looking at either water use efficiency (Erice
et al., 2011), the effect of elevated CO2 (Widodo et al., 2003), the role of hydraulic
conductivity (Chen et al., 2010; Blackman et al., 2009; Brodribb et al., 2009), or differences among genotypes (Vassileva et al., 2011). Other studies evaluated which factors
influence photosynthetic recovery after drought, including biochemical or diffusional
leaf properties (Galmes et al., 2007; Flexas et al., 2009; Hu et al., 2010), leaf nitrogen
availability (Heckathorn et al., 1997), and photo-protective leaf compounds (Gallé et
al., 2007; Gallé & Feller 2007). Yet, none of these studies addressed the response of the
entire atmosphere-plant-soil system under the aspect of drought-recovery, in particular
the water flow from below- to aboveground and the opposing carbon flow from aboveto belowground. While stomatal conductance has been shown to respond immediately
to re-watering, it remains unclear if this is mechanistically driven by the arrival of the
first molecules from the re-watering pulse or if this is mediated by other plant signaling
processes such as electric, hydraulic or chemical signals (Malone 1996; Brenner et al.,
2009). Similarly, it remains unclear if a recovery of photosynthesis immediately results
in the transport of fresh assimilates to the root/soil system or whether the reduced carbon transportation prevails for some time. Therefore, a better understanding of the type
and speed of mechanisms that mediate the interplay between below- and aboveground
plant compartments during drought and recovery periods is necessary.
Water stable isotope labeling techniques have been proven to be a powerful tool for
studying water movement and storage in plants (Meinzer et al., 2006) or hydrological
systems (Koeniger et al., 2010), for quantifying sap flow and transpiration (Marc &
Robinson, 2004) or for determining the spatial and temporal soil water use in ecosystems (Kulmatiski et al., 2010). However, these studies were so far limited due to timeconsuming intensive flask sampling (e.g. Meinzer et al., 2006) and were to our
knowledge never combined with gas-exchange measurements to study plant recovery
responses following drought events. The only study combining gas-exchange with water
labeling (dye application to the roots) was done by Fromm and Fei (1998). Such a labeling method, however, is not ideal since dye is a foreign substance to the plant organism.
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A direct measurement of stable oxygen isotopes to trace plant response during recovery
seems therefore more ideal since water is natural to the plant.
On account of the aforementioned reasons, the principle aim of this study was to examine the response of the atmosphere-plant-soil system to re-watering after drought
conditions at immediate (within hours) and intermediate (within days) timescales with
the help of stable isotope (13C and 18O) measurements. It was aimed to understand the
water flow from below to aboveground and the opposing carbon flow from above to
belowground during recovery from drought. Within this context, it was specifically
aimed to investigate (1) the sub-daily timing of water flow through the plant and its subsequent influence on carbon and water fluxes at the canopy level, and (2) the change in
carbon and water fluxes during drought and recovery periods and their influence on the
coupling between photosynthesis and soil respiration. It was hypothesized that rewatering causes a stomatal opening simultaneously with the arrival of the water molecules and that water molecule transport should be reduced in previously droughtstressed plants since stomatal conductance is generally down-regulated during drought.
It was further hypothesized that in return to plant recovery, improved aboveground conditions mediate belowground processes on longer timescales.
In a first step, the timing and strength of the immediate response of soil and canopy carbon and water fluxes to irrigation was investigated, using 18O labeled water (H218O)
(Exp I). In a subsequent experiment, canopy and soil processes were recorded for one
month during drought and recovery from such. The interaction between plant and soil
was assessed using δ13C at natural abundance levels (Exp II). Isotopic gas-exchange in
soil and canopy was measured in real-time using on-line laser spectroscopy.

4.2

METHODS

Throughout the method section, two different climate chamber experiments are described, using small beech saplings (Fagus sylvatica L., height approx. 1 m, age 2
years). The first experiment focused on the immediate response of canopy and soil carbon and water fluxes to a H218O re-watering during drought (Exp I). The second
experiment focused on the intermediate influence of re-watering on the coupling between above and belowground processes using normal tap water (Exp II).

4.2.1 Experimental design & setup

Isotopic gas-exchange was monitored using six custom-made soil/canopy chambers,
which entirely enclosed the canopy and soil compartment of one beech sapling, respectively. A gas-tight separation between both compartments enabled an independent
measurement of above- and belowground isotopic gas-exchange. Each combined
soil/canopy chamber was equipped with sensors for relative humidity, soil moisture and
air-, leaf-, and soil temperature. Further, soil and canopy chambers were permanently
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flushed in order to maintain steady state conditions. From the flushing tubing, subsamples were directed to laser spectrometers, which quantified simultaneously mixing ratios
and isotopic composition in CO2 and H2O-vapor at a rate of 0.5 Hz. The respective
chamber inlets and outlets were measured alternately for at least 90 sec of which the
average was used for further calculations. The six beech replicates, of which half were
subjected to drought and subsequent re-watering, were measured sequentially throughout the day. The remaining three replicates served as control plants. This resulted in a
temporal resolution of 1 hour per replicate for the measured fluxes. Real-time data acquisition/processing and controlling of instruments, calibration units, chambers, valves
and sensors was realized by a custom-written LabView program (LabView, National
Instruments Corp., Austin, TX, USA). For more details on the entire measurement setup, see Barthel et al. (2011a). Within both experiments, the climate chamber was set to
a constant day-night cycle (18-23°C) with a light period of 15 hours. The highest light
intensity was programmed between 10 am to 6 pm with a maximal photosynthetic active radiation of 600 μmol m-2 s-1.
Gas-exchange parameters were calculated according to von Caemmerer & Farquhar
(1981). The method after Evans et al. (1986) was used to calculate online 13C or 18O
canopy discrimination (Δ13C; Δ18O) as follows:

Z X 

 ( out   in )
1000   out   ( out   in )

where ξ denotes the ratio of CO2 entering the chamber compared to the photosynthetic
flux (Cin/(Cin-Cout)). Further, δin and δout denote the respective CO2 carbon isotopic composition entering and leaving the chamber. The enrichment of 18O in CO2, as it passes
over a leaf, occurs due to the enzyme carbonic anhydrase which catalyzes the interconversion of CO2 + H2O ↔ HCO3- + H+. During this reaction, the leaf water 18O
composition is passed on to CO2 of which around two-thirds retro-diffuse back to the
atmosphere (Gillon and Yakir, 2000). The δ13C and δ18O signal of soil respiration
(δ13CSR; δ18OSR) and the δ18O signal of the transpirational and soil evaporational flux
(δ18Otrans; δ18Oevapo) were calculated using an isotopic mass balance equation:

 ZX 

 out Cout   in Cin
Cout  Cin

where Cin and Cout refer to H2O vapor or CO2 concentrations at inlet and outlet, respectively.
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4.2.2 Instrumentation

All isotopic values are either reported on the Vienna Standard Mean Ocean Water (VSMOW) scale for water isotopes or the Vienna-Pee Dee Belemnite (V-PDB) scale for
carbon isotopes using the δ-notation (example for 13C):

 13C 

Rsample
Rstd

1

‰,

where Rsample denotes the isotopic sample ratio of 13C/12C and Rstd that of the respective
standard.

4.2.2.1 CO2 isotope analyzer

A commercially available pulsed quantum cascade absorption laser spectrometer
(QCLAS; Aerodyne Research, Inc., Billerica, MA, USA) was used to simultaneously
measure the CO2 isotopologues 12C16O2, 13C16O2, and 12C16O18O at a rate of 0.5 Hz by
scanning across three spectral lines near 4.3 μm (2310 cm-1). The measurement was
based upon two optical multiple pass absorption cells with stabilized pressure and temperature using a spectral ratio method (Nelson et al., 2008). Further, the laser system
was equipped with an infrared InSb detector (KISDP-0.5-J2, Kolmar Technologies Inc.,
Newburyport, MA, USA) cooled with liquid nitrogen. System operation was fully automated by using an automated liquid nitrogen refilling device (liquid N2 Microdosing
system #906, Norhof, Maarssen, The Netherlands) and a self-made calibration unit.
Throughout the measurement sequence, calibration was done each hour for 6 min in
three consecutive steps. First, a dilution calibration was done accounting for concentration dependent instrumental non-linearities. Second, two calibration gases with known
mixing ratios were measured for a span calibration. Third, a long-term quality control
standard gas was measured to check for calibration stability. The performed calibration
resulted in an Allan variance of 0.25‰ at 1 sec averaging time for both δ13C and δ18O.
A detailed description of the QCLAS calibration strategy and system operation can be
found in Sturm et al. (2011).

4.2.2.2 Water vapor isotope analyzer

A commercially available water vapor isotope analyzer (WVIA; DLT-100, Los Gatos
Research, Inc., Mountain View, CA, USA) based on off-axis integrated cavity output
spectroscopy was used for the simultaneous measurement of the three water isotopologues 1H216O, 1H218O, D1H16O. The laser scanned over three nearby absorption lines at
a wavelength of ~1.389 μm. The WVIA was equipped with a self-made calibration sys-
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tem involving a piezoelectric droplet generator. The calibration resulted in an Allan
precision at 15 sec averaging time of 0.16‰ for δ2H and 0.08‰ for δ18O. For more information on the WVIA, see Sturm & Knohl (2010).

4.2.2.3 Infrared Gas Analyzer (IRGA)

A portable gas analyzer IRGA (Li6400, Li-Cor Biosciences Inc., Lincoln, NE, USA)
was deployed to measure photosynthetic response curves before and after the recovery
phase in Exp II. The settings of the IRGA were adjusted to the climate chamber conditions (photosynthetic active radiation of 600 μmol m-2 s-1). During A-Ci curves, water
vapor concentration within the leaf cuvette was kept constant in order to exclude stomatal reactions to vapor pressure change (Fig. S1).

4.2.3 IRMS - δ13C organic leaf sampling

In the Exp II, leaf samples were taken once during the drought period and once after the
plants recovered from drought stress. Three to five leaves per replicate were immediately put in liquid nitrogen after sampling and then cooled at -20°C. One subsample was
dried at 60°C for 3 days and then milled using a ball mill (Retsch®, Haan, Germany).
Afterwards, the milled powder was weighed into tin capsules for δ13C IRMS analyzes
(MAT DeltaplusXP, Finnigan MAT, Bremen, Germany). The neutral organic carbon
fraction (NOCF) of the leaf material was assessed by homogenization of 100 mg leaf
material under liquid nitrogen with mortar and pestle. The homogenized material was
then suspended in 1 mL de-mineralized water and put for 60 min on ice. Afterwards,
samples were kept at 100 °C for 3 min in order to precipitate proteins. The solution was
then centrifuged at 12000g and the supernatant mixed with anion and cation exchange
resins (Dowex 1 & Dowex 50, VWR International AG, West Chester, PA, USA) in order to remove amino- and organic acids (Göttlicher et al., 2006). The final solution was
then pipetted into tin capsules, dried and analyzed for δ13C.

4.2.4 Re-watering with labeled water (H218O) – Exp I

In a first experiment, dry and wet soils were simultaneously irrigated with 400 mL of
18
O-labeled water (δ18O = 449 ± 1‰) simulating a strong rain impulse at 11 am. For
comparison, the regional δ18O tap water isotopic composition used for daily irrigation
was -11.05 ± 0.24‰. Subsequently to the H218O re-watering, the change in 18O isotopic
flux composition was monitored for canopy and soil compartments of each replicate.
Using the isotopic gas-exchange data from both, the water vapor isotope analyzer and
the CO2 isotope analyzer, the 18O labeling enrichment within the canopy and soil chamber could be assessed via CO2 and H2O-vapor fluxes.
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4.2.5 Re-watering with tap water – Exp II

Within the second recovery experiment re-irrigation was done 5 hours before ‘sunrise’
in order to allow soil water saturation using regional tap water. The WVIA was replaced
with an infrared gas analyzer system (IRGA; Li6262, Li-Cor Biosciences Inc., Lincoln,
NE, USA). During the phase of drought stress and after the recovery of 10 days, A-Ci
response curves as well as organic leaf samples were taken in order to determine photosynthetic capacity (maximum rate of carboxylation; Vcmax) and δ13C of leaf material,
respectively.

4.2.6 Statistics

Results are always shown as the mean ± SE (n = 3) for either control or treatment replicates. Significance was tested via two-tailed non-paired t-tests. Drought stressed plants
were classified as recovered after reaching 95% of control plant values. In the H218O rewatering experiment (Exp I), the data was quarter-hourly linearly gap-filled in order to
achieve a higher temporal resolution since the replicates were measured sequentially
which would have resulted in only 1 value per hour for soil and canopy fluxes for each
individual treatment. By averaging the linearly gap-filled data of control or drought replicates, one timeline at a higher resolution could be obtained for each treatment. All data
was analyzed and processed using the statistical software R 2.12.2 (R Development
Core Team 2011) and Microsoft Excel.

4.3

RESULTS

4.3.1 Immediate response to re-watering with labeled water (H218O) – Exp I

Withholding water reduced photosynthesis (A) to 30%, stomatal conductance (gs) to
13% and soil respiration (SR) to 47% during the period of highest light intensity
(Fig.1a,c,i). The H218O re-watering resulted in a direct increase in soil moisture of control and drought stressed plants (Fig.1j). Simultaneously, a distinct enrichment in δ18O
values of soil evaporation (δ18Oevapo; Fig. 1f) and soil respiration (δ18OSR; Fig.1h) was
observed. Soil respiration itself increased also above pre-irrigation levels after rewatering (Fig. 1i).
Drought-stressed plants showed an immediate and coincident increase in A and gs
~30min after re-watering, whereas no noticeable change to re-watering was observed
for A and gs in control plants (Fig 1a,c). The strong initial increase in gs and A in
drought replicates ceased to moderate increases at ~2h after H218O application. After the
stomatal reaction leveled off, a strong and persistent enrichment in the δ18O signal of
the transpirational flux (δ18Otrans; Fig 2c) occurred at ~3h after H218O re-watering [~2.5h
after the first stomatal response], indicating a stomatal response independent of the mo-
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lecular transport of water. This was confirmed by the independently measured canopy
discrimination against CO18O (Δ18O) showing also a clear and delayed enrichment in
δ18O in CO2 at ~3h after water application. Δ18O serves a proxy for 18O in leaf water at
the site of evaporation since leaf water exchanges oxygen atoms with CO2 thereby passing its isotopic signature on to CO2 (Fig 2d). In control plants, the enrichment of Δ18O
and δ18Otrans occurred ~1h before drought-stressed plants. Canopy discrimination against
CO18O (Δ18O) was linearly dependent on δ18Otrans (Fig 3). In this relationship, however,
a steeper slope was found for control (R2 = 0.99; p < 0.001, slope = 0.68) compared to
drought stress plants (R2 = 0.99; p < 0.001, slope = 0.26). Within the time window
straight after labeling and preceding the enrichment, a small, but clear perturbation of
δ18Otrans was measured, depleting the signal even below unlabeled tap water values (11‰). Similar unstable conditions within this time window were also monitored for
Δ18O values. The perturbation was related to a sudden change of the δ18O composition
of reference air (due to the H218O application), resulting in non-realistically negative
estimate for δ18Otrans.
Within the first recovery day, photosynthesis achieved 44%, stomatal conductance 24%
and soil respiration 60% of control plants, resulting in a net recovery of around 13% for
all parameters.

4.3.2 Intermediate response of plant soil coupling to re-watering with tap water –
Exp II

Withholding water reduced photosynthesis (A) to 58%, transpiration (E) to 45%, stomatal conductance (gs) to 31%, canopy 13C discrimination to 62% and soil respiration
(SR) to 49% at the end of the drought period. Full recovery was achieved quickly for
aboveground processes (A, E, gs) whereas soil respiration did not fully recover within
the measurement period (Fig 4). However, soil respiration showed a strong initial recovery response to re-watering which leveled off to a moderate recovery rate thereafter.
The recovery rate upon irrigation differed among parameters. Concerning canopy gasexchange parameters the fastest full recovery was observed in A (34h) followed by Δ13C
(57h), gs (82h) and E (153h). The complete recovery of Δ13C was confirmed by the δ13C
values of organic leaf material which showed no more significant differences in the neutral organic carbon fraction after experiment completion (δ13CNOCF; Table 1). From the
negative relationship between Δ13C and Δ18O it was concluded that the drought induced
reduction in photosynthesis was exclusively stomata mediated (R2 = 0.80; p < 0.001,
slope = -0.51; Fig 5; Scheidegger et al., 2000). The stomata-mediated reduction of photosynthesis was further confirmed by the maximal photosynthetic capacity (Vcmax)
which showed no significant differences during drought or after recovery (Table 1).
Mean daily A correlated significantly with mean daily SR, during the drought and recovery period (Fig 6a,b), with a slightly, but not significantly steeper slope in the
drought period. SR declines about twice as strong as A suggesting that both autotrophic
and heterotrophic SR were affected by reduced water availability (Raut; Rhet). The above-
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belowground coupling during both periods was supported by the significant correlation
between the flux weighted δ13C signal of soil respiration (δ13CSR) and the flux weighted
canopy discrimination against 13CO2 (Δ13C; Fig. 6c,d). The δ13CSR - Δ13C relationship
was significantly steeper (reflected by the regression slopes and associated SE) during
the drought compared to recovery, suggesting a stronger imprint of aboveground on
belowground during the drought period compared to the recovery period.

4.4

DISCUSSION

4.4.1 Immediate response to re-watering with labeled water (H218O)

Re-watering resulted in an initial strong increase in gs and A which ceased to moderate
increases ~2h thereafter. A similar two step response as observed in the present study
has been also described for 3-6 months old Eucalyptus pauciflora saplings, where a first
recovery step was identified during 5-60 min after re-watering with a concurrent increase of photosynthesis and stomatal conductance (Kirschbaum 1988). After a
subsequent drop, both parameters continued to increase thereafter. However, the author
could not identify the underlying mechanisms, causing such a short-term two-step recovery.
The delayed arrival of the H218O both in the transpirational flux and in 18O of CO2 indicates that re-watering causes a rapid stomatal and photosynthetic response to rewatering that is independent of the arrival of the new water molecules. While abscisic
acid (ABA) plays a central role in root to shoot signaling under drought stress (e.g. Davies et al., 2005; Jiang & Hartung, 2008), this seems not to be the case for immediate
signaling to re-watering. In general, ABA mediates the signal transmission from drying
soils to the canopy which results in a gradual stomatal closure. As xylem water conveys
the hormone transport, a simultaneous or slightly later response of the stomata to the
arrival of enriched water is expected. However, the results presented here indicate a
water flux independent, rapid reaction of the stomata. This finding is in strong accordance with an irrigation experiment done in a Swiss forest with 115-year-old beech trees,
where a rapid response (within 6min) of the xylem sap flow rate was measured upon
irrigation of previously drought-stressed trees (Cermak et al., 1993). Fromm & Fei
(1997) proposed an electric signaling within the phloem from the roots to the shoot upon re-watering in maize. In their experiment gas-exchange increased upon the arrival of
an electric signal within the leaves. Similar fast responses after re-watering based on
electric signaling have further been described for maize (Grams et al., 2007) and for
avocado (Gil et al., 2008).
The 1h delayed enrichment of δ18Otrans and Δ18O in drought replicates implies that the
water molecules moved at a slower rate from the soil to the leaf. A reduced sap flow
under drought conditions has also been confirmed in field studies for Fraxinus excelsior
L. (Stöhr & Lösch, 2004), Betula pendula and Picea abies (Gartner et al., 2009). According to Nadezhdina (1998), sap flow can be even used as a proxy for whole plant
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water status. This is in line with the theory that water flow through the soil-plantatmosphere continuum is determined by atmospheric demand.
Moreover, the Δ18O signal followed similar temporal dynamics like δ18Otrans since Δ18O
was linearly dependent on δ18Otrans in both treatments. However, drought-stress hindered
the isotopic exchange between leaf water and CO2 during the recovery period as the
slope between δ18Otrans and Δ18O was smaller in previously drought stressed replicates.
This finding could point to a reduced retroflux under drought. According to Farquhar et
al., (1993) Δ18O can be modeled via leaf water enrichment, retro-flux and a fractionation factor associated to CO2 diffusion from leaf to air, which is in line with the here
presented conclusion. However, also a reduced carbonic anhydrase activity would explain the smaller slope. This would be in accordance to Guliyev et al. (2007), who
found a reduction in carbonic anhydrase activity after a long drought period in wheat.

4.4.2 Intermediate response of ecophysiological parameters to re-watering with
tap water

Photosynthesis recovered within less than 1.5 days after re-watering (34h), followed by
Δ13C (57h) and gs (82h). The rapid recovery of A implied that the basic functionality of
the photosynthetic apparatus was not affected by drought. This was supported by the
relationship between Δ13C and Δ18O which suggested that A was solely limited by gs.
For this reason, however, gs should have recovered at least simultaneously with A as has
been reported by Souza et al., (2004) for Vigna unguiculata. However, Miyashita et al.,
(2004) reported also slightly faster recovery rates of A compared to gs in kidney bean
plants. In 2007, Gallé and colleagues described a recovery of A within four weeks after
a severe drought in Quercus pubescens. Therefore, recovery rates seem to be highly
species dependent and relate also to the severity of drought-stress. Blackman et al.,
(2009) stated that the rate of gas-exchange recovery strongly depends on leaf hydraulic
conductance, which itself is dependent on the drought severity. Similar dependencies of
gas-exchange recovery rates on leaf hydraulic conductance have been found for conifer
species (Brodribb et al., 2009). However, full drought recovery of entire gas-exchange
was not only determined by hydraulic factors in Hevea brasiliensis (Chen et al., 2010).
The strong increase in SR directly upon re-watering can be related to the “Birch effect”
(Birch 1958), which describes the initial release of CO2 upon rewetting caused by disposal of microbial osmolytes (Schimel et al., 2007). Reduced soil water availability
affected both autotrophic and heterotrophic SR (Raut; Rhet) as the reduction in SR could
not be explained by a reduction in A alone. The strong δ13CSR - Δ13C relationship most
probably reflects the influence of recent assimilates on δ13CSR during the drought period. During recovery on the other hand, the slope is smaller suggesting a dilution of the
imprint of recent assimilates on δ13CSR by an increasing proportion of Rhet in SR implying a distinctly different response of Raut and Rhet to drought and recovery. While an
unambiguous conclusion cannot be drawn since no separation between Rhet and Raut was
done and other fractionation processes in the plant and soil may play a role (Werner &
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Gessler 2011), the suggested difference in the response of Rhet and Raut to drought and
recovery is in agreement with Muhr & Borken (2009) who found that prolonged
drought did affect Rhet, but not Raut in a Norway spruce forest. Also, the increased imprint of recent assimilates on δ13CSR under drought conditions is in line with finding by
Barthel et al., (2011b) using 13CO2 pulse labeling.

4.5

CONCLUSIONS

The present study shows that high frequency measurements of carbon and oxygen isotopes provide a very useful tool to understand the flow of carbon and water fluxes
through the atmosphere-plant-soil system during drought and recovery from such. In
particular, it was demonstrated that re-watering with 18O enriched H2O provides novel
insights into the response of plants upon re-watering after drought stress. Here, isotopes
provide evidence that the coupling mechanism between soil water and stomatal reaction
is not based on the direct water molecule flux through the plant xylem. Moreover,
drought-stressed plants showed a delayed water transport from below to aboveground,
which was confirmed by 18O measurements in both, CO2 and H2O-vapor. On the shortterm, photosynthesis and stomatal conductance reacted simultaneously to the rewatering. However, full recovery was achieved faster in photosynthesis than stomatal
conductance on intermediate timescales. The results indicated further, that the coupling
between above- and belowground persists during drought and recovery periods. However, during drought, the influence of recent assimilates on total soil respiration
increases, as has been shown by δ13C measurements above and belowground.
Overall, the reader should keep in mind that recovery is certainly dependent on the severity of drought stress and that the here described responses may differ at different
drought levels as has been described by Miyashita et al., (2005). In addition, in ecosystems where soil moisture is not replenished to pre-drought levels, plant functioning may
suffer from carry-over effects on the long run as water as well as carbon reserves cannot
fully recover. Therefore, further research needs to focus on the post-drought recovery
period of the atmosphere-plant-soil system and quantify the effects of different drought
and recovery levels. With this knowledge, current carbon cycle models could be improved by implementing accurate recovery responses during post-drought periods.
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4.7 FIGURES & TABLES

Figure 1: Mean diel cycle of control (n = 3; grey) and drought-stressed (n = 3; black) plants during the
day of H218O-watering (vertical black line) for a) photosynthesis (A), b) δ18O of the transpirational flux
(δ18Otrans), c) stomatal conductance (gs), d) canopy discrimination against CO18O (Δ18O), e) vapor pressure
deficit (VPD), f) δ18O signal of soil evaporation (δ18Oevapo), g) soil (dashed line) and canopy air (solid
line) temperature, h) δ18O of soil respiration (δ18OSR), i) soil respiration (SR), j) soil moisture content
(SM); nighttime (grey area) ; shaded areas are ± SE
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Figure 2: Immediate change of a) stomatal conductance (gs), b) photosynthesis (A), c) δ18O in the transpirational flux (δ18Otrans), and d) canopy discrimination against CO18O (Δ18O) for control (n = 3; grey)
and drought (n = 3; black) replicates after H218O re-watering (solid vertical line); shaded areas are ± SE;
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Figure 3: Correlation between δ18Otrans and the discrimination against CO18O 2h after H218O re-watering
for control (R2 = 0.99; p < 0.001; slope = 0.68; grey dots) and drought-stressed plants (R2 = 0.99; p <
0.001; slope = 0.26; black dots); 1:1 line (dashed line).
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Figure 4: Time-course of relative change (control replicates – drought-stressed replicates) of drought
stressed replicates (n = 3) compared to control replicates (n = 3) during the drought and re-covery phase
for a) photosynthesis (A) b) soil respiration (SR) c) canopy discrimination against 13CO2 (Δ13C) d) δ13C of
soil respiration (δ13CSR) e) transpiration (E) f) stomatal conductance (gs) g) vapor pressure deficit (VPD)
and h) soil moisture content (SM); time of re-watering (vertical solid line)
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Figure 5: Negative relationship between Δ13C and Δ18O (R2 = 0.80; p < 0.001, slope = -0.51); Values are
the difference between drought and control plants over the entire drought and recovery period.
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Figure 6: Correlation between mean daily photosynthesis (A) and soil respiration (SR) for a) drought (R2
= 0.90; p < 0.001; slope = 1.3±0.1) and b) recovery period (R2 = 0.87; p < 0.001; slope = 1.2±0.1); and
the correlation of the flux weighed daily mean of canopy discrimination against 13CO2 and the flux
weighed daily mean of the δ13C signal of soil respiration for a) drought (R2 = 0.80; p < 0.001; slope = 0.19±0.02) and b) recovery period (R2 = 0.76; p < 0.01; slope = -0.09±0.02); Each plotted parameter is
the difference between control and drought treatment; linear regressions (solid line)
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Table 1: Mean ± SE values are shown for gas exchange parameters, parameters obtained from A-Ci
curves and from IRMS measurements for drought and 10 day recovery.
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SUPPLEMENTAL FIGURE:

Figure S1: Differences between treatments of photosynthetic response to sub-stomatal CO2 concentrations (Ci) for a) drought and b) recovery phase. Control (black dots) drought (white dots).
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CHAPTER 5
Synthesis
This chapter summarizes the results of the conducted experiments, derives implications
of these findings and gives an outlook for future research.
It is common knowledge that photosynthesis sustains all plant processes due to the production of sugars which in turn provide substrate for growth, storage and respiration.
Prior to this thesis it was revealed that also soil respiration depends on substrate supply
from recent photosynthesis (Högberg et al., 2001). Similarly, it was found that this
above-belowground coupling existed even on a diel timescale (Bahn et al., 2009) and
that drought interferes on this coupling (Rühr et al., 2009). Considering (1) climate predictions, (2) the role of carbon cycling within the climate system, and (3) the sparse
knowledge of plant carbon allocation under drought (Palta & Gregory 1997; Gorrisen et
al., 2004) it is crucial to understand the underlying mechanisms that control the coupling between above- and belowground processes during drought.
For that reason, this thesis investigated the effect of drought on the carbon and water
flow through the atmosphere-plant-soil system (APS-S) on very short time-scales ranging from hours to days. Above-belowground coupling was investigated looking at the
effects of
(i)
(ii)
(iii)
(iv)

drought on the allocation of recently assimilated carbon,
drought on transport times of recently assimilated carbon,
drought on the diel coupling between photosynthesis and soil respiration and,
re-watering after drought on aboveground processes at immediate (hours) and
intermediate (days) timescales.

By combining either 13CO2 or H218O labeling with on-line isotope laser spectroscopy, it
was possible to gain a detailed insight on the coupling between above- and belowground
carbon and water fluxes and on processes affected by drought. The assessment of isotopic gas-exchange using a chamber system with a separation between below- and
aboveground plant compartments, was an invaluable tool since fluxes of soil and canopy could be studied independently. The separation aided especially the isotopic label
experiments since contamination of either compartment could be prevented.
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5.1

OUTCOME

In general, drought resulted in a stronger reduction of plant carbon assimilation (-74%)
compared to soil respiration (-47%). A 13CO2-pulse labeling revealed that under nondrought conditions F. sylvatica saplings invest 89% of their recently fixed carbon into
biomass whereas only 11% are consumed for respiration (Fig 1). However, drought biased the carbon allocation from biomass investment to respiratory processes and
facilitated the allocation to belowground. More than 80% of the recovered labeled material was either invested into soil respiration (22%) or root biomass (60%). The
transportation to below-ground occurred at a 2.5 times slower rate compared to nonstressed plants and was strongly dependent on the carbon assimilation rate. Specifically,
carbon transportation from the site of production (leafs) to the site of consumption
(roots) took 2.73±0.08 and 6.71±1.99 hours for non-drought and drought plants, respectively. It was concluded that a sufficient supply of sugars reasoned the shorter mean
residence time of labeled material in non-stressed plants as carbon was quickly invested
in storage, growth or respiration

Figure 1: Differences in pools, fluxes and transfer times of carbon and water between control (left) and
drought-stressed plants (right). Pt, photosynthesis; Lv, leaves; Tw, Twigs; St, Stem; Rt, roots; CR, canopy
nighttime respiration; SR, soil respiration; Rs, Residuals; MRT, mean residence time; if not indicated
differently all values in mg 13C/g plant.
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Moreover, the results obtained from this thesis have shown that daily soil respiration is
fueled by two distinct carbohydrate pools in the leaves – sugar and transient starch.
Throughout the daytime, soil respiration depended on freshly assimilated carbohydrates
whereas at night, missing assimilation was compensated by the degradation of leaf
starch. Consequently, aboveground processes related to belowground processes even at
sub-daily time-scales. However, such a diel pool switch between sugar and starch, supporting soil respiration, could not be distinguished in drought-stressed plants. Besides,
the imprint of the δ13C signature of recent plant metabolites on δ13CSR appeared to be
more distinct under drought conditions, as the influence of heterotrophic respiration was
limited. This was shown for daily timescales by natural abundance 13C measurements
and for sub-daily timescales by 13C labeling.
During recovery from drought stress, re-watering with 18O labeled water (H218O) revealed that stomatal conductance as well as photosynthesis responded immediately
(about 30 min) to a soil water pulse, independent of the water flux. However, the arrival
of the labeled water molecules occurred at least ~2 h subsequent to the label application
(Figure 1) and was slower in previously drought-stressed plants (~3h). From the results,
it was concluded that hydraulic or electric signals may have triggered the direct response of stomata and photosynthesis. The re-watering results indicate that plants do not
delay to acquire suddenly available water, thereby avoiding for instance, the risk of
drainage.

5.2

IMPLICATIONS

FOR

EUROPEAN

BEECH

ECOSYSTEMS

FACING

DROUGHT

In the face of climate change and the predicted increase in the frequency of drought
events in Europe, it is crucial to gain a better mechanistic understanding of plant carbon
cycling in response to drought. The results of this thesis revealed that drought causes
overall reductions in plant growth, carbon storage and exerts strong effects on carbon
allocation and transportation. The results showed further that under non-stress conditions the substrate delivery for soil respiration is sustained by leaf carbon pools during
the complete day-night cycle. Drought decouples this substrate supply and it is likely
that other plant carbon pools are tapped to sustain maintenance processes.
Generalizing the results of a study conducted under defined laboratory conditions is
always challenging since natural conditions are hard to simulate. However, laboratory
experiments help to gain a better mechanistic understanding and can give indications for
entire ecosystem responses to drought events. On the ecosystem scale, the obtained results implicate direct as well as indirect effects on the carbon cycling. As a direct effect,
drought-stress will most probably lead to a decline of all carbon cycle related flux components. However, as photosynthesis and respiration are disproportionally reduced
under drought, drought conditions are likely to alter carbon source-sink dynamics,
thereby potentially turning current carbon sinks into sources. As an indirect effect,
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drought might lead to carry-over effects, depending on the severity of down-regulated
carbon storage and growth. That is, that the susceptibility to disturbances increases in
the months/years subsequent to drought (van der Molen et al., 2011). A disturbance due
to drought could cause increased vulnerability to herbivory, fire or wind throw damage
that in turn would accelerate carbon release from ecosystems and deplete existing carbon pools. The reduced carbon availability under drought also increases the risk of
carbon starvation as plant metabolism needs to be sustained even under low assimilation
rates. However, the underlying mechanisms determining plant mortality are still controversial (McDowell, 2011). Consequently, the duration and intensity of drought periods
are likely to determine the overall impact. Whether carry over effects do play a role depends also on the recovery time given to replenish carbon or/and water pools after
drought.
On a larger scale, an increased vulnerability of beech trees could cause shifts in the species composition of beech dominated forest ecosystems, although the replacement of
beech by more drought tolerant species such as oak (Quercus pubescens) might occur
very slowly and might not keep pace with changing trends.
Overall, considering the large areas in Europe covered by beech dominated forest ecosystems and climate predictions, it appears likely that CO2 absorption levels of forest
ecosystems in Europe will be reduced in the future. Such positive feedback mechanisms
might considerably accelerate climate change thereby increasing the aforementioned
effects.

5.3

OUTLOOK

Combining isotope labeling with chamber measurements and high-frequency laser spectroscopy resulted in a deeper understanding of the processes determining carbon and
water fluxes under drought conditions. Nevertheless, the very first requirement would
be that the here obtained results can be confirmed under field conditions for a range of
representative species and drought levels. This however, remains difficult to implement
as labeling of big trees is logistically and technically challenging (Plain et al., 2009).
Nevertheless, free air carbon dioxide enrichment (FACE) experiments with CO2 depleted or enriched in 13C (e.g. Dorodnikov et al., 2007) have a great potential to verify the
results on a larger scale. In addition, a comprehensive assessment of all carbon flux
components is crucial to predict the respective relative contributions under drought,
including autotrophic respiration components such as foliage, stem and roots but also
soil related processes such as carbon fluxes into and out of slow soil carbon pools (Ryan
& Law, 2005). Further, rainfall exclusion experiments in natural forest ecosystems
combined with a separation between autotrophic and heterotrophic soil respiration components should greatly benefit the result interpretation.
Since it was shown that beech trees respond differently to drought depending on the
geographical origin (Peuke et al., 2002), such experiments are also required for different
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ecotypes. Likewise, the results need to be confirmed for other species at different maturities. This can be done in the laboratory, but still needs to be confirmed under natural
conditions. Further approaches could combine the effect of drought and heat, as the adverse effect of drought can disproportionally intensify when combining with heat stress
and imposes differential effects among seasons (de Boeck et al., 2010). It appears likely
that certain effects of drought are only pronounced at moderate or severe stress levels.
Therefore, drought and re-watering experiments need to be conducted under a range of
drought intensities and durations in order to assess the role of carbon starvation or carry
over effects.
Biochemically, the role of starch needs to be pinpointed during drought stress as it appears likely that other plant carbon pools are depleted in order to sustain root
respiration. Therefore, single biochemical compounds need to be analyzed in different
tissues after labeling in order to identify other pools or compounds involved in droughtstress responses.
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Abstract. The terrestrial carbon (C) cycle has received increasing interest over the past few decades, however, there
is still a lack of understanding of the fate of newly assimilated C allocated within plants and to the soil, stored within
ecosystems and lost to the atmosphere. Stable carbon isotope studies can give novel insights into these issues. In
this review we provide an overview of an emerging picture
of plant-soil-atmosphere C fluxes, as based on C isotope
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studies, and identify processes determining related C isotope signatures. The first part of the review focuses on isotopic fractionation processes within plants during and after
photosynthesis. The second major part elaborates on plantinternal and plant-rhizosphere C allocation patterns at different time scales (diel, seasonal, interannual), including the
speed of C transfer and time lags in the coupling of assimilation and respiration, as well as the magnitude and controls of plant-soil C allocation and respiratory fluxes. Plant
responses to changing environmental conditions, the functional relationship between the physiological and phenological status of plants and C transfer, and interactions between
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C, water and nutrient dynamics are discussed. The role of
the C counterflow from the rhizosphere to the aboveground
parts of the plants, e.g. via CO2 dissolved in the xylem water
or as xylem-transported sugars, is highlighted. The third part
is centered around belowground C turnover, focusing especially on above- and belowground litter inputs, soil organic
matter formation and turnover, production and loss of dissolved organic C, soil respiration and CO2 fixation by soil
microbes. Furthermore, plant controls on microbial communities and activity via exudates and litter production as well
as microbial community effects on C mineralization are reviewed. A further part of the paper is dedicated to physical interactions between soil CO2 and the soil matrix, such
as CO2 diffusion and dissolution processes within the soil
profile. Finally, we highlight state-of-the-art stable isotope
methodologies and their latest developments. From the presented evidence we conclude that there exists a tight coupling
of physical, chemical and biological processes involved in C
cycling and C isotope fluxes in the plant-soil-atmosphere system. Generally, research using information from C isotopes
allows an integrated view of the different processes involved.
However, complex interactions among the range of processes
complicate or currently impede the interpretation of isotopic
signals in CO2 or organic compounds at the plant and ecosystem level. This review tries to identify present knowledge
gaps in correctly interpreting carbon stable isotope signals
in the plant-soil-atmosphere system and how future research
approaches could contribute to closing these gaps.
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composition changes and maintaining the carbon sequestration potential, we have to deepen our knowledge on the processes determining plant-arbon relations.
Due to the slight difference in atomic mass, physical and
chemical properties of substances containing different stable isotopes (isotopologues, such as 12 CO2 and 13 CO2 ) vary,
resulting in different reaction kinetics and thermodynamic
properties. These result in the “preference” of chemical and
physical processes for one isotopologue, usually the lighter
one, over the other (e.g. preference for 12 CO2 over 13 CO2 )
and hence in so-called fractionation events, which change
the isotopic composition of compounds involved in such processes. The carbon isotope composition is usually expressed
in δ notation (in ‰ units), relative to the international standard Vienna Pee Dee Belemnite (VPDB) (Hut, 1987). The
carbon isotopic composition δ 13 C of any sample is thus expressed as deviation from VPDB as shown in Eq. (1):
δ 13 C =

Rsample
−1
RVPDB

where R is the isotope (abundance) ratio (13 C/12 C) of a given
sample (Rsample ) and of VPDB (RVPDB = 0.0111802; from
Werner and Brand, 2001), respectively.
The notation for isotope fractionation is the capital Greek
letter . Carbon isotope discrimination (13 C) is defined as
the depletion of 13 C during any process preferring the lighter
isotopologue:
13 C =

1

Introduction

The flux of carbon dioxide between the atmosphere and the
terrestrial biosphere and back is approx. 15–20 times larger
than the anthropogenic release of CO2 (IPCC, 2007). This
large bidirectional biogenic CO2 flux has a significant imprint on the carbon isotope signature of atmospheric CO2
(Randerson et al., 2002), which in turn helps to understand
the controls of CO2 fluxes and to predict how they will respond to global change. There is a lack of knowledge on
how plant physiological as well as soil biological, physical
and chemical processes interact with and affect ecosystem
processes, such as net ecosystem primary production and carbon sequestration as well as the larger scale carbon balance.
The vegetation is not only the primary source of soil organic
matter, thus contributing to long-term carbon accumulation
in the organic soil layers, but it also determines belowground
processes such as soil respiration over the short term through
transport of photosynthates to the roots and to the soil (Bahn
et al., 2010; Mencuccini and Hölttä, 2010; Högberg et al.,
2010). For an assessment of the adaptability of stands and
ecosystems as well as for the development of strategies for
forest and landscape management that aims at minimizing
the negative effects of the predicted climate and atmospheric
Biogeosciences, 8, 3457–3489, 2011

(1)

δ 13 Cs − δ 13 Cp
1 + δ 13 Cp

(2)

where δ 13 Cs is the carbon isotope signature of the source (or
the substrate entering a reaction; e.g. CO2 when photosynthetic fractionation is considered) and δ 13 Cp is the isotopic
signature of the product of a process (Farquhar et al., 1982).
Two major fractionation types can be distinguished, which
are kinetic fractionation and equilibrium fractionation. Kinetic fractionation occurs during an irreversible process, either during physical events, like diffusion of CO2 in air or
phase transitions with constant removal of one phase, or during chemical reactions, like the conversion of a substance to
another, e.g. CO2 into plant carbohydrates. Equilibrium fractionation occurs when a chemical reaction or a physical process is reversible and continues to occur in both directions,
and the different isotopes accumulate on either side of the reaction or process according to their mass-dependent binding
energies in substrate(s) and product(s) or aggregate states,
e.g. evaporation and condensation of H2 O.
As a result of the different isotope fractionation processes
along the pathway of carbon from the atmosphere through
the plant into the soil – associated with diffusion, phase transition and enzyme activities in leaves, non-green plant parts
and soil – the natural abundance of carbon isotopes at different stages of the pathway is the key to understanding and
www.biogeosciences.net/8/3457/2011/
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integrating the complexity of atmosphere-plant-soil interactions in the global terrestrial carbon cycle and to predicting future atmospheric carbon dioxide levels under global
change. The physiological information encoded in the isotope signature due to fractionation processes allows in principle to link changes in carbon metabolism on the biochemical scale with whole ecosystem carbon dynamics. In addition, the analysis of temporal variations in the isotopic
composition of different chemical compounds in different
ecosystem compartments provides a tool to assess the fate
of carbon in plant, soil and atmosphere. However, as the
isotopic signatures of carbon compounds transported in the
plant-soil-atmosphere system do not necessarily remain unchanged during transport, it is important to know all relevant processes involved in generating and altering theses signatures. The aim of this review is to aggregate the stateof-the-art knowledge of carbon isotope fluxes and fractionation patterns in terrestrial ecosystems with a special emphasis on plant-soil interactions and their impact on soil carbon
turnover and storage capacity.
2

Carbon isotope fractionation in plants

Mainly due to historical reasons carbon isotope fractionation
in plants has been separated into photosynthetic carbon isotope fractionation, including CO2 diffusion, carboxylation,
as well as dark and photorespiration (Farquhar et al., 1982),
and into post-photosynthetic fractionation (von Caemmerer
et al., 1997). However, if the distinction between the main
fractionation step by Rubisco activity and all downstream
fractionation steps should be made, the latter can be collectively addressed as post-carboxylation fractionation (Gessler
et al., 2008), the terminology applied in the following. Figure 1 summarises photosynthetic and post-carboxylation carbon isotope fractionations (and some other processes such
as mixing of sugars during phloem transport), which affect
the carbon isotope composition of plant organic matter and
respired CO2 . In the following sections we will explore these
particular processes, their effects on δ 13 C as well as the environmental and physiological information encoded in the isotopic signals.
2.1

Photosynthetic carbon isotope fractionation and
its temporal variation

Generally, carbon isotope fractionation during photosynthesis (1 in Fig. 1) in C3 plants is described according to the
following equation (Farquhar et al., 1982):
ps − pi
pi − pc
pa − ps
13 C = ab
+a
+ (es + al )
(3)
pa
pa
pa


eRd /k
f ∗
pc
−
+
+b
pa
pa
pa
where pa , ps , pi and pc are the CO2 partial pressures in ambient air, at the leaf surface, in the leaf intercellular airspace
www.biogeosciences.net/8/3457/2011/
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Fig. 1. Summary of the plant-related processes that potentially influence the carbon isotopic composition of organic matter and CO2 .
Carbon isotope fractionation and other processes (i.e. mixing of
pools), which influence the isotope composition are listed on the
right side of the figure. In addition to the listed fractionation processes, the carbon isotope composition of atmospheric CO2 influences δ 13 C of organic matter. The figure is adapted from Gessler et
al. (2009b).

and in the chloroplasts, respectively. ab and a describe
the carbon isotope fractionation during diffusion through the
boundary layer (2.9 ‰) and into the leaves through the stomata (4.4 ‰), respectively. es is the fractionation occurring
as CO2 enters an aqueous solution (1.1 ‰ at 25 ◦ C) and al
the fractionation during diffusion through the liquid phase
(0.7 ‰ at 25 ◦ C), k is the carboxylation efficiency and b the
net fractionation during carboxylation. Rd is the respiration
rate in the light, ∗ is the CO2 compensation point in the
absence of day respiration, and e and f are the fractionation factors during day respiration and photorespiration. The
mechanisms of photosynthetic carbon isotope fractionation
have been reviewed elsewhere (Farquhar et al., 1989; Brugnoli and Farquhar, 2000), so that only some central points are
discussed here.
In literature, often a simplified version of the model presented in Eq. (3), assuming a two-stage model (diffusion
through the stomata followed by carboxylation, is applied to
estimate photosynthetic carbon isotope fractionation:
i = a + (b − a)

pi
pa

(4)

Due to the relationship between photosynthetic carbon isotope fractionation and the ratio of intercellular airspace
Biogeosciences, 8, 3457–3489, 2011
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and ambient CO2 partial pressures (pi /pa ), which is often expressed as a CO2 concentration ratio (ci /ca ), newly
assimilated organic matter can be generally used to characterise environmental effects on the physiology of photosynthesis. Stomatal closure due to water deficit generally reduces ci , leading to an increase in δ 13 C (e.g. Farquhar et al.,
1982; Korol et al., 1999). As light limitation of photosynthesis increases ci , δ 13 C can also depend on radiation (Leavitt
and Long, 1986; McCarroll and Pawellek, 2001) under particular conditions, but also combined influences of water and
light availability have been observed (Gessler et al., 2001).
Von Caemmerer and Evans (1991) established the relation
between assimilation rate (A) and mesophyll (internal) CO2
transfer conductance (gm ) as follows:
A =

99

gm (pi − pc )
P

(5)

where P is the atmospheric pressure. However, only recently
it was observed that gm and its reaction to environmental
conditions can vary among functional plant groups (Warren, 2008), and also within cultivars of a particular species
(Flexas et al., 2008), not strictly related to A. In addition, gm
of a given species and/or cultivar might change with plant
and leaf age. Such changes in gm might partially constrain
the application of the simplified carbon isotope fractionation models (Warren and Adams, 2006; Gessler et al., 2008).
Since mesophyll conductance is not included in the widely
used two-step model (Eq. 4) for photosynthetic carbon isotope fractionation (Farquhar et al., 1982), and pi and not
the CO2 partial pressure inside the chloroplast (pc ) is used
as a basis for calculation, any variation in gm will constrain
the classical way of calculating carbon isotope fractionation
(Seibt et al., 2008) when the relationship between gm and
assimilation rate is not constant (Warren and Adams, 2006).
Similarly, it has been shown by several authors (see Gillon
and Griffiths, 1997; Igamberdiev et al., 2004; Tcherkez,
2006) that the isotope effect associated with photorespiration
can be quite high (f≈10 ‰) and thus can have a significant
impact given that */pa equals approx. 0.1. In contrast, the
day respiratory fractionation, e, is thought to be less significant because the factor Rd /(kpa ) is much smaller (typically
0.02).
Carbon isotope discrimination related to C4 photosynthesis is much smaller and less variable compared to the C3
pathway. Net fractionation of the CO2 fixation by the enzyme phosphoenolpyruvate carboxylase (PEPc) in the mesophyll cell is −5.7 ‰, i.e. there is a discrimination against the
lighter carbon, 12 C (Farquhar, 1983). This is mainly due to
the fact that PEPc uses HCO−
3 as substrate and the dissolution plus hydration of CO2 enriches 13 C in HCO−
3 by 7.9 ‰
(at 25 ◦ C; Mook et al., 1974), and that PEPc discriminates
by only 2.2 ‰ against 13 C. The PEPc-fixed CO2 will be released again in the bundle sheath cells, where it is re-fixed by
Rubisco. Since part of the CO2 released in the bundle sheath
tissue leaks out to the mesophyll (Hatch, 1995), a (metabolic)
Biogeosciences, 8, 3457–3489, 2011

branching point is formed, which allows 13 C discrimination
by Rubisco (Farquhar, 1983). Farquhar (1983) developed the
following (simplified) equation to describe the carbon isotope discrimination of C4 photosynthesis:
 = a + (b4 + b3 φ − a)

pi
pa

(6)

where b4 describes the discrimination of the fixation of
◦
gaseous CO2 in equilibrium with HCO−
3 (at 25 C) by PEPc
(for details see Farquhar, 1983 and Farquhar et al., 1989), φ
is the relative proportion of the carbon fixed by PEPc that
leaks out of the bundle sheath (“bundle sheath leakiness”;
Farquhar, 1983) and b3 describes the discrimination by Rubisco.
The Crassulacean acid metabolism (CAM) as a particular modification of the photosynthetic carbon fixation also
imprints a specific carbon isotope signal on the assimilates
(O’Leary, 1988). The most simple description of the CAM
according to Lüttge (2004) is that there is nocturnal uptake
of CO2 via open stomata, CO2 fixation by PEPc and vacuolar storage of organic acid assimilates, mainly malic acid
(phase I; Osmond, 1978), and daytime remobilization of vacuolar organic acids, decarboxylation and re-fixation of the
released CO2 behind closed stomata by Rubisco (phase III).
The malate stored at night will show the same discrimination as for C4 species without bundle sheath leakiness and
since CO2 evolution during phase III is assumed to be negligible, the carbon isotope discrimination in phase I and III
might be described by Eq. 6 assuming φ to be 0 (Farquhar et
al., 1989). In the early light period (phase II) and in the late
light period, when organic acids are exhausted (phase VI),
however, stomata are open and external CO2 can be fixed by
Rubisco (Osmond, 1978; Farquhar et al., 1989). Both, phase
II and phase IV are very sensitive to environmental parameters (Lüttge 2004) and thus the relative contribution of PEPc(phase II and III) and Rubisco-driven (mainly phase IV) discrimination might also vary with the environment.
High variations of photosynthetic carbon isotope fractionation in C3 species over the day, between days and over
the growing season were recently revealed by direct online isotope measurements under field conditions, which allow data acquisition with high temporal resolution by applying novel laser spectroscopy techniques (Wingate et al.,
2010). Over the whole growing season, photosynthetic carbon isotope fractionation for branches of maritime pine at
a field site in France amounted to 10 to 35 ‰. These values agree well with the range of photosynthetic carbon isotope fractionation under various light conditions determined
for wheat and bean under controlled conditions (Gillon and
Griffiths, 1997). The highest values typically occurred at
dusk throughout the growing season, but also in the early
morning of June and July and throughout the day during the
winter months. During summer, diel variations of photosynthetic fractionation amounted to more than 15 ‰ (Wingate et
al., 2010). Changes in weather conditions among days also
www.biogeosciences.net/8/3457/2011/
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caused clear variations in δ 13 C, which then could be traced
in the newly produced organic matter transported through the
plant. On the basis of day-to-day variations in the photosynthetic carbon isotope fractionation as occurring in C3 plants,
the transport of new assimilates through the plant and within
the ecosystem has been tracked as soil respired CO2 (Ekblad and Högberg, 2001; Knohl et al., 2005; Mortazavi et al.,
2005; Brandes et al., 2006; Gessler et al., 2007) and transport
times have been assessed (Mencuccini and Hölttä, 2010) (see
3.4). As demonstrated by Brandes et al. (2007) and Wingate
et al. (2010), such techniques can be applied throughout the
whole growing season and have the additional advantage –
compared to 13 C pulse labeling experiments – that the information on leaf physiology encoded in δ 13 C can be additionally analysed. As mentioned above and discussed by Warren and Adams (2006), it might, however, not be possible to
directly relate δ 13 C to pi /pa or water-use efficiency in C3
species due to potential variations in gm . Despite this potential constraint, δ 13 C of basipetally transported assimilates
have been successfully applied to characterise variation in
stomatal conductance in different tree species (e.g. Cernusak
et al., 2003; Scartazza et al., 2004; Keitel et al., 2006).
However, it also has to be stated that the natural abundance
technique failed tracking the fate of new assimilates in particular species mainly when environmental conditions were
not very different among days (Kodama et al., 2008, 2011).
It has been suggested that post-carboxylation fractionation
and mixing of sugars of different metabolic history during
phloem transport might blur the rather weak initial isotopic
signal from photosynthetic fractionation in these cases.
2.2

Post-carboxylation fractionation

Post-carboxylation isotopic fractionation is defined as all isotope effects associated with the metabolic pathways downstream Rubisco carboxylation and with export of organic
matter out of particular tissues (Hobbie and Werner, 2004;
Badeck et al., 2005). Fractionation due to equilibrium and
kinetic isotope effects results in differences in isotopic signatures between metabolites and in intramolecular isotopic
distribution (Schmidt, 2003; Tcherkez and Farquhar, 2005).
Post-carboxylation fractionation is also thought to be responsible for differences in δ 13 C between plant organs (for a recent review see Cernusak et al., 2009). Beside photosynthetic also post-carboxylation carbon isotope fractionation
might account for diel variations in the isotopic composition
of carbon exported from the leaves to heterotrophic tissues
(Tcherkez et al., 2004; Brandes et al., 2006) and of respired
CO2 (Tcherkez et al., 2003; Werner and Gessler, 2011). The
following section will give an overview of the main fractionation mechanisms and the consequences for research on plant
and ecosystem carbon balances.
One of the first post-carboxylation fractionation steps
occurs in the Calvin cycle during aldolase condensation
(i.e. synthesis of fructose 1,6-bisphosphate from triose
www.biogeosciences.net/8/3457/2011/
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phosphates), enriching 13 C in the C-3 and C-4 atom positions of hexoses while leaving behind the light triose phosphates (Rossmann et al., 1991; Gleixner and Schmidt, 1997).
A model developed by Tcherkez et al. (2004) and based on
the isotope effects of both aldolase, reported by Gleixner
and Schmidt (1997), and transketolase (estimated values),
fits well the reproducible non-statistical 13 C distribution in
hexose molecules reported by Rossmann et al. (1991). The
intra-molecular carbon isotope distribution in Calvin cycle
hexoses also depends on the relative activity of the glyoxylate cycle (photorespiration) because of decarboxylation
of a 13 C-rich carbon atom position and fractionation during glycine decarboxylation (Tcherkez et al., 2004). This
intra-molecular 13 C pattern in hexose and thus in pyruvate
molecules is considered to be the main origin of the so-called
“fragmentation fractionation” (see Tcherkez et al., 2004)
during dark respiration, which will be discussed below.
Another effect of the fractionation by aldolase and transketolase is the 13 C-enrichment in transitory starch in the
chloroplasts (2 in Fig. 1) and 13 C-depletion in cytosolic sucrose (Schmidt and Gleixner, 1998). Indeed, as explained
above, the fractionations of these enzymes in the Calvin cycle favour 13 C in hexoses and thus in transitory starch in
the chloroplasts while leaving behind 13 C-depleted trioses,
which will form sucrose in the cytosol. Accordingly, the
phloem sugars are 13 C-enriched during night-time (originating from transitory starch degradation), while the daytime
sugars in the phloem originating from the trioses left behind
by aldolase/transketolase reactions are 13 C-depleted. Such
a diel change in 13 C content of phloem sugars modelled
by Tcherkez et al. (2004) was observed experimentally by
Gessler et al. (2008) in Ricinus plants.
Data available in the literature on the carbon isotope difference between starch and sugars (mainly sucrose) are scarce,
and experimental protocols for their determination still need
to be scrutinized (Richter et al., 2009). However, expected
technical progress will open new avenues for studies of the
variability of fractionation due to transitory starch synthesis
with the rate of starch synthesis and with environmental conditions (Tcherkez et al., 2004). Thus, measurements of intramolecular patterns of δ 13 C and diel variation in sugar δ 13 C
can potentially be used in ecological studies as indicators of
assimilate allocation.
Carbon isotope fractionation during plant respiration (3
and 7 in Fig. 1) is a widely observed phenomenon (see reviews by Ghashghaie et al., 2003; Badeck et al., 2005; Bowling et al., 2008; Werner and Gessler, 2011). There are
several enzyme-catalyzed reactions involved in respiratory
metabolism that can lead to isotope fractionation.
Due to the non-statistical 13 C distribution in glucose, the
13
δ C of respired CO2 highly depends on the intra-molecular
position of the C atom used for decarboxylation. Consequently, CO2 produced during different respiratory processes
is often relatively enriched or depleted in 13 C compared to
the associated substrate (Ghashghaie et al., 2003). This
Biogeosciences, 8, 3457–3489, 2011
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fragmentation fractionation (Tcherkez et al., 2004) may occur at a number of metabolic branching points along plant
respiratory pathways (Barbour and Hanson, 2009).
Decarboxylation of pyruvate by the pyruvate dehydrogenase complex (PDH), coupled to the glycolysis pathway, releases relatively 13 C-enriched CO2 , using the C-3 and C-4
atoms of glucose (DeNiro and Epstein, 1977; Melzer and
Schmidt, 1987). Consequently, acetyl-CoA is relatively depleted in 13 C, as are fatty acids or CO2 released during the tricarboxylic acid cycle (TCA). Partitioning acetyl-CoA to fatty
acid synthesis and TCA leads to an overall higher contribution of PDH than TCA activity to total CO2 efflux, which
may explain the often-observed 13 C-enrichment of CO2 efflux compared to respiratory substrate (Ghashghaie et al.,
2003). Imbalances between TCA and PDH may also account
for diel changes in δ 13 C of plant respiration (Kodama et al.,
2008; Priault et al., 2009; Kodama et al., 2011). In addition,
fractionation by PDH and TCA cycle enzymes may further
change the isotopic signature of respired CO2 (Tcherkez and
Farquhar, 2005). These effects depend on the relative flux
strengths at the associated metabolic branching points, and
only recently Werner et al. (2011) argued that the impermeability of the inner chloroplast membrane for acetyl-CoA as
well as the channeling principle of the TCA cycle enzymes
prevent the enzymatic reactions in the TCA cycle to effectively fractionate against 13 C in vivo.
Another decarboxylation reaction of glucose takes place
within plastids during the oxidative stage of the pentose
phosphate pathway (PPP). The PPP releases 13 C-depleted C1 atoms of glucose as CO2 (Dieuaide-Noubhani et al., 1995;
Bathellier et al., 2009). Moreover, this decarboxylation reaction fractionates against 13 C by about 9.6 ‰ (kinetic isotope effect; Rendina et al., 1984) or against 12 C by 4 ‰
(equilibrium isotope effect; Rendina et al., 1984). Accordingly, the δ 13 C of CO2 produced during PPP is relatively depleted in 13 C compared to respiratory substrate. High PPP
activity reported for roots could explain the 13 C depletion
in root-respired CO2 (Bathellier et al., 2008) compared to
13 C-enriched CO respired by leaves (Duranceau et al., 1999;
2
Tcherkez et al., 2003).
High activity of PEPc is also known to occur in roots (8
in Fig. 1) and has also been detected also in aboveground C3
plant tissues (Berveiller and Damesin, 2008; Gessler et al.,
2009a). PEPc carboxylates PEP using HCO−
3 as substrate
(stemming either from respiratory or external CO2 ) to malic
acid (via oxaloacetate), which may enter the mitochondria to
sustain TCA activity. This so-called “anaplerotic” supply is
assumed to refill the TCA when citrate intermediates of the
TCA are used, e.g. for amino acid synthesis (Tcherkez and
Hodges, 2008; Bathellier et al., 2009). Net discrimination
of PEPc against 12 C of 5.7 ‰ (including the equilibrium hydration of CO2 ) (Farquhar, 1983), enriches organic matter in
13 C and leaves 13 C-depleted CO molecules behind (Gessler
2
et al., 2009a), as long as malic acid is not immediately decarboxylated again (Cernusak et al., 2009). Consequently,
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the high 13 C enrichment of respiratory CO2 evolved from
leaves shortly after darkening may be explained by rapid decarboxylation of highly 13 C-enriched malic acid pools, derived from PEPc during illumination (light-enhanced dark
respiration – LEDR; see Barbour et al., 2007). However, the
overall quantitative effect of the before-mentioned fractionation processes in combination with temporal changes in the
respiratory substrates on δ 13 C of plant CO2 efflux is still a
matter of debate (Tcherkez, 2010; Werner, 2010; Werner et
al., 2011).
It is now well established that plant organs differ in their
isotopic signature. Several recent reviews (Badeck et al.,
2005; Bowling et al., 2008; Cernusak et al., 2009) have
shown that heterotrophic organs (branches, stems and roots)
are enriched in 13 C compared to autotrophic organs, which
supply them with carbon. Branches and woody stems of C3
species are on average 1.9 ‰ enriched in 13 C compared to
leaves (Badeck et al., 2005), whereas roots show an average
enrichment varying between 1.1 ‰ (Badeck et al., 2005) and
2 ‰ (Bowling et al., 2008). Several mechanisms have been
proposed to explain these differences in isotopic signatures
of plant organs (cf. Badeck et al., 2005, and Cernusak et al.,
2009, for detailed review of these processes). One of the reasons for differences in 13 C content between different plant organs is that the metabolites used for export (e.g. sucrose) are
enriched in 13 C with respect to the photosynthetic products,
leading to differences in 13 C content of heterotrophic tissues
compared with leaves. Fragmentation of molecules with heterogeneous intra-molecular 13 C distribution and kinetic isotope effects at metabolic branching points associated with the
enzymatic reactions leading to the respective products are
known to cause compound-specific differences (4 and 9 in
Fig. 1). When compounds, which become 13 C-depleted as
a consequence of such processes (e.g. lipids), remain in the
leaves, whereas relatively 13 C-enriched compounds are exported, the inter-organ differences will then be related to the
chemical composition of organs.
Other potential reasons for organ-specific differences in
δ 13 C might be seasonal asynchrony of growth of photosynthetic and heterotrophic tissues, with corresponding variation
in photosynthetic discrimination against 13 C due to different environmental and ontogenetic conditions (Bathellier et
al., 2008; Salmon et al., 2011), and developmental variation in photosynthetic fractionation against 13 C during leaf
expansion. In addition, seasonal variations in starch storage and remobilisation (6 in Fig. 1) and the preferential use
of 13 C-enriched, starch-derived organic matter in a particular organ might be responsible for more positive δ 13 C values. As, however, also 13 C enrichment of particular compounds (e.g. phloem sucrose) was detected in basipetal direction (Gessler et al., 2009b), independent of ontogeny or
development, other additional factors must be responsible
for this observation. These might include differential use
of daytime vs. night-time sucrose between leaves and sink
tissues, with daytime sucrose being relatively 13 C-depleted
www.biogeosciences.net/8/3457/2011/
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and night-time sucrose 13 C-enriched (Tcherkez et al., 2004),
as well as fractionation associated with the transport of assimilates (see 3.1). In addition, differences in fractionation
during dark respiration in heterotrophic vs. autotrophic tissues (Bathellier et al., 2008), and higher carbon fixation by
PEP carboxylase in roots might explain the inter-organ differences. The organ-specific spatial variation of the carbon
isotope signal, i.e. the basipetal enrichment, which is not
necessarily constant over the growing season (Gessler et al.,
2009b), challenges the calculation of intrinsic water-use efficiency or pi /pa from organic material of heterotrophic organs (e.g. in tree rings). However, temporal variations in
δ 13 C of organic matter and respired CO2 as a consequence
of post-carboxylation isotope fractionation have been related
to starch synthesis and remobilization (e.g. Tcherkez et al.,
2004) and other switches between metabolic pathways (Priault et al., 2009) and may, therefore, provide a way to identify
changes in metabolic processes related to changes in carbon
allocation patterns in plants and ecosystems.
In conclusion, post-carboxylation fractionation produces
additional changes and variations in carbon isotope signals
on top of the original photosynthetic signal. On the one hand,
this complicates the tracking of the fate of carbon within
the plant-soil system and might partially uncouple the isotope composition in heterotrophic tissues from leaf level processes. On the other hand, the post-carboxylation isotope
fractionation processes are likely to give additional information on processes in heterotrophic tissues. It is, however, crucial to disentangle particular processes as well as their dependency on environmental and plant physiological processes
and to quantify their contribution to post-carboxylation isotope fractionation. Moreover it is urgently needed to link the
plant-level processes, assessed with isotope techniques, with
processes at the ecosystem level.

3

Carbon allocation in the plant-soil system

As reviewed in Sect. 2, stable carbon isotope ratios of recently assimilated C contain valuable information about environmental conditions, which can be tracked through the
plant-soil system and are imprinted in respired CO2 . The
process of C transport in the plant itself is not assumed to
fractionate against the 13 C-isotopologues of the transported
compounds. However, temporal changes in C allocation
and metabolic processes along the transport pathways can
strongly affect this relationship between environmental conditions and δ 13 C. For example, it has been observed that
phloem sucrose is 13 C-enriched in the trunk compared to
the twig phloem of trees (e.g. Brandes et al., 2006, 2007).
It is likely that metabolic processes associated with phloem
transport (such as phloem loading, unloading and mixing;
5 in Fig. 1) but not the transport itself is responsible for
these patterns. Since phloem-allocated sucrose is the main
carbon source for all processes in non-green plant parts,
www.biogeosciences.net/8/3457/2011/
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spatial variations in δ 13 C along the plant axis and the processes involved need to be taken into account when interpreting respiratory isotope signals. Moreover, transport dynamics determine the coupling of the isotope signals aboveand belowground and thus an understanding of the underlying processes is crucial to interpret carbon isotope signals on
the ecosystem scale. In the following section, studies are reviewed and discussed that document how C allocation in the
plant-soil system varies on diel, seasonal and annual to interannual time scales and how these variations can influence
isotope signals in plant biomass and soil respiration.
3.1

Plant-internal C allocation

Carbon transport through the phloem and xylem, and the underlying physiological mechanisms as affected by environmental and plant-internal factors, are a major point of uncertainty in understanding the patterns of assimilate distribution within plants and of plant-soil C coupling. Partitioning
of the newly assimilated carbohydrates within the plant occurs via loading of sugars into the phloem, transport in the
sieve tube system and unloading at the sites of demand. The
pressure-driven mass flow system of the phloem allows C
compounds to be transported over long distances in the plant
from source to sink tissues (Van Bel, 2003). Consequently,
the C partitioning is controlled by the supply of assimilates
via photosynthesis, but also depends on the ability of different organs to utilise the available supply (Wardlaw, 1969).
While these general principles are well known, the molecular background of the regulation of carbohydrate partitioning
and of the transporters involved is less understood (Slewinski and Braun, 2010). Redox control of sugar transport and
sugar plus phytohormone signalling seem to be at least involved in coordinating carbohydrate partitioning (Rolland et
al., 2006). In such a manner, whole plant physiology can
also exert a feedback sink control over leaf level photosynthesis, even overriding direct control by light and CO2 (Paul
and Foyer, 2001).
Considering the phloem just as a static tube for organic
matter transport is inappropriately simplified (Fisher, 2002).
The modified dynamic version of the Münch mass flow
model (Münch, 1930), as reviewed by Van Bel (2003), assumes that assimilates are translocated in the plant via the
phloem through “leaky pipes” – a metaphor for the sieve
tube-companion cell complexes. According to this model,
the solute content in the phloem and, as a consequence, the
pressure are controlled by release/retrieval mechanisms in
the sieve element/companion cell complexes. During transport, sugars are released from the sieve tubes and part of them
are retrieved again (Minchin and Thorpe, 1987). This mechanism of carbon release and partial retrieval might also explain
the often observed 13 C enrichment of phloem sugars during
transport in basipetal direction (Gessler et al., 2009b). Part
of the sugars released might undergo metabolic conversion
in reactions fractionating against the heavier isotopologue.
Biogeosciences, 8, 3457–3489, 2011
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Due to mass balance reasons the unreacted sugars, which are
reloaded in the phloem, will be 13 C-enriched (Hobbie and
Werner, 2004).
The differential release/retrieval balances in the phloem
not only control the net influx or efflux of sugars, but also
the flux of water in different phloem zones. In the collection phloem in source tissues, the influx of sugars and water
will dominate, whereas in the release phloem in the sink tissues the efflux of sugars and water will prevail. In summary,
as in the original Münch model, the driving force to control
phloem transport is the source-sink turgor difference. In contrast, Thompson (2006) assumes that the “inability of decentralized organisms such as plants to control phloem translocation centrally disqualifies such [pressure] differentials as
control variables”. In addition, the author argues that the
maximum efficiency of phloem transport is achieved if the
pressure differentials are small, and that homogeneous turgor and rapid long-distance distribution of local disturbances
in turgor and solute concentration are a prerequisite for the
sieve element/companion cell complexes to operate in a noncentralized manner and to serve both long distance transport
and local supply of surrounding tissues.
Mencuccini and Hölttä (2010) advanced towards a mechanistic understanding of the phloem as a “bottleneck” to C
flow below ground. They provide evidence that specific
phloem properties (path length, specific conductivity and turgor pressure differences) and transport velocities are crucial
to explain the linkage between canopy photosynthesis and
belowground processes. Furthermore, they put forward the
hypothesis of Ferrier et al. (1975) and Thompson and Holbrook (2004) that pressure/concentration waves travelling
through the phloem are responsible for a very fast transfer
of information, coupling assimilation to belowground processes. Pressure wave fronts are assumed to travel several
orders of magnitude faster than the phloem solution and the
solutes within, thus creating a signal that is rapidly transferred through the plant via the phloem. If pressure concentration waves completely mediated the coupling between
(canopy) carbon assimilation and soil respiration, the tracking of isotope signals – either as natural abundance isotope
composition or as highly enriched 13 C label – would not
be suited to characterize this link (Mencuccini and Hölttä,
2010). Soil respiration as an example would already be upregulated hours or days before the newly assimilated substrate arrives belowground and could imprint its δ 13 C signature upon the respired CO2 . Kayler et al. (2010a) postulated, however, that the time of arrival of carbon molecules
belowground conveys more important information than a hypothetic pressure concentration wave. This is because the
time it takes for a carbon molecule to pass through the plant
indicates the status of plant storage pools, the impact of water availability on biological activity and plant nutrient status.
The authors thus concluded that the time-lag between carbon fixation during photosynthesis and its loss through respiration belowground carries real physiological information
Biogeosciences, 8, 3457–3489, 2011
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about the carbon use within plants as well as about the degree
to which plants and soil are coupled and that this information
is exactly the one derived from studies of the isotopic composition of recent assimilates, other short- or long-lived carbon
pools and respired CO2 .
The time lag caused by C translocation from leaves to belowground sites of respiration has been extensively reviewed
(Davidson and Holbrook, 2009; Kuzyakov and Gavrichkova,
2010; Mencuccini and Hölttä, 2010) since photosynthesis has been identified as a key driver of soil respiration
(Högberg et al., 2001). Generally, time lags determined as
propagation of fluctuations in δ 13 C at natural abundance increase with tree height, with transport rates between 0.07 and
0.5 m h−1 (Kuzyakov and Gavrichkova, 2010; Mencuccini
and Hölttä, 2010), although carbon translocation velocities
are often higher in tall plants (Lang, 1979; Thompson and
Holbrook, 2003; Van Bel and Hafke, 2005; Mencuccini and
Hölttä, 2010), potentially due to stronger root C sinks associated with a larger belowground biomass. In certain studies, seasonal changes in belowground C allocation had no
effect on the time lag between assimilation and use of assimilates in belowground respiration (Horwath et al., 1994;
Högberg et al., 2010), suggesting that phloem path length
and structural differences were the main determinants of C
transfer velocity. In contrast, other studies reported considerable variation of the time lag during the growing season in
the same trees (Plain et al., 2009; Wingate et al. 2010; Dannoura et al., 2011; Epron et al., 2011; Kuptz et al., 2011a)
(Fig. 2). However, the mechanisms behind such variability
are still unknown even though seasonal variations of carbon
storage and remobilization in the trunk are the most likely
mechanisms to affect the transfer of carbon as well as the
conveyance of the carbon isotope signal from the canopy in
basipetal direction over the growing season (Offermann et
al., 2011).
Carbon isotope labeling experiments suggest a longer
transport time in gymnosperms compared to angiosperm
trees (Kuzyakov and Gavrichkova, 2010), due to structural
differences in the phloem. The differences between the two
groups can be considerable, despite the heterogeneity in environmental conditions the experiments were conducted at.
The observed patterns suggest a separate consideration of
gymnosperm and angiosperm tree species in the future. Furthermore, also time lag studies in grasses need to be considered independently, as – in contrast to tree species – time
lags may even decrease with increasing plant height as has
been shown for Lolium perenne (Kuzyakov and Gavrichkova,
2010).
Recently Vargas et al. (2011) observed multi-temporal correlation between photosynthesis and soil respiration across
different ecosystems with time periods between 1 and 16
days. Based on a comprehensive time series analysis of
flux data they concluded that multiple biophysical drivers are
likely to coexist for the regulation of allocation and transport
speed of carbon. Strong correlations both within a 1-day
www.biogeosciences.net/8/3457/2011/
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Fig. 2. Seasonal changes in time lag measured by tracing variations
in δ 13 C at natural abundance level (Wingate et al., 2010; Kuptz et
al., 2011a) or after 13 CO2 pulse-labeling (Plain et al., 2009) in soil
respiration and trunk respiration (at 1 m height; Kuptz et al., 2011a).
Average values were calculated based on monthly ranges reported
in Wingate et al. (2010).

period and within periods >1d for forests suggest that the
link between assimilation and soil respiration might potentially involve both the propagation of pressure-concentration
waves in the phloem and the actual transport of new assimilates from the leaves to belowground tissues. In addition,
the correlations with longer time periods might be a result
of transient storage and remobilisation of carbon in the plant
tissues. Moreover, Heinemeyer et al. (2011) reported differences for particular components of soil respiration (root
and mycorrhizal respiration) in their temporal relation and
response to gross primary production. The authors assume
that carbon storage in roots and/or fungi over days to weeks
and later allocation to mycorrhizae might explain the correlation between photosynthesis and mycorrhizal respiration at
longer temporal scales.
As a consequence, not only phloem transport but also
short-term storage/remobilisation and transfer to rhizosphere
biota (see 3.2) have to be considered for the interpretation
of the speed of link or degree of coupling (cf. Kayler et al.,
2010a) between above- and belowground processes.
3.2

Carbon transfer to soil biota

A large fraction of C fixed by plant photosynthesis is allocated belowground, where C can be: (1) invested into
biomass or respired by roots; (2) released as exudates and allocated to soil microorganisms in the rhizosphere (Kuzyakov
and Domanski, 2000; Kuzyakov et al., 2000; Walker et al.,
2003); or (3) incorporated as litter into soil organic matter
that may be respired by heterotrophic soil microorganisms.
In this section we focus on pathways (1) and (2). Pathway
(3) will be discussed in 4.2.
Carbon allocated to roots can stimulate exudation, which
in turn increases microbial respiration in the rhizosphere
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(Kuzyakov and Cheng, 2001; Bowling et al., 2002; Tang
et al., 2005). Up to 40 % of photosynthates are exudated
by roots and are rapidly respired or invested in biomass by
rhizosphere microorganisms (Whipps, 1990; Meharg, 1994;
Kuzyakov and Cheng, 2001). The rhizosphere is a narrow
zone in the vicinity of the roots characterized by the presence
of mycorrhizal fungi and other rhizosphere microorganisms
that depend on root exudates as a C substrate source (Cheng
et al., 1996; Jones et al., 2009).
Among rhizosphere microorganisms, mycorrhizal fungi
are of great relevance to plant-soil C interactions (Finlay and
Söderström, 1992; Stuart et al., 2009; Jones et al., 2009).
Several studies indicate that mycorrhizal fungi can use up to
30 % of recent plant photosynthates (Högberg and Högberg,
2002; Johnson et al., 2002; Leake et al., 2006; Heinemeyer
et al., 2007; Chapin et al., 2009). It has been shown that
plant-derived C flux into (Vandenkoornhuyse et al., 2007)
and through arbuscular mycorrhizal hyphae (Staddon et al.,
2003; Goldbold et al., 2006) is rapid, i.e. in the range of only
a few days. Also for ectomycorrhizal hyphae a fast turnover
of freshly assimilated C was found (Godbold et al., 2006),
which has been confirmed recently also on the basis of several years of respiration data at high temporal resolution from
a deciduous oak forest in southeastern England (Heinemeyer
et al., 2011). However, in forests dominated by ectomycorrhiza this linkage seems to vary considerably during seasons
and years, suggesting alternative C sources for ectomycorrhizal metabolism such as litter decomposition (Heinemeyer
et al., 2011), but there are too few high temporal resolution
flux data available to allow a generalization. The C turnover
in microbial biomass ranges from 7 to 95 days, indicating a
slower turnover compared to mycorrhizal fungi (Ocio et al.,
1991; Ostle et al., 2003; Kaštovská and S̆antrûc̆ková, 2007).
The large variability in C turnover times of soil microorganisms could be associated with a switch between different
functional groups of microbes, as e.g. rhizosphere bacteria
and mycorrhizal mycelium can be used as C substrates by
other soil microorganisms (Jones et al., 2009).
It has been shown with 13 C-pulse labeling that also soil
macrofauna (e.g. earthworms) may quickly incorporate plant
exudates as a C source in addition to above- and belowground
plant litter inputs, probably by incorporating 13 C-labeled microorganisms (Ostle et al., 2007). Turnover times of C in
earthworms range from 12 to 37 days (Bouche, 1984; Dyckmans et al., 2005). Also collembola (springtails) were found
to feed on very recently assimilated C in contrast to Acari
(e.g. mites) and Enchytraeidae (Högberg et al., 2010).
Overall, the C flux to soil biota in the rhizosphere is large
and C is typically lost from the system within days to months.
Environmental conditions imprinted in δ 13 C of photosynthates are thus translated through organisms in the rhizosphere and remain detectable in the autotrophic part of soil
respiration (Ra ; see 3.3).
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3.3 Carbon losses via plant respiration and BVOC
emissions
Respiration of plant tissues and rhizosphere microorganisms
constitutes a major C loss in terrestrial ecosystems and can
make up to 80 % of gross primary production (Janssens et
al., 2001). Plant respiration is not fuelled by a homogeneous
substrate, but by several C pools with different turnover times
and metabolic histories (Schnyder et al., 2003; Ghirardo et
al., 2011; Kuptz et al., 2011a). Lehmeier et al. (2008) identified three major C pools distinguishable by their half-life,
which fed dark respiration in shoots and roots of perennial
rye grass. Only 43 % of respiration was directly driven by
current photosynthates, thus pointing to the importance of
short-term storage pools with half-lives of a few hours to
more than a day. This finding is in agreement with observations made by Nogués et al. (2004) for French bean, showing
that the leaf respiratory substrate is a mixture in which current photosynthates are not the main components. Changes
in the N supply (Lehmeier et al., 2010), but presumably
also in other environmental conditions, can change the mean
residence time of the respiratory substrate pool mainly due
to different contributions from storage. In summary, plant
respiratory CO2 losses are largely, but not exclusively fuelled by recently assimilated C. Temporal changes in substrate use (e.g. Hymus et al., 2005; Nogués et al., 2006) and
post-carboxylation isotope fractionation in leaves and heterotrophic tissues can partially uncouple the isotope composition of respired CO2 from assimilates (see also 2.2), and
imprint valuable information in its δ 13 C. However, as measurements in tall stature plants are technically challenging,
data on plant respiration and its isotopic composition from
field studies, especially from forests, are scarce.
Also the emission of biogenic volatile organic compounds
(BVOC) can constitute a considerable loss of C from vegetation in the range of a few percent of the current net assimilation rate under non-stress conditions, but can reach or
even exceed net assimilation rates under stress conditions,
such as drought, and continue even when net assimilation
has ceased (e.g., Brüggemann and Schnitzler, 2002), using
alternative carbon sources like xylem-transported sugars and
breakdown of starch (Loreto and Schnitzler, 2010). However,
BVOC emission rates differ strongly among plant species
and genera, and thus only play a role for the C budget of
particular species, e.g. for isoprene-emitting poplar, oak and
willow species (Sharkey et al., 2008). In view of the predicted future increases in temperature and drought periods,
BVOC might play an increasing role in determining the C
budget of ecosystems that are dominated by BVOC-emitting
plant species, although elevated atmospheric CO2 has been
found to counteract temperature effects on BVOC emission
(cf. Peñuelas and Staudt, 2010, for a review).
The carbon isotopic signature of isoprene has been found
moderately 13 C-depleted by 2 to 3 ‰ as compared to recently
fixed carbon (Sharkey et al., 1991; Rudolph et al., 2003)
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or stronger depleted by 4 to 11 ‰ (Affek and Yakir, 2003).
The reason for this observation might be fractionation along
the isoprene biosynthesis pathway, but also the fact that isoprene biosynthesis is, like plant respiration, not solely fuelled
from recent assimilates, but also from alternative sources,
such as xylem-transported sugars (Kreuzwieser et al., 2002;
Ghirardo et al., 2011), which might be 13 C-depleted as compared to recent assimilates at the time of their use in isoprene
biosynthesis. Once released to the atmosphere, isoprene does
not preserve its original 13 C signature, as it is highly reactive
and undergoes fast oxidation reactions with ozone and hydroxyl radicals, leading to a 13 C-enrichment in the remaining isoprene (Iannone et al., 2010). This has to be considered when interpreting atmospheric isoprene carbon isotope
signals.
Most other BVOC are also characterized by 13 C signatures close to that of the leaf material they were emitted from
(Goldstein and Shaw, 2003). The only major exception are
methyl halides, which are derived in plants from the methoxy
groups of pectin, which themselves are already significantly
13 C-depleted as compared to the bulk leaf material (Keppler
et al., 2004).
3.4 Temporal C allocation patterns
Also the δ 13 C of soil CO2 efflux has been shown to exhibit
diel variations (e.g. Kodama et al., 2008; Bahn et al., 2009;
but see Betson et al., 2007). However, from correlation-based
flux studies it is not consistently clear to which extent they
are temperature- (and moisture-) independent and thus possibly related to rapid allocation of C from recent photosynthesis to respiration (Tang et al., 2005; Bahn et al., 2008; Subke
and Bahn, 2010; Vargas et al., 2010; Philipps et al., 2011).
It is also not clear to which extent these diel variations of
δ 13 C of soil CO2 efflux reflect the number of processes potentially involved, including changes in vapor pressure deficit
that affect photosynthetic discrimination against 13 C (Brugnoli et al., 1988; Farquhar et al., 1989; see 2.1), changes in
respiratory C isotope fractionation as demonstrated for CO2
respired by leaves (Hymus et al., 2005) as well as trunks
(Kodama et al., 2008), diurnal changes in respiratory carbon source (Tcherkez et al., 2004; Gessler et al., 2007; Bahn
et al., 2009; Barthel et al. 2011) and diffusion processes
(Moyes et al., 2010). For a detailed mechanistic analysis
of the origin of diel variations in the δ 13 C see Werner and
Gessler (2011).
Initial growth and respiration are supplied from storage
C in seeds in both annual and perennial plants (Bathellier
et al., 2008). Carbon isotope ratios of young plants will
thus be dominated by storage compounds (e.g. 13 C-depleted
lipids or 13 C-enriched carbohydrates; see 2.2). Similarly, leaf
growth in deciduous trees relies on stored C (mainly starch)
during the first phase of leaf development (Lacointe et al.,
2004; Kagawa et al., 2006a; Asaeda et al., 2008), which in
some species can be rather short (Keel and Schädel, 2010).
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Damesin and Lelarge (2003) have documented the switch
from 13 C-enriched starch to more 13 C-depleted assimilates
for young beech leaves. In contrast, new foliage of evergreen
species is typically considered to be made almost entirely of
recent assimilates (Hansen and Beck, 1994; Cerasoli et al.,
2004).
Early radial growth of stems is often supplied by reserves
as well (Helle and Schleser, 2004; Kagawa et al., 2006b; Skomarkova et al., 2006). However, distinct differences in the
use of recent vs. stored C for radial growth have been documented for deciduous trees, with some species incorporating
negligible amounts of reserves (Keel et al., 2006). During
summer, photosynthates are allocated mainly above ground
(Mordacq et al., 1986; Olsrud and Christensen, 2004), supplying shoot elongation (Schier, 1970; Hansen and Beck,
1994), radial growth (Gordon and Larson, 1968), further
foliage development (Dickson et al., 2000; Lamade et al.,
2009) and flowering and fruiting (Mor and Halevy, 1979;
Hoch and Keel, 2006). Possibly as a result of rapid mixing
between old and new C (Keel et al., 2007) there is a carryover of stores for wood growth in most species (Kagawa et
al., 2006b; Keel et al., 2006; von Felten et al., 2007; Palacio
et al, 2011), which may impair the use of isotope tree-ring
data as proxy for environmental processes.
Changes in the relative contributions of different C sources
throughout phenological plant development entail remarkable seasonal variations in the δ 13 C of different plant organs (Damesin and Lelarge, 2003; Helle and Schleser, 2004).
Such variations may hinder the interpretation of δ 13 C in
plants as indicator for environmental conditions (CavenderBares and Bazzaz, 2000; Helle and Schleser, 2004). The
contribution of new C to foliage production is highly variable in deciduous species (Keel et al., 2006), but on average
close to the c. 70 % reported for evergreen Pinus uncinata
trees (von Felten et al., 2007). The amount of new C used for
stem growth ranges from 35 % (Quercus petraea saplings;
Palacio et al., 2011) to 71 % (average of 5 deciduous tree
species, Keel et al., 2006). Within deciduous plants, diffuse
porous species allocate significantly higher amounts of new
C to wood than ring-porous species (52 % vs. 35 %, respectively; Palacio et al., 2011). Thus, differences between evergreen and deciduous species may be smaller than initially
thought and, in some cases, overridden by inter-species variability.
Carbon allocation patterns are known to vary not only
throughout the life cycle of plants but also with the age of the
different plant organs (Kozlowski, 1992). These changes are
particularly relevant for long-lived perennial species. In general, older plants tend to decrease allocation belowground,
and to increase allocation to maintenance (increased standing
biomass and respiration) (Kozlowski, 1971), storage pools
(Lusk and Piper, 2007; Genet et al., 2010), defense mechanisms (Boege, 2005; Boege and Marquis, 2005) and reproduction (Genet et al., 2010). Changes in C allocation
to plant organs entail quantitative and qualitative differences
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in their C composition with age. Consequently, the C isotope composition of plant respiratory CO2 (Maunoury et al.,
2007; Kuptz et al., 2011b) or of bulk material (Helle and
Schleser, 2004; Skomarkova et al., 2006; Salmon et al.,
2011) may change with season and ontogeny. For example, leaves of adult plants tend to be enriched in 13 C, showing higher δ 13 C than leaves of young plants (Donovan and
Ehleringer, 1994; Cavender-Bares and Bazzaz, 2000; Fessenden and Ehleringer, 2002). Information on the age-related
variations of δ 13 C in the different organs of plants (including
not only leaves but also roots or stems for which data are
mostly absent) is crucial for scaling δ 13 C results on young
plants to mature individuals.
Belowground plant parts are supplied by both recent photosynthates and C reserves (Joslin et al., 2006; Carbon and
Trumbore, 2007). Recent investigations estimated that up to
55 % of fine root C comes from storage, although such stored
C seems of young age (approx. 0.4 years) (Gaudinski et al.,
2009). Belowground allocation of newly fixed C increases
dramatically towards the end of the growing season (Smith
and Paul, 1988; Stewart and Metherell, 1999, Högberg et
al., 2010; Epron et al., 2011), competing with storage accumulation in aboveground parts for winter dormancy and
frost hardiness (Hansen and Beck, 1990; Skomarkova et al.,
2006; Kuptz et al., 2011a). In evergreen species, a second
maximum of belowground allocation of recent C is often observed in early spring, shortly before bud break (Shiroya et
al., 1966; Ziemer, 1971). During winter, deciduous species
maintain their living tissue mainly from reserve pools (Dickson, 1989; Maunoury et al., 2007), whereas evergreen trees
may produce new substrate for respiration (mainly maintenance respiration) by active photosynthesis during warmer
periods within the cold season (Hansen et al., 1996; Hu et al.,
2010; Kuptz et al., 2011b). Similar to the cold season, summer drought might induce a seasonal allocation pattern with
regularly occurring favorable and unfavorable growth conditions, leading to seasonal changes in growth and in the contribution of growth and maintenance respiration to Ra . Such
phases are likely to be associated with variations in δ 13 C
of plant respired CO2 . If assimilate supply decreases, 13 Cenriched stores can serve as substrates for respiration leading
to increases in δ 13 C of released CO2 .
Relatively little is known about interannual variations
compared to the wealth of studies on seasonal changes in
C allocation. Carbon allocation to radial stem growth is typically correlated with climatic conditions such as precipitation and air temperature, a relationship used for climate reconstructions by dendrochronologists. Interestingly, Rocha
et al. (2006) found no correlation between gross ecosystem
production (a measure for photosynthesis at the stand scale)
with tree ring width, suggesting that radial growth is not directly related to the availability of recent C, but also depends
on the amount of carbohydrate stored.
Although significant advances have been made in recent years to characterize the use of stored C in plants
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(represented by “Starch” in Fig. 4), there are still important
knowledge gaps to fill. For example, the relationship between the age of plant stores and remobilization is still not
fully understood, raising the question of how much of the C
stored by plants can actually be remobilized (Millard et al.,
2007), and how long these stores can be remobilized before
they are ultimately sequestered in plant tissues or lost as CO2
or BVOC. It is also not known how stores are mobilized in relation to the time (phenology and age) they were built up (but
see initial results by Lacointe et al., 1993), or how these processes are affected by environmental stress and disturbance.
These key questions have to be answered before the role of
plants in ecosystem C cycling can be fully understood.
3.5 Bi-directional C transport processes
Efflux of CO2 from the soil to the atmosphere is not the only
escape way of carbon out of the soil. It has been shown with
isotopically labeled CO2 that roots can take up CO2 and deliver it to aboveground parts of the plant via the transpiration
stream (Ford et al., 2007; Moore et al., 2008). It is known
since many years that CO2 concentrations in the xylem sap
of plants can be up to three orders of magnitude higher than
in the atmosphere (Eklund, 1990; Hari et al., 1991; Levy et
al., 1999; Teskey et al., 2008 and citations therein). In addition to root uptake of soil CO2 , root respiration adds CO2
to the xylem water, followed by stem respiration, i.e. in the
inner bark (consisting of the periderm and the phloem), in
the cambium and in the ray cells of the xylem (Teskey et al.,
2008). As especially the cambium, but also the cell walls of
the xylem are strong diffusion barriers, very high CO2 partial
pressure (pCO2 ) can build up inside the stem.
The high xylem pCO2 has significant effects on stem,
branch and leaf CO2 exchange. Martin et al. (1994) found
temperature-independent fluctuations in stem CO2 efflux in
loblolly pine (Pinus taeda L.) seedlings, with flux rates being 6.7 % lower during periods of high transpiration associated with high temperatures, as compared with periods of
low transpiration. They could identify transport of respiratory CO2 in and diffusive loss from the transpiration stream
as the most likely cause of this unexpected observation. Levy
et al. (1999) calculated a contribution of xylem-transported
CO2 to leaf photosynthetic rates of 0.5 to 7.1 %, and a contribution of up to 12 % to apparent stem respiration rates.
Teskey and McGuire (2002, 2005) observed a linear relationship between stem CO2 efflux and xylem sap CO2 concentrations. They could evoke rapid and reversible changes of
stem CO2 efflux by manipulating xylem sap CO2 concentrations, explaining up to 77 % of the stem efflux variation.
The negative relationship of xylem sap pCO2 with xylem
sap velocities or volume flow presents an explanation for
the frequently observed midday depression of stem CO2 efflux, when xylem sap flow is highest and, hence, xylem CO2
concentration is lowest (Teskey and McGuire, 2002; Aubrey
and Teskey, 2009). Overall, it has to be acknowledged that
Biogeosciences, 8, 3457–3489, 2011

107
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xylem-mediated CO2 transport from the soil to the atmosphere can be substantial, in some cases equaling soil CO2
efflux (Aubrey and Teskey, 2009).
By far not all of the xylem CO2 , be it soil-, root- or stemderived, is released via stem efflux. It was shown already
a long time ago that not only leaves, but also woody tissue
can assimilate CO2 via photosynthesis (e.g., Wiebe, 1975;
Foote and Schaedle, 1976; Pfanz et al., 2002). Albeit this
corticular photosynthesis usually does not lead to a net CO2
uptake, it can compensate for most of the respiratory loss
during the light period (Foote and Schaedle, 1976; Pfanz et
al., 2002; Cernusak and Marshall, 2000; Wittmann et al.,
2006). Given the high xylem pCO2 , it is likely that most
of the CO2 fixed by the woody tissue is derived from the
stem-internal CO2 pool, as could be shown in a 13 CO2 labeling study with sycamore (McGuire et al., 2009). However, as the transpiration stream ends in the leaves of a plant,
the remaining CO2 will be subject to photosynthetic fixation here, which was demonstrated in a labeling study with a
1 mM 14 C-bicarbonate solution fed to excised leaves of Populus deltoides (Stringer and Kimmerer, 1993). If soil CO2
taken up by the roots is fixed during photosynthesis, this will
have implications for the carbon isotopic signature of photosynthates due to the much lower δ 13 C of the soil-derived
CO2 , depending on the amount of CO2 transported with the
transpiration stream.
Beside phloem transport, large amounts of C can also be
transported via the transpiration stream, even in periods when
leaves are fully developed and re-mobilization of C from
storage pools is unlikely to occur. In pedunculate oak (Quercus robur L.) saplings, Heizmann et al. (2001) found a contribution of xylem-transported carbohydrates, mainly sucrose,
glucose and fructose, to the total C budget of leaves of up
to 91 %, with the highest values occurring during midday
depression of photosynthesis at high temperature. In grey
poplar, xylem transport of carbohydrates contributed 9 % to
28 % to the total C delivered to the leaves (Mayrhofer et
al., 2004). This xylem-transported C can form a major constituent of leaf C metabolism, as was shown in labeling experiments with 13 C-glucose in pedunculate oak (Kreuzwieser
et al., 2002) and in grey poplar (Schnitzler et al., 2004; Ghirardo et al., 2011). The cycling of C within the plant through
the phloem down to the roots and back to the aboveground
parts of the plants via the xylem makes the supply of carbohydrates to heterotrophic tissues independent of short-term
fluctuations of photosynthetic performance of the plants, as
hypothesized by Heizmann et al. (2001), but also leads to
a dampening of photosynthetic carbon isotope signals sent
from the leaves down to the roots.
3.6 Sensitivity of C allocation to environmental stress
The general responses of plant ecophysiological processes
to environmental stress (e.g. resource limitations in light,
water or nutrients) have been well known for many years
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(Larcher, 2003). Ecophysiological responses often involve
changes at different organizational levels, ranging from cellular mechanisms to whole plant carbon-water or carbonnutrient relations to sustain plant performance and plant fitness under stress. Stable carbon isotopes have been shown
to be sensitive indicators of leaf stress responses involving
stomatal regulations, changes in mesophyll conductance and
(photo)respiration (Farquhar et al., 1989; Dawson and Siegwolf, 2007, and references therein). For example, leaf carbon discrimination was shown to increase under light stress
for C3 (Brugnoli and Farquhuar, 2000) and C4 plants (Buchmann et al., 1996), but decrease under water limitations
(Dawson et al., 2002).
Recently, it was demonstrated that drought stress not only
reduced C assimilation but often also increased the mean residence time of recently assimilated C in leaf biomass; furthermore, the C transfer velocity was reduced in saplings and
the trunk of some tree species, leading to a reduced coupling
between canopy photosynthesis and belowground processes
under water stress (Ruehr et al., 2009; Barthel et al. 2011;
Dannoura et al., 2011). Similarly, shading has been shown to
reduce the speed of link between photosynthesis and soil respiration in grassland (Bahn et al., 2009). Mechanisms underlying these short-term responses to stress are possibly related
to source-sink relationships, as at low photosynthetic rates a
decrease of phloem loading at the collection phloem end will
lower the pressure gradient and hence decrease the downward transport rates (Lee, 1981). Furthermore, soil moisture influences the quantity of water supplied by the xylem
to the collection phloem, affecting the turgor pressure differences between two phloem ends. Potentially, all environmental factors which affect photosynthesis (vapor pressure
deficit, radiation, CO2 concentration, etc.) might have similar consequences. However, more studies, including also
compound-specific carbon isotope analyses, are needed to
further elucidate the biochemical and physiological mechanisms responsible for these patterns.
4

Belowground C turnover

Stable isotopes have proven to be a technique to address the
complex carbon transformations in the soil (Kuzyakov et al.,
2000; Bowling et al., 2008; Paterson et al., 2009; Kayler
et al., 2010a). Here, we extend the view of isotopes in belowground research beyond methodology, but limit the scope
of our discussion of carbon isotopes to the investigation of
plant-soil interactions with a specific emphasis on plant direct and indirect controls on rhizosphere respiration, microbial metabolism, organo-mineral interactions, dynamic soil
carbon pools, and microbial markers.
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4.1

Rhizosphere respiration

Soil CO2 efflux is dominated by two major sources of soil
respiration: an autotrophic component (Ra , roots, mycorrhizal fungi and other root-associated microbes dependent
on recent C photosynthates) and a heterotrophic component
(Rh , organisms decomposing soil organic matter). A large
array of methods for partitioning Ra and Rh exists, the advantages and disadvantages of which have been extensively
reviewed elsewhere (Hanson et al., 2000; Kuzyakov, 2006;
Subke et al., 2006; Trumbore, 2006). On average, Ra and
Rh contribute equal amounts to total soil respiration, ranging
from 10 to 90 % in single studies (Hanson et al., 2000), with
the contribution of Ra increasing with annual soil CO2 efflux
(Subke et al., 2006; Bond-Lamberty and Thomson, 2010).
While many experiments suggest that Ra strongly depends on recent photosynthates as indicated by rapid and pronounced declines in soil respiration after clipping, shading or
phloem girdling (Craine et al., 1999; Högberg et al., 2001;
Wan and Luo, 2003), other studies have reported only minor effects (Hibbard et al., 2005; Zhou et al., 2007; Bahn et
al., 2009; Bond-Lamberty and Thomson, 2010). These latter
studies indicate that root C stores might serve as respiratory
substrates for Ra and allow to maintain respiration rates at
least temporarily (Bahn et al., 2006). This is supported by radiocarbon analysis of root respired CO2 , which showed that
roots partly respire older C (Cisneros-Dozal et al., 2006; Czimczik et al., 2006; Schuur and Trumbore, 2006). In contrast,
respiration by microbes in the rhizosphere is not buffered by
carbohydrate reserves and may decline more rapidly after interruption of assimilate supply (Bahn et al., 2006).
Dramatic increases in Ra have been found in strongly seasonal ecosystems at high latitudes in late as opposed to early
summer (Högberg et al., 2010), indicating that Ra is dependent on plant phenology and/or the season. Higher Ra
is likely dominated by increased growth respiration, while
maintenance respiration is assumed to undergo less seasonal
change (Wieser and Bahn, 2004). Although higher temperatures in late summer undoubtedly play a role in the observed
increase in Ra , the occurrence of hysteresis, expressed as different respiration rates measured at the same soil temperatures in different seasons (Högberg et al., 2009), suggests that
additional factors, such as phenology, control Ra . At shorter
time scales, changes in physical transport processes of CO2
and heat hold an alternative explanation for the occurrence of
hysteresis (Subke and Bahn, 2010; Phillips et al., 2011).
Nutrient availability can also exert a strong control on
Ra . In N-poor systems, addition of N fertilizer reduces Ra
(Högberg et al., 2010), associated with an increase in aboveground C allocation (Olsson et al., 2005). Responses in total
soil respiration rates have been found to increase, decrease
or remain unaltered as reviewed by Janssens et al. (2010).
The discrepancy in these results may reflect the combined
responses of plants and soil to N fertilization.
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Many studies show a pronounced effect of soil moisture
on Ra relative to total soil respiration. During a dry summer,
the amount of recent C respired decreased in an evergreen
forest (Andrews et al., 1999), possibly as a result of a reduction in C supply from above ground. Similarly, Ruehr et
al. (2009) found less labeled C respired in drought experiments (see also 3.6). In contrast, an increase in the fraction
of recent C was measured in soil CO2 during an exceptionally dry summer in a temperate deciduous forest (Keel et al.,
2006). These different results might be explained by interacting effects of soil moisture and temperature on C supply
for respiration (Davidson et al., 2006), different contributions
of the individual component fluxes to total soil respiration,
or changes in CO2 transport rates in the soil (Phillips et al.,
2011).
Little is known about the biotic and abiotic factors that regulate rhizosphere respiration despite its importance for the
terrestrial C cycle (Högberg and Read, 2006; Chapin et al.,
2009). Carbone et al. (2007) showed that 14 C-labeled assimilates respired by rhizosphere microorganisms had a mean
residence time of 15 days, but 30 days after the labeling,
the signal was still detectable in soil respiration. Moyano
et al. (2008) suggested that factors controlling mycorrhizal
respiration are similar to those that control root respiration.
However, recent studies indicate that mycorrhizal respiration
may be less sensitive to temperature than root respiration
(Heinemeyer et al., 2007; Moyano et al., 2007; Nottingham
et al., 2010).
Overall, the autotrophic component of soil respiration is
closely coupled to assimilate supply and is sensitive to factors that control C uptake (e.g. phenology, N availability, and
shading) and C allocation patterns. Root respiration can also
be supplied by stored C, if assimilate supply is interrupted.
How C stores contribute to Ra under normal conditions will
affect the plant-soil respiratory δ 13 C linkage. It can be concluded that the link should be tightest during periods of high
C supply and in plant species with small C stores.
Heterotrophic soil respiration (Rh ) is mainly affected by
soil temperature and moisture. However, recent studies have
shown the importance of soil C availability as a driver of
heterotrophic respiration (Vance and Chapin, 2001; Trueman and Gonzalez-Meler, 2005; Scott-Denton et al., 2006).
There is evidence that fresh C input into soil can increase,
decrease or have little or no effect on Rh (Kuzyakov et al.,
2000; Fontaine et al., 2007). This variability of the Rh response to soil C availability may arise in part because soil
organic matter (SOM) consists of several functional C pools
with different levels of protection and recalcitrance (Six and
Jastrow, 2002). Furthermore, the diversity found in soil microbial communities may result in different preferential usage of soil organic carbon (SOC) sources contributing to the
difficulty in correlating changes in Rh in response to soil C
availability. Details on SOM turnover and isotopic discrimination associated with it will be given in the following chapters.
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4.2 Patterns of SOM δ 13 C isotopic enrichment with
soil depth
Bulk SOM is a large-scale representation of belowground
biogeochemistry in that isotopic values of SOM integrate
processes over a large scale of both space and time. Across
many ecosystems SOM becomes increasingly 13 C-enriched
(1 to 3 ‰) with depth. Ehleringer et al. (2000) offered four
hypotheses to describe this pattern: (1) the Suess effect –
i.e. the decrease in δ 13 C of atmospheric CO2 due to the admixture of anthropogenic, isotopically depleted CO2 – which
accounts for about 1 ‰ from the litter to about 6 cm depth
(Boström et al., 2007); (2) microbial fractionation; (3) preferential microbial decomposition of litter and SOM; and
(4) soil carbon mixing. Wynn et al. (2005) included microbes
as precursors of SOM and variable mobility and sorption of
DOC with variable isotopic values. Identification of which
of these hypotheses correctly explains the variation of δ 13 C
with depth will potentially reveal important biogeochemical
mechanisms of carbon flow that are common to all ecosystems. Yet, part of the difficulty in validating these different
hypotheses is the relatively small change of the vast pool of
SOM over a short period of time. However, recent experiments have been carried out that provide direct and indirect
evidence of the importance of each process in describing patterns of SOM enrichment with depth.
Studies using the Rayleigh distillation equation (Fry,
2008) have shown some success towards explaining the patterns in SOM δ 13 C enrichment (Accoe et al., 2002; Wynn
et al., 2005, 2006; Diochon and Kellman, 2008). In this
case, the Rayleigh distillation equation describes kinetic isotope fractionation (i.e. unidirectional reactions) in an open
substrate reservoir and a product (Wynn et al., 2006). The
Rayleigh distillation equation from Wynn et al. (2006) is a
first order reaction model described by the isotopic
 δ 13 C
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signature of SOM (δ 13 Cf ), the isotopic composition of
biomass input (δ 13 Ci ), the fractionation factor between SOM
and respired CO2 (α), and the SOM fraction remaining. The
Rayleigh distillation equation is a function of fractionation
resulting from two processes: microbial metabolism or differential sorption of organic components to mineral surfaces.
From these studies (Wynn et al., 2005, 2006; Diochon and
Kellman, 2008), it is apparent that the pattern of 13 C enrichment of SOM with depth is dependent on the fractionation
parameter in the Rayleigh model which is limited in the ability to distinguish between the two fractionation mechanisms.
4.3 Fractionation due to microbial metabolism
The carbon metabolism of microbes is crucial to understanding autotrophic and heterotrophic contributions of soil
www.biogeosciences.net/8/3457/2011/
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Fig. 3. Estimates of apparent fractionation associated with soil microbial respiration determined by different experimental approaches
(grey bars: from C3 plants; dark grey bars: Rayleigh distillation
methods, black bars: C4 plants). The dashed line is the mean of all
estimates. Data sources: Werth and Kuzyakov, 2010; Wynn et al.,
2005, 2006; Diochon and Kellman, 2008.

respiration. Thus, if isotopes are to be an effective tool to
estimate heterotrophic respiration then we need to quantify
the fractionation by microbes to back-calculate the isotopic
source that is respired (i.e. old vs. new carbon sources or,
more precisely, soil organic matter or root exudates). Microbial 13 C fractionation is a challenge to measure, but is
nonetheless very important to accurately quantify because it
can confound the interpretation of results from experiments
using 13 C pulse labeling or natural 13 C abundance. Fractionation is commonly calculated by quantifying the difference
between the isotopic signature of microbial biomass and the
isotopic signature of the substrate (i.e. SOM, DOC, culture)
and products (i.e. CO2 ) (Fry, 2008). There is a wide range
of estimates of fractionation by microbes from studies implementing this approach (Fig. 3). However, Lerch et al. (2011)
found fractionation to vary over time when calculated in this
manner, and while changes in substrate could account for this
pattern it is also likely that the active microbial community is
changing. Fast changes in microbial composition have been
documented after addition of labile substrate (Cleveland et
al., 2007), rapidly changing environmental conditions (Gordon et al., 2008), and other environmental stresses (Schimel
et al., 2007). The question arises whether this variation in
microbial fractionation is real, or whether estimates of fractionation are possibly confounded by different soil substrates
or microbial community composition.
A recent review of belowground fractionation (Werth and
Kuzyakov, 2010) suggests that fractionation occurs during
www.biogeosciences.net/8/3457/2011/
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both microbial uptake and respiration of carbon. The specific processes associated with each are: (1) uptake, associated with enzymatic breakdown of organic matter and transport of monomers into cell walls; and (2) respiration associated with kinetic 13 C fractionation. The authors listed variation in the availability and molecular composition of substrates as a possible fractionation mechanism during uptake,
but this is better defined by mixing processes and microbial
community dynamics. Mixing, because soil organic matter
is a mixture of chemical compounds, representing different
stages of decomposition and availability, which is dependent
on the activity and the composition of the microbial community present (see below). They also suggested that preferential substrate utilization of easily degraded compounds
results in fractionation during respiration, which may well
result in differences between the 13 C signature of substrate
and products (microbial biomass, remaining SOC or CO2 ).
However, the mechanisms behind this are not well defined
or understood. Perhaps, microbial substrate selectivity is a
function of the enzymes available to break down substrate.
As discussed above, organic matter sources that contain
multiple carbon moieties confound accurate estimates of
fractionation resulting from microbial metabolism. Experiments that observe biochemical pathways within microbes
by utilizing a controlled substrate provide a more precise
picture of fractionation. Hayes (2001) compiled a comprehensive review of carbon fractionation in biosynthetic processes. In this review, he shows how fractionation occurring
in chemical reactions, pathways and branch points within
a cell results in the isotopic composition of carbohydrates,
amino acids, nucleic acids, and lipids among different organisms. The often cited study on Escherichia coli by Blair et
al. (1985) documented fractionation between the acetate and
fatty acid synthesis, most likely with the conversion of acetyl
phosphate to acetyl-CoA as regulated by phosphotransacetylase. Building on previous studies on plants (Ghashghaie et
al., 2003), two mechanisms of fractionation that lead to δ 13 C
values of CO2 that are different from the initial substrate or
microbial biomass were hypothesized: (1) the non-uniform
distribution of 13 C within hexose molecules (or other substrate) (Hobbie and Werner, 2004), which leads to 13 Cenriched CO2 ; and (2) fractionation during the pyruvate dehydrogenase reaction (Blair et al., 1985), which leads to 13 C
depletion of CO2 .
Microbial metabolism type will also affect the magnitude and direction of isotopic fractionation. Differences in
biosynthetic pathways result in a diverse isotopic composition of extracted soil microbial biomass. For example, oxygen availability determines in part the level of anaerobic versus aerobic respiration by microbes, which in turn affects the
isotopic composition of microbial biomass and fatty acids
(Teece et al., 1999; Cifuentes and Salata, 2001). Carbon fixation by heterotrophs, which is estimated to be 4 % to 7 %
of net microbial respiration (Miltner et al., 2004, 2005), is
another pathway that leads to different isotopic composition
Biogeosciences, 8, 3457–3489, 2011
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of amino acids and fatty acids (Feisthauer et al., 2008) and
could have a significant impact on the overall isotopic signal
of microbial biomass and the CO2 respired. Furthermore,
autotrophic and photoautotrophic CO2 -fixation must be considered in terms of C fractionation. On the one hand, the
3-hydroxypropionate pathway causes smaller isotopic fractionation (−13 to 14 ‰) compared to the Calvin cycle (−20
to −25 ‰, van der Meer et al., 2007, and references therein),
which is of special importance in systems where microbial
mats and cyanobacteria play a large role in C translocation
to soil and soil microbial biomass. On the other hand, autotrophic organisms may express a high level of isotopic fractionation, and fractionation has been reported to be interestingly high within the context of inorganic C fixation (Cowie
et al., 2009).
Methodologies to study microbial biosynthesis and
metabolomics are becoming increasingly more sophisticated
Biogeosciences, 8, 3457–3489, 2011

(Tang et al., 2009), and studies using these techniques may
provide a clear basis from which isotopic differences between substrate and microbial biomass and overall microbial
fractionation could be understood. For example, the use of
positional labeling of carbon in glucose has given metabolic
insight into carbon pathways in mycorrizhae (Scandellari
et al., 2009). Studies that assess the isotopic composition of soil microbial biomass usually treat soil microbes
as a single C pool without differentiating between metabolically active and dormant microorganisms (S̆antrûc̆ková et
al., 2000; Lerch et al., 2011). Soil microbial biomass is
composed of both active and dormant microorganisms, yet,
CO2 respired from microorganisms derives solely from those
that are metabolically active (Stenstrom et al., 2001; Werth
and Kuzyakov, 2008, 2009; Millard et al., 2010; Werth and
Kuzyakov, 2010). Hence, comparing isotopic composition of
soil microorganisms as a single C pool to soil CO2 respired
www.biogeosciences.net/8/3457/2011/
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could lead to a misinterpretation of the real isotopic effects
of fractionation during soil respiration. Furthermore, soil microorganisms as well as roots accumulate C reserves (Plateau
and Blanquet, 1994; Ekblad and Högberg, 2000; Sylvia et
al., 2005). This is especially true as soil microorganisms
have the capacity to undergo dormancy in sudden adverse
environmental conditions. To cope with these conditions, accumulated C in soil microorganisms can be replaced and released by adding readily available C (Bremer and van Kessel,
1990; Wu et al., 1993; Ekblad and Högberg, 2000; Ekblad et
al., 2002). Therefore, due to the internal C reserves of microbes, a mixing occurs between available and stored C respiratory substrate, and, consequently, a flawed interpretation
of kinetic fractionation during soil microbial respiration may
result.
When fractionation of belowground carbon pools is calculated, the uncertainty increases with an increasing degree
of metabolic separation between the actual substrate respired
and the specific organism respiring. In fact, researchers have
already recognized the limitation in defining fractionation as
the difference between SOC and microbial biomass by referring to the estimate as “apparent fractionation”. This term
implies an unknown level of ambiguity and perhaps it is best
to avoid its use in favor of discussing potential fractionation due to biogeochemistry and microbial metabolism. Ultimately, the research question asked will drive the level of
detail to which fractionation is discussed. For example, in
research describing patterns at the ecosystem scale the difference in δ 13 C between the actual C respired (detected in δ 13 C
of CO2 ) and SOM may suffice to understand belowground C
dynamics in soils at larger scales. However, if the research
requires a high degree of precision in estimating microbial
fractionation, in partitioning studies for example, then a more
sophisticated methodology and quantification is required.
4.4
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found patterns of enrichment of δ 13 C and δ 15 N with increasing density of sequentially separated SOM fractions (Huygens et al., 2008; Sollins et al., 2009; Marin-Spiotta et al.,
2009). Using several chemical techniques including isotopes, Mikutta et al. (2006) showed that organo-mineral interactions accounted for over 70 % of the carbon stabilized
in the soils they analyzed. Organo-mineral interactions refer to the bonding of organic matter via polyvalent cations to
mineral surfaces (von Lützow et al., 2006). Using isotopes,
Mikutta et al. (2006) also substantiated the role of microbial
exudates and biomass providing coatings over minerals allowing for more efficient sorption (Kleber et al., 2005) as
well creating chemically resistant organic matter. The authors also found that recently deposited organic material can
be stabilized with mineral surfaces, suggesting that plantsoil interactions can also directly lead to carbon stabilization,
long thought of as a slow process driven by decomposition
only.
While changes in soil organic matter appear slow, because
the pool is so vast, the processes of carbon loss and stabilization occur relatively rapidly. Questions still remain concerning how strongly organic matter is bonded to the mineral surface and to surrounding layers of the organo-mineral
complex (Kleber et al., 2005). However, this research does
suggest that plants may play a pivotal role in the fast cycles
of carbon stabilization (Trumbore, 2006). Isotopes used toward identification of carbon stabilization mechanisms belowground are just in their infancy, and with the help of models (Kleber et al., 2007) and soil properties, we will be able
to explain not only patterns of the δ 13 C of SOM with depth,
but also questions regarding carbon accumulation and stabilization (Kleber et al., 2011).
4.5

Transfer of C from leaf litter and DOC to soil and
microbes

Interactions with mineral surfaces

As found in studies of SOM δ 13 C patterns with depth, isotopic enrichment occurs with an increase in fine soil particles
(Solomon et al. 2002; Bird et al., 2003). Moreover, Wynn et
al. (2005) found that in coarse textured soils Rayleigh fractionation did not account for patterns of SOM 13 C enrichment with depth, raising the question of the effect of soil texture, soil mineralogy and chemistry on the pattern of SOM
13 C enrichment with depth. Soil texture also plays a predominant role in carbon stabilization in soil for which the
mechanisms are not entirely understood (Plante et al., 2006).
However, stabilization studies using δ 13 C have shed light on
the carbon dynamics of organo-mineral association (Kayler
et al., 2011) and the role plants play in carbon stabilization
below ground.
Analysis of stable isotopes in soil fractions has given
some insight into the mechanisms behind SOM stabilization. Studies that have analyzed the isotopic signature of
SOM fractions (beyond C3 /C4 labeling techniques) have
www.biogeosciences.net/8/3457/2011/

Apart from the primary flux of C from plant assimilates into
soil, plant litter degradation and the subsequent C distribution into soil carbon pools and microbial communities provide an important secondary flow of carbon into the soil (Elfstrand et al., 2008). For example, soil microbial dynamics are
controlled through complex interactions with plants and are
influenced by a range of organic compounds added to soils
from plants as root exudates and as litter inputs (Butler et
al., 2004; Bardgett et al., 2005; Kaštovská and S̆antrûc̆ková,
2007; Elfstrand et al., 2008; Denef et al., 2009; Esperschütz
et al., 2009). Thus, a key issue in studies investigating soil
carbon dynamics has been tracing the carbon input into soil
from leaf litter decomposition (Liski et al., 2002; Dungait et
al., 2010).
Leaf litter decomposition is the breakdown of highly organized plant tissue to complex organic compounds that is
regulated by both biotic and abiotic processes. Since decomposition is slow, the aboveground litter layer of an ecosystem is composed of a continuum of fresh litter to completely
Biogeosciences, 8, 3457–3489, 2011
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humified organic matter and serves as a bottleneck for a significant portion of primary productivity sent belowground.
But there still remain a series of questions of (i) how the carbon in the aboveground litter layer reaches the mineral soil,
(ii) how the biogeochemical processes determine the fate of
organic matter, either remaining in the aboveground litter
layer or being transported into the soil profile, and (iii) which
mechanisms control leaf litter-microbe interactions and dynamics. These questions have important ramifications for the
carbon cycling of ecosystems and for the use of isotopes to
elucidate the complex chemical nature of litter decomposition and incorporation into soil organic matter.
To a large extent, the isotopic composition of leaf litter is determined by the plant organs and tissues deposited
as well as the post-carboxylation fractionation that occurred
during their synthesis (see Sect. 2.2). For example, roots and
woody stems are generally enriched in 13 C when compared
to leaves, and the isotopic signature of organic matter in the
litter layer is often close in value to the isotopic composition
of aboveground plant organs (Badeck et al., 2005). Thus, the
different 13 C signals of heterotrophic and autotrophic plant
organs and their turnover times may affect the isotopic composition of the litter layer. Scartazza et al. (2004) found no
significant variation in δ 13 C of the litter layer in a beech forest in the central Apennine Mountains, Italy, when there was
a significant seasonal change in δ 13 C values in leaves and in
phloem sap sugar. In the study by Scartazza et al. (2004),
there was a significant relationship between leaf sugar δ 13 C
and ecosystem-respired 13 CO2 . Thus, the different 13 C signals of heterotrophic and autotrophic plant organs may control 13 CO2 produced from the ecosystem for some extent, but
in terms of litter layer 13 C, other C sources may be determining the δ 13 C of litter layer (e.g. lipids), and C with a short
turn over time (e.g. sugars) may not influence the δ 13 C of
litter layer.
Beyond the initial composition of litter, mechanisms behind the isotopic patterns in leaf litter are considered to be
(1) selective preservation of recalcitrant compounds that are
depleted in 13 C, (2) preferential consumption of 12 C by microbes, (3) incorporation of exogenous organic matter, and
(4) transport of dissolved organic matter within the soil profile (Nadelhoffer and Fry, 1988). Preston et al. (2009) found
that patterns in the isotopic signal of leaf litter located on
the soil surface depend on the degree of decomposition. The
decomposing leaf litter tended to become more 13 C-depleted
with a decrease in the amount of the original litter mass. Only
after about <30 % of the original litter material was remaining, the isotopic composition shifted towards an enriched signal. They attributed this shift to sorption of older soil organic
carbon to the remaining leaf litter. Osono et al. (2008), found
a similar depletion of litter over a three-year period of decomposition. However, they inferred isotopic patterns of leaf
litter were a result of selective C loss as a function of lignin
concentration. Thus, patterns in the isotopic signature of leaf
litter are a function of decomposition and the degree to which
Biogeosciences, 8, 3457–3489, 2011
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N. Brüggemann et al.: Plant-soil-atmosphere C fluxes
it is integrated with mineral soil, an important consideration
when using litter carbon as a tracer source for studies of carbon belowground.
Isotopic studies of the role of leaf litter input into the mineral soil has yielded a better understanding of carbon cycling
and stabilization at the soil surface and carbon transported
to deeper soil horizons. Bird et al. (2008) found more than
half of the needle carbon had been lost from the top 5 cm of
soil after 1.5 years, similar to loss rates reported by Müller
et al. (2009). Furthermore, the 13 C of decomposed leaf litter
remained in the light fraction of pools and was not physically protected within soil aggregates. Similarly, Rubino et
al. (2010) found in a decomposition experiment with 13 Clabeled litter that up to one third of the litter mass was lost
as CO2 , while the rest was transported into the mineral soil.
Within the mineral soil, Kramer et al. (2010) found that microbes used <10 % of leaf litter carbon for respiration or
growth and did not utilize dissolved organic carbon (DOC)
from the organic horizon as a carbon source.
The carbon in the leaf litter can be characterized to have
three fates: initial mineralization by microbes and soil fauna,
stored as readily available substrate in the upper mineral
horizons, and transported to deeper horizons (Froegberg et
al., 2007; Sanderman and Amundson, 2008; Kindler et al.,
2011).
Carbon compounds from aboveground litter are one source
of DOC (Kindler et al., 2011), and roots are a significant,
if not the predominant, contributor as well (Kramer et al.,
2010). Up to 70 % of the DOC originating from leaf litter can
be degraded within four weeks (Müller et al., 2009), which
illustrates how fast this pool turns over and supports the notion that DOC production is the rate-limiting step of soil respiration (Bengtson and Bengtsson, 2007; Cleveland et al.,
2007). Because of the high turnover of DOC (2 to 3 times
per day; Kalbitz et al., 2000; Bengtson and Bengtsson, 2007;
Giesler et al., 2007) it is difficult to measure concentrations
and isotopic composition in the litter layer, though general
patterns have been observed. Sanderman et al. (2008) found
a pattern of DOC 13 C enrichment with depth. Using batch
adsorption experiments, they found that the 13 C enrichment
of DOC with depth was best explained by exchange of organic matter between the liquid and the solid phase, as the
soil solution moves through the soil profile, independent of
net adsorption or net desorption of DOC. This finding substantiates the hypothesis that the mechanism behind DOC
13 C enrichment with depth is a continuous exchange of carbon in the soil solution and older organic matter in the soil.
Regardless whether the carbon originates from aboveground
or belowground litter, DOC is an important driver of rapid
carbon cycling belowground and also a fast moving pool of
old and new carbon that contributes to the isotopic signature
of stabilized soil carbon.
Microbial communities are also regulated by litter input
(Eilers et al., 2010), and communities can change rapidly depending on the available substrate (Cleveland et al., 2007).
www.biogeosciences.net/8/3457/2011/
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Through stable isotope probing (SIP), i.e. detecting and
quantifying isotopic tracers in DNA of the organisms of interest, it is now possible to characterize microbial communities utilizing carbon from 13 C-labeled litter or continuous
13 C-labeling. Using 13 C-enriched litter in a poplar plantation, Rubino et al. (2010) have shown that Gram-positive
bacteria are primarily involved in litter degradation compared
to other microbial groups (Gram-negative bacteria, actinomycetes and fungi). This finding was based on detection
of significant levels of 13 C in all PLFAs, indicating high
amounts of litter C incorporated into the whole soil microbial
biomass. Gram-positive bacteria were the dominant group in
the soil and contained around 75 % litter-derived C assimilated by the soil microbial biomass after one year. However,
after 11 months, similar δ 13 C values across all the microorganisms illustrated either (1) a similar litter C incorporation
by all microbial communities, or (2) that the system had been
at steady state after 11 months such that incorporated litter C
was being recycled within the soil microbial biomass.
Uncertainty still remains in microbial community analysis and potential carbon sources. For example, Kramer et
al. (2010) showed that the source of carbon in the biomarkers present in their incubation studies did not originate from
litter or SOM, leaving only roots as the primary source. Using fatty acid methyl ester isotopic composition, Lerch et
al. (2011) found a switch in the active microbial community from Gram-negative bacteria initially, which consumed
the easily degradable and water-soluble substrates, to Grampositive bacteria and fungi later. Based on their isotopic measurements, Lerch et al. (2011) also suggested that there is a
potential lag between changes in the bacteria actually consuming carbon belowground, and the community structure
as a whole.
Leaf and root litter are important links coupling the shortand long-term carbon cycles belowground, and many open
questions remain in resolving their dynamics. Of particular
interest will be the fate of organic molecules derived from
plant litter as they travel through the many branching points
belowground. How these molecules vary spatially and temporally and whether or not they are available as substrate or
physically occluded in the soil matrix are other challenges to
elucidating plant-soil interactions. Isotopes will remain an
important tool in tracing the carbon continuum, especially
with the advent of new tools that give higher resolution spatially, for example nanoSIMS, and temporally, for example
infrared laser absorption spectroscopy (Sect. 6).

5 Physical interactions in soil-atmosphere CO2
exchange
Section 4 illustrates the complexity of carbon sources belowground; yet, understanding how C is released from a
stabilized state in soil and released as CO2 is a priority to
determine soil as a net source or sink of C to the global
www.biogeosciences.net/8/3457/2011/
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greenhouse budget. Measuring soil respiration is arguably
the best method to quantify the release of active C from these
belowground organic and mineral sources. Thus, the C isotopic signature of soil respiration (δ 13 CR−s ) can be a promising tool to partition C sources of soil respiration, monitor
belowground biological activity, and potentially identify and
quantify the mechanisms of C stabilization and release. One
of the inherent limitations of isotopic partitioning of respiration is the similar isotopic composition of potential sources,
thus, achieving precise estimates of the δ 13 C of soil CO2
efflux (δ 13 CR−s ) requires the reduction of measurement artifacts as well as validation of measurement assumptions.
This is why it is important to recognize the potential physical interactions of δ 13 CR−s with the soil and the potential
outcomes which can manifest in isotopic fractionation, time
lags from production sources, and non-steady-state events.
There are several physical processes that occur along the
pathway of soil CO2 from soil to surface which can lead to
fractionation including physical and chemical effects on gas
transport as well as CO2 production rates and near-surface
atmospheric boundary conditions (Severinghaus et al., 1996;
Bowling et al., 2009; Nickerson and Risk 2009a,b; Kayler
et al., 2010b; Moyes et al., 2010; Gamnitzer et al., 2011).
Gaseous diffusion of CO2 can lead to the most 13 C-enriched
signal when Knudsen diffusion (where diffusive transport is
dominated by the collision of CO2 molecules with pore walls
instead of other gas molecules) dominates, or it can lead
to incorrect estimates of fractionation if transport is not at
steady state (Bowling et al., 2009; Kayler et al., 2010b). Correctly or not (Clifford and Hillel, 1986), gaseous diffusion
is assumed to dominate soil gas transport. However, estimates of the diffusion coefficient (Ds ) are often a parameter
of high uncertainty. In a detailed analysis of soil production
estimates made from profile CO2 measurements, Koehler et
al. (2010) demonstrated that the models used to interpolate
diffusion over soil depth are highly dependent on the functions used to describe the distribution of Ds . Furthermore,
they suggest that water within soil aggregates may result
in CO2 storage that is not accounted for in current models.
Models of diffusion that incorporate the van Genuchten function of soil hydraulic conductivity (van Genuchten, 1980)
have shown initial success in accounting for soil moisture effects on diffusion (Resurreccion et al., 2008). However, these
strategies have yet to be developed for isotopic fractionation
and mixing.
Transport of CO2 to the soil surface induced by pressure pumping during fluctuations in wind speed or background atmospheric conditions can be a considerable component of total surface flux (Lewicki et al., 2003; Takle et
al., 2003, 2004; Poulsen and Møldrup, 2006). Only a few
studies exist that describe δ 13 C behavior of CO2 during advective gas transport. A sustained bulk flow, due to advection, will transport 13 CO2 and 12 CO2 at the same rate leading to a δ 13 C of CO2 at the surface that is similar to the
soil gas (Camarda et al., 2007). However, advection due to
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small pressure perturbations associated with chamber placement on the surface could also result in a higher representation of 13 C-enriched CO2 from the soil pore space in the
mixture that arrives in the surface chamber leading to biased
estimates of δ 13 CR−s (Kayler et al,. 2010b; Phillips et al.,
2010). A difficult challenge is quantifying and modeling soil
surface concentrations (Moyes et al., 2010). The dynamics
at the surface can be attributed to potential evening concentration build-up, or fluctuations in surface wind speed. Indeed, in a well-controlled study, Moyes et al. (2010) found
the physical dynamics at the soil surface to drive the diel fluctuations at their site. Evidence also exists of bias in estimates
of δ 13 CR−s due to advection from wind events in snow in
a subalpine forest (Bowling et al., 2009). However, there
are very few isotopic studies that have observed and quantified the effects of alternative gas transport mechanisms in
soil nor, for that matter, have corrections been developed.
It is clear that gas transport can have a strong impact on
the relative gradient between 13 CO2 and 12 CO2 in the soil
profile, but gradients in soil temperature and water vapor can
also result in changes in the concentration gradient, independent of diffusive or advective transport mechanisms. In the
case of temperature, the lighter isotope tends to move toward
the warmer end of the gradient, while the heavier isotope
moves toward the cooler end (Grew and Ibbs, 1952). Likewise, an enrichment in soil gas isotopic composition occurs
with an increase in water vapor flux from soil (Severinghaus
et al., 1996) and has been calculated to 13 C fractionation of
CO2 of 0.12 ‰. Moreover, in the same study, several estimates of δ 13 CR−s were driven out of steady state by the soil
temperature gradient, which can be corrected for (Severinghaus et al., 1996). These findings are based on discrete measurement of δ 13 CR−s and the dominant factors that impact
isotope fractionation during 13 CO2 efflux may be further resolved when continuous measurements of both δ 13 CR−s and
soil physical factors are analyzed.
Although it has been known that these fractionation mechanisms exist, the problem remains how to recognize them in
the field. This is difficult to overcome when relying solely
on the flux off the soil surface, as with chamber measurements, because the information contained in this flux is the
end-product of many processes occurring belowground, processes that are assumed to be at steady-state during the measurement period (Livingston et al., 2005). To account for
this black box approach, dynamic production-transport models are used, but these do not account for most of the potential fractionation mechanisms described previously, nor
do they include the uncertainty surrounding the parameters
(e.g. diffusion) used to model soil gas isotopic fractionation
and transport. Subsurface gas measurements have shown
promise for achieving robust estimates of δ 13 CR−s , and allowing analysis of fractionation and validation of steadystate assumptions (Andrews et al., 2000; Steinmann et al.,
2004; Kayler et al., 2008, 2010b; Moyes et al., 2010). However, questions still remain concerning this approach. Is, for
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instance, the flux from the litter layer well represented? Or,
is the assumption of a homogenously mixed source gas realistic? Related to this latter point is the use of isotopic mixing
models. Kayler et al. (2010c) have shown that respiration
measurements, such as from soil, tend to be more accurate
and precise when the Miller-Tans model used with the geometric mean regression is applied to the data, because of the
relatively large measurement error that occurs with measuring high CO2 concentration gas. The Keeling mixing models used with chambers have also been shown to have a bias
that results in enriched estimates of δ 13 CR−s with increasing sampling time (Nickerson and Risk, 2009b). Therefore,
until a robust method for measuring δ 13 CR−s is developed
that accounts for these physical processes, future studies will
need to incorporate all three approaches: soil chamber, CO2
profile and transport-production models (e.g. Moyes et al.,
2010).
Physical isotopic fractionation and mixing processes do
not occur independently, and they often interact with changes
in soil biological processes posing a further challenge to
studies of δ 13 CR−s . For example, changes in rates of production also alter the isotopic signal at the soil surface, the
faster diffusing 12 CO2 isotopologue arrives at equilibrium
first, thus, an increase in production results in a depleted signal and a decrease in production results in an enriched signal
(Amundson et al., 1998; Nickerson and Risk, 2009a). The
way forward in δ 13 CR−s research is to account for these effects associated with soil physical properties, so that biological phenomena related to the soil-plant-atmosphere continuum can be characterized accurately.

6

Stable isotope methodologies for characterizing C
fluxes in the plant-soil-atmosphere continuum

Steady-state 13 C isotope labeling techniques have been successfully applied to assessing C fluxes in metabolic networks
on a cell or on tissue level. Carbon fluxes are determined
by measuring the redistribution of label after the system has
reached an isotopic steady state (Allen et al., 2009). Steadystate 13 CO2 labeling in combination with the application of
compartmental models have been used to characterize different metabolic pools with distinct turnover times, feeding
growth (Lattanzi et al., 2005) or respiration (Lehmeier et al.,
2008) of leaves or heterotrophic plant parts.
A more detailed analysis of δ 13 C in particular metabolites – going beyond the separation into different C pools
(e.g. Xu et al., 2004; Gessler et al., 2009a) – is possible with
modern continuous-flow coupling of liquid chromatography
(LC-IRMS; cf. Godin et al., 2007) or gas chromatography
(GC-IRMS; cf. Sessions, 2006) with isotope-ratio mass spectrometry and, when high levels of 13 C label are applied, also
with LC-MS/MS (LC coupled to tandem mass spectrometer) systems. These techniques may be combined with pulse
or steady-state labeling and metabolic flux analysis models
www.biogeosciences.net/8/3457/2011/
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N. Brüggemann et al.: Plant-soil-atmosphere C fluxes
(e.g. Nöh et al., 2007) to provide deeper insights into cellular
to whole-plant partitioning and transport of metabolites. In
addition, compound-specific analyses of the C isotope composition at natural abundance levels over time might give insights into the turnover times and partitioning of C between
metabolites and metabolite groups (e.g. leaf waxes; Gessler
et al., 2007)
The natural variation of stable isotope signatures has
been tracked through different plant organic matter pools
(e.g. starch, water-soluble organic matter) in order to characterize the short-term partitioning of recent assimilates
(e.g. Barbour et al., 2005; Brandes et al., 2006; Gessler et
al., 2007; Kodama et al., 2008; see also 2.1). On an ecosystem scale, the interpretation of isotopic signals at the natural abundance level is challenging, as too many processes
affect the isotopic signatures of the compounds of interest.
Therefore, partitioning and transport of newly assimilated C
within the plant-soil system have been mainly determined
with pulse labeling experiments. In these experiments, plants
are exposed to 13 C-enriched CO2 for a short time period
(minutes to a few hours), and the fate of the assimilated C
tracer is tracked in various plant organs and/or in plant- and
soil-respired CO2 over time (Bahn et al., 2009; Plain et al.,
2009; Ruehr et al., 2009; Ghirardo et al., 2011). In addition,
nanoSIMS, i.e. secondary ion mass spectrometry, which allows determination of stable isotope ratios at the nanometer
scale, could contribute to understanding carbon allocation in
the rhizosphere.
While application of the widespread isotope ratio mass
spectrometry technique for analyzing time series of carbon
isotopic signatures in plant materials and respired CO2 is
costly and labor-intensive, isotope-specific infrared laser absorption spectroscopy, e.g. for the analysis of 13 C and 18 O in
CO2 , which equals or even exceeds the performance of isotope ratio mass spectrometry, provides great opportunities to
measure changes in carbon and oxygen isotopic signatures
in CO2 at the chamber and ecosystem level at high temporal
resolution in situ (Bowling et al., 2003; Bahn et al., 2009;
Plain et al., 2009). The continuous and simultaneous analysis of photosynthetic fractionation in the canopy (e.g. carried
out with leaf or twig chambers) or its proxies and of δ 13 C
of CO2 respired from heterotrophic plant parts and the soil
with laser-based isotope analyzers provides information on
the time lag between above- and belowground processes and
the magnitude of C fluxes between canopy and soil as well
as on their variability during the growing season or as influenced by environmental factors. This will help improve
our understanding of environmental effects on C uptake and
storage capacity of terrestrial ecosystems, which will be particularly important in the future with higher frequency and
magnitude of extreme events (IPCC, 2007).

3477
7

Conclusions and outlook

This review has provided a comprehensive overview of
the complex network of interlinked carbon transformation
and transport processes in the plant-soil-atmosphere continuum and their implications for carbon isotopic signatures
of the different compounds at different stages and locations
(Fig. 4). It has given evidence of the tight coupling of processes in the plant-soil system, which calls for more integrated multidisciplinary approaches towards understanding
plant and ecosystem C dynamics, combining the fields of
(eco)physiology, microbiology and soil sciences. Furthermore, this review has demonstrated that research using information from C isotopes is a powerful tool permitting both
tracing of C molecules and an integrated view of physical, chemical and biological processes in ecosystems across
space and time. However, the review has also shown the current limitations and frontiers in the field, indicating that multiple interactions between biochemical processes at the cellular level, whole-plant physiology including plant-internal C
translocation, biotic interactions as well as physiological and
physical fractionation steps may complicate the interpretation of isotopic signatures at the plant and ecosystem scale.
Amongst the emerging research questions that may need
to be addressed in the near future we highlight the following:
– How do environmental factors and plant physiology affect post-carboxylation C isotope fractionation? How
do changes in these fractionation processes translate
into metabolic flux information?
– How do changes in metabolic fluxes scale to ecosystem
C fluxes?
– What is the relationship between the age of plant C
stores and their remobilization potential, and how is it
affected by plant age, phenology, and environmental
conditions?
– What processes determine the coupling of photosynthesis and respiration, especially between canopy and soil?
What is the role of the transfer of C via sugars in the
phloem versus indirect signaling effects (including pressure concentration waves)? Are such effects universal
or do they differ between plant species/ functional types
and seasons?
– What is the role of physical (diffusion, dissolution) and
physiological (re-fixation) processes as co-determinants
of δ 13 C measured in plant- and soil-respired CO2 and
how do these processes affect isotopic time lags between photosynthesis and respiration?
– How does environmental stress affect C fluxes in the
plant-soil system?
– How pronounced is the upward CO2 transport from
roots to aboveground plant organs across plant species/
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N. Brüggemann et al.: Plant-soil-atmosphere C fluxes
functional types and seasons, and how does it affect
plant and ecosystem C dynamics and C isotope signatures?

– How strongly do plant-microbe interactions and related
priming effects influence SOM turnover, C retention in
microbial biomass and SOC isotope composition? How
much are they determined by vegetation composition
and how are they modified by changing environmental
conditions?
Addressing these questions with the emerging technologies
will likely permit major progress towards our understanding
of environmental effects on C uptake, allocation, storage and
release in the plant-soil system and thereby contribute to improving our projections of the C cycle in a rapidly changing
environment.
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N. Brüggemann et al.: Plant-soil-atmosphere C fluxes
carbon in a forest soil, New Phytol., 154, 791–795, 2002.
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www.biogeosciences.net/8/3457/2011/

3483
mixing between old and new C pools in the canopy of mature
forest trees, Plant Cell Environ., 30, 963–972, 2007.
Keitel, C., Matzarakis, A., Rennenberg, H., and Gessler, A.: Carbon
isotopic composition and oxygen isotopic enrichment in phloem
and total leaf organic matter of european beech (Fagus sylvatica
L.) along a climate gradient, Plant Cell Environ., 29, 1492–1507,
2006.
Keppler, F., Kalin, R. M., Harper, D. B., McRoberts, W. C., and
Hamilton, J. T. G.: Carbon isotope anomaly in the major plant
C1 pool and its global biogeochemical implications, Biogeosciences, 1, 123–131, doi:10.5194/bg-1-123-2004, 2004.
Kindler, R., Siemens, J., Kaiser, K., Walmsley, D. C., Bernhofer, C.,
Buchmann, N., Cellier, P., Eugster, W., Gleixner, G., Grunwald,
T., Heim, A., Ibrom, A., Jones, S. K., Jones, M., Klumpp, K.,
Kutsch, W., Larsen, K. S., Lehuger, S., Loubet, B., McKenzie,
R., Moors, E., Osborne, B., Pilegaard, K., Rebmann, C., Saunders, M., Schmidt, M. W. I., Schrumpf, M., Seyfferth, J., Skiba,
U., Soussana, J. F., Sutton, M. A., Tefs, C., Vowinckel, B., Zeeman, M. J., and Kaupenjohann, M.: Dissolved carbon leaching
from soil is a crucial component of the net ecosystem carbon balance, Glob. Change Biol., 17, 1167–1185, 2011.
Kleber, M., Mikutta, R., Torn, M. S., and Jahn, R.: Poorly crystalline mineral phases protect organic matter in acid subsoil horizons, Eur. J. Soil Sci., 56, 717–725, 2005.
Kleber, M., Sollins, P., and Sutton, R.: A conceptual model of
organo-mineral interactions in soils: self-assembly of organic
molecular fragments into zonal structures on mineral surfaces,
Biogeochemistry, 85, 9–24, 2007.
Kleber, M., Nico, P. S., Plante, A., Filley, T., Kramer, M., Swanston,
C., and Sollins, P.: Old and stable soil organic matter is not necessarily chemically recalcitrant: implications for modeling concepts and temperature sensitivity, Glob. Change Biol., 17, 1097–
1107, 2011.
Knohl, A., Werner, R. A., Brand, W. A., and Buchmann, N.: Shortterm variations in δ 13 C of ecosystem respiration reveals link between assimilation and respiration in a deciduous forest, Oecologia, 142, 70–82, 2005.
Kodama, N., Barnard, R., Salmon, Y., Weston, C., Ferrio, J. P.,
Holst, J., Werner, R., Sauer, M., Eugster, W., Buchmann, N., and
Gessler, A.: Temporal dynamics of the carbon isotope composition in a Pinus sylvestris stand – from newly assimilated organic
carbon to respired CO2 , Oecologia, 156, 737–750, 2008.
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Lüttge, U.: Ecophysiology of Crassulacean Acid Metabolism
(CAM), Ann. Bot., 93, 629–652, 2004.
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Miltner, A., Richnow, H.-H., Kopinke, F.-D., and Kästner, M.: Incorporation of carbon originating from CO2 into different compounds of soil microbial biomass and soil organic matter, Isot.
Environ. Healt. S., 41, 135–140, 2005.
Minchin, P. E. H. and Thorpe, M. R.: Measurement of unloading
and reloading of photo-assimilate within the stem of bean, J. Exp.
Bot., 38, 211–220, 1987.
Mook, W. G., Bommerson, J. C., and Staverman, W. H.: Carbon isotope fractionations between dissolved bicarbonate and
gaseous carbon dioxide, Earth Planet. Sci. Lett. 22, 169–76,
1974.
Moore, D. J. P., Gonzalez-Meler, M. A., Taneva, L., Pippen, J. S.,
Kim, H. S., and DeLucia, E. H.: The effect of carbon dioxide enrichment on apparent stem respiration from Pinus taeda L. is confounded by high levels of soil carbon dioxide, Oecologia, 158,
1–10, 2008.
Mor, Y. and Halevy, A. H.: Translocation of 14 C-assimilates in
roses 1. Effect of the age of the shoot and the location of the
source leaf, Physiol. Plant., 45, 177–182, 1979.
Mordacq, L., Mousseau, M., and Deleens, E.: A 13 C method of estimation of carbon allocation to roots in a young chestnut coppice,
Plant Cell Environ., 9, 735–739, 1986.
Mortazavi, B., Chanton, J. P., Prater, J. L., Oishi, A. C., Oren, R.,
and Katul, G.: Temporal variability in 13 C of respired CO2 in a
pine and a hardwood forest subject to similar climatic conditions,
Oecologia, 142, 57–69, 2005.
Moyano, F. E., Kutsch, W. L., and Schulze, E. D.: Response of
mycorrhizal, rhizosphere and soil basal respiration to temperature and photosynthesis in a barley field, Soil Biol. Biochem.,
39, 843–853, 2007.
Moyano, F. E., Kutsch, W. L., and Rebmann, C.: Soil respiration
fluxes in relation to photosynthetic activity in broad-leaf and
needle-leaf forest stands, Agr. Forest Meteorol., 148, 135–143,
2008.
Moyes, A. B., Gaines, S. J., Siegwolf, R. T. W., and Bowling, D.
R.: Diffusive fractionation complicates isotopic partitioning of

www.biogeosciences.net/8/3457/2011/

3485
autotrophic and heterotrophic sources of soil respiration, Plant
Cell Environ., 33, 1804–1819, 2010.
Müller, M., Alewell, C., and Hagedorn, F.: Effective retention of
litter-derived dissolved organic carbon in organic layers, Soil
Biol. Biochem., 41, 1066–1074, 2009.
Münch, E.: Die Stoffbewegung in der Pflanze, Fischer, Jena, Germany, 1930.
Nadelhoffer, K. F. and Fry, B.: Controls on natural N-15 and C-13
abundances in forest soil organic-matter, Soil Sci. Soc. Am. J.,
52, 1633–1640, 1988.
Nickerson, N. and Risk, D.: Physical controls on the isotopic composition of soil-respired CO2 , J. Geophys. Res., 114, G01013,
doi:10.1029/2008JG000766, 2009a.
Nickerson, N. and Risk, D.: Keeling plots are non-linear in nonsteady state diffusive environments, Geophys. Res. Lett., 36,
L08401, doi:10.1029/2008GL036945, 2009b.
Nogués, S., Tcherkez, G., Cornic, G., and Ghashghaie, J.: Respiratory carbon metabolism following illumination in intact French
bean leaves using C-13/C-12 isotope labeling, Plant Physiol.,
136, 3245–3254, 2004.
Nogués, S., Damesin, C., Tcherkez, G., Maunoury, F., Cornic, G.,
and Ghashghaie, J.: C-13/C-12 isotope labelling to study leaf
carbon respiration and allocation in twigs of field-grown beech
trees, Rapid Commun. Mass Spectrom., 20, 219–226, 2006.
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