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Summary

Aims. The subject of the present study was the kinetic characterisation of the respi-
ratory substrate supply in a grassland ecosystem. For this purpose, a methodology was
developed for generation and analysis of tracer kinetics in ecosystem respiration in the
field. Specifically, the relative contributions and the turnover of the main carbon sources
were studied. Discrepancies between belowground respiratory CO2 production and soil
CO2 efflux were of particular interest, as they are relevant for the measurement accuracy.

Material & Methods. The apparatus for continuous labelling at ambient CO2 concentra-
tion included four open-top chambers, flushed with a mix of CO2-free air and 13C-depleted
CO2, a CO2 analyser and an online isotope-ratio mass spectrometer. Nighttime measure-
ments of the tracer content in ecosystem respiration were accomplished with the chambers
operated in both open (steady-state flow-through) and closed (non-steady-state CO2 ac-
cumulation) mode. Mechanisms underlying discrepancies between the two chamber modes
were investigated with a soil CO2 transport model, which accounted for diffusion of 12CO2

and 13CO2 in the soil, dissolution of CO2 in soil water and mass displacement of soil air.
From the observed tracer time course in ecosystem respiration, the kinetic characteristics
of substrate pools were determined with compartmental analysis.

Results & Discussion. In the open-top chambers, the isotopic composition of CO2 was
stable (δ13C =−46.9 ± 0.4‰) during photosynthetic tracer uptake, and CO2 concentration
and climatic conditions represented natural conditions. The accuracy of the open-mode
respiration measurements was supported by an independent, laboratory-based reference
system. Compared to that, closed-mode measurements suggested a ∼1.5-fold tracer con-
tent in ecosystem respiration. 82% of this bias were explained by changed CO2 composition
in the closed chamber headspace, dissolution of labelling CO2 in soil water and displace-
ment of soil air. This indicated that penetration of tracer into soil pores during tracer
application and release into chamber air during the subsequent closed-mode measurement
significantly biased the observations. The ‘true’ (open-mode derived) tracer kinetics fit-
ted a two-source model: 48% of the observed ecosystem respiration were supplied by a
rapidly labelled source with a mean residence time of C of 3.7 d. This source was closely
connected with autotrophic respiration. The other source contributed 52% of respiration
and released no tracer during 14 days of labelling. It was associated with heterotrophic
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decomposition of structural plant biomass.

Conclusions. The kinetic characteristics of autotrophic respiration observed in the field
are consistent with current understanding of plant and stand-scale respiration gained in
controlled environment experiments. This suggests, that the methodology established in
the present work is a valuable tool to study ecosystem functioning.
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Zusammenfassung

Zielsetzung. Die vorliegende Arbeit befasst sich mit der kinetischen Charakterisierung
der respiratorischen Substratversorgung in einem Graslandökosystem. Es wurde eine Me-
thodik zur Erzeugung und Analyse von Markierungskinetiken in Ökosystemrespiration im
Feld entwickelt. Insbesondere wurden die relativen Beiträge und der Turnover der Haupt-
quellen des Kohlenstoffs untersucht. Dabei waren Unterschiede zwischen unterirdischer,
respiratorischer CO2-Produktion und dem Fluss von CO2 aus dem Boden von speziellem
Interesse, da diese für die Exaktheit von Messungen entscheidend sind.

Material & Methoden. Die Apparatur für kontinuierliche Markierung bei natürlicher
CO2-Konzentration bestand aus vier ”Open-Top“-Kammern, die mit einer Mischung aus
CO2-freier Luft und CO2 gespült wurden, einem CO2-Analysator und einem Online-
Isotopenverhältnis-Massenspektrometer. Nächtliche Messungen des Markierungsgehalts in
der Ökosystemrespiration wurden mit den Kammern durchgeführt, wobei diese sowohl
im offenen (steady-state Durchfluss) als auch im geschlossenen (non-steady-state CO2-
Akkumulation) Modus betrieben wurden. Die Mechanismen hinter Unterschieden zwischen
den beiden Kammermodi wurden mit einem Boden-CO2-Transportmodell untersucht, wel-
ches die Diffusion von 12CO2 und 13CO2 im Boden, die Lösung von CO2 im Bodenwas-
ser und die Verschiebung von Bodenluftmassen berücksichtigte. Aus der beobachteten
Markierungszeitreihe der Ökosystemrespiration wurden die kinetischen Eigenschaften der
Substratpools mit kompartimenteller Analyse bestimmt.

Ergebnisse & Diskussion. In den Open-Top-Kammern war die isotopische Zusammen-
setzung des CO2 (δ13C =−46.9 ± 0.4‰) während der photosynthetischen Traceraufnah-
me stabil, und die CO2-Konzentration und die klimatischen Bedingungen entsprachen
natürlichen Bedingungen. Die Exaktheit der Respirationsmessungen im offenen Kammer-
modus wurde durch ein unabhängiges, laborbasiertes Referenzsystem belegt. Im Vergleich
dazu zeigten die Messungen im geschlossenen Kammermodus den ∼1.5-fachen Markie-
rungsgehalt. 82% dieses systematischen Fehlers konnten durch Änderungen in der CO2-
Zusammensetzung der Luft in der geschlossenen Kammer, die Lösung von Markierungs-
CO2 im Bodenwasser und die Verschiebung von Bodenluftmassen erklärt werden. Dies
deutete darauf hin, dass die Markierung, die während ihrer Applikation in die Boden-
poren eindrang und während der nachfolgenden Messung wieder freigesetzt wurde, die
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Messung im geschlossenen Modus signifikant beeinflusste. Die ”wahre“ Markierungskine-
tik (bestimmt im offenen Kammermodus) entsprach einem Zwei-Pool-Modell: 48% der
gemessenen Ökosystemrespiration stammten aus einer rasch markierten Quelle mit einer
mittleren Verweildauer für Kohlenstoff von 3.7 d. Diese Quelle war eng mit autotropher Re-
spiration verbunden. Die andere Quelle trug 52% zur Respiration bei und setzte während
der zweiwöchigen Markierungsdauer keinen Tracer frei. Sie war mit heterotropher Zerset-
zung von struktureller Pflanzenbiomasse verknüpft.

Schlussfolgerungen. Die im Feld beobachteten kinetischen Eigenschaften der autotro-
phen Respiration stehen im Einklang mit dem gegenwärtigen Verständnis von Pflanzen-
und Bestandesrespiration, das in Experimenten unter kontrollierten Bedingungen gewon-
nen wurde. Dies deutet darauf hin, dass die Methodik, die in der vorliegenden Arbeit
eingeführt wurde, ein nützliches Werkzeug zur Untersuchung der Funktionsweise von
Ökosystemen ist.
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1 General introduction

The present work deals with the kinetic characterisation of respiratory carbon (C) pools in
a temperate grassland ecosystem. Respiration is indispensable to the life of most organisms
(because it makes energy available to sustain an organism’s vital functions), and requires
C in form of organic compounds. These organic compounds were previously synthesised
from photosynthetically fixed C. Under consumption of oxygen (O2) and gain of energy in
form of adenosine triphosphate (ATP), they are transformed into carbon dioxide (CO2),
which is released back to the atmosphere. In an ecosystem, the ways C can take between
its photosynthetic fixation and respiratory release are manifold and differ in the time lag
between fixation and release, the residence time. For example, recently assimilated C can
be utilised in plant respiration, resulting in a short residence time (hours to days). C
built into structural plant biomass can remain in the ecosystem for months to centuries
before the organic matter is decomposed by heterotrophs. Hence, the residence time of
C is determined by its allocation within the plant-soil continuum and by the kinetics of
the associated C pools. Investigation of the residence time can reveal information on
mechanisms behind ecosystem C cycling and ecosystem functioning.

Grassland ecosystems play an important role in the global C cycle, as their soil and
vegetation contains about one third of the total C stored in terrestrial ecosystems (White
et al., 2000). Grasslands cover approx. 40% of the world’s land area (excluding Antarctica
and Greenland) — much more than other agroecosystems or forests (White et al., 2000).
However, C allocation may differ between plant functional groups and biomes. Thus
understanding C cycling in grasslands contributes to the understanding of global C cycling.

Methodological aspects of characterising ecosystem C turnover

A useful experimental technique to study the fate of C on its way through an ecosys-
tem is to label the photosynthetic flux and thus the incorporated C. When this labelled
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1 General introduction

C is allocated to a pool supplying respiration, it will occur in respired CO2 and can be
detected there. The time course of tracer in respired CO2 (the tracer kinetics) carries
information about the kinetic characteristics of the involved pools. Changing the isotopic
composition of assimilated C is well suited for labelling, because it does not disturb the
metabolic pathways within the ecosystem. An isotopic tracer widely used in ecological
research is 13C (Griffiths, 1991; Dawson et al., 2002), the only stable C isotope besides
the most abundant 12C. With continuous-flow isotope-ratio mass spectrometers, a conve-
nient measurement technique is available for observing the tracer, even online in the field
(Schnyder et al., 2004). Continuous application of the tracer causes all involved substrate
pools to change their tracer content (therefore also termed ‘dynamic labelling’ (Ratcliffe
& Shachar-Hill, 2006)) until finally a new isotopic equilibrium is reached (‘steady-state
labelling’ (Geiger, 1980)). This enables detection of sources with different turnover rates
(de Visser et al., 1997; Thornton et al., 2004) compared to pulse labelling, where rapidly
turned over pools receive more tracer than slower ones (Geiger, 1980; Meharg, 1994). Fur-
thermore, near-natural abundance 13CO2/12CO2 is well suited for continuous labelling,
while pulse labelling studies usually require highly 13C-enriched tracer due to dilution of
the tracer signal on its way through the ecosystem.

Continuous labelling at ambient CO2 concentration in the field can be achieved by en-
closing the ecosystem in an open chamber which is flushed with air containing the tracer.
The tracer can be obtained by mixing CO2-free air with CO2 of the desired isotopic
composition (Deléens et al., 1983), which was proved successfully in laboratory labelling
studies (Schnyder, 1992; Schnyder et al., 2003). Precise labelling requires exposure of
the ecosystem to constant and homogeneous atmospheric CO2 concentration and isotopic
composition during the whole period of tracer uptake. Thus, the inevitable feedback of
the enclosed ecosystem on chamber headspace CO2 due to assimilation, respiration and
associated isotopic discrimination (Farquhar & Lloyd, 1993) needs to be minimised. Fur-
thermore, climatic conditions such as temperature, humidity and light inside the chamber
should represent natural conditions.

Observing the tracer kinetics in nighttime ecosystem respiration requires non-destructive,
precise and accurate measurement of the isotopic composition of respired CO2. Among
chamber techniques applied in the field to determine the isotopic composition of soil and
ecosystem respired CO2, open (steady-state flow-through; classification according to Liv-
ingston & Hutchinson, 1995) chambers (e.g. Subke et al., 2009) are the most convenient.
They are operated in the same way as during daytime tracer application and thus ensure
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1 General introduction

minimal disturbance. Closed (non-steady-state non-flow-through) chambers (Søe et al.,
2004; Ohlsson et al., 2005) in combination with Keeling plots (Keeling, 1958) are the least
complex system to be considered. Closed chambers at steady-state (Mora & Raich, 2007)
are inappropriate for the present study: achievement of steady-state most likely takes sev-
eral days (Kayler et al., 2008), which impedes the observation of tracer kinetics in the first
few days following the onset of labelling. However, suitability in terms of accuracy needs to
be verified, because chamber measurements are potentially biased by pressure differences
between chamber headspace and surrounding air (Fang & Moncrieff, 1998; Lund et al.,
1999), ambient air incursion into the chamber headspace (Baldocchi et al., 1989) and dis-
turbance of the soil CO2 gradient beneath the chamber (Ohlsson et al., 2005; Nickerson
& Risk, 2009c). Subke et al. (2009) recently reported non-biological tracer return from
the soil pore spaces in a pulse-chase experiment, where the tracer was highly enriched
in 13C. To what extent this can confound tracer observations in a continuously labelled
environment, where the tracer shows near-natural abundance 13CO2/12CO2 ratio, has not
yet been investigated.

Substrate supply to ecosystem respiration

C pools supplying respiration have been studied on different scales under controlled con-
ditions, particularly in leaves (Nogués et al., 2004), root and shoot (Lehmeier et al., 2008),
whole plants (Ryle et al., 1976; Lehmeier et al., 2010) and mesocosms (Schnyder et al.,
2003). However, complementary investigations in the field are inevitable to verify the
mechanisms, which were detected in artificial environments, in natural conditions and per-
mit extrapolation to the ecosystem level. Previous field studies surveyed C cycling mainly
at elevated CO2 concentration by using free air carbon-dioxide enrichment (FACE) tech-
nology, e.g. respiratory substrate supply to belowground respiration in forest (Pregitzer
et al., 2006; Taneva et al., 2006), grassland (Torn et al., 2003) and cropland ecosystems
(Søe et al., 2004). At ambient CO2 concentration, pulse-chase tracer techniques were ap-
plied to investigate the residence time of C in forests (Carbone et al., 2007; Högberg et al.,
2008) and grasslands (Ostle et al., 2000; Johnson et al., 2002; Carbone & Trumbore, 2007;
Bahn et al., 2009; Subke et al., 2009). Continuous labelling facilitates the assessment of
substrate pools with different turnover times and hence is expected to further increase
our understanding of substrate supply to ecosystem respiration. However, it has not yet
been applied at ambient CO2 concentration in the field. This is partly due to a lack of
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1 General introduction

a suitable methodology. The present study aims to close this gap by introducing a new
labelling technology for field use.

Studies of Lolium perenne under controlled conditions revealed mean residence times of
C in the respiratory substrate supply system between 3.6 and 9.2 d for individual plants
(Lehmeier et al., 2008, 2010) and on the stand-scale (Schnyder et al., 2003). Furthermore,
Thornton et al. (2004) determined that half of exudate C from the same species was turned
over within 4.5 d. The estimate of 4.8–8.2 d for the mean age of C respired by a California
mountain grassland ecosystem, derived from pulse labelling, (Carbone & Trumbore, 2007)
is consistent with these findings. Hence, a 2 weeks period of continuous labelling should
allow (1) separation of the two major substrate pools supplying ecosystem respiration in
a grassland — namely recently assimilated C from plant and rhizosphere respiration, and
‘old’ C from litter decomposition — and (2) assessment of the turnover of the former.

Overview and aims

All field measurements reported in the present study were carried out in a temperate humid
grassland ecosystem. The study site was located at Grünschwaige Grassland Research
Station, on a permanent pasture. The vegetation was dominated by the C3 grasses Lolium
perenne and Poa pratensis.

First of all, this study aimed to provide a 13CO2/12CO2 tracer technique for continuous
labelling at ambient CO2 concentration and online measurements of ecosystem CO2 fluxes
in the field. A novel open-top chamber system was established to allow for constant and
homogeneous tracer application at near-ambient climatic conditions. The open-chamber
system — operated at steady-state — was tested upon its suitability to accurately measure
the tracer content in nighttime ecosystem respiration. The time course of tracer was
analysed during two weeks of continuous labelling. This observed tracer kinetics was
interpreted with a simple compartmental model, with particular respect to partitioning of
ecosystem respiration and the residence time of assimilated C in the system (Chapter 2).

Secondly, non-steady-states of the soil CO2 pool were explored. This is of particular inter-
est, because approaches aiming to measure the isotopic signal of belowground respiration
commonly access CO2 emerging from the soil surface, after it has passed through the
soil pores. A quantitative analysis was performed to clarify the mechanisms behind this
process by using a soil CO2 transport model. This accounted for diffusion of 12CO2 and
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1 General introduction

13CO2, dissolution of CO2 in soil water and mass flow of soil air. Implications of these
mechanisms for commonly applied isotopic approaches were considered (Chapter 3).

Finally, advantages, limitations and potential applications of the new tracer technique
are discussed, with particular respect to the investigation of seasonal and interannual
variations in C cycling (Chapter 4).
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2 Observing 13C labelling kinetics
in CO2 respired by a temperate
grassland ecosystem∗

Summary

The kinetic characteristics of the main sources of ecosystem respiration are quite unknown,
partly due to methodological constraints. We present a new open-top chamber (OTC)
apparatus for continuous 13C/12C labelling and measurement of ecosystem CO2 fluxes,
and report the tracer kinetics of nighttime respiration of a temperate grassland.

The apparatus includes four dynamic flow-through OTCs, a unit mixing CO2-free air with
13C-depleted CO2, and a CO2 analyser and an online isotope ratio mass spectrometer.

The concentration (367 ± 6.5 µmol mol−1) and carbon isotopic composition, δ13C, (−46.9
± 0.4‰) of CO2 in the OTCs was stable during photosynthesis due to high air throughflux
and minimal incursion through the buffered vent. Soil CO2 efflux was not affected by
pressure effects during respiration measurements. The labelling kinetics of respiratory
CO2 measured in the field agreed with that of excised soil+vegetation blocks measured
in a laboratory-based system. The kinetics fitted a two-source system (r2 = 0.97), with a
rapidly labelled source (T1/2 = 2.6 d) supplying 48% of respiration, and the other source
(52%) releasing no tracer during 14 days of labelling.

Of the two sources supplying ecosystem respiration, one was closely connected with current
photosynthesis (≈ autotrophic respiration) and the other was provided by decomposition
of structural plant biomass (≈ heterotrophic respiration).

∗ Gamnitzer U, Schäufele R, Schnyder H (2009) New Phytologist 184: 376–386
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2 Observing labelling kinetics in ecosystem respiration

Introduction

This work is concerned with the kinetics of substrate supply to ecosystem respiration in a
temperate grassland system. In grasslands, as in other ecosystems, most of the carbon (C)
fixed in photosynthesis is eventually returned to the atmosphere by way of autotrophic
or heterotrophic respiration. However, there is an enormous variation in the time lag
between C fixation and release. For example, if current photosynthate is used in root
respiration, then the residence time of C in the system is short (hours to days); but if C is
incorporated in structural compounds then the residence time is long (months to centuries)
(Högberg & Read, 2006). So, the residence time of C in the biosphere is a function of
allocation. Knowledge of (respiratory substrate) C allocation and associated pool kinetics
is important for understanding C cycling and ecosystem C storage (Trumbore, 2006).

Manipulation and monitoring of the isotopic composition of assimilated C is a way to
trace C on its way through an ecosystem with no (or minimal) disturbance of photosyn-
thesis, allocation and respiration. Turnover of respiratory C pools has mainly been stud-
ied in controlled environments at different levels of biological integration: leaves (Nogués
et al., 2004), root and shoot (Lehmeier et al., 2008), whole plants (Ryle et al., 1976), and
mesocosms (Schnyder et al., 2003). However, field labelling studies are essential to allow
mechanisms detected in artificial environments to be assessed in natural conditions and
at the ecosystem level. Field studies have investigated the residence time of C or respira-
tory labelling kinetics (the time course of tracer in respired CO2) with pulse-chase tracer
techniques in forest (Carbone et al., 2007; Högberg et al., 2008) and grassland ecosystems
(Ostle et al., 2000; Johnson et al., 2002; Carbone & Trumbore, 2007; Bahn et al., 2009).
Pulse labelling causes strong labelling of rapidly turned over pools, but weak labelling of
slowly turned over pools (Geiger, 1980; Meharg, 1994), impeding the assessment of the
slow pools’ contribution to respiration. Continuous labelling (also termed ‘dynamic la-
belling’ (Ratcliffe & Shachar-Hill, 2006), or — more classically — ‘steady-state labelling’
(Geiger, 1980) in plant biology literature) avoids this complication: the amount of tracer
in respired CO2 increases until — eventually — all substrate pools of respiration have
reached isotopic equilibrium. The kinetics of this increase reflects the functional prop-
erties of the pool system supplying respiration (number and arrangement of pools, and
the size, turnover rate and contribution of individual pools to the total respiratory flux),
which can be uncovered by compartmental analysis (Atkins, 1969; Jacquez, 1996).
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2 Observing labelling kinetics in ecosystem respiration

To our knowledge, no technique for continuous labelling at ambient CO2 in the field
has yet been described. For this plants must be exposed to an atmosphere with a C
isotopic composition of CO2 that is different from natural conditions but constant and
homogeneous during daylight hours. For labelling at ambient CO2, manipulation of the
isotopic composition can be achieved by enclosing the ecosystem in an open chamber (more
exactly termed steady-state flow-through system, see Livingston & Hutchinson, 1995),
flushed with air containing CO2 of the desired C isotopic composition. The technique
should ensure that the concentration and isotopic composition of CO2 in the chamber
headspace is not significantly altered by photosynthesis and respiration and associated
isotopic discrimination. Ideally, climatic conditions inside the chamber should not differ
from the natural conditions.

The most obvious method for non-destructive, in situ detection of tracer in respired CO2∗

is the analysis of gas exchange in an open chamber system, in combination with online
C isotope analysis. In such a system, dark respiration rate is quantified as the difference
between chamber inlet and outlet CO2 fluxes. Analogously, the isotopic composition of
respired CO2 is assessed from isotopic mass balance of inlet and outlet CO2 fluxes. Such
measurements are susceptible to artefacts such as ambient air incursions and pressure
effects. To minimise incursion, Baldocchi et al. (1989) recommended decreasing the size
of the chamber opening below the length scale of turbulence elements and increasing the
velocity of air exiting through the top (vexit) to oppose the entraining ambient air. How-
ever, increasing vexit can cause pressure effects which reduce soil CO2 efflux considerably:
overpressure of less than 1 Pa can suppress soil CO2 efflux by more than 50% (Fang &
Moncrieff, 1998; Lund et al., 1999; see also Kanemasu et al., 1974). Thus, chamber design
and operating conditions must minimise the conflict between air incursion and pressure
artefacts.

In this paper we present a new system, based on open-top chambers (OTC), for the
continuous application of a 13CO2/12CO2 tracer on grassland ecosystems and the quasi-
continuous online-measurement of the tracer in ecosystem respiration in the field. To
assess its performance, we investigated (1) the constancy and homogeneity of the con-
centration and isotopic composition of CO2 inside the chambers, (2) effects of chamber
design and operating conditions on air incursion and on the accuracy of measurement of

∗ Here a conceptual distinction between belowground respiratory CO2 production and soil CO2 efflux is
not made, as they are considered to be equal. For a detailled discussion of the difference see Chapter 3
for further discussion.
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2 Observing labelling kinetics in ecosystem respiration

respiratory CO2, including pressure effects, and (3) environmental conditions inside the
OTCs. Then, (4) we measured the tracer kinetics of respiration in a temperate grassland
ecosystem during a 16 days-long labelling interval and (5) compared these field respiration
measurements with laboratory-based (reference) measurements of excised soil+vegetation
blocks. Finally, (6) we analyse and interpret the tracer kinetics with a simple compart-
mental model.

Materials and Methods

Open-top chamber system for labelling and respiration measurement

The chamber system, schematically shown in Fig. 2.1, consisted of three main parts: (1)
four OTCs, (2) a unit supplying air of desired CO2 concentration and isotopic composition,
and (3) the gas exchange measurement unit, including sample selection, infrared gas anal-
yser for CO2 and water vapour concentration analysis, and a continuous-flow isotope-ratio
mass spectrometer for analysis of 13CO2.

The chambers consisted of clear acrylic glass (Plexiglas XT 20070, 4 mm thick, Röhm
Degussa, Darmstadt, Germany; for transparency to photosynthetic active radiation see
‘Characterisation of chamber properties’). The chamber body had cylindrical shape, based
on an octagon of 100 cm diameter, resulting in a chamber base area, Achamber, of 0.83 m2.
Chamber body height was 80 cm, and the volume 660 l. A removable horizontal plate with
a hole in the middle was placed on top of the cylindrical body. In addition, a removable
open frustrum with 30° angle was placed on the cylinder. In the final configuration the
diameter of the opening in both top parts could be adjusted between 6.5 and 32 cm,
corresponding to 0.4–10% of the chamber base area.

To separate the enclosed part of the ecosystem from the surrounding environment, the
chamber was placed on a 15 cm high stainless steal collar, which was forced about 12 cm
into the soil. A water-filled channel on top of the collar provided sealing between the
collar and the chamber body. Some of the chamber tests were performed with the chamber
bottom sealed with a plastic or stainless steal plate to exclude soil and vegetation signals.

To supply the chambers with air of desired CO2 concentration and isotopic composition,
the principle introduced by Deléens et al. (1983) was followed: CO2-free dry air was gener-
ated at a rate of about 3200 standard liter per minute (SLPM) using a screw compressor
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2 Observing labelling kinetics in ecosystem respiration
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Figure 2.1: Schematic diagram of the chamber system consisting of open-top chamber (CB, chamber body;
RP, removable plate; FT, frustrum top; BV, buffer volume; SC, soil collar), air supply unit (COMP, screw
compressor; AD, adsorption dryer; MFC1, mass flow controller for air flow; MFC2, mass flow controller for
CO2 flow; ADT, air distribution tube) and gas exchange observation unit (STin/STout, sampling tubes for
chamber inlet/outlet; CF, coarse filter; SV1 and SV2, 3 way solenoid valves for sample selection; P1, sample
pump; P2, bypass pump; IRGA, infrared gas analyser; P3, mass spectrometer sample air pump; MS, gas
chromatographic column and isotope ratio mass spectrometer). Thick lines indicate flow to/through the
chamber, thin lines indicate sample air flow. For clarity only one (out of four) open-top chamber with its
air mixing system and sample selection valves is shown. All chambers had their own gas mixing unit, and
gas supply and sampling air lines.

(A50-H8, Babatz, Bad Wimpfen, Germany) which fed an adsorption dryer (KEN 3100,
Zander, Essen, Germany). The CO2-free dry air was conveyed to a mixing unit, housed
90 m away in an air-conditioned van, via a polyethylene (PE) tube which was burried in the
soil at 70 cm depth. Each chamber was equipped with a separate mixing unit, consisting
of one mass flow controller (Bronkhorst Hi Tec, Ruurlo, The Netherlands; 0–1000 SLPM),
which controlled the flow of CO2-free air, and another mass flow controller (Millipore, Bil-
lerica, MA, USA; 0–1 SLPM), which controlled the amount of CO2 added to the air stream
from a high pressure cylinder. Maximum air flow per chamber was 800 SLPM when all
four chambers were operated. The chambers were connected with their mixing units via
flexible tubes (PVC fabric tube, length ≤ 20 m, inner diameter 32 mm). Air distribution
in the OTC was achieved with a circular tube (circle diameter 93 cm, tube inner diameter
32 mm) mounted at about 30 cm height inside the chamber. The tube contained 46 holes
(8 mm diameter) which directed the air downwards, inwards and diagonally downward-
inwards. To avoid excessive warming of the air inside the OTCs due to the greenhouse
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2 Observing labelling kinetics in ecosystem respiration

effect, the air supplied to the OTCs was cooled by burrying the tube upstream of the
mixing unit in the soil, expanding the air from 0.7 MPa to ambient air pressure in the
mixing unit, and thermally isolating the downstream air supply tubes. Transpiration by
the canopy and evaporation by the soil inside the OTC contributed further cooling.

For analysis of CO2 the chamber inlet was sampled with a teflon (polytetrafluoroethylene,
PTFE) tube which diverged from the chambers air supply immediately after the mixing
unit. Outlet air was sampled inside the chamber using a PTFE tube which was equipped
with a coarse filter. Each chamber was equipped with its own sampling tubes. The
sample tubes of the chamber inlets and outlets were connected to a system of three-way
solenoid valves which allowed selection of one (out of a total of eight; two per cham-
ber) sample tube for analysis, while the other tubes were flushed. This enabled rapid
sequential analysis of all eight sample lines with one set of analysers. Sample air from the
selected line was drawn with a membrane pump at approx. 1.6 SLPM and passed on to an
infrared gas analyser (IRGA, LI 7000, LiCor, Lincoln, Nebraska, USA) and continuous-
flow isotope-ratio mass spectrometer (Delta Plus Advantage, Thermo Electron, Bremen,
Germany) interfaced with a gas chromatic column (Gasbench II, Thermo Electron, Bre-
men, Germany) (Schnyder et al., 2004). Carbon isotopic compositions are presented as
δ13C = Rsample/Rstandard − 1, where Rsample and Rstandard are the 13C/12C ratios in the
sample and in the international VPDB standard. All mass spectrometric measurements
were corrected for linearity effects (i.e. dependence of the raw 13C value on the actual
CO2 concentration) according to measurements of a laboratory standard CO2, mixed in
CO2-free air at different concentrations. The sample selection unit and the measurement
instrumentation were placed in a temperature-controlled van.

Each chamber was equipped with a set of sensors for environmental conditions, including
air temperature/relative humidity (1400 104, LiCor), soil temperature (1400 103, LiCor)
and photosynthetic photon flux density PPFD (LI 190SZ quantum sensor interfaced with
photomultiplier MV 100, LiCor). Each air temperature/relative humidity sensor was
mounted in a double-walled, ventilated housing. The sensors agreed within 0.2 °C (SD)
air temperature and 0.5% (SD) relative humidity when exposed to the same environment.
PPFD sensors were installed horizontally and agreed within 11 µmol m−2 s−1 (SD).

For central control of the system and data acquisition, the flow controllers, the environ-
mental conditions sensors, the sample selection valves and the IRGA were connected to
a PC via Field Point communication modules (National Instruments, Austin, TX, USA).
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2 Observing labelling kinetics in ecosystem respiration

Setting of flow rates and automated sample selection as well as data logging for the selected
sample line on a 1-s basis were performed with custom-built software (Walz, Effeltrich,
Germany). As the mass spectrometer was equipped with a separate PC, synchronisation
of mass spectrometer sampling intervals with sample selection times was carried out by
means of a trigger.

All measurements were carried out in a temperate humid grassland at Grünschwaige Grass-
land Research Station (Schnyder et al., 2006). The chamber system was placed in the mid-
dle of paddock number 8. An eddy-covariance system was located near the van and logged
3D wind speed (CSAT 3, Campbell Scientific, Logan, Utah, USA) and CO2 concentration
(LI 7500, LiCor) at 1.5 m height (H. Schnyder, unpublished data).

Characterisation of chamber properties

Mixing of chamber air. To quantify the distribution of incoming air within the cham-
ber, an empty OTC (opening size 0.4% of chamber base area) with impermeable base
was flushed with CO2-free dry air at 100 SLPM (which was close to the lower limit of ad-
justable air flows). Then, CO2 concentration in the incoming air was suddenly increased
to 1000 µmol mol−1 and, after nearly reaching this value in the chamber air, suddenly
decreased back to 0 µmol mol−1. The change of CO2 concentration following the concen-
tration switches was tracked at twelve positions distributed horizontally and vertically
over the chamber cross section (see Fig. 2.2) for 25–30 min. This was done by installing
the chamber outlet sampling tube and taking IRGA readings, consecutively at each of the
positions.

Ambient air incursion. An empty OTC with impermable base was also used to quantify
the amount of ambient air blown into the chamber through the open top. For this, the
chamber was continuously flushed with CO2-free dry air, and CO2 concentration inside
(25 cm sampling height) and outside the chamber was monitored. The ratio of ambient
air to total air inside the chamber (airamb/airchamber) was given by the ratio of CO2

concentration inside the chamber to CO2 concentration in ambient air.

Pressure effects on soil CO2 efflux. The disturbance of soil CO2 efflux by chamber
pressure effects was investigated with a OTC placed on a grassland ecosystem section
from which the above ground biomass had been completely removed. All observations
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Figure 2.2: Half-lives of CO2 concentra-
tion changes in chamber air, following
abrupt changes in CO2 concentration of
the incoming air. Black dots indicate
the observation positions in the cham-
ber cross section; arrows indicate the
air flow.

were completed within 6 h after shoot removal. The chamber, set up with different top
opening sizes, was flushed with air at different flow rates, providing a range of chamber exit
velocities, vexit. Soil CO2 efflux rate was calculated from the CO2 concentration difference
between chamber inlet and outlet, and the rate of air flow through the OTC, according
to Eqn. 2.1. Simultaneously with CO2 efflux rate, the pressure difference between inside
and outside of the OTC, pdiff = pinside− poutside, was monitored by connecting the sample
port of a differential pressure sensor (LP 8000, Druck Limited, Leicester, UK) with the
chamber inside via a tube, while the sensor’s reference port was exposed to ambient air.

Light transmission. Light transmission of the OTC was quantified with PPFD sensors
mounted on eight different places spread over the chamber cross section at plant canopy
height and a reference sensor mounted outside the chamber. Light attenuation by the
OTC occured due to reflection by the chamber wall material and due to partial shading
caused by installations like air supply and sampling tubes. Mean light transmission of the
chamber system was 82% in sunny conditions.
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2 Observing labelling kinetics in ecosystem respiration

Protocol of labelling experiment

In May 2007 a 16 days-long labelling experiment was performed on a part of the pasture
that had recovered from grazing for about two weeks. For site conditions see Schnyder
et al. (2006). 5–10 d before the start of labelling, soil collars were installed at ten selected
sites. The vegetation at all sites was dominated by Lolium perenne L., Poa pratensis L.,
Trifolium repens L. and Taraxacum officinale L. and had a mean canopy height of 6–
7 cm. Tracer was applied during daytime hours and ecosystem respiration was measured
online in the field during nighttime hours. First respiration measurements were made in
the night before the start of the labelling experiment, to obtain the isotopic signature of
respiration from the non-labelled ecosystem. Measurements were continued every night for
the entire duration of labelling. Sites were labelled individually for periods of 1, 2, 4, 8 or
16 days, with two replications each. All labelling was performed within a 16 days period,
using four OTCs. Two OTCs served to label two sites for the entire 16 days-long period,
and the other two OTCs rotated between sites for the shorter labelling durations. This
sampling scheme was chosen to allow for the direct comparison of (non-destructice) in-situ
and reference measurements (which required the sampling of the labelled vegetation, see
‘Reference measurements’ below).

Daytime labelling. Labelling started in the early morning by placing an OTC (opening
size 1% of chamber base area) on a soil collar. For the desired number of labelling days,
the chamber was flushed from 5:30 to 21:00 h (local time) with 760 SLPM dry air con-
taining 391 µmol mol−1 CO2 at the chamber inlet. The chambers were supplied with CO2

depleted in 13C (δ13C =−48.6‰) compared to ambient air CO2 (δ13C =−8.5‰). Each
morning at sunrise, each chamber was watered with the equivalent of the previous day’s
evaporation plus an extra of 20% to account for run-off (5–10 mm in total). Sensors for
air temperature/relative humidity and soil temperature (approx. 5 cm depth) were placed
inside the OTC, while PPFD sensors were placed outside. The air sampling tubes inside
each chamber were installed at 20–25 cm above the canopy.

Nighttime respiration measurements. During darkness (between 23:30 and 5:30 h local
time) respired CO2 was analysed by measuring gas exchange of each OTC, in combi-
nation with C isotope analysis of CO2. For these measurements, the air flow through
the chamber was kept at 100 SLPM (compared to 760 SLPM during daytime labelling).

14
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CO2 concentration at the chamber inlet was maintained at 388 µmol mol−1 and δ13C at
−48.6‰ throughout the nighttime respiration measurements, which is the same value as
during daytime labelling. To allow for equilibration after reducing the air flow, chambers
were flushed at least for one hour before first measurements were taken. The net CO2

flux, Fresp, and the 13C signature of the net flux, δresp, were calculated from the change in
CO2 concentration and δ13C between chamber inlet and outlet, according to mass balance
equations:

Fresp = Fair
VmolAchamber

(Cout − Cin), (2.1)

δresp = δoutCout − δinCin
Cout − Cin

. (2.2)

Fair is the air flow through the chamber (corresponding to 100 SLPM), Achamber the cham-
ber base area and Vmol the molar volume of gases (22.4 l mol−1). Cin and Cout are the CO2

concentrations at chamber inlet and outlet, and δin and δout the respective δ13C values.

The fraction of newly assimilated (labelled) carbon in respired CO2, fnew, was calculated
from δresp according to mass balance considerations as

fnew = δresp − δold
δnew − δold

. (2.3)

δold and δnew are the 13C signatures of CO2 respired by the non-labelled ecosystem (mea-
sured in the night before the beginning of the labelling experiment), and by the labelled
ecosystem at the new isotopic equilibrium. As labelling duration was too short to achieve
isotopic equilibrium, δnew was estimated from C isotope discrimination, ∆, and the mea-
sured δ13C of CO2 inside the OTC during daytime tracer uptake, δout(daytime), as in
Schnyder et al. (2003):

δnew = δout(daytime)−∆
1 + ∆ . (2.4)

∆ was obtained from the measurements of the unlabelled system as:

∆ = δamb − δold
1 + δold

, (2.5)

with δamb denoting the C isotope composition of ambient air at the site during daytime
hours. This estimation was based on the assumption that discrimination was not altered
by the conditions inside the OTC, so that discrimination was the same for the labelled
and non-labelled fractions of respired CO2.
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Figure 2.3: Schematic diagram of the laboratory-
based open 13CO2/12CO2 gas exchange cuvette,
adapted for reference measurements of the isotopic
composition of ecosystem respiration. CB, cuvette
body (PVC tube, 30 cm height, 19 cm diameter);
P, top and bottom plate of cuvette (PVC); RS,
rubber sealing; CV, cuvette volume; PP, perfo-
rated plate; SVB excised soil+vegetation block;
Tin and Tout, air inlet and outlet tubes; VF, ven-
tilation fan.

Reference measurements. A laboratory-based open 13CO2/12CO2 gas exchange system
(Lötscher et al., 2004) was used for reference measurements of the isotopic composition
of ecosystem respiration. For that purpose, four soil+vegetation blocks of 15 cm diameter
and 10–11 cm soil depth were excised from each labelled site immediately after the ter-
mination of labelling and on-site respiration measurements. The laboratory-based system
of Lötscher et al. (2004) was adapted with a new cuvette (Fig. 2.3). Ecosystem respira-
tion was measured by placing the excised soil+vegetation blocks in the cuvette volume
of the system, completely enclosing the block in the cuvette. The four cuvettes (one for
each soil+vegetation block) were placed in a plant growth cabinet controlled at 18 °C,
the soil temperature of the labelling site at the beginning of the experiment. Cuvettes
were operated in the open mode by flushing air through each cuvette, and measuring the
concentration and isotopic composition of respired CO2 in the inlet and outlet air fluxes.

16
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Results

Chamber performance

Mixing of chamber air. The mixing characteristics of OTCs were analysed by follow-
ing the kinetics of CO2 concentration change in chamber headspace air following CO2

concentration switches in the inlet air flow. The increases and decreases of CO2 con-
centration in the chamber headspace fitted exponential curves (r2> 0.999), indicating
near-instantaneous mixing of incoming air with chamber headspace air. Half-lives at the
different positions in the chamber varied very little, and ranged between 242 and 254 s
(Fig. 2.2). The longest half-lives were observed at the chamber bottom, the shortest ones
close to the chamber top.

In case of instantanous mixing, the half-life depends only on the rate of air flow through the
chamber and the chamber volume. Due to the greenhouse effect, air inside the chamber is
heated up, causing thermal expansion of the air volume. With chamber air temperatures
of 20–30 °C, the theoretical half-life ranged between 230 and 240 s. The longer half-life at
the chamber bottom (compared to the upper chamber section) was related to heating of
air between entering the chamber close to the bottom and leaving through the open top.

Ambient air incursion. Chamber designs with and without the plate mounted below the
frustrum top of the OTC (RP in Fig. 2.1) were investigated with respect to the effect
on air incursion, assessed by the ratio airamb/airchamber. Other chamber parameters and
operating conditions were held the same as during respiration measurements (Table 2.1).
CO2 concentration data were averaged over the half-life of chamber air.

Chamber parameters vexit (m s−1) 0.2
Air flow (SLPM) 100
Opening (% of base area) 1

airamb/airchamber Chamber without plate 0.065 ± 0.020 (n= 3)
Chamber with plate 0.0018 ± 0.0007 (n= 71)

Ratio (without plate)/(with plate) 37.1

Table 2.1: Comparison of open-top chamber with and without plate mounted at chamber top below the
frustrum with respect to ambient air incursion (airamb/airchamber: ratio of ambient air to total air inside
the chamber; mean ± SD of measurements at windspeed between 2 and 4 m s−1).
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Ambient air incursion into the chamber was reduced nearly by a factor of 40 when the
plate was mounted. Thus, the volume between the plate and the frustrum top acted as an
effective buffer between the chamber body and ambient air. Accordingly, investigations of
the effect of wind speed on ambient air incursion were performed with the plate mounted,
as during respiration measurements. On average, airamb/airchamber was around 0.0015 for
wind speeds above 2 m s−1 and lower for lower wind speeds (Fig. 2.4). In 95% of the
measurements airamb/airchamber was below 0.0026. For wind speeds below 2 m s−1 this
fraction was even lower (Fig. 2.4).

Disturbance of soil CO2 efflux. Pressure difference between the outside and inside of
the OTC did not increase significantly at exit velocities vexit < 0.2 m s−1 (P = 0.16, Fig.
2.5 a). But, beyond 0.2 m s−1 overpressure inside the chamber increased quadratically with
increasing vexit (Fig. 2.5 b). Soil CO2 efflux, observed simultanously with pressure differ-
ence, showed also no significant relationship with vexit, if vexit was < 0.2 m s−1 (P = 0.30,
Fig. 2.5 c). But, soil CO2 efflux decreased when vexit increased between 0.2 and 2 m s−1.
Increases of vexit beyond 2 m s−1 caused no further decrease of soil CO2 efflux (Fig. 2.5 d).
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Figure 2.5: (a), (b) Overpressure and (c), (d) relative soil CO2 efflux observed inside a chamber enclosing a
grassland canopy, but with aboveground vegetation clipped and removed. Different symbols indicate differ-
ent days of observation. Relative soil CO2 efflux is related to the mean soil CO2 efflux for vexit < 0.2 m s−1

to facilitate comparison of measurements from different days with different absolute efflux rates. (a) and
(c) expand the range of vexit < 0.2 m s−1.

Climatic conditions inside the chambers. Daytime air temperature inside the OTCs
was near-identical to ambient air temperature on average over the whole labelling experi-
ment, with a root mean squared difference (RMSE) of 2.7 °C (based on ∼10 min averages,
recorded in each of the four OTCs once per hour; Fig. 2.6 a). Nighttime air temperature
during respiration measurements was 0.3 °C lower on average inside the chambers than
outside, with a RMSE of 1.2 °C. Even on sunny days (Fig. 2.6 c), maximum temperature
inside the chambers did not exeed 28 °C while ambient air temperature reached 30 °C.

All the humidity in the chamber air originated from evapotranspiration inside the chamber,
as the air entering the chambers was dry. Relative humidity (Fig. 2.6 b) in the chambers
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Figure 2.6: (a) Air temperature, (b) relative humiditiy inside (dots) and outside (lines) the chambers and
(c) photosynthetic photon flux density (PPFD) outside the chambers during the labelling experiment.

was around 45% during morning, noon and early afternoon, and started to decrease in late
afternoon to about 30% at sunset. Outside the chambers relative humidity was lowest at
around 15:00 h, with 58% on average. During nighttime respiration measurements, relative
humidity in the chambers was 73% on average, compared to 95% outside the chambers.

Overall, the modifications of climatic conditions by the OTCs were quite modest and well
inside the range of chamber effects reported by others (e.g. Sanders et al., 1991; Leadley
& Drake, 1993; Liu et al., 2000; Dore et al., 2003). This was true except for air humidity
which was lower than ambient in the present system, but is higher than ambient in most
OTCs (e.g. Dore et al., 2003). Ambient temperature was tracked rather well by the new
OTC system.

Concentration and isotope composition of CO2 during labelling. CO2 concentration
and δ13C at the chamber inlet and outlet during daytime are shown in Fig. 2.7. As ex-
pected, CO2 concentration at the outlet was lower than at the inlet due to photosynthetic
CO2 uptake, and δ13C at the outlet was enriched compared to the inlet due to photosyn-
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(dashed lines) and outlet (solid lines) during the light period. Lines indicate the mean of the four open-top
chambers during the two weeks-long labelling experiment, shaded areas indicate SD including day-to-day
variation as well as variation between the different chambers.

thetic discrimination against 13C. In chamber air (reflected by the outlet observations),
CO2 concentration was comparable to ambient conditions, with 367 ± 6.5 µmol mol−1 at
noon. δ13C at the chamber outlet was up to 1‰ more depleted in the morning and evening
than during the brightest period of the day. But, as the assimilation rate was lower in
the morning and evening, the contribution of these periods with more depleted δ13C to
the total amount of assimilated tracer was small. The assimilation-weighted mean δ13C
of CO2 in the OTCs was −46.9‰ (while the daytime mean δ13C of ambient CO2 was
−8.5‰). SD including day-to-day variation as well as variation between the chambers
was 1.2 µmol mol−1 and 0.11‰ at the chamber inlet and 6.5 µmol mol−1 and 0.38‰ at the
chamber outlet.

Labelling kinetics of ecosystem respired CO2

The rate of total ecosystem respiration, Fresp, measured online in the field, was 6.7
± 0.3 µmol m−2 s−1 (SE, n= 68) on average during the whole labelling experiment. δ13C of
ecosystem respired CO2 (δresp) is shown in Fig. 2.8 a. In the unlabelled ecosystem (before
the start of labelling), δresp was −26.7 ± 0.2‰ (SE, n= 4). Labelling with 13C-depleted
CO2 caused a decrease of δresp. This decrease was fast during the first few days of labelling,
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Figure 2.8: Labelling kinetics of ecosystem respired CO2. (a) δ13C of ecosystem respiration and (b)
fraction of labelled C in ecosystem respired C during a 16 days-long continuous labelling experiment.
Respiration measurements were made at night. Open circles indicate online-measurements in the field,
closed triangles refer to laboratory-based reference measurements on excised soil+vegetation blocks under
controlled conditions. Error bars indicate SE (n= 2-9). Line in (b) is the fit according to Eqn. 2.6. Extreme
rainfall occurred on days 15 and 16. Data from these days were not included in the fit.

but then slowed until δresp became almost constant at approx. −44‰ in the second week of
labelling. The time-course of δresp was translated into fnew, the fraction of labelled carbon
in respired carbon, using Eqns. 2.3 and 2.4 (Fig. 2.8 b) and a ∆ of 18.7‰, as determined
by gas exchange measurements prior to labelling (Eqn. 2.5).

Reference values of δresp measured in the laboratory-based gas exchange system tended
to be 1–2‰ more depleted than in-situ observed values, independent of the duration of
labelling. Translation of δresp to fnew is relative to the unlabelled system for both mea-
surement methods, and so eliminated the offset between laboratory and in-situ measured
δresp. Accordingly, fnew from (laboratory) reference and in-situ measurements agreed
within measurement uncertainty (Fig. 2.8 b). Extreme rainfall occurred on the last two
days of the experiment (approx. 60 mm d−1), which caused saturation of soil with water
even inside the chambers. Measurements accomplished in that period were ‘noisy’ and not
considered in the following analysis of the labelling kinetics.

The kinetics of fnew was approximated (r2 = 0.97) with a two-source model, that included
one source which obeyed first order labelling kinetics (source A) and another source which
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Fit parameter (Eqn. 2.6) Fit parameter value (± SE)
a 0.48 ± 0.015
1− a 0.52 ± 0.015
T1/2 (d) 2.6 ± 0.2

Table 2.2: Parameters characterising tracer kinetics of ecosystem respired CO2, observed online in the
field.

did not release label during the 14 days-long continuous labelling (source B). This was
represented by the following single-exponential function:

fnew(t) = a(1− e−bt), (2.6)

in which t denotes labelling duration. The fit parameter a gives the fractional contribution
of source A to total ecosystem respiration, and the (fitted) rate constant b describes the
turnover of source A. The fractional contribution of source B to ecosystem respiration is
given by 1−a. Simpler models yielded inferior fits to the fnew data, whereas double or even
higher exponential functions did not improve the goodness of the fit (data not shown).
Thus, Eqn. 2.6 represented the simplest model which contained all essential kinetic features
of the supply system feeding ecosystem respiration [in other words, this model contained
all necessary and no (statistically) redundant features]. The half-life (T1/2) of source A
was obtained as T1/2 = (ln 2)/b and was 2.6 d (Table 2.2). The contributions of the two
sources to ecosystem respiration were very similar: source A contributed 48% and source
B 52%.

Discussion

Labelling performance

The new apparatus provided for a strong, uniform and constant 13CO2/12CO2 labelling
signal throughout a 16 days-long labelling experiment of a grassland ecosystem under
near-natural environmental conditions: (1) the δ13C of CO2 in the OTC was maintained
at −46.9‰, ∼38‰ less than that of ambient CO2 with a precision (SD) of 0.4‰ for
variations across the labelling experiment duration and all OTCs; (2) CO2 concentration
was maintained at 367 ± 6.5 µmol mol−1 at midday, and (3) mixing of CO2 inside the OTC
was spatially uniform and near-instantaneous.

23



2 Observing labelling kinetics in ecosystem respiration

The small variation in the concentration and isotopic composition of CO2 supplied to the
chambers is a measure of the combined precision of the gas mixing and the measurement
device (infrared gas analyser and mass spectrometer) and was within the range reported by
Schnyder et al. (2004). The considerably higher variation at the chamber outlet was mainly
due to variations in assimilation rate. These variations can not be controlled easily by
the experimentalist as they depend strongly on incoming radiation, which varies diurnally
and with cloudiness. Nevertheless, the variations were small in comparison to the labelling
signal, which was ∼100 times larger than the labelling precision, due to the high air flow
through the OTCs. Air incursion also contributed to the variations at the chamber outlet,
but these variations were negligible compared to the variations caused by assimilation.
Furthermore, near-instantanous mixing led to homogeneous tracer distribution inside the
chamber. In consequence, sampling of chamber outlet air could be performed anywhere
inside the well mixed chamber, since the conditions inside the chamber were uniform.

In-situ observation of tracer kinetics in respired CO2

The labelling kinetics of respiratory CO2 was measured accurately and precisely by the
OTC-based online 13CO2/12CO2 gas exchange system as confirmed by the reference mea-
surements of fnew. In the reference system cuvettes, the excised soil+vegetation blocks
were completely enclosed and hence all respired CO2 was captured by the measurements.
The concordance of fnew values obtained with both methods provides convincing evidence
that the new OTC method captured the unbiased isotopic signal of total ecosystem respi-
ration, despite the fact that the OTCs were open at the bottom. The high accuracy and
precision was related to two main features of chamber design and operation conditions:
(1) the effective prevention of ambient air incursion into the chamber by the buffered vent
of the OTCs, and (2) the absence of pressure effects on soil CO2 efflux during nighttime
respiration measurements. In windy conditions (wind speeds of 2–3 m s−1 during nighttime
measurements), air incursions caused an airamb/airchamber ratio of 0.0015, which meant a
change of 0.05‰ of δout. This effect translated into a 0.5‰ change of δresp and a 1%
decrease of fnew. In calm conditions (which prevailed during most nights) less ambient
air was blown into the OTCs. Simultaneously, a given amount of ambient air entering the
chamber brought a larger quantity of ‘contaminating’ CO2, due to the larger nighttime
build-up of ambient CO2 concentration. Nevertheless, the total impact of air incursion
on fnew was < 1% in calm nights. According to Baldocchi et al. (1989) the efficiency of
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2 Observing labelling kinetics in ecosystem respiration

preventing air incursion into OTCs is dependent on the relationship between chamber
volume size and effective eddy size. In the present OTCs the buffer volume had a height
of 0.2 m, which suppressed the formation of a roll vortex in the OTCs at the prevailing
effective eddy size (0.35 m; calculated according to Baldocchi et al., 1989).

Notably, there was a systematic 1-2‰ offset between δresp measured in the two gas ex-
change systems. This offset was related to the fact that δresp decreased during the course
of the night (data not shown) and laboratory-based (reference) measurements were car-
ried out several hours after the on-site measurements. The effect of such changes on the
labelling kinetics (i.e. the time course of fnew) was eliminated by accounting for the di-
urnal changes, determining δresp of the non-labelled ecosystem in the two measurement
systems. Other factors affecting the δ-offset between the two systems were not found;
cross-calibration of the two systems ensured that δ13C measurements were unbiased.

Estimation of fnew was based on the assumption that 13C discrimination during photosyn-
thesis (∆) was the same inside and outside the OTCs and did not vary over time. Almost
certainly, this assumption was not exactly true. However, the sensitivity of fnew to varia-
tions in ∆ was small: a 1‰ increase/decrease in ∆ caused a 1% decrease/increase in fnew.
Measurements of community-level ∆ in a large range of weather conditions and soil water
availabilities indicated that ∆ did not vary by more than ± 1‰ at the experimental site
(Schnyder et al., 2006).

Tracer kinetics reveals two sources supplying respiration

The labelling kinetics showed that ecosystem respiration was fuelled by two distinct
sources: one was closely connected with current photosynthetic activity, the other was
supplied by substrate that was not labelled within the two weeks-long labelling period. A
source is defined here as a cluster of biochemical compounds distributed among different
organisms, which exhibited the same (or similar) pattern of tracer incorporation (Lehmeier
et al., 2008). Thus, although there was a diversity of metabolic activities in the ecosystem,
each (major) activity could be assigned to one of two substrate clusters, which differed in
carbon age.

Source A, which was turned over by photosynthesis with a half-life of approx. 2.6 d, must
have included most (if not all) of autotrophic respiration. Autotrophic respiration is
supplied by non-structural components of plant biomass, which are turned over relatively
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2 Observing labelling kinetics in ecosystem respiration

rapidly by current photosynthate. In a controlled environment study, Lehmeier et al.
(2008) found a half-life of about 2 d for the total substrate pool feeding root and shoot
respiration of Lolium perenne, a main component of the grassland ecosystem. In that study,
root and shoot respiration exhibited near-identical labelling kinetics. Moreover, only about
5% of root and shoot respiration was supplied by substrates older than 10 d, showing that
long-term reserves/storage pools were relatively unimportant substrates of autotrophic
respiration. In another study with the same species, 50% of the root exudates were turned
over by current photosynthate within 4.5 d (Thornton et al., 2004). In addition, it has
been shown that arbuscular mycorrhizal mycelia can provide a fast pathway for respiratory
release of current photosynthate, releasing C within hours to days after its assimilation
under field conditions (Johnson et al., 2002; see also Heinemeyer et al., 2006; Hawkes et al.,
2008). Furthermore the observed half-life of source A compares reasonably well with the
mean age of 5–8 d (corresponding to a half-life of 3.5–5.5 d), determined for autotrophically
respired C, including respiration from root-associated microbes, in a California mountain
grassland ecosystem (Carbone & Trumbore, 2007). All these components (shoot, root and
rhizosphere respiration) must have contributed to the respiratory activity associated with
source A, and the sum of these activities constitutes autotrophic respiration (Hanson et al.,
2000; Subke et al., 2006; Trumbore, 2006; but see also Chapin et al., 2006; Kuzyakov, 2006).
Therefore, we regard the total activity of source A (about half of ecosystem respiration)
as a measure of autrotrophic respiration.

The other source (source B) did not release any label within the two weeks-long labelling
period, showing that it was supplied by pools with very slow turnover (≥months) or that
the release of the substrate from the pools occurred only after an extensive lag (delay). Leaf
and root litter are the main substrates for heterotrophic respiration (Ryan & Law, 2005),
as structural biomass is the C source for the various heterotrophic pathways including
decomposition via soil organic carbon. C incorporated into structural biomass of leaf and
root tissues is protected from respiratory consumption until the end of the tissues’ life
span, when it passes on to the litter fraction and becomes available for decomposers. Leaf
life span of the dominant species at the study site was approximately 27 d (I. Schleip,
unpublished data). Others have observed leaf life spans of 22–95 d in a range of grassland
species and sites (Diemer et al., 1992; Lemaire & Chapman, 1996; Ryser & Urbas, 2000).
The life span of grass roots is even longer, in the order of months (Van der Krift &
Berendse, 2002). Thus, all in all, only a very small amount of labelled plant material had
been turned into litter and soil organic matter during the labelling experiment. Therefore,
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2 Observing labelling kinetics in ecosystem respiration

all (heterotrophic) processes decomposing old (non-labelled) dead plant material and soil
organic matter were pooled in source B. Resolving further functional components of source
B would require extension of the labelling duration.

In conclusion, this work presents a new OTC-based continuous 13CO2/12CO2 labelling
and gas exchange measurement system for studies of C allocation and turnover of grass-
land ecosystems, including the assessment of respiratory substrate pool kinetics. Tests of
chamber performance and optimization of OTC design and operation conditions minimised
common artefacts such as ambient air incursion and suppression of soil CO2 efflux, and
ensured a high accuracy and precision of daytime 13CO2/12CO2 labelling and nighttime
respiration measurements. The method is well suited for labelling studies at any CO2 con-
centration level, from subambient to elevated CO2, as was also demonstrated by Lehmeier
et al. (2005) in a controlled environment system employing the same gas exchange and
labelling methodology. We suggest that the two kinetically distinct sources of respiration
detected in this work at ambient CO2 concentration represent the autotrophic (including
rhizosphere) and heterotrophic components of grassland ecosystem respiration.
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3 Non-steady-states of the soil CO2 pool
affect measurements of soil respiration:
A quantitative investigation of the
underlying mechanisms

Summary

The isotopic composition of soil respiration is usually assessed by measuring the isotopic
composition of CO2 emerging from the soil. The latter can differ significantly from the
CO2 actually produced by respiration in the soil due to non-steady-states of the soil CO2

pool through which the respiratory CO2 must pass before it emerges into the atmosphere.
This divergence (termed ‘bias’ in the following) can result from natural causes, but is
probably most common in CO2 tracer studies.

We performed a quantitative analysis of mechanisms which can underlie such biases with
a soil CO2 transport model. It accounted for diffusion of 12CO2 and 13CO2 in the soil,
dissolution of CO2 in soil water and mass displacement of soil air. Model predictions and
observations of CO2 accumulating in closed chambers were investigated in an ecosystem
which was labelled with∼40‰ depleted CO2. The ‘true’ isotopic composition of ecosystem
respiration was derived from independent steady-state open chamber measurements.

The observed isotopic composition of CO2 emerging from the soil was depleted by an
additional 11.2‰ relative to ecosystem respiration in the labelled ecosystem due to non-
steady-state effects, but there was no difference in a non-labelled ecosystem. Similarly,
model predictions were biased by −9.2‰ on average, if three mechanisms were considered:
(1) the change of the concentration and isotopic composition of chamber air CO2 during
measurements, (2) the dissolution of labelling CO2 in soil water, and (3) the displacement
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3 Non-steady-state effects on measurements of soil respiration

of soil air during daytime tracer application. All three processes contributed significantly
to the observed bias.

The mechanisms affecting the isotopic composition of soil CO2 efflux and enlargement of
the soil CO2 pool by exchange of CO2 between water and air pores are potentially relevant
to various investigations of soil and ecosystem respiration isotopic composition, including
free air carbon dioxide enrichment (FACE) experiments and application of common cham-
ber techniques under natural conditions.

Introduction

The isotopic composition of soil respiration contains information about the processes in-
volved in ecosystem carbon(C) cycling (e.g. Amundson et al., 1998; Andrews et al., 1999;
Cisneros-Dozal et al., 2006; Hahn et al., 2006; Taneva et al., 2006). To reveal this in-
formation, the isotopic signal of respiration needs to be measured accurately, ideally by
sampling CO2 directly and instantanously at the site of respiratory production (hereafter
referred to as ‘respiratory CO2 production’). As soil respiratory CO2 production is dis-
persed belowground, it is commonly assessed by measuring CO2 which emerges from the
soil surface into the overlying atmosphere (hereafter referred to as ‘soil CO2 efflux’). On
its way, the respired CO2 passes through the soil CO2 pool by diffusion and thereby mixes
with CO2 in the soil pores. Hence, soil CO2 efflux can differ isotopically from respiratory
CO2 production due to non-steady-states of the soil CO2 pool. This divergence is termed
‘bias’ in the following. It is expected to confound observation of the isotopic composition
of soil respiration on timescales ranging from short-term over diurnal to synoptic, as it
takes hours to days of respiratory CO2 production to generate the amount of CO2 stored
in soil air pores and days to weeks to generate the total amount of CO2 stored in soil pores
including CO2 dissolved in soil water.

CO2 concentration and isotopic composition in soil air pores are commonly described by
respiratory CO2 production and diffusive exchange (e.g. Cerling, 1984), treating 12CO2

and 13CO2 as separate diffusing gases and taking into account their different diffusivities.
This approach has been successfully applied to predict deviations from the steady-state
(Nickerson & Risk, 2009a,b,c; Subke et al., 2009). Nickerson & Risk (2009b) investigated
the application of a 2-component mixing approach (Keeling, 1958) to CO2 accumulation
in the headspace of a closed soil respiration chamber. In this approach the increase of CO2
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3 Non-steady-state effects on measurements of soil respiration

concentration and changes in its isotopic composition were attributed to the enclosed res-
piratory source. Under the assumption that the isotopic signature of the respiratory source
is constant, plotting the isotopic composition vs. the inverse concentration in the mixture,
the so-called Keeling plot, leads to a straight line. The intercept represents the isotopic
signature of the source. Nickerson & Risk showed that the isotopic composition of the soil
CO2 efflux changes during CO2 accumulation, violating the constant source assumption.
This deviation of the Keeling plot from linearity caused Keeling plot intercepts to differ up
to 4‰ from the actual isotopic composition of respiratory CO2 production. Theoretically,
other chamber approaches were expected to cause even larger biases (Nickerson & Risk,
2009c).

The amount of CO2 dissolved in soil water can be much larger (up to 100 times) than
that in soil air pores, and can slow the equilibration between respiratory CO2 produced
throughout the soil and soil CO2 efflux. Thus, dissolved CO2 has the potential to amplify
the bias by retarding the equilibration. The extent of the contribution from this extended
soil CO2 storage pool depends on the equilibration time between CO2 in soil air and
dissolved in soil water (including CO2 dissolved in water, carbonic acid, bicarbonate and
carbonate): when this equilibration occurs fast compared to the time that CO2 stays
in soil air pores, then the total soil CO2 pool (gaseous + dissolved CO2) is involved in
non-steady-state effects.

Mass flow influences the distribution of CO2 within soil pores by displacing soil air masses
and thus the soil CO2 efflux. This can occur for example when a chamber is placed on
soil. Even small pressure differences between chamber inside and outside, in the order of
1 Pa, have been shown to considerably influence the soil CO2 efflux (Fang & Moncrieff,
1998; Lund et al., 1999) by causing advection (Kanemasu et al., 1974). To our knowledge,
the influence of mass flow on measurements of isotopic composition of soil respiration and
the impact of the increased soil CO2 pool due to dissolution on non-steady-state effects
have not yet been quantified.

13CO2/12CO2 labelling experiments cause strong isotopic disequilibria between soil air
CO2 and the overlying atmosphere. Subke et al. (2009) showed that a pulse change in the
isotopic composition of atmospheric CO2 was accompanied by a change in the isotopic
composition of CO2 in soil pores, due to diffusion of the tracer into the soil pore space.
Back diffusion of the tracer stored in the soil pores into the atmosphere during label
chasing resulted in observation of an abiotic tracer flux (non-biological tracer flux from
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the soil into the overlying atmosphere, caused by physical processes but not by respiration
of previously assimilated labelled C) for up to 2 d after exposure to the tracer. In pulse
labelling experiments, the labelling CO2 is usually highly enriched in 13CO2, causing a
strong isotopic gradient between CO2 in soil air pores and overlying atmosphere, which
drives the diffusive flux. Tracer diffusion into the soil under such conditions was also noted
by Staddon et al. (2003) and Leake et al. (2006). In continuous labelling experiments,
including FACE (free air carbon dioxide enrichment) experiments, the change in isotopic
composition is much smaller (e.g. Nitschelm et al., 1997; Matamala et al., 2003; Asshoff
et al., 2006; Keel et al., 2006; Pregitzer et al., 2006; Taneva et al., 2006) and maintained
over long periods. But the potential of such a change to cause abiotic tracer fluxes has
not yet been investigated under these conditions.

In a continuous labelling experiment investigating substrate supply of ecosystem respira-
tion in a temperate grassland ecosystem under field conditions (Gamnitzer et al., 2009),
we found indications for discrepancies between isotopic composition of respiratory CO2

production and that of soil CO2 efflux. Large deviations were observed for isotopic signa-
tures of ecosystem respiration measured in closed chambers compared to that measured
in steady-state open chambers, validated by an independent laboratory-based method to
represent respiratory CO2 production. Here we quantitatively analyse mechanisms poten-
tially causing such discrepancies between results from different methods. For this purpose,
we established a soil CO2 transport model which accounted for diffusion of 12CO2 and
13CO2, dissolution of CO2 in soil water and mass flow of soil air. This model was applied
to study abiotically-driven fluxes of the tracer. We simulated the labelling experiment
and predicted Keeling plot intercepts derived from CO2 accumulation in closed chambers
during the time course of labelling. Simulation results were compared to observations to
clarify the mechanisms which underlie the observed bias. Finally, consequences of these
mechanisms for commonly applied isotopic approaches are discussed.
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Material and Methods

Field labelling experiment

In a 13C/12C labelling experiment, described in detail by Gamnitzer et al. (2009), a tem-
perate grassland ecosystem at Grünschwaige Grassland Research Station (Schnyder et al.,
2006) was continuously labelled for 2 weeks, using an open-top chamber system. The
label was applied during daytime hours by altering the isotopic composition of CO2 in the
chamber headspace air, while CO2 concentration was similar to ambient CO2 concentra-
tion. During nighttime hours, ecosystem respiration was measured online in the field using
two different approaches: (1) respiration measurements in each night started after sunset
with closed chamber measurements (see below; more exactly termed non-steady-state non-
flow-through system, Livingston & Hutchinson 1995), lasting approx. until midnight; and
subsequently (2) open chamber respiration measurements (Gamnitzer et al. 2009; more
exactly termed steady-state flow-through system, Livingston & Hutchinson 1995) were
conducted from midnight until sunrise (Fig. 3.1). In both approaches, CO2 concentration
and isotopic composition were analysed online with an infrared gas analyser (LI 7000;
Li-Cor, Lincoln, NE, USA) and a continuous-flow isotope-ratio mass spectrometer (Delta
Plus Advantage; Thermo Electron, Bremen, Germany) interfaced with a gas chromatic
column (Gasbench II; Thermo Electron, Bremen, Germany) (Schnyder et al., 2004). Car-
bon isotopic compositions are presented as δ13C = Rsample/Rstandard − 1, where Rsample

and Rstandard are the 13C/12C ratios in the sample and in the international VPDB stan-
dard. Measurements were corrected for linearity effects (i.e. dependence of the raw δ13C
value on the actual CO2 concentration). δ13C of the labelling CO2, to which the plants
were exposed, was −46.9‰ .

Closed chamber approach to measure ecosystem respiration

For the closed chamber respiration measurements, the chamber air supply was discon-
nected and the chamber top was closed with a lid. CO2 concentration and isotopic
composition were monitored subsequent to chamber closure by analysing 6 consecutive
samples (1 sample every 120 s) within a 15-min measurement cycle. Sample air was drawn
continuously from the chamber headspace to the analysers at approx. 1.6 standard litres
per minute. The chamber was not sealed tightly to allow for replacement of the air re-
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Ambient
conditions

Respiration
measurements

Tracer
application

Tracer
application

Respiration
measurements

Chamber
headspace none cl. open open cl. open open

Elapsed days of 
continuous labelling 0 1

Air flow through
chamber headspace off low

high

off low
high

CO2 concentration
(µmol mol-1) 502 456 367371

502 456 367

δ13C (‰)

-13.7

-46.6 -46.9

-8.5 -13.7

-46.6 -46.9

Light/darkness

Figure 3.1: Schematic sequence of labelling experiment, including chamber headspace conditions (cl.:
closed) of air flow, CO2 concentration and isotopic composition. Concentration and δ13C values are aver-
ages observed during the labelling experiment and were used as input parameters in the model simulation.
For closed chamber headspace, values are given at chamber closure.

moved for sampling by ambient air entering through vents in the chamber. The chamber
was lifted and replaced in its original position immediately before the closed chamber
measurement started, substituting the labelling air in the chamber headspace (from the
preceding labelling day) with ambient air. This was done to adapt initial conditions for
closed chamber measurements in the labelled ecosystem to those in the unlabelled control
measurements. Furthermore, this ensured that air drawn into the chamber to replace
sampled air was identical to the background signal in the chamber headspace air and thus
diluted the respiratory signal, but had no effect on the Keeling plot intercept.

From the time course of the CO2 increase, the net CO2 flux of total ecosystem respiration
into the chamber air, Fresp, was calculated as

Fresp = ∆C
∆t ·

Vchamber
VmolAchamber

, (3.1)

where ∆C is the CO2 concentration increase in the chamber headspace during the time
interval ∆t, Vchamber the chamber volume (660 l), Achamber the chamber base area (0.83 m2)
and Vmol the molar volume of an ideal gas (22.4 l mol−1 at standard conditions; adapted
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to site conditions for temperature and pressure). Average respiration rate during the
labelling experiment was 6.6 µmol m−2 s−1, in agreement with open chamber measurements
(Gamnitzer et al., 2009). δ13C of respiration was determinded following the approach
of Keeling (1958). The 6 samples analysed in the 15-min measurement cycle following
chamber closure were pooled in one Keeling plot, resulting in an intercept reflecting δ13C
of soil CO2 efflux.

Soil CO2 transport model

The movement of CO2 in soil pore spaces and exchange with the overlying atmosphere was
simulated with a vertical transport model, similar to the soil diffusion model of Nickerson
& Risk (2009a), but extended to account for dissolution of CO2 in soil water and vertical
displacement of air masses. This was based on the one-dimensional diffusion equation (see
e.g. Penman, 1940; Rolston, 1986; Amundson et al., 1998)

∂C

∂t
= Dsoil

εair
· ∂

2C

∂z2 + P, (3.2)

where C is the CO2 concentration in air-filled soil pores, Dsoil the diffusion coefficient
for CO2 in soil, εair the air-filled porosity of the soil, P the CO2 concentration change
per unit time in the soil air pores due to respiratory CO2 production in soil. Dsoil was
derived from Dair, the diffusion coefficient for CO2 in air, according to Millington (1959).
Temperature dependence of Dair was calculated following Campbell & Norman (1998). t
denotes the time and z the depth below the soil surface. For numerical solution of the
diffusion equation, the soil was divided into n horizontal layers of thickness z=L/n, where
L is the thickness of the total soil layer. An additional top layer (depth 0) represents the
air above the soil. For each timestep (∆t), the CO2 concentration change (∆C) in each
layer was calculated as

∆C(z, t) = Dsoil
εair
·C(z+∆z, t)− C(z, t)

∆z2 ·∆t+Dsoil
εair
·C(z−∆z, t)− C(z, t)

∆z2 ·∆t+P (z)·∆t.

(3.3)

∆C was determined by the diffusive fluxes into/out of that layer from/to the layer be-
low/above during timestep ∆t (according to Fick’s second law) and the production in the
layer at depth z during the timestep ∆t. In the bottom layer (depth L), the diffusive
exchange occured only with the layer above. Treatment of the top layer depended on the
simulated situation (ambient conditions, open or closed chamber), see ‘Simulation runs’
below.
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The model was adapted to consider dissolution of CO2 in soil water by partitioning the
net amount of CO2 added to (or removed from) each layer, ∆C, during timestep ∆t
into a gaseous (Nair, amount of C as CO2 in the gas phase) and a dissolved (Nwater,
amount of C dissolved in the aqueous phase including carbonic acid, hydrogen carbonate
and carbonate) fraction. Assuming instantaneous equilibration between the gaseous and
the dissolved phase, the concentration in the layer at depth z after the timestep ∆t,
C(z, t+∆t), was given by the concentration in that layer before the timestep, C(z, t), plus
the concentration change ∆C multiplied with the fraction of C as CO2 in the gas phase,
Nair/(Nair+Nwater):

C(z, t+∆t) = C(z, t) + Nair
Nair +Nwater

·∆C(z, t). (3.4)

The ratio of the amount of CO2 dissolved in soil water pores to the amount of CO2 in soil
air pores, Nwater/Nair, was derived from dissolution equilibrium as

Nwater
Nair

= 22.4K0

(
1 + K1

[H+]

(
1 + K2

[H+]

))
· εwater
εair

. (3.5)

K0, K1, K2 are the equilibrium constants for formation of carbonic acid when CO2 is
dissolved in water and dissociates to hydrogen carbonate and carbonate, respectively, and
were derived from temperature (Harned & Scholes, 1941; Harned & Davis, 1943). [H+]
is the concentration of protons, derived from pH. εwater and εair are the water-filled and
air-filled soil porosities.

Downwards displacement of air in soil pores (due to increased pressure in the air above the
soil) was taken into account by shifting C(z, t) downwards by ∆zdisplace in each timestep
∆t, resulting in a concentration change ∆Cdisplace due to mixing between the two adjacent
layers:

∆Cdisplace = ∆zdisplace
∆z (C(z−∆z, t)− C(z, t)). (3.6)

∆Cdisplace was then partitioned in a gaseous and a dissolved fraction according to Eqn. 3.5.

Isotopologues of CO2 were treated as separate diffusing gases by setting up two sets of
equations, one for 12CO2 and one for 13CO2. Thus, the total CO2 concentration C and
the isotopic signature δ13C could be calculated from 12CO2 and 13CO2 concentration for
each depth layer and each timestep. Fractionation during diffusion was taken into account
by applying different diffusivities for the different isotopes: Dsoil(12CO2)/Dsoil(13CO2) =
1.0044. Fractionation during dissolution was taken into account by applying different
factors Nwater/Nair for 12CO2 and 13CO2 (Thode et al., 1965; Vogel et al., 1970; Mook
et al., 1974).
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Simulation runs

Step changes in δ13C of the air layer CO2. The model was used to simulate the effect
of step changes in the isotopic composition of CO2 in the air layer above the soil on the
δ13C of soil CO2 efflux. For that purpose the air layer was maintained constant at ambient
conditions, and the model was run until soil air CO2 reached steady-state. Then δ13C in
the air layer was changed to labelling conditions, while all other parameters (including
δ13C of respiratory CO2 production) remained unchanged. When the new equilibrium
was reached, δ13C in the air layer was changed back to ambient conditions. Model input
parameters characterising conditions for CO2 transport in the soil were determined for the
field site (Table 3.1). The soil layer of thickness L= 25 cm was divided into 125 layers of
thickness z= 2 mm. The timestep ∆t was set to 12 s for most model runs, and decreased to
3 s or 1 s in case a numerical overflow occurred for t= 12 s. For some model runs dissolution
of CO2 in soil water was disregarded by setting the fraction of C as CO2 in the gas phase,
Nair/(Nair+Nwater), to 1. Finally, soil CO2 efflux was derived from the model according
to Fick’s first law:

efflux(t) = Dsoil
Vmol

· ∆Csurface(t)
∆z , (3.7)

where ∆Csurface is the concentration difference at the soil surface (between the air pores of
the uppermost soil layer and the overlying atmosphere). δ13C of the soil CO2 efflux was
derived from the simulated 12CO2 and 13CO2 effluxes.

Labelling experiment and chamber-based respiration measurements. To simulate CO2

concentration and δ13C in soil air pores below the chamber during the labelling experiment
(Fig. 3.1), boundary conditions for the air layer were chosen according to the respective
chamber mode. First, the model was run under ambient conditions until soil profiles of
CO2 and δ13C reached steady-state. Then, closed chamber measurements of the respi-
ration signal of the unlabelled ecosystem (control) were simulated by replacing the air
layer above the soil by the chamber headspace volume, in which soil CO2 efflux and shoot
respired CO2 accumulated. Analogous to Keeling plot sampling during the field measure-
ments, 6 consecutive values of simulated air layer CO2 concentration and δ13C in 2 min
intervals were pooled to generate a Keeling plot. Subsequently, conditions during open
chamber measurements were simulated by forcing CO2 concentration and δ13C in the air
above the soil to be constant for 7 h (fraction of the dark period not covered by closed
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Parameter Value Range Method of determination
Porosity: estimated from measured wet and dry
total 0.57 0.56–0.58 mass of a defined volume of bulk soil
air-filled 0.25 0.23–0.27 (mean of the top 10 cm of the soil layer)

and an assumed density of 2.5 g cm−3

for solid matter
CO2 production in soil:
production rate (µmol m−2 s−1) 5.0 4.0–6.0 determined from observed respiration

rate (Gamnitzer et al., 2009)
fraction produced in the
top 5 cm

0.8 0.5–0.9 exponential distribution with depth,
adapted to root mass distribution
(Klapp, 1971)

Temperature (°C) 16.5 10–24 observed soil temperature (5 cm depth)
pH 7.5 7.2–7.8 K. Auerswald, unpublished data
Displacement: see Section ‘Simulation runs’
∆zdisplace/∆t (mm min−1)
dissolution considered 0 2.4
dissolution disregarded 0 5.3

Table 3.1: Parameters characterising conditions for CO2 transport in the soil at the field site.

chamber simulations). Then, a daytime labelling period of 16 h followed: CO2 concen-
tration and δ13C in the air layer were again kept constant, and the isotopic signature
of respiratory CO2 production was adapted to include a fractional contribution of la-
belled C. The latter was derived from the time course of tracer in ecosystem respired CO2

(respiratory tracer kinetics) observed in open chamber measurements (Gamnitzer et al.,
2009). These measurements had been confirmed by an independent method where excised
soil+vegetation blocks were completely enclosed in laboratory-based open 13CO2/12CO2

gas exchange cuvettes, and thus represented the ‘true’ δ13C of respiratory CO2 production.

Three respiratory sources were distinguished. One source constituted decomposition of soil
organic matter. It was located in the soil, did not respire any tracer and contributed ap-
prox. half of the ecosystem respiration. Of the other two sources, one reflected aboveground
autotrophic respiration and the other reflected belowground autotrophic respiration. Both
supplied recently assimilated C from a pool turned over with a half-life of 2.6 d, and each
was assumed to contribute between 20 and 80% of this recently assimilated C pool. The
cycle of modelling nighttime measurements in closed and open chamber measurements
and daytime labelling was repeated, with increasing amount of label in CO2 produced by
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respiration from day to day, to simulate the 2 week-long continuous labelling experiment.

To investigate model sensitivity, simulation runs were performed by varying individual
input parameters within the ranges given in Table 3.1. These ranges represented the
uncertainty in determination of the input parameters. The displacement ∆zdisplace/∆t
was estimated such that the model resulted in a 40% decrease in ecosystem CO2 efflux.
This decrease was observed in measurements of Fresp in labelled ecosystem plots (which
were exposed to increased pressure during the preceding labelling period, see Gamnitzer
et al. 2009) compared to control plots (which were not pressurised prior to the measure-
ments; P < 0.001). The above-mentioned procedure resulted in ∆zdisplace/∆t values of
2.4 mm min−1 when dissolution of CO2 in soil water was considered and 5.3 mm min−1

when dissolution was disregarded, respectively. Along with lower Fresp in labelled plots
than in unlabelled plots, temperature during respiration measurements was also lower (U.
Gamnitzer, unpublished data). But the effects of decreasing temperature on respiratory
CO2 production and of displacement on soil CO2 efflux could not be clearly separated.
Thus, the above estimates of ∆zdisplace/∆t represented an upper limit for the displacement
values. Moreover, lateral diffusion was negligible in the present study according to the
requirements provided by Nickerson & Risk (2009b,c) on soil diffusivity, air-filled porosity
and chamber deployment time. This is furthermore supported by the fact that the cham-
ber used here was about 10 times larger in diameter than the one studied by Nickerson &
Risk.

Results

Simulation of CO2 in soil air

The modelled depth profiles for CO2 concentrations and isotopic compositions, calculated
with the air layer set to ambient conditions, showed the expected behavior (Fig. 3.2): CO2

concentration increased with depth from 371 µmol mol−1 in the overlying atmosphere to
6000–17000 µmol mol−1 at the bottom of the soil layer (Fig. 3.2 a). δ13C changed con-
tinuously from −8.5‰ in the atmospheric layer to values between −21.5‰ and −22.1‰
in the bottom soil layer (Fig. 3.2 b). Most of this change occurred in the upper 5 cm of
the soil. Compared to δ13C of CO2 produced by respiration in the soil, δ13C in soil air
CO2 was slightly more enriched than the theoretical 4.4‰ (Cerling, 1984), due to ex-
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Figure 3.2: Modelled depth profiles of
soil air CO2 concentration and isotopic
compositions. (a) concentration and
(b) δ13C under ambient conditions (the
beginning of the labelling experiment)
for soil conditions observed at the ex-
perimental field site (thick black line).
Sensitivity of the modelled CO2 con-
centration and δ13C to variations in
input parameters within the observed
range (Table 3.1) is indicated by the
thin lines: variation in soil respiration
rate (red dotted), depth distribution of
CO2 production in soil (green dashed-
dotted), soil porosity (black solid) and
temperature (blue dashed). (c) Influ-
ence of downward displacement of soil
air masses during daytime tracer appli-
cation on soil air CO2 concentration.
Simulated soil air CO2 concentration
at the end of a 14 d labelling exper-
iment for the maximum displacement
∆zdisplace/∆t (see Table 3.1) when dis-
solution of CO2 in soil water is con-
sidered (dashed) and disregarded (dot-
ted) in comparison to none displace-
ment (thick).
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change with the overlying atmosphere. Sensitivity of modelled profiles to uncertainties in
input parameters was smallest for temperature, with changes of soil air CO2 concentration
within 340 µmol mol−1 and changes in δ13C within 0.15‰. Sensitivity was largest for the
depth distribution of CO2 production in the soil: up to a doubling of CO2 concentration
was predicted. In contrast, δ13C varied very little (within 0.33‰). When dissolution was
taken into account, 9 to 32 times the amount of CO2 in soil air was stored in soil water
while CO2 concentration and isotopic composition in soil air remained unchanged. Dur-
ing the course of the labelling experiment, downward displacement during daytime tracer
application shifted the simulated CO2 concentration profile to smaller values (Fig. 3.2 c).
The CO2 concentration in the deeper soil layers was decreased by 40% when dissolution
of CO2 in soil water was disregarded and 60% when dissolution was considered.

All selected input parameter values provided realistic depth profiles of CO2 concentration
and δ13C. The gradient of both profiles was large in the top centimeters of the soil layer
and decreased rapidly with depth. 80% of the soil respired CO2 was produced in the
top 5 cm (Table 3.1). So the main changes occurred above the soil collar depth of 12 cm
(compared to a soil layer thickness of 25 cm), confirming the simplified representation of
the movement of CO2 in soil in a one-dimensional model.

Simulation of step changes in isotopic composition of air

A simulated step change in δ13C in the air layer from −8.5‰ (ambient conditions) to
−46.9‰ (labelling conditions) caused model predicted δ13C of soil CO2 efflux to become
29.4‰ enriched relative to respiratory CO2 production (Fig. 3.3 a). Following the change,
δ13C of soil CO2 efflux decreased asymptotically towards the steady-state value of−26.7‰,
which was determined by respiratory CO2 production. 1 h after the switch, δ13C of soil
CO2 efflux was −25.0‰, and after 4.4 d it reached the steady-state value within 0.1‰.
The decrease was faster when dissolution of CO2 in soil water was disregarded: 1 h after
the switch, δ13C of the soil CO2 efflux was −26.3‰, and after 6 h it differed less than
0.1‰ from the steady-state value. The timescale differed by a factor of 18, which was
consistent with the ratio of total (gaseous + aquatic phase) CO2 to gaseous CO2 in the
soil. When the system was in steady-state under labelling conditions, a step change in
δ13C back to the ambient value of −8.5‰ caused analogous changes in the other direction,
including a shift in δ13C of soil CO2 efflux to 29.4‰ more depleted values (Fig. 3.3 b).
This appeared as a tracer in the soil CO2 efflux, while the isotopic signal of respiratory
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Figure 3.3: Influence of a step change in δ13C in the air layer on δ13C of soil CO2 efflux. Top (a and b):
δ13C of soil CO2 efflux when dissolution of CO2 in soil water was regarded (black solid line) or disregarded
(black dashed line). δ13C in the air layer (thick grey line) was switched (a) from ambient (−8.5‰) to
labelling conditions (−46.9‰), and (b) from labelling to ambient conditions. Before the switches, the
soil-air system was in steady-state. δ13C of respiratory CO2 production (grey dotted line) in the soil
was constant at −26.7‰. Bottom: Schematic illustration of the mechanism underlying abiotic tracer
flux, considering 12CO2 and 13CO2 as separate diffusing gases. Squares, CO2 pools in the air and in the
soil; arrows, CO2 fluxes. (c) Unlabelled system in steady-state. (d) Tracer application and associated
transitions, namely (1) change in CO2 in air layer to more depleted δ13C, (2) change in CO2 diffusive
fluxes due to changes in soil-air CO2 gradient, and (3) change in soil CO2 reservoir due to changed fluxes.
(e) Labelled system in steady-state with (4) fluxes exhibiting the original isotopic composition. (f) Closed
chamber measurement and associated transitions, namely (5) change in CO2 in air layer to δ13C of ambient
air, (6) change in CO2 diffusive fluxes due to changes in soil-air CO2 gradient, and (7) change in soil CO2

reservoir due to changed fluxes.
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CO2 was constant at −26.7‰ during the whole simulation run.

The following mechanism underlied these simulation results, which were derived from the
parallel consideration of 12CO2 and 13CO2 (Fig. 3.3 c–f). (1) The change of δ13C of CO2

in the air layer from ambient to labelling (more depleted) conditions corresponded to an
increase of the air 12CO2 pool and a decrease of the air 13CO2 pool. (2) These changes
of CO2 pool sizes in the air layer caused changes in the CO2 gradients between soil and
air, resulting in decreased 12CO2 and increased 13CO2 diffusive soil effluxes. (3) These
changed fluxes, in turn, increased the soil pool of 12CO2 and decreased that of 13CO2. (4)
After some time, the system attained a new equilibrium with the original fluxes, but with
changed isotopic signatures of the air and soil CO2 pools. In total, the atmospheric tracer
signal was transmitted into the soil, even when both the 12CO2 and the 13CO2 flux were
directed from the soil to the air layer. (5) The switch back to δ13C of ambient air again
changed the air CO2 pool sizes, in this case 12CO2 was decreased and 13CO2 was increased.
(6) This led to increased 12CO2 and decreased 13CO2 soil efflux, thus to a change in δ13C
of the efflux to a more depleted value. This apparent tracer flux is of physical origin,
and is termed abiotic tracer flux (in contrast to biological label return by respiration of
previously assimilated tracer). It should be noted that the 12CO2 and 13CO2 pool sizes
and fluxes changed, while total CO2, which is the sum of both isotopologues, remained
constant.

Simulated tracer kinetics of ecosystem respiration

The simulation of the labelling experiment predicted δ13C of soil CO2 efflux, which was
obtained from Keeling plot intercepts (Fig. 3.4, thin lines), to be depleted compared to
ecosystem respiratory CO2 production (Fig. 3.4, thick line). The average predicted bias
due to the change in chamber headspace air at closure was 1.0‰ in the labelled ecosystem
(Fig. 3.4 a, thin black solid line). This corresponded to a step change in δ13C in the
air layer from labelling to ambient conditions (see Fig. 3.1 and Fig. 3.3 b,e,f). Besides
the abiotic tracer signal considered in the above illustration of changes in the air layer
δ13C, also biological tracer flux (due to increasing respiration of label) occurred in the
course of the labelling experiment. Additional consideration of dissolution of CO2 in
soil water (Fig. 3.4 b, thin black solid line) or downwards displacement of soil air (Fig.
3.4 a, thin blue dashed line) increased the predicted bias to 4.2‰ and 3.6‰, respectively.
The bias reached 9.2‰, when all three mechansims (change in headspace air, dissolution
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Figure 3.4: δ13C of ecosystem respira-
tory CO2 production (thick black line),
measured by the open chamber ap-
proach, and δ13C of soil CO2 efflux, de-
rived from measured (filled squares; er-
ror bars: standard error, n= 2–10) and
simulated (thin lines) Keeling plot in-
tercepts in closed chambers. Simula-
tions (a) disregarded and (b) consid-
ered dissolution of CO2 in soil water,
with CO2 at chamber closure changed
to ambient conditions (see Fig. 3.1)
and downwards displacement of soil air
disregarded (black solid) and consid-
ered (blue dashed). Red and green
lines in (a) and (b) indicate simula-
tions where CO2 at chamber closure
was not changed to ambient conditions
but remained constant at labelling con-
ditions; again when soil air displace-
ment was disregarded (red dotted) and
considered (green dashed-dotted). (c)
The grey shaded area indicates the sen-
sitivity of model predicted Keeling plot
intercepts to variations of input param-
eters (see Table 3.1 for range). This
sensitivity analysis was performed for
the simulation run considering disso-
lution and disregarding displacement
(thin solid line).
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and displacement) were considered simultanously (Fig. 3.4 b, thin blue dashed line). The
magnitude of the bias caused by Keeling plot non-linearity was derived from simulations
where δ13C of chamber headspace air remained unchanged and displacement of soil air
did not occur. These conditions were approximately met during Keeling plot sampling in
the non-labelled ecosytem (0 days of continuous labelling; see also Fig. 3.1), where the
bias was no larger than 0.1‰. Similarily, simulated Keeling plot intercepts ranged within
0.1‰ compared to respiratory CO2 production at the end of the labelling experiment,
when δ13C in the air layer was held constant under labelling conditions (Fig. 3.4 a,b, thin
red dotted lines). In this case, the bias caused by displacement of soil air was within
2.9‰ (Fig. 3.4 a,b, thin green dashed-dotted lines). Sensitivity of the simulated Keeling
plot intercepts to uncertainties in the model input parameters, namely soil respiration
rate, depth distribution of CO2 production in soil, soil porosity, temperature and pH, was
within 1.5‰ (Fig. 3.4 c).

Experimental tracer kinetics of ecosystem respiration

The observed bias between Keeling plot intercepts measured in closed chambers (Fig. 3.4,
filled squares) and respiratory CO2 production (Fig. 3.4, thick line) was on average 11.2‰
in the labelled ecosystem. In contrast, the control measurements (before labelling started)
did not differ significantly (P = 0.31). Comparison of the observed Keeling plot intercepts
with the model predictions showed that the simulation including all three mechansims
(change in headspace air, dissolution and displacement) essentially explained the observed
bias. On the other hand, simulations including a change in headspace air and either
dissolution or displacement or none of these effects accounted for less than half of the
observed bias. The sensitivity of model predictions to uncertainties in the input param-
eters was relatively small. It did not allow to explain the observed bias without taking
dissolution and displacement into account (Fig. 3.4 c). This strongly suggests that, besides
diffusion, both dissolution and displacement played a significant role in closed chamber
Keeling plots in the continuous labelling experiment. Processes which were not comprised
in the simulation accounted for the remaining deviation of 2.0‰ between modelled and
observed tracer kinetics. These processes included temporal changes of parameters during
the course of the labelling experiment, diffusion in the aquatic phase, displacement of soil
water or incomplete isotopic equilibration between gaseous and dissolved CO2.
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Discussion

Mechanisms which influenced δ13C of nighttime soil CO2 efflux

In the continuous labelling experiment, three mechanisms contributed significantly to the
difference between the isotopic composition of soil CO2 efflux observed with closed cham-
bers and respiratory CO2 production: (1) the change in isotopic composition of CO2 in
chamber air, (2) the dissolution of label CO2 in soil water, and (3) the displacement of soil
air. This corresponded with the idea that labelling CO2 penetrated into soil pores during
tracer application and emerged — driven by altered 12CO2 and 13CO2 concentration gra-
dients — into chamber air during subsequent closed chamber respiration measurements.
More precisely, the observed decrease of 11.2‰ in δ13C of ecosystem respired CO2 corre-
sponded to a 29% increase in the fraction of labelled CO2. Compared to this, the impact
of artefacts specific to Keeling plots was negligible.

The change in isotopic composition of chamber air at the beginning of the closed chamber
measurement was a prerequisite for abiotic tracer efflux. The size of this effect of approx.
1‰ corresponded to the magnitude estimated by Nickerson & Risk (2009c) for a sharp
concentration decrease of headspace CO2, which caused similar perturbation as switching
from daytime labelling to closed chamber respiration measurements. They reported a
range of 0–15‰. Compared to the parameter range used in that study, site conditions of
the present study were such that the simulated bias was expected to range in the lower
part of 0–15‰ given by Nickerson & Risk.

Dissolution of CO2 in soil water provided a large reservoir in the soil, which allowed storage
of additional label CO2. Dissolution of CO2 delayed equilibration between soil CO2 and
overlying atmosphere, and thus changes in δ13C of soil CO2 efflux lagged. As a result,
the theoretical bias increased from 1.0‰ to 4.2‰. To allow dissolved CO2 to participate
in CO2 gas transport, instantaneous exchange between gaseous and dissolved phase was
assumed. This requirement was sufficiently fulfilled when the gaseous-dissolved phase
equilibration was fast compared to the isotopic equilibration between soil air CO2 and
overlying atmosphere, which occured within hours to days. Presumably, this was the case
as carbonic anhydrase, which catalyses the gaseous-dissolved phase equilibration of CO2,
was previously found in soil-inhabitating organisms such as bacteria (Kusian et al., 2002;
Mitsuhashi et al., 2004) and fungi (Aguilera et al., 2005; Amoroso et al., 2005; Klengel
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et al., 2005; Mogensen et al., 2006), as well as in non-photosynthetic plant organs and
tissues (Raven & Newman, 1994), particularly roots (Viktor & Cramer, 2005) and growing
root tips (Chang & Roberts, 1992). Furthermore, Seibt et al. (2006) and Wingate et al.
(2008) provided evidence for the presence of carbonic anhydrase in the upper soil, which
accelerates the hydration of bicarbonate by a factor of 80–1000 (which corresponded to
equilibration within less than 1 s). Considering these timescales, participation of a major
fraction of dissolved CO2 in soil gas transport is likely, even if isotopic equilibrium was
not fully reached. Such incomplete equilibration was reported by Gillon & Yakir (2001)
for oxygen isotopes in leaves. These findings corresponded with the suggestion of Högberg
et al. (2008), that during tracer application CO2 in soil air and in carbonic acid in soil
water had, at least partly, equilibrated isotopically with the labelling CO2.

Downwards displacement of soil air biased nighttime respiration measurements, even when
the displacement occured before the measurements. As overpressure occurred inside the
chamber headspace during daytime tracer application (Gamnitzer et al., 2009), we suppose
that soil air masses were displaced downwards, according to the mechanism described by
Lund et al. (1999) and considering suppression of lateral movement by soil collars. Fur-
thermore, CO2 concentration measured in soil air beneath the chambers (U. Gamnitzer,
unpublished data) decreased during tracer application, which is consistent with the down-
wards displacement of soil air. The air mass flow caused labelling CO2 to penetrate deeper
into the soil, resulting in increased isotopic disequilibrium fluxes and thus up to 5.0‰ more
depleted soil CO2 efflux.

The soil air model captured the dominant mechanisms which determined the observed
bias. Compared to these processes, known artefacts specific to Keeling plots were of
little importance. So deviations due to inappropriate application of regression models
(ordinary least square regression versus geometric mean regression; see Pataki et al. 2003;
Zobitz et al. 2006) were 0.09‰ on average. Also CO2 accumulating in the closed chamber
headspace and associated chamber-soil feedbacks (Nickerson & Risk, 2009b) caused only
little variation of the Keeling plot intercepts under the prevailing site conditions, which
included short chamber deployment times as well as relatively low diffusivity and high
respiration rate. For ecosystems where soil CO2 was in equilibrium with the overlying
atmosphere at chamber closure, simulated Keeling plot intercepts agreed within 0.1‰
with δ13C of respiratory CO2 production, compared to a difference of up to 4‰ estimated
by Nickerson & Risk (2009b) for a variety of soil conditions.
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Implications for respiration measurements

The exemplary study of soil CO2 transport in a labelled ecosystem revealed two mecha-
nisms which are potentially relevant in various investigations of soil and ecosystem res-
piration: (1) abiotic variations in δ13C of soil CO2 efflux distorted the observation of
belowground respiratory CO2 production, and (2) enlargement of the soil CO2 pool by
exchange of CO2 between air and water pores extended transient changes in δ13C of soil
CO2 efflux. The present study surveyed non-steady-state effects on ecosystem respiration
measurements. Compared to that, the distortion of soil respiration measurements is sup-
posed to be even larger. Ecosystem respiration includes belowground (soil) respiration as
well as aboveground respiration, where the latter does not affect soil CO2 storage. Thus,
the bias of the belowground respiratory signal is attenuated by mixing with the unbiased
aboveground signal.

Measurements of δ13C of belowground respiratory CO2 production by observation of soil
CO2 efflux are sensitive to changes in δ13C in the air above the soil, as demonstrated in the
case of closed chamber Keeling plots in a labelled ecosystem. This agreed with observations
of Ohlsson et al. (2005), that Keeling plot intercepts depended on chamber air treatment
prior to the measurement. Furthermore, the experimental evidence of non-steady-state
effects was consistent with a theoretical investigation of commonly applied techniques
altering the soil-atmosphere gradient (Nickerson & Risk, 2009c). Among them were non-
steady-state chambers where the CO2 concentration was lowered at closure (Flanagan
et al., 1996; Buchmann & Ehleringer, 1998; Ohlsson et al., 2005) and flow-through cham-
bers supplied with CO2-free air (Andrews & Schlesinger, 2001; Bernhardt et al., 2006;
Midwood et al., 2008).

Large changes in δ13C of CO2 in the air layer and thus in soil CO2 efflux are induced by
isotope tracer application via photosynthetic uptake of labelled CO2. Subke et al. (2009)
detected abiotic tracer fluxes when labelling CO2 contained 21% of 13CO2 (corresponding
to δ13C of 23000‰). The current study corroborates this finding for a much smaller
labelling signal of ∼40‰. This also indicates, that abiotic tracer fluxes can occur in
FACE experiments, which are usually operated at δ13C of elevated CO2 between −15‰
and −20‰ (e.g. Nitschelm et al., 1997; Matamala et al., 2003; Asshoff et al., 2006; Keel
et al., 2006; Pregitzer et al., 2006; Taneva et al., 2006). When FACE experiments are
combined with measurements of soil respiratory δ13C (Torn et al., 2003; Søe et al., 2004;
Pregitzer et al., 2006; Taneva et al., 2006) and fumigation with isotopically different CO2
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is restricted to daytime (e.g. Lewin et al., 1994; Zanetti et al., 1996; Miglietta et al., 1997;
Hendrey et al., 1999; Dickson et al., 2000; Edwards et al., 2001; Miglietta et al., 2001;
Reich et al., 2001; Pepin & Körner, 2002), the measurements are potentially biased when
performed subsequent to day-night tracer switches. Soil-air disequilibria are also imposed
prior to respiration measurements in pulse labelling experiments. However, the timescale
on which abiotic tracer fluxes are large enough to be detected must be considered. It
ranged from hours to days in our example, which is consistent with observations in a
forest ecosystem, where the abiotic tracer flux was significant for 48 h (Subke et al., 2009).

Enlargement of the soil CO2 pool has the potential to amplify known non-steady-state
effects induced by chamber measurement procedures, natural variability and also tracer
application. Thus, the bias due to chamber-induced disequilibria might exceed the 15‰
predicted by Nickerson & Risk (2009c) for consideration of CO2 in soil air. Natural
variability in atmospheric CO2 causes the same effect on soil CO2 efflux as a change
of headspace CO2 inside the chambers, but with smaller magnitude. Nickerson & Risk
(2009a) predicted a bias of up to 0.05‰ due to daytime-nighttime changes of both at-
mospheric CO2 concentration and isotopic composition, with the individual effects nearly
cancelling each other out. When this is multiplied by a factor of 18 due to enlarged soil
CO2 pool, the bias is 1‰, which is detectable with respect to the precision of common
mass spectrometric technique (see e.g. Schnyder et al., 2004). As the amount of CO2 in the
dissolved phase increases with pH and with soil water content, the effect of enlarged soil
CO2 pool on soil CO2 efflux is expected to be largest under alkaline and wet conditions.

In conclusion, the soil CO2 transport model predicted the impact of non-steady-states
on measurements of isotopic composition of soil CO2 efflux, as it captured the dominant
mechanisms. Thus, it enabled estimation of potential biases in isotopic measurements
of soil and ecosystem respiration. It demonstrated that CO2 isotopic composition in air
needs to be carefully chosen to keep steady-state in terms of isotopic composition of soil
CO2 efflux, in particular in labelled environments. This has been shown for the example
of closed chamber Keeling plot measurements, but it applies also in other measurement
circumstances. For example in open flow-through chambers headspace air CO2 needs to
be maintained at predefined conditions. Dissolution of CO2 in soil water turned out to
amplify non-steady-state effects by influencing the magnitude of transient processes, while
it had no influence on depth profiles in the steady-state.
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Methodological advances

In this study, a new tracer technique was established to investigate C allocation and par-
titioning in a grassland ecosystem by continuous 13CO2/12CO2 labelling, similar to the
techniques successfully applied in laboratory experiments (Deléens et al., 1983; Schnyder,
1992; Schnyder et al., 2003). The new open-top chamber apparatus provided both pre-
cise application of the tracer under near-natural environmental conditions and accurate
analysis of the tracer content in ecosystem respired CO2 online in the field. The chal-
lenge of maintaining constant isotopic composition during daytime tracer application was
overcome by high air flow through the chamber and by minimised ambient air incursion
through the buffered vent (Fig. 2.4). Despite the feedback of the enclosed ecosystem
on chamber headspace CO2, the δ13C of the labelling CO2 was stable within 0.4‰ (SD
including day-to-day variation) during the entire labelling period (Fig. 2.7 b). For compar-
ison, δ13C was constant within 0.2–0.3‰ in stand-scale experiments in growth chambers
(Schnyder et al., 2003; Lehmeier et al., 2010). On the other hand, the difference between
the isotopic composition of the tracer (−46.9‰) and natural CO2 (−8.5‰) was approx.
100 times larger than the achieved precision. Apart from the alteration in the isotopic
composition of CO2, environmental conditions inside the open-top chambers ranged well
within conditions occuring naturally at the field site (Figs. 2.6 and 2.7 a). Besides the
investigation of C supply to ecosystem respiration, the tracer technique presented here
also enables the study of C allocation to plant growth (I. Schleip, unpublished data) and
to the soil compartment (E. Kaštovská, unpublished data) under field conditions.

Comprehensive investigation of the two different measurement modes applied for tracer
analysis in nighttime ecosystem respiration revealed the following: (1) The tracer content
of ecosystem respired CO2 was measured accurately and precisely in the open cham-
ber mode. That open-chamber measurements were accurate was supported by reference
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Figure 4.1: Tracer kinetics of ecosys-
tem respired CO2 (fraction of labelled
C, fnew), obtained with different mea-
surement methods during a 16 days-
long continuous labelling experiment.
Open circles, steady-state open cham-
ber measurements online in the field
(Fig. 2.8); closed triangles, laboratory-
based reference measurements on ex-
cised soil+vegetation blocks under con-
trolled conditions (Fig. 2.8); closed
squares, Keeling plot intercepts derived
from non-steady-state closed chamber
measurements (Fig. 3.4). Error bars in-
dicate SE (n= 2–10).

measurements (Fig. 2.8, see also Fig. 4.1) with an independent, established, laboratory-
based method (Lötscher et al., 2004). The operation at nearly constant δ13C of chamber
headspace CO2 was essential for preventing imbalances between CO2 respired belowground
and soil CO2 efflux (Fig. 3.3). (2) Measurements obtained with the closed chamber ap-
proach were clearly biased. They suggested approx. 1.5-fold tracer content compared to
the open chamber and reference measurements (Fig. 4.1). This bias could be largely
explained by penetration of tracer into soil pores during daytime tracer application and
subsequent release into chamber air during nighttime measurements. Non-biological tracer
return has been previously noted in applications using highly enriched 13CO2 (Staddon
et al., 2003; Leake et al., 2006; Subke et al., 2009). The present work provides a mecha-
nistic model of these effects and demonstrates for the first time, that non-biological tracer
return occurred in labelling studies using near-natural abundance of 13CO2/12CO2. Thus,
operating conditions of respiration chambers need to be carefully selected, particularly in
free-air CO2 enrichment (FACE) experiments.

Kinetic characteristics of C turnover in a grassland ecosystem

Compartmental analysis (Atkins, 1969; Jacquez, 1996) of the observed tracer kinetics re-
vealed that ecosystem respiration at ambient CO2 concentration was supplied by two
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kinetically distinct sources. One was closely connected with current photosynthetic activ-
ity and largely corresponded with autotrophic respiration (i.e. shoot, root and rhizosphere
respiration). The other source was supplied by substrate pools that released C only af-
ter long residence time (≥months) in the ecosystem. This source was thus considered to
represent the heterotrophic component of ecosystem respiration (i.e. decomposition of old
organic material).

Prerequisites for compartmental analysis

Application of the two-pool compartmental model required that the kinetic characteristics
of the two sources did not change during the whole labelling experiment, i.e. the system
had to be in a steady-state apart from the increase in tracer content. In particular, the
relative contributions from the two sources and the mean residence time of C in the rapidly
turned over pool were assumed to be constant on a day-to-day basis. Certainly, these con-
ditions were not exactly met in the field experiment. The allocation of assimilate within
the plant is generally thought to be determined by source-sink interactions, which in turn
may vary with environmental conditions (see e.g. Dickson, 1991; Stitt & Schulze, 1994).
In a pulse labelling experiment, the observed tracer allocation pattern strongly depends
on the actual conditions during the short period of tracer uptake. So, rapid fluctuations
in climatic conditions may complicate the interpretation of tracer kinetics in such studies.
In contrast, the continuous labelling approach used in the present study integrated over
variations during the entire study period, providing insight into the average C allocation
pattern. That the present study assessed the average C allocation pattern was also sup-
ported by the sampling scheme, which provided a larger number of replicate respiration
measurements shortly after the onset of labelling. This ensured more reliable capture of
average environmental conditions during the period of the steepest increase in tracer con-
tent. Moreover, green shoot biomass as well as root biomass did not change significantly
during the experiment (P = 0.20 and P = 0.30, respectively; I. Schleip, unpublished data),
indicating negligible plant growth. This further supported the steady-state assumption.

C residence times obtained in the field and in controlled environments

The observed mean residence time (3.7 d) of C in the rapidly labelled component of the
respiratory substrate supply system was well within the range expected from controlled
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environment studies on Lolium perenne. This species was a main component of the grass-
land under study. On the stand-scale, the tracer kinetics reported by Schnyder et al.
(2003) reflected a mean residence time of 2.2 d. In plants grown under continuous light
and ample nitrogen supply, Lehmeier et al. (2010) found a mean residence time of 4.6 d.
This doubled under nitrogen deficient conditions. On the other hand, exposing the plants
grown at high nitrogen to day/night cycles approximately halved the mean residence time
(C. Lehmeier, unpublished data). Considering that the latter plants exhibited larger ni-
trogen content than the plants at the field site (I. Schleip, unpublished data), the mean
residence time of C observed in the present field study was well within the range of that
in controlled conditions.

Further differentiation of recently assimilated substrate

Further differentiation of the source supplying recent assimilates to respiration was not
possible due to the time resolution of labelling of 1 d (more precisely, one whole light pe-
riod). A major part of respiration from this source was constituted by plant shoot and
root respiration. Indeed, there is increasing evidence that plant respiration is supplied by
kinetically distinct substrate pools (including organic compounds from current photosyn-
thesis as well as temporarily stored substrate) with half-lives from less than 1 h to more
than 1 week (Ryle et al., 1976; Schnyder et al., 2003; Lehmeier et al., 2008, 2010). These
studies suggest, that the source supplying recent assimilates to ecosystem respiration com-
prised several ‘subpools’, whose size, turnover and interactions determined the residence
time of C. However accurate determination of the mean residence time required equal con-
sideration of both the rapidly and the slowly turned over subpools. In the present study
this was provided by the continuous application of the tracer.

To increase time resolution in future studies, the onset of labelling could be shifted from
sunrise to various times during the day. Then the first nighttime respiration measurement
would occur after less than a whole light period of labelling. Also darkening of the cham-
bers during daytime provides an opportunity to measure respiration after less than a whole
day of labelling. However, diurnal variations in C allocation have been noted in day-night
cycles due to filling and depletion of storage pools (Farrar & Farrar, 1986; Gibon et al.,
2004), which needs to be accounted for in compartmental analysis of such a tracer kinetics.
For this purpose, the high time resolution of the online respiration measurement technique
(∼15 min) could be helpful. However, isotopic imbalances between respiratory CO2 pro-
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Figure 4.2: Tracer kinetics of ecosystem respired CO2 (fraction of labelled C, fnew), observed during 2-weeks
long continuous labelling experiments in autumn 2006 (28 Aug. – 13 Sept.; open squares), spring 2007 (13
May – 29 May; closed circles) and autumn 2007 (10 Sept. – 26 Sept.; open triangles) at Grünschwaige
Grassland Research Station. Respiration measurements were obtained with a steady-state open chamber
technique at night (see Chapter 2). For each of the tracer kinetics, the two-source model described by
fnew(t) = a(1− e−bt) (Eqn. 2.6) was the simplest model that captured the key characteristics (dashed line,
autumn 2006; solid line, spring 2007; dotted line, autumn 2007). More complex models were not supported
by the data. Thus the same model structure reflected the substrate supply system for ecosystem respiration
in the three investigated periods. The mean residence time (MRT) of C in the substrate pool of autotrophic
respiration was given by the fit parameter b, MRT = 1/b. Shared superscripts indicate that values did not
differ significantly (P < 0.05).

duction and soil CO2 efflux are expected to become increasingly important with higher
time resolution (see Fig. 3.3 as an example). The soil CO2 transport model established in
Chapter 3 might be a useful tool to further investigate this.

Seasonal and interannual variation of respiratory substrate supply

With the new tracer technology presented in this work, seasonal and interannual variations
in the substrate supply to ecosystem respiration can now be explored. This is supported by
comparison of tracer kinetics obtained at the same site but in different seasons and years
(Fig. 4.2). These tracer kinetics had similar shape and thus obeyed the two-pool model
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introduced in Chapter 2. But they differed in relative contributions from the two sources
supplying ecosystem respiration and in the mean residence time of C in the rapidly turned
over source. Enhanced growth, which usually occurs in spring, may result in shorter mean
residence time of C in this source: at the plant level, growth respiration was identified
to be closely connected to C assimilated within the preceding light period, while ‘older’
(i.e. stored) C was primarily related to maintainance respiration (Lötscher et al., 2004).
Considering the subpools which constitute the source identified as ‘recently assimilated C’
in the present study, this suggests reduced mean residence time in the case of enhanced
growth. However, a clear seasonal pattern with shorter residence time in spring was not ev-
ident in the present study, in contrast to the observations of Carbone & Trumbore (2007).
Perhaps the seasonal pattern was masked by interannual variability. Such variability might
be connected with differences in the size of the pool supplying recently assimilated C to
ecosystem respiration. Shoot biomass was identified to comprise the main fraction of the
total substrate pool supplying shoot and root respiration (Lehmeier et al., 2008). Between
the three labelling experiments discussed here, shoot biomass varied by a factor of 2–3
(I. Schleip, unpublished data). This suggested that the turnover was largely determined
by the size of the canopy. To quantitatively understand the mechanisms behind, further
investigations are necessary. These could include the involvement of non-structural car-
bohydrates in plant biomass, because these are generally considered as the main source of
respired C within plants (ap Rees, 1980; Tcherkez et al., 2003).

Outlook: further potential applications

In conclusion, the new labelling technology introduced in the present work was established
as a unique tool to partition the C sources of ecosystem respiration into recent assimilates
and old organic matter, and to quantify the turnover of the autotrophic pool. How the
kinetic characteristics, which were determined for the grassland under study, transfer
to other ecosystems, needs further investigation. For example, distinct patterns of C
allocation were reported for grassland and shrub ecosystems (Carbone & Trumbore, 2007).
The open-top chamber system introduced here is well suited for investigations of grasslands
or other types of vegetation with low canopy height. In comparison, trees would require
much larger chambers. However, in practice, the chamber size is likely to be limited by the
technical feasibility to supply a sufficient amount of CO2-free air. The new system provides
the opportunity for field labelling studies at any CO2 concentration, from subambient to
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elevated CO2, and investigation of a large range of factors potentially influencing ecosystem
C allocation and turnover. Among these are nitrogen supply (Lehmeier et al., 2010),
defoliation (Lattanzi et al., 2004; Lehmeier, 2008), arbuscular mycorrhizal colonisation
(Grimoldi et al., 2006), liming (Staddon et al., 2003) or shading (Bahn et al., 2009), which
are all of great ecological significance.
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