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Abstract. Recent advances have improved our method-1 Introduction
ological approaches and theoretical understanding of post-

photosynthetic carbon isotope fractionation processes. Nevz . .
) . - Stable carbon isotopes have become an important tool to ad-
ertheless we still lack a clear picture of the origin of short-

term variability in 83C of respired C@ (523C,e9 and or- vance our understanding in carbon cycle processes on dif-

. . . : : . ferent temporal and spatial scales. As carbon travels from
ganic carbon fractions on a diel basis. Closing this knowl- P P

. ) o . the atmosphere through plants and is respired back to the at-
edge gap is essential for the application of stable isotope ap- :

o L . mosphere by leaf, stems, roots and soil there are many pro-
proaches for partitioning ecosystem respiration, tracing car-

: .~ cesses, which alter the carbon isotope ratio (generally ex-
bon flow through plants and ecosystems and dlsentanglln%ressed in thé-notation §13C) in % as the relative devia-

key physiological processes in carbon metabolism of plantstion of the 13C/A2C ratio of a sample from th&C/A2C ratio

g]ntglslf;/t'sg stsbes)i‘?::;ne;gfssgf ;E;erTag¥n22?|lca&:zC§éos of an international standard). Thus, #¥C isotope signa-
P P pant, YSure of dark-respired C&813Ce9) is widely used for tracing

tem scales and discuss mechanisms, which might drive die
13 ) . . carbon flow through plants and ecosystems (e.g. Knohl et al.,
3+°Cres dynamics at each scale. Maximum reported varia-

tion in diel §13Cyesis 4.0, 5.4 and 14.8 %o in trunks, roots and 2005; Kodama et al., 2008), partitioning ecosystem respira-

leaves of different species and 12.5 and 8.1 %o at the soil anéIon (e.g. Bowling et_al., 2.001; Unger etal., 2010a), and dis-
S . .~ . 7. entangling key physiological processes on the plant and stand
ecosystem scale in different biomes. Temporal variation in

post-photosynthetic isotope fractionation related to changeIevels (e.g. Yakir and Sternberg, 2000; Gessler et al., 2009a).

in carbon allocation to different metabolic pathways is the?’hotosynthetlc carbon assimilation i3-plants heavily dis-

most plausible mechanistic explanation for observed diel d criminates again$t’C, with thes °C ratio of assimilated car-
- pa 13 HC explar Ybon being related to the ratio of leaf intercellular and ambient
namics ind~°Cres. In addition, mixing of component fluxes

s . . . " CO, concentration (Farquhar et al., 1982). Photosynthetic
with different temporal dynamics and isotopic composmonsd. o S 3
13 L . iscrimination leaves an imprint a#3C of newly produced
add to thes~°Cyes variation on the soil and ecosystem level. assimilates and respired G@vhich are widely used to char-
Understanding short-term variationssit?Cyesis particularly b y

. . . T i i | eff he physiol f photo-
important for ecosystem studies, sidééCrescontains infor- acterize environmental effects on the physiology of photo

mation on the fate of respiratory substrates. and ma theregynthesis. In addition, post-photosynthetic isotope fraction-
. . b y sub ! Y, ation processes in enzyme reactions of metabolic pathways
fore, provide a non-intrusive way to identify changes in car-

. downstream of photosynthetic carbon fixation can alter the
bon allocation patterns. ) e )
isotopic signature of the organic matter among organs and
chemical compound classes and also af§é8€ of respired
CO,. Thus, driven by the work of Jaleh Ghashghaie’s group

Correspondence taC. Werner and others increasing knowledge on isotope fractionation
BY

(c.werner@uni-bielefeld.de) during dark-respiration has been acquired during the last

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2438 C. Werner and A. Gessler: Diel variations in the carbon isotope composition

decade (for reviews see Ghashghaie et al., 2003; Badeck etg. tuneable diode laser spectroscopy (TDLS; e.g. Bowl-
al., 2005; Bowling et al., 2008). However, marked diel vari- ing et al., 2003) or cavity ring down spectroscopy (CRDS;
ations of dark-respired'®C,es, which occur within minutes  e.g. Wahl et al., 2006), which continuously meast{@0,
to hours over the 24 h cycle, have only lately gained scien-and3CO, concentrations in the gas stream (e.g. Barbour et
tific attention (e.g. Barbour et al., 2007; Werner et al., 2007;al., 2007) in e.g. gas exchange chambers (e.g. Kodama et al.,
Wingate et al., 2010). Ignoring these short-term variations2011) or in ecosystem height profiles (e.g. Wingate et al.,
in 813C,es might weaken the power of isotope approaches for2010). The temporal resolution and precision depends on the
disentangling plant and ecosystem processes. integration-time and instrument (e.g. 0.25 %0 at 1 s and about
In spite of recent insights into the origin 8¥3C of differ-  0.08 %o at 30 min integration time fé*3C ands'80 in CO,
ent carbon pools (see reviews of Badeck et al., 2005; Bowlwith a TDLS; Barthel et al., 2011b).
ing et al., 2008; Cernusak et al., 2009), we still lack a clear High temporal resolution measurementss&iC,es deter-
picture of the physiological mechanisms resulting in isotopicmined in non-equilibrated closed chambers (e.g. Maunoury
fractionation in metabolic processes downstream of photo<etal., 2007; Kodama et al., 2008) might, however, be affected
synthesis and their implication for diel variation §43C of by changes in transport isotope fractionation as the €D-
different organic carbon fractions and respired,CO centration in the chamber increases and could thus intro-
Here, we provide a survey of marked short-term dynam-duce errors under particular conditions (Ubierna et al., 2009)
ics in respireds13C,es and putative substrate pools at the which has created particular concern $6fC measurements
plant, soil and ecosystem scale. We have limited this re-of soil respiration (e.g. Nickerson and Risk, 2009). Open
view to exclusive cover publications evaluating diel (24 h) dynamic chamber techniques, which can be applied with op-
dynamics ins13Cesand providing mechanistic explanations. tical laser spectroscopy (e.g. Bahn et al., 2009; Barthel et
The mechanistic understanding is a prerequisite for disentanal., 2011a) and continuous measurements*d€ in CO,
gling physiological and environmental information encoded over soil profiles (cf. Kayler et al., 2008, 2010) can, how-
in short-term variations of13C in both plant organic matter ever, overcome these potential problems. Thus there are cur-
and respired C@ rently at least three independent techniques, which yield ac-
Compared to our progress in understanding isotope fraccurate measurement of diel dynamicss#iCyes, when spe-
tionation in general and dark respiratory isotope fractionationCific instrument precautions are taking into account. Given
in particular, the recognition of diurnal dynamicsst*Cres  the fact that observed ranges d%°Cres exceed by far the
was slow. This was largely attributed to methodological con-Vvariation, which may be caused by instrumental noise or non-
strains hindering high-time resolved analysi$biCes Re- equilibrium conditions, we have now gained a solid piece
cently technological advances opened new frontiers to asse$¥ data on short-term (minutes to day) variation in respired
the isotopic signature of respired g@t time scales from 813Cres
minutes to hours over the day course, which will be shortly Determination of respiratory substratéC signatures,
surveyed in the next section (for detailed methodological dewhich are needed to understand the origins of variation, is

scriptions see Sect. 3 in companion paper by Werner et alnot possible at the same high temporal resolution as measure-
2011a). ments of§13C.es Even though hyphenated gas chromato-

graphic (GC) and liquid chromatographic (LC) IRMS tech-
niques have enabled us to assess compound sp&d@icn
2 New methodological developments in high organic substrates, destructive sampling and extraction pre-
time-resolved measurements 0§13Ces vents continuous measurements. Moreover, when interpret-
ing data of the isotopic composition of soluble and storage
First attempts to measur&'3C,es were made with gas- carbohydrates and other fast-turnover compounds, potential
exchange systems coupled to isotope ratio mass spectronartefacts related to the extraction procedures have to be taken
eters (IRMS), allowings3C analysis of CQ respired by into account (Richter et al., 2009). In spite of these problems,
leaves, roots or whole plants in an enclosure (normally a cumore and more data fé*3C of respiratory substrates is now
vette or phytotron). Alternatively, detached leaves, roots oravailable at a temporal resolution of a few hours. This infor-
soil have been incubated in small vials (e.g. exetainer). Ifmation is a first step towards understanding the mechanisms
flushed with CQ-free air thes13C,es can be measured di- of variations in diel dynamics i#'3Cyes of different plant or-
rectly within 3 min on a gas bench-IRMS (in-tube incubation gans and ecosystem compound, which are summarized in the
technique, Werner et al., 2007). High precision IRMS en- next section.
ables “on-line”-measurements, where an open gas-exchange
system is directly coupled to the IRMS e.g. via an open-split
and a GC-column for C@separation, yielding a time reso-
lution of ca. 5min (e.g. Schnyder et al., 2003; Klumpp et al.,
2005; Werner et al., 2007). Fully continuous monitoring of
813Ces can be achieved with new optical laser spectroscopy,
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Table 1. Survey of diel variations in respireﬂwcres of leaves, roots, trunks, soil and ecosystem respiration (minimum, maximum and

total range within 24 h) and the variation of the putative substrate (glucose (Glu), soluble sugars (SS), sucrose (Suc); water soluble organic
mater (WSOM); bulk organic matter (OM)). The species, growing conditions (field or controlled laboratory conditions (lab)), environmental
factors and references are given; ns — not significant; — not determined.

Diel variation (max.) in respired!3Cres (%o) Variation in substraté13C (%o) Species Field/ Environ.  Reference
Min Max Range Type Min Max Range lab Factors
Diel variation at the leaf scate
6.4 SS ns Quercus ilex field Hymus et al. (2005)
4.9 ns Quercus cerris field
—310+0.6 —195+0.6 11.5 Pinus elliotti field Apr Prater et al. (2006)
—276+05 —216+0.3 6.0 oM —299+02 -291+01 0.7 Pinus elliotti field Aug
—29.2+04 —219+0.3 7.3 OoM —304+0.1 —-298+00 0.6 Pinus elliotti field Apr
—26.7 -18.3 8.4 Quercus ilex lab Werner et al. (2007)
—26.0 —23.9 2.1ns Tolpis barbarta lab
—286+0.4 —257+0.2 2.9 Pinus pinea lab Priault et al. (2009)
—259+0.5 —186+0.8 7.3 Quercus ilex
—288+0.2 —20.9+0.7 7.9 Halimium halimifolium lab
—239+0.8 —159+0.7 8.0 Arbutus unedo lab
—251+04 —237+0.1 14 Ceratoma siliqua lab
—30.2+0.5 —24.0+0.8 6.2 Mentha piperita lab
—-305+1.1 —264+0.7 4.1 Citrus hytrix lab
—274+04 —209+0.6 6.5 Rosmarinus officinalis  lab
—24.4+0.7 —211+04 3.3 Ficus benjamina lab
—246+0.6 —249+0.9 -0.3 Tolpis barbata lab
—285+0.1 —281+0.9 0.5 Quercus petraea field
—27.9+0.4 —241+04 3.9 Sorbus cashmiriana field
—281+09 —242+12 3.9 Laurussp field
—27.7+0.4 —26.9+0.6 0.7 Carpinus betulus field
—289+0.7 —287+0.7 0.2 Poa annua field
—319+0.3 —322+0.2 -0.3 Bellis perrenis field
—317+0.6 —31.6+0.6 -0.3 Trifolium pratensis field
—28.5 —-28.1 0.4 SS —30.0 —-30.4 —0.4 Quercus petraea lab Werner et al. (2009)
-275 —-19.4 8.1 SS —-23.8 —23.6 0.2 Quercus ilex lab
—25.0 —24.4 0.6 SS —-30.4 —-30.9 0.5 Tolpis barbata lab
—29.6 —20.7 8.9 SS —29.7 —28.7 1.0 Halimium halimifolium lab
—219+1.3 —147+05 72 WSOM -269+14 -239+05 3.0 Acacia longifolia forest summer Rascher et al. (2010)
—182+0.5 —150+05 3.2 WSOM -236+06 —224+05 1.2 Acacia longifolia dunes summer
—226+0.3 —17.9+0.1 47 WSOM -264+03 -257+0.8 0.7 Pinus pinaster forest summer
—245+0.8 —165+0.1 8.0 WSOM -266+02 -253+05 1.2 Pinus pinaster dunes summer
—202+12 —14.6+0.9 56 WSOM -269+07 -257+10 — Acacia longifolia field drought Dubbert et al. (2011)
—226+1.2 —138+1.0 8.8 WSOM —265+1 —-254+0.8 Rosmarinus officinalis  field drought
—221+13 —159+2.0 6.2 WSOM —282+1 —-269+12 — Halimium halimifolium field drought
—29.9+0.9 —151+0.6 148 WSOM -31.8+0.3 -302+0.2 ns Halimium halimifolium lab Wegener et al. (2010)
—-301+12 —235+04 6.6 WSOM -300+03 -282+11 ns Melissa officinalis lab
—26.2+0.8 —20.8+0.2 54 WSOM -282+0.8 -—-27.0+0.7 ns Salvia officinalis lab
—30.6+0.8 —27.2+11 34 WSOM -30.0+09 -289+0.1 ns Oxalis triangularis lab
—216+05 —-183+0.1 3.3 Quercus ilex field spring Unger et al. (2010a)
—226+0.2 —21.8+0.3 0.8 Quercus ilex field drought
—216+0.3 —192+10 24 Tuberaria guttata field spring
—285+0.6 —247+04 3.8 Tuberaria guttata field drought
—217+09 —184+0.9 33+0.8 Prosopis velutina Riparian dry season  Sun et al. (2009)
—205+0.6 —17.7+0.9 28+0.7 Prosopis velutina Upland dry season
—264+11 —213+12 51+11 Prosopis velutina Riparian  wet season
—247+14 —196+0.7 51+0.9 Prosopis velutina Upland wet season
—25.0+1.0 —-191+0.8 59 WSOM -273+04 -268+0.7 ns Wheat shoots field summer Kodama et al. (2010)
—289+15 —274+0.4 1.5 SS —318+0.6 —-285+04 3.3 Ricinus communis lab Gessler et al. (2009b)
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Table 1. Continued.

Diel variation (max.) in respired3Cres (%o) Variation in substraté13C (%) Species Field/ Environ. Reference

Min Max Range Type Min Max Range lab factors

Diel variation at the trunk/stem scale

—268+04 —-228+0.6 4.0 phloem -264+13 —-257+0.3 0.9 Pinus silvestris field summer  Kodama et al. (2008)
—-321+08 -288+05 3.3 SS -30.7 —-27.7 3.0 Ricinus communis lab Gessler et al. (2009b)
—2424+04 -212+03 30+05 Suc —246+0.2 -240+03 07+05 Quercus patraea forest Apr Maunoury et al. (2007)
—259+04 —-249+04 10+0.2 —240+05 -235+0.2 05+06 May

—26.1+01 -252+04 09+0.3 —259+0.2 -251+04 08+05 Jun

—248+0.2 —-221+05 27+04 —26.6+0.0 -256+05 10+0.7 Nov

Diel variation at the root scale

—333+05 -305+02 238 SS —314+04 -285+12 2.9 Ricinus communis lab Gessler et al. (2009b)
—281+03 -227+18 54 WSOM -247+0.8 —242+0.2 ns wheat field summer  Kodama et al. (2010)
—27.3+07 -261+04 -12ns WSOM -248+0.6 —238+0.6 ns Halimium halimifolium lab Wegener et al. (2010)
—280+05 —246+07 —3.4¢ WSOM  —-27.4+0.1 Melissa officinalis lab

—275+04 —-256+04 -—1.9¢ WSOM —-249+0.1 Salvia officinalis lab

—293+0.7 -286+0.7 -0.7ns WSOM -288+09 —-26.8+1.0 ns Oxalis triangularis lab

—253+14 -202+18 5.1 Acacia longifolia field summer  Rascher et al. (2010)
—237+06 -2144+09 2.6 Pinus pinaster field summer

—19.0+19 -150+15 4.0 WSOM -268+0.8 —239+0.7 2.9 Acacia longifolia field drought  Dubbert et al. (2011)
—2144+18 -169+0.8 45 WSOM —-257+0.6 —25.0+0.6 0.7 Rosmarinus officinalis field drought

—-1744+18 -163+19 1.1 WSOM -26.8+0.9 —-254+1 —1.4 Halimium halimifolium field drought

—230+05 -206+04 24 Tuberaria guttata field spring Unger et al. (2010a)

—25.6+0.2 -210+05 4.6 Tuberaria guttata drought

SS — soluble sugar; SStot — total soluble sugar fraction; WSOM — water soluble organic matter; SUC — sucrose; ns — not significant (Keeling plot Error no real SD);
* leaves were dark-adapted for 5-15 min before measurements.

3 Observed short-term variations in§3C of respired Plant stems and tree trunks (see Fig. 1a) also exhibited
CO» marked diel variations in emittet}3CO, (up to 4 %o), some-
times associated with marked seasonal differences (e.g. in
Significant diel variations 0813Cyes occur in plant leaves, Quercus petragaMaunoury et al., 2007). In contrast to
stems and roots (Table 1) as well as in soil and ecosystem reseaves, where highest3Cics values were often observed at
piration (Table 2). Examples for Scots pine (soil and trunk) the end of the light period, trunk3C,es was most enriched
and bread wheat (roots and shoots) are shown in Fig. 1. at night (e.g. inPinus sylvestrisKodama et al., 2008 and
The largest diel variations in dark-respir&Ces of up Ricinus communjsGessler et al., 2009b).
to 11.5%. occurred in leaves (Table 1). A significant in- There is limited information on diel dynamics in root
crease iB13C,esduring the photoperiod and a subsequent de-§13C;es lending a non-uniform picture: only slight varia-
crease in the dark were found in a variety of drought-adaptedions in53Ces (<2 %) occurred in herbaceous and shrubby
trees and shrubs (e.g. Hymus et al., 2005; Prater et al., 2008pecies under controlled conditions (Gessler et al., 2009b;
Sun et al., 2009, 2010; Werner et al., 2009; Unger et al. Wegener et al., 2010). Under natural conditions, however,
2010a; Rascher et al., 2010) and in wheat (Kodama et al.foot §13Ces sShowed a clear diel cycle in wheat (5.4 %o, Ko-
2011; Fig. 1b). An exceptionally high variation of 14.8%. dama et al., 2011; Fig. 1b) and in a Mediterranean herb,
was found in hydroponically growHalimiumsp. (Wegener  diel §1°Ces variations increased from 2.4 to 4.6 %o during
et al., 2010, Table 1). Only in 2007 it was recognized thatincreasing drought (Unger et al., 2010a). Anacia longi-
different plant functional groups expressed systematic differfolia and Pinus pinastera slight increase at the end of the
ences in the magnitude 6#3C,es diel variability (Werner et light period of ca. 2 %0 was observed in the field also under
al., 2007): the largest diel variationsdf®C,eswere found in  drought conditions (Rascher et al., 2010).
some Mediterranean evergreens, shrubs and aromatic herba-Both ecosystem and soil respiration derive from multiple
ceous species, while non-significant diel variations occurredsources the latter comprising heterotrophic and autotrophic
in fast-growing herbs, grasses and some temperate trees (Prhizosphere respiration. To stress this origin from multiple
ault et al., 2009). Furthermore, considerable variation of dielsources we term the isotopic composition of £Lémitted
patterns has been observed in response to changing envirofrom the soil or whole ecosystensd®Cr. Diel variations
mental conditions (Table 1, see discussion below). in soil §13Cr (0.5-5.8 %o, Table 2) have been reported in
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Table 2. Survey on nocturnal, diurnal and 24 h-variations in resp&tCr (minimum, maximum and total range) and the variation of

the putative substrate (bulk soil OM) of composite fluxes of soil and ecosystem respiration. The ecosystem, environmental conditions and
references are given. When several diel courses were available, the variation in the minimum, maximum and range over the measured perioc
was given. ns — not significant; — not determined.

Noctural variation in respireﬂl3CR (%o) Diurnal variation in respiredl3CR (%) Diel (24 h) Substrate Ecosystem Environ. Reference/remarks
513C (%o) factors
Min Max Range Min Max Range Range Range

Diel variation at the soil scale

~—22-205 ~=21 11 Uncultivated Dudziak and Halas (1996)
grass field
~—255 ~—205 4.0 Field (winter
wheat)
~215- ~-16.0-175 4.0 Deciduous Aug
forest
—20.0
—26.1+0.6 —236+02 04-1.7 —25.0+1.7 —224+13 0.3-2.4 2.7 Pinus silvestris  summer Kodama et al. (2008)
forest
—29.3 —25.7 3.6 —29.7 —-23.4 4.5 5.8 Wheat field Kodama et al. (2030)
—26.2+1.8- —-255+11- 0.7-2 —284+0.6- —263+0.9- 1.8-2.8 2.9-3.6 Mediterranean spring Unger et al. (2010%)
oak forest
—275+1.1 —256+0.7 —-292+0.6 —266+0.8
—26.9+04- —-234+07- 35 —284+05- —240+0.6— 2.2-4.4 4.9-5.0 Mediterranean drought
oak forest
—27.8+0.7 —24.3+0.4 —-293+14  —27.0+12
—-27.1 —24.8 2.6 —27.3-24.6  Mediterranean Apr Maseyk et al. (2009)
oak forest
—26.3 - ns ns boreal forest Betson et al. (2007)
—27.3 —26.1 1.18 grassland Bahn et al. (20b9)
-325 —28.3 43 boreal forest Subke et al. (2009)
—27.84— —27.04- 0.74-1.15 —27.98— —26.12— 0.8-2.2 0.9-2.2 Beech-forest Jul Maron et al. (2009)
—28.19 —27.10 —28.35 —27.20
0.3-12.5 Deciduous trees  untrenched Moyes et al. (2010)
0.4-10.6 in exp. garden trenched
Diel variation at the ecosystem scale
—27.1+03 —23.6¢ -280+0.3 ~3 —280+0.3 Pinuspinaster  drought Oge et al. (20039
Ait.
—291+04- —-259+02- 1.8-64 grassland Bowling et al. (2003)
—26.1+0.3 —227+0.8
—294+04 —274+05 20 Sown grassland Schnyder et al. (2004)
3.8 Mix deciduous Knohl et al. (2005)
forest
—27.0+04 —217+09 6.1 Pinus silvestris  summer Kodama et al. (2008)
forest
—292+1.0 —267+07 25 Mediterranean  May Werner et al. (2006)
oak forest
—311+21 —26.9+03 4.2 September
Diel variation at the ecosystem scale
—26.9+15- —-234+08- 3.5-3.6 Mediterranean  spring Unger et al. (2010%)
oak forest
—29.7+0.8 —26.1+1.9
—-279+1.0- -201+16- 3.9-8.1 Mediterranean  drought
oak forest
—282+22 —24.0+0.4
~—282 —25.2 —25.2 -233 ~06-5 Subalpine forest Bowling et al. (2005)
—27.3+£0.6 —237+07 3.6 Subalpine forest 2006 Riveros-Iregui et al.
—26.9+0.3 —243+06 2.6 2007 (2011)
—27.3+05 —243+05 3.0 2008
—27.2+0.8 —242+0.2 3.0 2009

SOM - Soil organic; ns — not significant
1 atmospheri<313coz above the canop?, smoothed data, measured with TBL30 min-Keeling plot intercepts measured every 2-btandard error for the intercept,
4 mean values of 20-min measurements pooled over three plots and 13-16 days (within a four week5m1'g'hd)all levels together, each time treated separately; day above the

canopy.8 hourly Keeling plot intercepts: standard error for the intercegtreports 1-hourly means SE of Keeling plot intercepts measured during the nights of 20 and 21 July
2004, on a grass-clover mixture (managed pasture) sown in 1999.

www.biogeosciences.net/8/2437/2011/ Biogeosciences, 8, 245882011
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grasslands (Dudziak and Halas, 1996; Bahn et al., 2009) pa——
forests (Kodama et al., 2008; Fig. 1a, Marron et al., 2009), .20 7 Sidml
Mediterranean woodlands (Maseyk et al., 2009; Unger et al.
2010a, b; K. P. Tu and T. E. Dawson, unpublished data),
and agricultural systems (Kodama et al., 2011), while non- 2401 "1.‘
significant diel variations were detected in a boreal forest & A'-.__
(Betson et al., 2007) (Table 2). A highly variable range in * . | < \ ¥y
soil §13CR of 0.3-12.5 %o occurred in an experimental gar- \}
den with deciduous trees (Moyes et al., 2010).
The information on dynamics of ecosystem respiration  -28.0-
(813CR assessed by Keeling-plot approaches) presents aga o8 1'6 To'a 1'6 Tola 1'6 r' T———
a very heterogeneous picture: while &get al. (2003) and T T T T
Schnyder et al. (2004) found only minor nocturnal varia- § June 7 dune Dat 8:”:* 9 June
tion of 13Cr (<3 %), others report that nocturnal ecosys- e and Time

tem §13CR presented the largest variation among different o — = 513G shoo B
respiratory components (Kodama et al., 2008; Unger et al.  -19.0 | — 2ic oo

2010a). Nocturnal variations #13Cr were 6.4 %o in a grass- '

land (Bowling et al., 2003), 4.2-8.1%. in a Mediterranean _#"°

yvood[and (Werner et al., 2006; Unger et al., 2010a), 6.1 %‘;%_23_0 2 Pl e AN

in aPinus sylvestristand (Kodama et al., 2008), 2.6-3.6 %0 2 v\ [ B \/ +-8

in a subalpine forest (Bowling et al., 2005; Riveros-lregui  -25.0 S S // “'4}’ ,’

et al., 2011), and 3.8 %0 a beech-dominated deciduous fores s Nt 7S~

(24 h-cycle, Knohl et al., 2005). 27.0 \/ AN ’

The literature overview in this section clearly demon- g s wesss _ osss =
strates that the short-term variations$#iC of respired C@ 00 06 12 18 00 06 12 18 00 06 12 18 00
do not follow a straightforward pattern and differ between ' 13dune | 14 June ' 15 June
organs, species, ecosystem compartments and ecosysten Date and Time

This indicates the necessity to understand the processes re-
sponsible for the observed patterns and differences amongig. 1. Examples for diel variations is-3Cres and ins13C of puta-
systems. Accordingly we will now focus on the potential tive respiratory substrategA) shows soil and sted-3Cres from a

mechanisms driving these short-term dynamics. Pinus sylvestridorest compared t613C of phloem exudates (Ko-
dama et al., 2008).(B) shows diel variations in shoot and root

s13Cres as compared #®'3C in phloem exudate and root water
4 Mechanisms soluble organic matter ifiriticum aestivun{Kodama et al., 2011).
Gessler et al. (2009b) and Brandes et al. (2006) showed that the
The potential mechanisms, which may drive the diel varia-513C of water soluble organic matter is a reasonably good proxy
tions in513Cres/513CR on the plant, soil and ecosystem level for §13C of the neutral sugar fraction and thus the major respiratory

can be summarised in three main groups: substrate.

M1: Substrate driven variations: short-term variations in
the carbon isotopic signature of the major respiratorythree main mechanisms alone or in combination can explain
substrate (i.e. sugars or water soluble organic matterthe observed short-term variability 443C,esands13Cg. The
and/or switches between substrates with different carcomplexity of the different processes on the plant level is
bon isotope composition drive pladt3Cies. indicated in Fig. 2 and summarized in Table 3.

M2: Isotope fractionation driven variations: changes in 41 gybstrate driven variations (M1)

respiratory isotope fractionation in different metabolic

pathways over the diel course determine piCres Itis well established that different mechanisms and processes
can induce diel variations i8'3C of primary assimilates in
leaves and during transport to heterotrophic plant tissues;
thereby potentially inducing short-term variationdtCyes
in leaves, stems and root. When we, as a first approximation,
assume that respiration is fed by omlge major respiratory

These three mechanisms are not mutually exclusive and aubstrate pooli.e. new soluble sugars of current photosyn-

combination of these can and most likely does occur. In thethesis) with a homogenowd3C (i.e. all substrate molecules
following synthesis we will explore step by step whether the share a comparablg!3C at a given time) the following

M3: Flux ratio driven variations: temporal variability
in the contribution of component fluxes with distinct
isotopic signatures to composite fluxes (e.g. soil and
ecosystem respiration) drive variationss#¥Cg.
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Environmental I) Leaf level physiological processes Effects on the stable
factors isotope composition
CO,
VPD, soil water gsandgm —s  CO, diffusion I autotrophic tissue
- ) ( hot thetic i tl discriminati B M 1 ‘1 | short-term variations in
light, Toj. Tiear A —  carboxylation ——>  phiotosynihetic isotope discrimination 813C of newly assimilated
* carbon during day;
T. T dark respiration/ day-to-d?y and seasonal
air, " leaf ot differences
photorespiration 3-phospho-D-glycerate
daylength _|, rateof starch post-photosynthetic isotope fractionation M 1 '2 day-night differences in
accumulation aldolase and related to transitory starch metabolism 813C of leaf sucrose loaded
trans-ketolase into the phlopm
reactions co,
lats lation in the light t hmalate M1.5
light, light-dark malate accumulation in the lig sucrose starcl .
transition phase T and post-illumination decarboxylation t " | | (maiate decarboxyiation) y
day nlght* LEDR —~—|
sucrose co [T~= diel differences in
daily synthesis of X 2 | —> 513Cres
accummulated | Secondary —» ratioof PDH-to KC- respiratory carbon —
assimilation metabolites produced CO; isotope fractionation
Il) Physiological processes and isotope
fractionation on the transport path
sucrose starch
source tissue
(leaf) sucrose
Q
QO
<
sucrose basipetal
gradients

| in 813C of phloem
carbon isotope discrimination associated with phloem transport —————— sugars and potentially

b M1.3

+ Reduction of day-night

continuous unloading,
unknown —» metabolic conversion and
retrieval of sugars during

phloem transport

Mixing of sugars pools with different metabolic history

and residence time differences in §13C of
of phloem sugars
* * with transport distance
sucrose sucrose
\
Phloem

sink tissue

Fig. 2. Physiological processes and isotope fractionations influencing the short-term variation of the carbon isotope signature of organic
compounds and in respired G@ leaves (l), on the transport pathway (ll), and in the heterotrophic sink tissues (1) of plants. On the left
side of the figure environmental factors potentially affecting carbon isotope fractionation processes are listed. In the middle of the figure
the processes leading to an alteratiors biC are given in red. On the right side the effects on the carbon isotope composition of organic
matter and respired CQare described. The bold blue arrows denote the carbon flux through the plant. VPD, vapour pressurggeéit;
temperatureTieaf, leaf temperature; PAR, photosynthetic active radiatigrandgm, stomatal and mesophyll conductance, respectively;
assimilation rates. Particular processes and mechanisms are denoted in detail in Table 3 (further information is given in the text): substrate
driven variations ins13Cres M1.1: photosynthetic discrimination and potential effects on the diel patter&@@f of assimilates; M1.2:
post-photosynthetic carbon isotope fractionation during transitory starch accumulation; M1.3: dampening of the diel varigtR@s in

of phloem sugars during basipetal transport, M1.4: switch between respiratory substrates, M1.5: light enhanced dark respiration (LEDR);
Isotope fractionation driven variations M3Cres M2.1: fragmentation fractionation (i.e. fractionation associated with the fragmentation

of molecules with non-statistical intramolecular carbon isotope distribution), M2.2: variations of fluxes in the metabolic pathways; M2.3:
refixation of CQ by PEPC.
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lll) Physiological processes in sink tissues
(stems and roots)

phloem sucrose
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Effects on the stable
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CO2 during PEPc fixation v
\Mluble carbohydrate structural
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Fig. 2. Continued.

mechanisms (M1.1 to M1.4) related to carbon assimilation(Flexas et al., 2007), but so far measurements of diurnal
and transport could potentially drive diel variability in dynamics ingy are often constrained by methodological
813C,e5 Of leaves, stems and root. issues (Pons et al., 2009).

M1.1: Photosynthetic carbon isotope discrimination Qverall, photosynthehc dlgcr!m|nat|8n alone canno tex-
plain the strong day-night variations #3C;es (and respira-

(Farquhar et al., 1982), which determines t#¥C of - . . : o
rimary respiratory substrate, varies over the diurnal courséOry substrate) as itis active only during daylight. In addition,
P y resp y ' ugars13C values at night are far more positive than pre-

eg. Gessler et a.l" 200.7; Wlngate etal., 2010) as a result 0?iicted by photosynthetic discrimination alone (Tcherkez et
changes in light intensity, air temperature, vapour pressure

deficit (VPD) and other environmental factors, which affect al., 2004; Gessler et al., 2008) and thus post-photosynthetic

assimilation, stomatakg) and mesophyll conductancen plr)ocesses must b_e 'gaken mgo account in order to fully explain
o% L . served diel variations 6f3C;es
as well as photorespiration and dark respiration (see Fig. é)
(M1.1), reviewed by Brugnoli and Farquhar, 2000). While M1.2: Post-photosynthetic carbon isotope fractionation
we are able to precisely predict changes in carbon discrimirelated to transitory starch metabolism. Starch accumu-
nation and variations i8'3C of fresh assimilates in response lation during daylight and remobilization at night alter the
to changes in VPD, light and temperature, much less igsotope signal of leaf and phloem-exported sugars on the
known on the isotopic effects of mesophyll g@onduc-  diel scale (Tcherkez et al., 2004; Gessler et al., 2008; see
tance gm), photorespiration and dark respiration throughout Fig. 2; M1.2). During the day, the synthesis of transitory
the day (e.g. Warren and Adams, 2006; Wingate et al., 2007starch is either under plant internal control to adapt the stor-
Lanigan et al., 2008; Tcherkez et al., 2010). There have beeage C supply to environmental conditions (Zeeman et al.,
recent insights that there is active regulation of internapCO 2007) or occurs mainly when the utilisation of newly pro-
conductance through aquaporins, which are transportingluced triose-phosphates from the chloroplast becomes rate
CO, across plasma membranes (Hanba et al., 2004; Flexd#niting to carbon assimilation (Beck and Ziegler, 1989).
et al.,, 2008). This might allow fast diel adjustment of Gleixner et al. (1998) suggested that transitory starch is
mesophyll conductance to meet photosynthetic requirement$®C enriched relative to soluble sugars because of the iso-
tope effects on the “aldolase-reaction” determined originally

Biogeosciences, 8, 24372459 2011 www.biogeosciences.net/8/2437/2011/
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Table 3. Potential mechanisms causing diel variatiorsjrﬁcres at
the plant scale.

250 Ricil mmunis - Lea
icinus communis - Leaves
Substrate driven variations 8+3Cres '::'z . A
-27. o
M1.1: Photosynthetic discrimination and potential effects 2.28.0 °w © o
on the diel patterns af-3C of assimilates & 290 © S
M1.2: Post-photosynthetic carbon isotope fractionation o _30'0
during transitory starch accumulation ) o
M1.3: Isotope effects during basipetal transport: dampening -31.0
of the diel variations iB13C of phloem sugars -32.0 ' ; ; ; ' ;
M1.4: Switch between respiratory sources with different _22.':4'0 -330 320 -31.0 -30.0 -29.0 -28.0 -27.0
isotopic signatures Pinus sylvestris - trunk
M1.5: Light enhanced dark respiration (LEDR) after -23.0 x B
light-dark transition during decarboxylation of a 24,0 =
malate pool o Zx
2 -25.0 x
Isotope fractionation driven variations df3Cres w x%
X
M2.1: Fragmentation fractionation (i.e. fractionation associ- 260 z
ated with the fragmentation of molecules with non- -27.0 : : - S S :
statistical intramolecular carbon isotope distribution) -29.0 -280 270 -260 -25.0  -24.0
and enzyme related effects -12.0 B ) —
M2.2: Isotope fractionation due to variations of fluxes in PPTY et Ofﬁan%s - Leaves c
different metabolic pathways 16.0 AAQ\A I;ﬁ B Vo - oheeg
M2.3: Refixation of CQ by PEPc 8 ﬁ fugust-open
é" -18.0 o gust - shade
o -20.0 A, m " o u]
by Gleixner and Schmidt (1997). As a consequené€; -22.0 '.,“
depleted triose phosphates are exported from the chloroplas -24.0 , , . , .
which are used for sucrose production during the light pe- -32.0 -300 -28.0 -26.0 -24.0 -220 -20.0
riod and thus influencé'3C,es It has also to be mentioned 18.0 | Rosmarinus officinalis - Roots Q ey -opon
that thel3C enriched transitory starch does not provide sub- ’ e 5 D15 ﬁugyusr-oﬁeg .
strates for respiratory and photorespiratory decarboxylatior ~-20.0 ® @ fugust-shade
in irradiated photosynthesizing leaves (lvanova et al., 2008) 5 ,, , s
During the night the'3C-enriched transitory starch is used % o« °°
for sucrose synthesis. As a result;-d %o §13C oscillation -24.0 o,
between light- and dark-exported sucrose has been predicte 260 e o
and observed (Ghashghaie et al., 2001; Tcherkez et al., 200: ) ' - - '
-31.0 -29.0 -27.0 -25.0 -23.0

Gessler et al., 2008, 2009a). 51%
However, these variations in the fast-turnover organic mat-

ter pool in leaves had a much lower day-night amplitude thal
tzhoeogbzgglﬁdglel changesin reSpmé%CQZ (Brandes etal., strates during the diel cours@) data for leaf emitted C@and leaf

’ ; Gessler et al., 2007, 2008; Kodama et al., 20,083oluble sugars ilR. communisluring a 24 h cycle. Each data point
Werner et al., 2009, see Table 1) and were also phase-shiftedyresents one individual plant at one time point. Samples were
compared t&!3Cres (Kodama et al., 2008, see also Fig. 1). taken twice during the day (10:00; 15:30) and twice during the dark
Furthermore, opposing trends in diel variatiorsiCresand  period (22:30; 03:30). Data are from Gessler et al. (200@))data
§13C of the leaf sugars and phloem sugars (Gessler et alfor trunks ofP. sylvestrigaken from Kodama et al. (2008). As sub-
2007, 2009b) occurred as shown for leavesRofcommu-  strate for respiration we have chosen trunk phloem exudates from
nisin Fig. 3a. Others found no significant diel variations in the same position where the G@easurements were made. Data
leaf soluble sugars or water soluble organic matter (WSOM)ae from diel courses measured every 3h over 4 dagsandD)
(Hymus et al., 2005; Sun et al., 2009; Werner et al., 2009;data fromRosmarllgns officinalief leaves and roots, respectively;
Wegener et al., 2010; Rascher et al., 2010) but still strong?f dark-respired™*Cres and WSOM measured every 2-3h over
variations in83C e (Fig. 3b—c), indicating that diel varia- hle glcl)Jlr;lal course in Portugal in May and August from Dubbert et
tions in leafs13C,es cannot be solely explained by changes in al.( )
the isotopic signature of the substrate.

substrate

nFig. 3. §13C;es plotted againss13C of potential respiratory sub-
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M1.3: Isotope fractionation during carbon transport: spite of differences iB13C between glucose, fructose and
during phloem transport sugars are continuously releaseducrose, mass-balance calculations taking into consideration
from the phloem but a major part is retrieved again into themeasured diel changes in pool sizes &iéC signatures
sieve tubes (Van Bel, 2003). This process might be responeould only explain 1.1 %o variation iHalimium halimifolium
sible for the intermixing of sucrose molecules with differ- even though observed digl3C,es variation was 8.9 %o. The
ent metabolic histories and residence times (Brandes et alamount of explainable variation was even less in four other
2006). As a result, the diel variations 8°C originating  species (Werner et al., 2009).
from starch accumulation and breakdown are dampened with The effect of switches between substrate classes (e.g. from
increasing transport distance along the stem in basipetal disugars to lipids) oB13C,es has been shown experimentally
rection (Fig. 2; M1.3). during plant starvation under continuous dark (up to 10 %o

Consequently, the diel cycle 6£3C in organic matter in  shift, Tcherkez et al., 2003) and may play a role under
trunks and stems of trees is mainly dependent on the positionatural conditions in the case of severe stress, like wilting
along the trunk (Gessler et al., 2007) and dampening as welbr senescence (Unger et al., 2010a). However, a complete
as time lags have been observed (Keitel et al., 2003; Branshift between different respiratory substrates during the
des et al., 2006, 2007). At the tree trunk base often no dieday seems rather unlikely for healthy plants under ambient
variation in phloem suga$'3C was present (Gessler et al., conditions (Hymus et al., 2005). One exception might be
2007; Kodama et al., 2008; Betson et al., 2007; Rascher e transient shift in utilization of organic acid pools, which
al., 2010) whereas strong diel variations$#iCesare gener-  accumulated in the light and are rapidly decarboxylated
ally observed (Kodama et al., 2008; Maunoury et al., 2007).upon darkening.
They thus cannot be explained by variation in subs#&te
(Fig. 3b for trunksP. sylvestri¥. M1.5: Light enhanced dark respiration (LEDR) is

In roots there are generally only very low or non- the transient increase in respiration upon darkening in
significant short-term variations #13C of sugars or WSOM a photosynthesis-dependent manner (Azcon-Bieto and
(Gottlicher et al., 2006; Wegener et al., 2010; Kodama et al.,Osmond, 1983; Atkin et al., 1998). Light-acclimated leaves
2011). The lack of short-term variations in roots (Fig. 3d) released strongl?C-enriched C@as compared to potential
is highly plausible, given the mixing of sugars with different substrates in the first 5-10 min after darkening followed by
residence times during phloem transport into the roots. Thea rapid decline ins*3Ces (Barbour et al., 2007; Werner et
only exception we are aware of Ricinus communigrown al., 2007). Both the extent of enrichment and the subsequent
under controlled conditions, whes&3C of root sugars var- 13C-depletion augment during the light period (Fig. 4,
ied by approx 3.7 %o within 24 h (Gessler et al., 2009b), Werner et al., 2009) and have been shown to be linearly
which also explained 72 %p(< 0.01) of the diel variation of  related to cumulative carbon gain during the light period
root §13Ces In contrast, in field-grown plants, roét3Ces  (Hymus et al., 2005) even under different growth-light
showed a clear diel variation (Table 1, Unger et al., 2010a)conditions (Priault et al., 2009). IRicinus communis
even without significant variations in the respiratory sub- LEDR-dependent3C-enrichment was fully explained with
strate (Kodama et al., 2011; Fig. 1b). the accumulation of3C-enriched malate in the light and

In conclusion, there is a conceptual framework for rapid malate decarboxylation just after darkening (Gessler
explaining the observed short-term variations stt?C of et al., 2009b, see Fig. 2; M1.5). In the light, both glycolysis
sugars and other fast turn-over carbon compounds (Fig. 2)and particularly the Krebs cycle (KC) are strongly inhibited
However, §13C variations of new assimilates are too small (Tcherkez et al., 2005; Nunes-Nesi et al., 2007). Moreover,
or uncorrelated to explaid'3C,es dynamics (Fig. 3), and during illumination probably only a non-cyclic Krebs “cy-
thus cannot be solely responsible for the diel variations incle” operates in autotrophic tissues (Tcherkez et al., 2009;
813Cres When one major respiratory pool consisting of one Sweetlove et al., 2010) because three key enzymes, i.e. the
compound class is assumed to fuel respiration. Anothemitochondrial isocitrate dehydrogenase (Igamberdiev and
aspect of substrate-induced variations (M1) might be relatedsardestom, 2003), the succinate dehydrogenase (Popov et

to the use of different respiratory substrates: al., 2009) and the 2-oxoglutarate dehydrogenase (Gessler et
al.,, 2009b) are inhibited. As a consequence, malate fixed
M1.4: A switch between respiratory sourcesof dif- via phosphenolpyruvatecarboxylase (PEPc) can accumulate

ferent storage pools or substrate types including, solublgsee Fig. 5a). However, the malic enzyme is most certainly
sugar, starch, lipids or amino acids, or stored and freshassociated with an isotope effect. If we assume a dynamic
assimilates with different isotopic signature could accountRayleigh process (see Gessler et al., 20@8B¢;.s would
for variation in§13Ces (Tcherkez et al., 2003; Nogs etal.,  be more depleted immediately after darkening while getting
2004; Fig. 2; M1.4). more enriched as the malate pool declines (Werner et al.,
Leaf respiration uses several carbon sources with differ2009). Indeed, such a transient increase is sometimes
ent isotopic characteristics and residence times (Schnydesbserved during the first 5-10 min upon darkening (Fig. 4,
et al., 2003; Lehmeier et al., 2008, 2010). However, inred arrows); however, a rapid decline from higlsé?Ces
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M2.1: Fragmentation fractionation and enzyme related

181 _LEOR isotope effects: the often observed3C enrichment in

20 4 * respired CQ above the organic source is assumed to orig-
+ inate from the fragmentation of the substrate molecule due

-22 A t to heterogeneous isotope distribution (Tcherkez et al., 2003,

2004; see Figs. 2f, 5, 6). There is a non-homogeneous distri-
bution of 13C within the glucose molecule where C-3 and
C-4 arel3C-enriched compared to other positions due to
isotope fractionation in the aldolase reaction (Fig. 6, Ross-
-28 A mann et al., 1991; Gleixner and Schmidt, 1997; Hobbie and
Werner, 2004). During glycolysis, C-1 of pyruvate derived
" I BN N B from enriched C-3 and C-4 of glucose is decarboxylated by
07:00 11:00 15:00 19:00 23:00 pyruvate dehydrogenase (PDH) (cf. Tcherkez et al., 2003).
Time of the Day Consequently, the PDH reaction releas&s-enriched CQ,
whereas the remaining molecule enters the Krebs Cycle (KC)
Fig. 4. Diel (grey dashed arrow) and short-term (red arrows) post-which releases in turl?C-depleted C@— compared with the
illumination changes of leaf dark respirétCO, (613Ce9 during  means13C of the original glucose molecule (see Fig. 5, 6).
szrrl?ln d_ark phalses over the diurnal course (grgy areas indicate thﬁ\ny change in the relative contribution of G@ecarboxy-
_ per_lod). B_ack bars at the bottom of the figure rep_resent th ated in the KC versus by PDH to total G@roduction may
time during whlch the measured leaf wag darkenep!, while the res hus cause variations iB3C Furthermore. kinetic and
of the plant remained under the growth light conditions. Data are” >, % >" L res b o
mean values ofuercus ilexieaves £ = 3, + SE), reprinted from equilibrium isotope frac_t|0nat|0n in glycolysis and K(_: may
Werner et al. (2009). also occur. Pyruvate is also the substrate for amino acid
synthesis and the PDH reaction has been recognized to im-
ply kinetic isotope effects on all three C atoms of pyruvate
values is generally observed during light-dark transitions(Melzer and Schmidt, 1987). The kinetic isotope effect on
(Fig. 4, Barbour et al., 2007; Werner et al., 2007, 2009),the PDH reaction is also responsible for i€ depletion of
which could indicate several overlaying processes such agacetogenic) lipids (DeNiro and Epstein, 1977), which im-
a partitioning of malate between the malic enzyme andplies a metabolic branching point at the pyruvate stage. In
mitochondrial malate dehydrogenase (Werner et al., 2011b)case of a non-quantitative conversion of pyruvate to acetyl-
LEDR is a transient effect and under natural conditions it CoA and CQ and a metabolic branching point at pyruvate,
has been shown to occur at dusk after sunny days (Barbouhe kinetic isotope effect on the C-1 of pyruvate will be ex-
et al., 2011). Based on current knowledge, the short duratiogpressed in vivo and, as a consequence, the releasgavillO
of LEDR cannot explain continuous nocturnal dynamics in be depleted int3C relative to C-3 and C-4 of glucose. In
813C,es (e.9. Sun et al., 2009, 2010; Unger et al., 2010a).conclusion, it is most likely a mixed influence of fragmen-
Furthermore, a diurnal increase ##3Ces can also be tation fractionation and enzymatic isotope effects related to
observed after the first transient LEDR effect (e.g. Fig. 4, metabolic flux rates (e.g. see Fig. 5) which together drive
grey arrow) indicating processes in addition to LEDR are §13Cres variations.
influencings13Cyes The potential*C enrichment of PDH-derived GGabove
In conclusion, it is unlikely that diel variations of respired the whole glucose molecule as a result of “fragmentation
813C0O;, can be entirely explained b§*3C variation in a  fractionation” depends on the extent of intramolecuff@
single substrate or by a switch between substrates. In awariation. The maximum deviation of a particular C atom
totrophic tissues at least part of the day-night differencesfrom the averages'®C value of the molecule was deter-
in 813C,es might be attributed to LEDR (Kodama et al., mined as 6.3 %o for glucose in yeast (by stepwise biochem-
2011; Barbour et al., 2011) but these do not apply for non-ical degradation, Rossmann et al., 1991, see Fig. 6). Re-
photosynthetic tissues. As a conseguence isotope fractionaently, NMR data for sucrose showed a somewhat larger en-
tion driven variations (M2) should be taken into account.  richment at the C-3 and C-4 position (Fig. 6) and in par-
ticular a larger intramolecular deviation between the C-4 to
4.2 Fractionation driven variations (M2) C-6 positions (of 13.3 %o, Gilbert et al., 2009) compared to
) 13 ) 3 the data from Rossmann et al. (1991: 11.2%.). Neverthe-
Since §>°Cres markedly deviates from substrasé*C, W€ less, assuming a complete isomerisation reaction between
have to assume that diel Va“at@”&?‘??res may be mainly gy ceraldehyd-3-phosphate and dehydroxyacetonphosphate,
affected by carbon isotope fractionation during respiration.the isotopic signature within the pyruvate molecule would be
The following mechanism might be involved: similar. However, new emerging NMR data indicate that the
heterogeneou$®C distribution in carbohydrates may vary
among species and be related to environmental conditions
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Fig. 5. Simplified metabolic scheme showing major fluxes of respiratory substrates (black arrows), isotopic compositions (%.) and fractiona-
tion factors &) of key enzymes and processes that influeé€res C-1 of pyruvate which is decarboxylated during pyruvate dehydrogenase
(PDH) reaction ist3C-enriched £21 %o), while relatively depleted C-2 and C-327.0 %0) which form acetyl-CoA enter the Krebs cycle

(KC) (values based on Rossmann et al., 1991). Two distinct situations are indi¢ajefdil decarboxylation of the carbon molecules in

the Krebs cycle (KC) ofB) high investment into secondary metabolism and fatty acid synthesis. Isotope fractionation processes in the KC
are exemplified byitrate synthas@nda-ketoglutarate¢KG) dehydrogenasex(= 1.023) (see Tcherkez and Farquhar, 2005 and literature
therein, Bulzenlechner et al., 1996; Melzer and Schmidt, 1987; Schmidt, 2003). Further, the potential involvement of an enriched malate
pool (—5.1 %o, Barbour et al., 2007) which is produced durptpspoenolpyruvate carboxylag@EPc) reaction with small kinetic enzyme
fractionation agains%3C (e« =1.002) and equilibrium fractionation again]s%C (= 0.991) during HCQ equilibration (O’Leary 1981,
Farquhar et al., 1989) is indicated (A) (dashed line). The humanalic enzymdractionates in favour ot2C (¢ =1.014, Rishavy et al.,

2001, see Gessler et al., 2009b), the reaction following a Rayleigh distillation process after the light-dark transition (see also Barbour et al.,
2007). Adapted from Barbour et al. (2007), Werner et al. (2009) and Gessler et al. (2009b).

(Gilbert et al., 2011), which may add to species-specific dif-§13Cres depends on the carbon partitioning into KC and the
ferences ib13C s effective enzymatic isotope fractionations, which are depen-

Utilizing the data from Rossmann et al. (1991; Figs. 5, 6), dent on the flux rate.
the potential variation i83C,es due to fragmentation frac- Figure 7 exemplifies on a theoretical basis the potential
tionation can be calculated: if only pyruvate decarboxyla-€ffects of varying carbon flux rates from 0-100 % through
tion by PDH is assumed (i.e. when the KC cycle is fully the PDH and KC considering isotope fractionation by (i) cit-
inhibited in the light)s13Ces of C-1 of —21 %o is released rate synthasests~ 23 %) and (i) a-ketoglutarate dehy-
(Fig. 5b), whereas the complete decarboxylation of the glu-drogenase ekg ~ 23 %o)(fractionation factors taken from
cose molecules in KC producé®Ces of the substrate with Tcherkez and Farquhar, 2005 and references therein, see also
—25%o (Fig. 5a). Thus the shift from 0 to 100% decar- legend Fig. 5).
boxylation in the KC produces an isotope shift of 4%o. (il-  If the carbon flow into the KC is low (e.g. 5%), isotope
lustrated in Fig. 7 for 0 or 100 % carbon flow into KC de- fractionation is high and the GQeleased in KC enzymatic
carboxylation). However, the KC is also an important sourcereactions will be strongly depleted #C (—48.9 %o). How-
for amino-acid biosynthesis, providing carbon skeletons forever this has little effect on the overalt3C,s as it con-
glutamic and aspartic acid (notably amino acids which arestitutes only a small fraction which is mixing into the en-
strongly enriched in3C, Hayes, 2001). If pyruvate is not richeds3COy flux released by PDH+21 %o). Inversely, if
fully respired, both equilibrium and kinetic isotope effects the carbon flow into KC decarboxylation is high (e.g. 95 %)
that occur in the KC (Tcherkez and Farquhar, 2005) couldthe effective isotope fractionation diminishes, afdC in
lead to more negativé'®Ces The relative decrease in respired CQ approaches-25 %.. However, Fig. 7 clearly
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Fig. 6. Relative intramoleculat3C distribution for different carbon
positions calculated as deviation from the mé4?C of the whole
molecule. Examples are given for glucose (*), determined by step-
wise fermentation by Rossmann et al. (1991) and for the glucose
moiety of sucrose (#) determined by NMR by Gilbert et al. (2009).
Glucose enters glycolysis where two g@olecules from the C- Relative carbon flux into Krebs cycle (%)
3 and C-4 positions are decarboxylated by pyruvatedehydrogenase
(PDH) and the remaining®C-depleted Acetyl-CoA molecules en-  Fig. 7. Theoretical isotopic fractionation effects during decarboxy-
ter the Krebs cycle (KC). lation of pyruvate. The theoretical effects were calculated utilizing
a simple mass balance equation, through adding the flux-weighted
isotope ratios of each carbon position (C-1-3§13Cres=[f3 -
illustrates that the largest decreased@o) occurs at inter-  §13C-1+f, - (813C-2 + eeftcy) + f3 - (613C-3 + gefika))] /
mediate mixing ratios (at 50 % in the given example), when(f1+ f2+ f3) with fi-3 being the carbon flux (wherg, equals
the CQ release from KC decarboxylation is still relatively /3 as both carbon atoms enter the KC as Acetyl-CoA moiety), and
depleted (38.6 %0) and constitutes two-thirds of the overall® ~C-1-3 the isotopic composition of the carbon molecules at the
CO, evolved (due to two decarboxylation steps in the KC) SOC-l to C-3 positions of pyruvate arddenotes the enzymatic iso-

that the totaBlSCres decreases to-29.8 % (Werner, 2010). tope effect. Tht_e effective enzyme isotope fractionatiag) in
Potential isot fracti i | in the PDH the KC of the citrate synthaseds) and thex-ketoglutarate de-
otential ISotope fractionation can also occur in the re'hydrogenasee(«;) is dependent on the carbon flow in the KC (see

action as explained above,_ \_/vhiqh would fu_rther deplete th%ayes, 2001) byzeit = ;% — 1. Potential fractionation effects
Acetyl-CoA at the C-2 position if the reaction was InCOM- oo cajculated by varying the carbon flow rates into K@ )
plete (Melzer and Schmidt, 1987, effect indicated on the z-tom 0-100 %, assuming fractionation factor @fs and exg of

axis, Fig. 7). —23%o (see Tcherkez and Farquhar, 2005 and Fig. 5 for details).
This example indicates that on a theoretical basis largePDH could also potentially fractionate if the reaction is incomplete
isotope effects can occur through fractionation effects andMelzer and Schmidt, 1987) which would further deplétéCres
metabolic branching points in the respiratory pathways, how-which was tested assumirfg of 50-100 % (z-axis), but occurrence
ever to what extend this will be expressed in vivo still re- of the latter processes in vivo is unknown.
mains to be resolved. Only recently, Werner et al. (2011b)
postulated that the isotope effects associated with the KC en-
zyme reactions do most probably not lead to in vivo isotopelated by Tcherkez (2010) or not as concluded by Werner et
discrimination. On the one hand, the inner mitochondrial al. (2011b).
membrane is impermeable for acetyl-CoA (Voet and Voet, In general, it has to be considered that, both the KC
1995) and thus acetyl-CoA will react quantitatively with ox- and to a lesser extend also the mitochondrial PDH are
aloacetate to citrate. As a consequence, the citrate synthasiwn-regulated in the light (Budde and Randall, 1990;
reaction should not lead to any isotope fractionation in theTcherkez et al., 2009; Werner et al., 2009) and that only part
acetyl-part of citrate (Werner et al., 2011b). On the otherof the KC reactions may function in a non-cyclic manner
hand, the whole KC is assumed to work as an organised enfe.g. Sweetlove et al., 2010). In the dark when the KC is
zyme complex (Srere et al., 1996). The proposed channellingeorganized again, the impact of fragmentation fractionation
of the KC substrates at reduced concentrations would avoidogether with potential kinetic isotope discrimination in vivo
metabolic branching to other enzymatic reactions (Srere ewill depend on how much of the respiratory substrate is
al., 1996). As a consequence, theoretically possible kinetioxidized to CQ and which portion is used for biosyntheses.
isotope effects on KC enzyme reactions would not be ex-Large fractionation effect within the mitochondria may prob-
pressed in vivo (Werner et al., 2011b). We need at that timeably only be relevant during transitory stages (e.g. during
clear experimental evidence if kinetic isotope fractionation up-regulation upon darkening). There are, however, other
occurs in the KC under physiological conditions as postu-metabolic branching points within the cell, which could
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lead to fractionation effects and carbon partitioning alongthe emitteds13CO,. In plants, two different pathways are
different pathways has to be considered: responsible for the biosynthesis of isopentenyl diphosphate,
which is the central intermediate for isoprenoids (Bick and
M2.2: Variations of fluxes in the metabolic path- Lange, 2003). In the plastidic deoxyxylulose 5-phosphate
ways: the relative carbon fluxes involved in metabolic (DXP) pathway CQ originating from the'3C enriched C-1
pathways may change depending on the metabolic status aif pyruvate is released in the DXP synthase reaction. To our
cells, tissues or plants. Day-night variations with relatively knowledge no investigations have been performed whether
higher allocation of carbon to isoprenoids (Loiv@knet al.,  there is an in vivo kinetic isotope effect on this reaction.
2007) and various other secondary compounds (Ayan et al.Since the isoprene synthesis is strongly photosynthesis and
2006) as well as the non-cyclic nature of the KC in the light thus light dependent (Niinemets et al., 1999) re-fixation of
(Tcherkez et al., 2009) are thus highly plausible triggers forthe CQ released in the chloroplast is likely. For the cytosolic
changes in the relative contribution of PDH to KC derived mevalonate pathway acetyl-CoA is the starting point. It orig-
CO, as described above (see Fig. 2; M2.2). inates from Krebs cycle citrate and thus its supply involves
Increased activity of the oxidative pentose phosphate paththe release of C@originating from the C-1 of pyruvate by
way (PPP), which decarboxylates thC depleted C-1 po- the mitochondrial PDH (see Fig. 2a in Werner et al., 2011b).
sition of glucose, can be significant in roots (Dieuaide- Moreover, acetaldehyde is emitted from a variety of plant
Noubhani et al., 1995; Bathellier et al., 2008, 2009). Thus,species (Nguyen et at., 2009) and one potential mechanism
temporal changes in the partitioning of carbon originat- involved in its production is the decarboxylation of pyruvate
ing from glucose-6-phosphate between glycolysis and PPy leaf pyruvate decarboxylase (PDC) (Karl et al., 2002). As
might also be responsible for diel variationss#tCres in the PDH reaction, the PDC reaction releases the C-1 of
Marked differences between carbon allocation into dif- pyruvate as C@and a kinetic isotope effect on this reaction
ferent metabolic pathways, i.e. an increasing secondarynight cause a furthér®C depletion of the acetaldehyde pro-
metabolism when carbon accumulated throughout the dayduced (DeNiro and Epstein, 1977).
could be related to differences between plant functional A pyruvate positional3C-labelling experiment provided
groups (Priault et al., 2009). A variety of secondary com- further direct evidence that diel changes in the relative ac-
pounds including volatile isoprenoids, oxygenated VOCS,tivity of the PDH-reaction (measured after 5 min darkening)
aromatics, and fatty acid oxidation products can be emit-occurred in species with marked increasé3PCies (Priault
ted by plants (e.g. Jardine et al., 2010a). The biosynthesist al., 2009). Diel variations i13C,es were related to an
evolves the decarboxylation of tHéC-enriched C-1 from increased metabolic activity of the PDH probably due to an
pyruvate (or phosphenolpyruvate), leading to the biosyntheincrease in carbon allocation to secondary metabolism, while
sis of VOCs from the PDH bypass, 2-C-methy. |-D-erythritol carbon flow into KC remained at a constant low level (Priault
4-phosphate, and mevalonic, shikimic, and fatty acid path-et al., 2009; Wegener et al., 2010). In contrast, an herb with-
ways (e.g. Jardine et al., 2010b). In contrast to the mi-out significant diel variation i813Ces and presumably low
tochondrial PDH, the plastidial PDH is activated by light- secondary metabolism had a stable, low activity of both PDH
induced changes in the stroma (TovaéihMiez et al., 2003) and KC activity throughout the day (Priault et al., 2009; We-
as it fuels Acetyl-CoA for fatty acid synthesis and secondarygener et al., 2010).
metabolism. Fatty acid biosynthesis involves plastidic PDH. Considering mass-balance requirements, the release of
In the light, CQ originating from the'®C-enriched C-1 of  highly enricheds3Ces could be counterbalanced by the
pyruvate will be released and — most probably — re-fixed dur-emission of'3C-depleted VOCs; otherwise a compensating
ing photosynthesis. Chain elongation of fatty acids occurseffect on thes13C of leaf organic matter would have to occur.
partially in the cytosol and involves acetyl-CoA originating Interestingly, Wegener et al. (2010) observed that stfday
(via the citrate shuttle) from the Krebs-Cycle (Bowher et al., enrichment of leaf respired Gxbove substrate was highly
2008; see Fig. 1 in Werner et al., 2011b). Starting from PEPcorrelated with differences in autotrophic vs. heterotrophic
the C-1 of pyruvate is released as £ the mitochondrial  tissue3C, i.e. species with high diel leat3C esenrichment
PDH for the acetyl-CoA supply in this reaction. While the had larger'3C-differences between leaf and root WSOM
13C-enriched C-1 from pyruvate will be released as>,CO than species with lower diel led#3C,cs. Nevertheless, most
pyruvate positional labelling showed that € depleted C-  leaves (particularly evergreen or longer-lived leaves) do not
2 and C-3 carbon atoms of the acetyl-moiety are emitted agxhibit a progressive>C depletion once the leaf has matured
a variety of volatile isoprenoids and oxygenated VOCs (such(Eglin et al., 2009; Werner and&guas, 2010). Thus, a coun-
as isoprene, acetaldehyde, ethanol, or acetic acid) (Jardirterbalancing effect from the emission of VOCs depleted in
et al., 2010b). VOC emissions generally range about 2—5 %4-3C might be a plausible explanation.
(e.g. Guenther et al., 1995) of mostly recently fixed carbon Moreover, a close positive correlation between respi-
(Ghirardo et al., 2011), but can increase at least by an orfation rate and respiratory isotope fractionation over the
der of magnitude during stress conditions (e.g. Kesselmeiediel course was observed for trunks Bf sylvestrisand
et al., 2002), which may potentially cause a large effect onfor shoots of Triticum aestivum(Kodama et al.,, 2008;
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2011): with more positives13C,es at low compared to played a large role in observed diel variations$iiC. We,

high respiration rates. Comparable results were observetiowever, need more information on diel variations in PEPc
by Ghashghaie et al. (2003) for three herbaceous speciesctivity with simultaneous assessments$5iCyes from dif-
Furthermore, as observed by Kodama et al. (2008, 2011jerent species to draw more reliable conclusions.

respiration rates increased linearly with temperature. One |n summary M2.1 and M2.3 can explain part of the vari-
reason for the decreasifdC enrichment of respired GO ation in $13C over the diel course. However, they give no
with increasing temperature might be attributed to theexplanation fors13C,es values more positive than tha3C
temperature-dependent kinetic isotope effect of the PDH reof the enriched position in glucose-21 %o in our example
action (Tcherkez et al.,, 2003). Moreover, as glycolysis calculation Fig. 7, or 4 %o above the mean glucé%C, ac-
(and thus decarboxylation of pyruvate) are less temperaturecording to the values of Rossmann et al., 1991) and thus other
dependent than mitochondrial oxidation capacity and thusco-occurring processes such as LEDR in leaves must also oc-
KC mediated CQ flux (cf. Berry and Raison, 1981; Atkin cur.

etal., 2000), the relative contribution of @@&rom glycoly- At the soil and ecosystem scale, mixing of different respi-
sis to total respiration might also increase at lower temperaratory fluxes varying over the diel course might also be in-

tures (e.g. in the night) explaining the higher apparent isotop&,g|ved in the diel pattern of13C of emitted CQ and might
fractionation at lower respiration rates. Thus, the fractiona-gyen enhance the short-term variations.

tion hypothesis based on temporal variations in fragmenta-

tion fractionation during respiration (M2.1) due to changes in

carbon fluxes through different metabolic pathways (M2.2)4.3 Flux ratio driven variations (M3)
might offer a conclusive explanation for day-night variations

of 813Cies On the soil and ecosystem level the net respiration flux
A particular case is the variation of carbon fluxes, which consists of several component fluxes and mixing between
are directed in opposite directions: these fluxes with potentially different isotopic signatures

and associated diel variation in bo#!3Cs and flux

M2.3: Re-fixation of CO, by PEPc causes a C® rates has to be considered for the explanation of temporal
flux in the direction opposite to the respiratory flux (Fig. 2; variations ofs}3Cg. We have discussed above that the diel
M2.3). PEPc discriminates agaifSC by ca. 2.2%.. Equi-  patterns (i.e. the timing of maxima and minima)s#*Cres
librium dissolution of CQ into water concentrate$3CO, differ among respiratory fluxes from different plant tissues.
in the gas phase by 1.1 %, while the hydration equilibrium Furthermore$3C of soil and plant respiration are not
favours'3C by 9 %o (O’Leary, 1991), resulting in an overall Synchronous (e.g. Kodama et al., 2008; Unger et al., 2010a),
discrimination of 5.7 %o againsC (Farquhar et al., 1989; and even soil and ecosystem respiration fluxes are partially
Brugnoli and Farquhar, 2000). Thus PEPc activity causegphase-shifted with distinct diel patterns (e.g. Unger et al.,
the produced organic matter to B&C enriched whereas 2009), so that strong temporal dynamics in the component
the remaining (non-fixed) COis relatively 13C depleted. fluxes and consequent!3Cg of the total flux have to be
Thus (re)-fixation by PEPc can also alter #1€C of CO, expected. There are several processes, which drive the diel
emitted from a plant. Since both processes and the effectiv¥ariation in different component fluxes.
isotope fractionations cannot be separated the isotopic dif-
ference between putative substrate and respiregli€@ften ~ M3.1: Effect of diel changes in abiotic drivers and
referred to as apparent isotope fractionation (e.g. Gessler dihysical factors on component fluxes:on the one hand
al., 2009b). different respiratory components (e.g. above and below-

It is known that differences in PEPc activity among or- ground respiratory sources) experience different amplitudes
gans can cause differences in apparent respiratory isotop@nd phase-shifted diel variations due to changes in abiotic
fractionation and thus iB'3C of respired C@ along the  environmental factors (such as temperature, moisture and
plant axis (Badeck et al., 2005). PEPc activity has beerPPFD). On the other hand, respiratory sources differ in their
found in all plant organs (e.g. Hibberd and Quick, 2002; responsiveness to these abiotic drivers, thus resulting in
Berveiller and Damesin, 2008) and thus PEPc activity maychanges in the mixing-ratios of respiratory fluxes.
also be involved in diel variations #13Cres The anaplerotic At the soil scale it is often reported that temperature and
PEPc reaction in leaves of€plants is activated in the light moisture are the main drivers for G@lux (e.g. Davidson et
(Duff and Chollet, 1995) to replenish the carbon skeletons ofal., 1998; Carbone et al., 2008; Paterson et al., 2009), which
the TCA used for biosynthesis. Theoretically, the increasedare both characterized by a marked diurnal cycle. More-
PEPc activity during day might thus be directly responsibleover, diurnal temperature changes are buffered and phase-
for 13C enriched C@ emitted from light acclimated leaves. shifted compared to air temperature with increasing soil
In roots and stems, however, Gessler et al. (2009b) did notlepth. As a consequence, the resulting soil and ecosystem
find any relation between PEPc activity aftfCres It is respiration flux consists of a temporally variable mixture of
consequently unlikely that PEPc mediated re-fixation opCO different component fluxes with different isotope signatures
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(e.g. Werner et al., 2006; Unger et al., 2010a). Many soilsas substrates for root and (myco)rhizosphere respiration.
show a marked gradient #3C of soil organic matter (SOM) Thus substrate-driven changes through the input of labile
within the soil profile (Ehleringer et al., 2000). Thus, diel carbon compounds needs to be considered as a driving factor
changes in the contribution of GQriginating from differ-  causing short-term variations d3Cg.

ent soil layers and thus from organic substrates with different

813C can induce diel variations of the net soil effléséCg. M3.2: Substrate driven changes in component flux
Maseyk et al. (2009) estimated that the depth-related increaseates due to different responsiveness to input of recent

in SOM and respired3C could contribute to-0.5%o of the  assimilates: assuming that soil and ecosystem respiration
observed diel-scale variability in s@it3Cg through temper-  rates are strongly influenced by photosynthetic assimilate
ature driven shifts in the relative contributionsdfCyesfrom supply to the soil (cf. Ekblad and dd¢berg, 2001, recent
different soil depths. reviews by Davidson et al., 2006 and Paterson et al.,

Soil §13CR can also be influenced by physical effects on 2009; Higberg and Read, 2006; Trumbore, 2006; Bahn
soil CO, diffusivity (Stoy et al., 2007). The diffusive veloc- et al., 2009) photosynthesis should influend¥Cg in
ity of CO through the soil pores is altered by the physical two ways. First the isotopic signature of the labile carbon
environment, such as porosity and soil moisture (Stoy et al.fransferred from the canopy to roots and rhizosphere should
2007), and thus diurnal changes during drying and wettingbe imprinted on the C@respired from mycorrhizal roots
of upper soil layers may alter mixing ratios from different and associated rhizosphere microorganisms. In addition,
soil depths. Transient diffusive isotope fractionation duringthe ratio of heterotrophic to autotrophic contributions to
non-steady state conditions could induce diel variation in soilrespiratory fluxes is most likely altered. Soil and ecosystem
813CRr, which seemed particularly large when soil respira- 13Cg are indeed often well correlated with environmental
tory fluxes were low but the variability (fluctuation) was high factors driving changes in photosynthetic discrimination
(Moyes et al., 2011). during the preceding days (e.g. Ekblad andggHerg, 2001;

A further aspect is the different responsiveness of respiraWerner et al., 2006). The rapid transfer of photosynthates
tory components to variations in abiotic drivers. At the soil to roots, root exudates and subsequent respiration in the
scale, CQ flux derives from two major components with dif- rhizosphere has been demonstrated# labelling exper-
ferent isotopic signatures: autotrophic and heterotrophic soiiments (e.g. Carbone and Trumbore, 200Ggberg et al.,
respiration, which are two fully distinct processes, controlled2008; Bahn et al., 2009; Subke et al., 2009; Barthel et al.,
by different underlying factors (see ygemann et al., 2011 2011a). Bahn et al. (2009) showed that in a grassland recent
and literature therein for details), particularly regarding their plant-assimilates were respired in the soil from the late
temperature sensitivity. To date, published results yield amorning hours onwards, whereas previous day assimilates
non-uniform picture: in some ecosystems autotrophic soilwere the substrate during the night and early morning hours.
respiration was found to have a higher temperature sensitivMoreover, there are new indications suggesting a tight
ity than heterotrophic soil respiration (e.g. Boone etal., 1998;and rapid coupling between the onset of photosynthetic
Bhupinderpal-Singh et al., 2003). In these systems the proactivity during the light period and increased C-supply
portional contribution of autotrophic respiration may there- to rhizosphere respiration (Mencuccini andlttd, 2010;
fore increase from the morning to the afternoon, thus pro-Kuzyakov and Gavrichkova, 2010), which could be medi-
ducing diel variations in soid13Ces (Carbone et al., 2008; ated by pressure-gradient waves. This mechanism could
Marron et al., 2009). In contrast, others (e.g. Bol et al., 2003;enable a tight coupling between phloem sugar loading with
Hartley and Ineson, 2008; Vanhala et al., 2007) suggestetiew assimilates and root-released exudates which would
that heterotrophic respiration with recalcitrant soil organic circumvent the time-lags associated with basipetal transport
material as substrate was highly temperature sensitive. ways (Mencuccini and Bitta, 2010).

Additionally, it has been suggested that growth respiration Thus, the autotrophic soil flux is likely more dynamic over
might be temperature insensitive while maintenance respirathe diel cycle than heterotrophic respiration resulting in diel
tions might exhibit large temperature sensitivity (Kuzyakov variations in sois13Cg (e.g. Carbone et al., 2008).
and Gavrichkova, 2010). If growth and maintenance respi- As the soil flux constitutes a large proportion of total
ration differ in813C,es due to differences in respiratory sub- ecosystem respiratory flux in many ecosystems (e.g. David-
strates (see M1) or respiratory isotope fractionation (see M2son et al., 2006) it may markedly contribute to diel variations
any change in temperature will lead to changes'fiCr. in ecosysten$3Cr. At the ecosystem level, an additional

Moreover, recently it has been questioned whether soiffactor is the fact that respiration of leaves is strongly inhib-
respiration is mainly driven by environmental factors suchited in the light (Tcherkez et al., 2008) but may exhibit a
as soil temperature and moisture (Liu et al., 2006; Vargasnarked increase with very positii3Ces (LEDR) at the
and Allen, 2008; Kuzyakov and Gavrichkova, 2010) as beginning of the dark period (Barbour et al., 2011). A max-
opposed to biotic factors. There is evidence that soilimum peak in313C.es after sunset (duration of 60—100 min)
respiration can be partially decoupled from soil temperaturewas correlated with the light intensity on the prevailing day,
probably because of the impact of recent photosynthateshowing highert*C enrichment during sunny compared to
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cloudy days (Barbour et al., 2011), thus confirming the ments (Wingate et al., 2010) will provide a powerful tool for
patterns observed in leaves (Prater et al., 2006; Priault et alsuch studies in the future.
2009). Indeed, markedRAC-enriched C@ has been mea-
sured in tree crowns at night (Mortazavi et al., 2006). Unger
et al. (2010a) have shown in an isotopic-mass balance agd Conclusions
proach how different ecosystem components can vary in flux
rates an@13C;esover short-term scales, with marked impacts Our review suggests that direct relations betw&ee of re-
on ecosystemd3Cr. Given the high short-term dynamics cent assimilates as the most probable respiratory substrates
of multiple sources in an ecosystem, it needs to be criti-and respired C@may not be present on a diel time scale
cally reassessed whether a simple two-source mixing modend that other factors lead to short-term variations'iCres
for Keeling-plots can adequately describe processes at thand in8*3Cg of ecosystem-emitted GO Temporal varia-
ecosystem scale. K. P. Tu and T. E. Dawson (unpublishedion of respiratory isotope fractionation due to temperature
data) concluded that the ecosystem mass-balance could [éfects and changing allocation of carbon to metabolic path-
closed only at predawn, when most ecosystem processes b@ays are highly plausible mechanisms that can explain diel
came relaxed and changes in fluxes were small. patterns is*3Cres For leaves and other autotrophic organs,

A further complication may arise if large portions of LEDR is an additional mechanism most probably responsi-
respired CQ are not released to the atmosphere but inter-ble for the observed increasedfeC directly after sunset and
nally transported between organs as it has been suggestégpon initial darkening. Component fluxes with different and
for xylem CQ (see Teskey et al., 2008). If a large portion variable isotopic compositions and flux rates further compli-
of root respired C@is transported via the xylem water in- cate the interpretation of the respiratory isotope signal at the
side the plant and subsequently re-fixed in stem and twig§)|ant, soil and ecosystem scale. The quantification of com-
and/or emitted via the stem to the atmosphere, it would addPonent isofluxes at different scales including assessments of
a further variable source coupled to diel changes in xyleme.g. in vitro enzyme activities, transgenic PEPc knock-out
flow delivering depleteds’3C,es compared to atmospheric and overexpressing lines and combin€i€-labelling and
813C0,. However, recent studies from Kodama et al. (2008) hatural abundance studies might all give deeper insights into
and Ubierna et al. (2009) showed that the influence of CO the origin of short-term variations of respired £ future.
from belowground — potentially transported with and stored  This is highly important since the carbon isotope compo-
in the xylem water — had only negligible influence 83Ces sition of plant respired C&contains information on the fate
of trunk respired C@. Aubrey and Teskey (2009) calculated of respiratory substrates, and may, therefore, provide a non-
that on a daily basis, the amount of gat moved upward intrusive way to identify changes in carbon allocation pat-
from the root system into the stem via the xylem stream interns over various scale levels.
a poplar plantation rivaled that which diffused from the soil
surface to the atmosphere. If part of this £i®released via  Acknowledgementsie acknowledge financial support from the
trunk or twigs (or refixed via PEPc or stem photosynthesis),Deutsche Forschungsgemeinschaft (DFG, WE 2681/3-1, 5-1, 6-1,
if it deviates ins13C from CO, produced in the above-ground QE 109.0/5-1: 7-1, 8-1, 9-1). We gratefully acknowledge valuable
tissues and if the contribution to trunk or stem efflux varies diScussion with R. Werner, very helpful comments of two anony-
over the diel course, temporal variationssiC of ecosys- mous referees and contribution of M. Cuntz to calculations of Fig. 7.
tem respired C@would also rgsult. N _ Edited by: N. Buchmann

In summary, the mechanisms driving composite fluxes
such as soil and ecosystem £fuxes are complex, since
changes in the contribution of the relative flux rates of com-Rreferences
ponent fluxes with different isotopic signatures have to be
taken into account. There is increasing recognition on closetkin, O. K., Evans, J. R., and Siebke, K.: Relationship between
feed-backs between plant carbon assimilation and rhizo- the inhibition of leaf respiration by light and enhancement of leaf
sphere and soil respiration (seeliBgemann et al., 2011), dark respiration following light treatment, Aust. J. Plant Physiol.,
but its impact on diel variations i#3Cg remain to be re- 25,437-443,1998.
solved. Variable contributions of different component fluxes, Atkin, O. K., Edwards, E. J., and Loveys, B. R.: Response of root
might at least partially explain the strong variations}ACr respiration to changes in temperature and its relevance to global
observed on the ecosystem level. We certainly need exper. “arming, New Phytol,, 147, 141-154, 2000. _
iments targeted towards assessing the short-term variabilit;'?‘ ubrey, D. P. and Teskey, R. O.: Root-derived £xfiflux via xylem

. . . stream rivals soil C@efflux, New Phytol., 184, 35-40, 2009.

of the isotopic fluxes from different ecosystem cor.npartmentsAyan, A. K., Cirak, C., and Yanar, O.: Variations in total phenolics
and how they contribute ®'°C of ecosystem respired GO during ontogenetic, morphogenetic, and diurnal cyclesyiper-
The emerging laser spectroscopic techniques which allow di- - icumspecies from Turkey, J. Plant Biol., 49, 432-439, 2006.
rect determination 0f*CO, and*?CO; fluxes on the ecosys-  Azcon-Bieto, J. and Osmond, C. B.: Relationship between photo-
tem level (Griffis et al., 2008) and within individual compart-  synthesis and respiration. The effect of carbohydrate status on

www.biogeosciences.net/8/2437/2011/ Biogeosciences, 8, 245882011



2454

the rate of CQ production by respiration in darkened and illu-
minated wheat leaves, Plant Physiol., 71, 574-581, 1983.

C. Werner and A. Gessler: Diel variations in the carbon isotope composition

ganic materials mineralize more efficiently at higher tempera-
tures, J. Plant Nutr. Soil Sci., 166, 300-307, 2003.

Badeck, F., Tcherkez, G., Nogs, S., Piel, C., and Ghashghaie, J.: Boone, R. D., Nadelhoffer, K. J., Canary, J. D., and Kaye, J. P.

Post-photosynthetic fractionation of stable carbon isotopes be-

Roots exert a strong influence on the temperature sensitivity of

tween plant organs- a widespread phenomenon, Rapid Commun. soil respiration, Nature, 396, 570-572, 1998.

Mass Sp., 19, 1381-1391, 2005.
Bahn, M., Schmitt, M., Siegwolf, R., Richter, A., andigijgemann,
N.: Does photosynthesis affect grassland soil-respireda@®

Bowling, D. R., Tans, P. P., and Monson, R. K.: Partitioning net

ecosystem carbon exchange with isotopic fluxes op CGlob.
Change Biol., 7, 127-145, 2001.

its carbon isotope composition o n a diurnal timescale?, NewBowling, D. R., Sargent, S. D., Tanner, B. D., and Ehleringer, J.

Phytol., 182, 451-460, 2009.
Barbour, M. M., McDowell, N. G., Tcherkez, G., Bickford, P., and

R.: Tunable diode laser absorption spectroscopy for stable iso-
tope studies of ecosystem-atmosphere,@&change, Agr. For-

Hanson, D. T.: A new measurement technique reveals rapid post- est Meteorol., 118, 1-19, 2003.
illumination changes in the carbon isotope composition of leaf- Bowling, D. R., Burns, S. P., Conway, T. J., Monson, R. K., and

respired CQ, Plant Cell Environ., 30, 456-468, 2007.
Barbour, M. M., Hunt, J. E., Kodama, N., Laubach, J., McSeveny,

White, J. W. C.: Extensive observations of €€arbon isotope
content in and above a high-elevation subalpine forest, Global

T., Rogers, N. D., Tcherkez, G., and Wingate, L.: Rapid changes Biochem. Cy., 19, GB30230i:10.1029/2004GB002392005.
in §13C of ecosystem-respired GGafter sunset are consistent Bowling, D. R., Pataki, D. E., and Randerson, J. T.: Carbon isotopes

with transient:3C enrichment of leaf respired, New Phytol., 190,
990-1002d0i:10.1111/j.1469-8137.2010.036352011.

in terrestrial ecosystem pools and £fuxes, New Phytol., 178,
24-40, 2008.

Barthel, M., Hammerle, A., Sturm, P., Baur, T., Gentsch, L., and Bowsher, C., Steer, M., and Tobin, A.: Plant biochemistry, New

Knohl, A.: The diel imprint of leaf metabolism on tl#&3C sig-

York, NY, USA, Garland Science, 2008

nal of soil respiration under control and drought conditions, New Brandes, E., Kodama, N., Whittaker, K., Weston, C., Rennenberg,

Phytol., in pressioi:10.1111/j.1469-8137.2011.038432011a.
Barthel, M., Sturm, P., and Knohl, A.: Soil matrix tracer contam-
ination and canopy recycling did not impéi?COz plant—soil
pulse labelling experiments, Isot. Environ. Health S., in press,
doi:10.1080/10256016.2011.5876 P01 1b.

H., Keitel, C., Adams, M. A., and Gessler, A.: Short-term varia-
tion in the isotopic composition of organic matter allocated from
the leaves to the stem &finus sylvestris effects of photosyn-
thetic and postphotosynthetic carbon isotope fractionation, Glob.
Change Biol., 12, 1922-1939, 2006.

Bathellier, C., Badeck, F., Couzi, P., Harscoet, S., Mauve, C., andBrandes, E., Wenninger, J., Koeniger, P., Schindler, D., Rennen-

Ghashghaie, J.: Divergence s#3C of dark respired C@and
bulk organic matter occurs during the transition between het-
erotrophy and autotrophy Phaseolus vulgariplants, New Phy-
tol., 177, 406-418, 2008.

Bathellier, C., Tcherkez, G., Bligny, R., Gout, E., Cornic, G., and

Ghashghaie, J.: Metabolic origin of the delta C-13 of respired Brugnoli, E. and Farquhar, G. D.:

COs, in roots ofPhaseolus vulgarisNew Phytol., 181, 387-399,
2009.

berg, H., Leibundgut, C., Mayer, H., and Gessler, A.: Assessing
environmental and physiological controls over water relations in
a Scots pineRinus sylvestrid..) stand through analysis of sta-
ble isotope composition of water and organic matter, Plant Cell
Environ., 30, 113-127, 2007.

Photosynthetic fractiona-
tion of carbon isotopes, in: Photosynthesis: Physiology and
Metabolism, edited by: Leegood, R. C., Sharkey, T. D., and

Beck, E. and Ziegler, P.: Biosynthesis and degradation of starch in Caemmerer, v. S., Kluwer Akademic Publisher, The Netherlands,

higher plants, Annu. Rev. Plant Phys., 40, 95-117, 1989.

399-434, 2000.

Berry, J. A. and Raison, J. K.: Responses of macrophytes to tempemBriiggemann, N., Gessler, A., Kayler, Z., Keel, S. G., Badeck, F.,

ature, in: Physiological Plant Ecology |. Responses to the physi-
cal environment, edited by: Lange, O. L., Nobel, P. S., Osmond,
B., and Ziegler, H., Springer, Berlin, 277-338, 1981.

Betson, N. R, Gottlicher, S. G, Hall, M., Wallin, G., Richter, A.,
and Hogberg, P.: No diurnal variation in rate or carbon isotope
composition of soil respiration in a boreal forest, Tree Physiol.,
27, 749-756, 2007.

Barthel, M., Boeckx, P., Buchmann, N., Brugnoli, E., Esper-
schitz, J., Gavrichkova, O., Ghashghaie, J., Gomez-Casanovas,
N., Keitel, C., Knohl, A., Kuptz, D., Palacio, S., Salmon, Y.,
Uchida, Y., and Bahn, M.: Carbon allocation and carbon isotope
fluxes in the plant-soil-atmosphere continuum: a review, Biogeo-
sciences Discuss., 8, 3619-3666i:10.5194/bgd-8-3619-2011
2011.

Berveiller, D. and Damesin, C.: Carbon assimilation by tree Budde, R. J. A. and Randall, D. D.: Pea leaf mitochondrial pyru-

stems: potential involvement of phosphoenolpyruvate carboxy-
lase, Trees, 22, 149-157, 2008.

Bhupinderpal, S., Nordgren, A., Ottossoificenius, M., Hbgberg,
M. N., Mellander, P. E., and &gberg, P.: Tree root and soil het-
erotrophic respiration as revealed by girdling of boreal Scots pine
forest: extending observations beyond the first year, Plant Cell
Environ., 26, 1287-1296, 2003.

vate dehydrogenase complex is inactivated in vivo in a light-
dependent manner, Proc. Nat. Acad. Sci. USA, 87, 673-676,
1990.

Bultzenlechner, M., Thimet, S., Kempe, K., Kexel, H., and Schidt,

H. L.: Inter- and Intromolecular isotopic correlations in some
cyanogenic glycosides and glucosinolates and their practical im-
portance, Phytochemistry, 43, 585-592, 1993.

Bick, J. A. and Lange, B. M.: Metabolic cross talk between cytoso- Carbone, M. and Trumbore, S.: Contribution of new photosynthetic

lic and plastidial pathways of isoprenoid biosynthesis: unidirec-

assimilates to respiration by perennial grasses and shrubs: resi-

tional transport of intermediates across the chloroplast envelope dence times and allocation patterns, New Phytol., 176, 124-135,

membrane, Arch. Biochem. Biophys., 415, 146-154, 2003
Bol, R., Bolger, T., Cully, R., and Little, D.: Recalcitrant soil or-

Biogeosciences, 8, 2437459 2011

2007.

Carbone, M., Winston, G. C., and Trumbore, S.: Soil respiration

www.biogeosciences.net/8/2437/2011/


http://dx.doi.org/10.1111/j.1469-8137.2010.03635.x
http://dx.doi.org/10.1111/j.1469-8137.2011.03848.x
http://dx.doi.org/10.1080/10256016.2011.587610
http://dx.doi.org/10.1029/2004GB002394
http://dx.doi.org/10.5194/bgd-8-3619-2011

C. Werner and A. Gessler: Diel variations in the carbon isotope composition 2455

in perennial grass and shrub ecosystems: Linking environ- edge and future prospects, Plant Cell Environ., 31, 602-621,
mental controls with plant and microbial sources on sea- 2008.
sonal and diel timescales, J. Geophys. Res., 113, G02022Gessler, A., Keitel, C., Kodama, N., Weston, C., Winters, A. J.,

doi:10.1029/2007JG000612008. Keith, H., Grice, K., Leuning, R., and Farquhar, G13C of or-
Cernusak, L. A., Tcherkez, G., Keitel, C., Cornwell, W. K., Santi-  ganic matter transported from the leaves to the rooEcalyptus
ago, L. S, Knohl, A., Barbour, M. M, Williams, D. G, Reich, P. B, delegatensisshort-term variations and relation to respired O

Ellsworth, D. S, Dawson, T. E, Griffiths, H. G., Farquhar, G. D., Funct. Plant Biol., 34, 692—-706, 2007.
and Wright, I. J.: Why are non-photosynthetic tissues generallyGessler, A., Tcherkez, G., Peuke, A. D., Ghashghaie, J., and Far-
13¢ enriched compared with leaves in C3 plants? Review and quhar, G. D.: Experimental evidence for diel variations of the
synthesis of current hypotheses, Funct. Plant Biol., 36, 199—-213, carbon isotope composition in leaf, stem and phloem sap organic
20009. matter inRicinus communjsPlant Cell Environ., 31, 941-953,
Davidson, E. A., Belk, E., and Boone, R. D.: Soil water content 2008.
and temperature as independent or confounded factors controlcessler, A., Brandes, E., Buchmann, N., Helle, G., Rennenberg,
ling soil respiration in a temperate mixed hardwood forest, Glob. H., and Barnard, R. L.: Tracing carbon and oxygen isotope sig-
Change Biol., 4, 217-227, 1998. nals from newly assimilated sugars in the leaves to the tree-ring
Davidson, E., Janssens, I. A., and Luo, Y.: On the variability of archive, Plant Cell Environ. 32, 780-795, 2009a.
respiration in terrestrial ecosystems: moving beyond Q10, Glob.Gessler, A., Tcherkez, G., Karyanto, O., Keitel, C., Ferrio, J.
Change Biol. 12, 154-164, 2006. P., Ghashghaie, J., Kreuzwieser, J., and Farquhar, G. D.: On
DeNiro, M. and Epstein, S.: Mechanism of carbon isotope frac- the metabolic origin of the carbon isotope composition of,CO
tionation associated with lipid synthesis, Science, 197, 261-263, evolved from darkened light-acclimated leavesRitinus com-
1977. munis New Phytol., 181, 374-386, 2009b.
Dieuaide-Noubhani, M., Raffard, G., Canioni, P., Pradet, A., Ghashghaie, J., Duranceau, M., Badeck, F. W., Cornic, G., Adeline,
and Raymond, P.: Quantification of Compartmented Metabolic M. T., and Deleens, E.: Delta C-13 of G@espired in the dark

Fluxes in Maize Root Tips Using Isotope Distribution frdfc- in relation to delta C-13 of leaf metabolites: comparison between
or 14C-Labeled Glucose, J. Biol. Chem., 270, 13147-13159, Nicotiana sylvestrisndHelianthus annuuander drought, Plant
1995. Cell Environ., 24, 505-515, 2001.

Dudziak, A. and Halas, S.: Diurnal cycle of carbon isotope ratio in Ghashghaie, J., Badeck, F., Lanigan, G., NeguS., Tcherkez,
soil COy in various ecosystems, Plant Soil, 183, 291-299, 1996. G., Dekens, E., Cornic, G., and Griffiths, H.: Carbon isotope

Duff, S. M. C. and Chollet, R.: In vivo regulation of wheat- fractionation during dark respiration and photorespiration in C3
leaf phosphoenolpyruvate carboxylase by reversible phosphory- plants, Phytochem. Rev., 2, 145-161, 2003.
lation, Plant Physiol., 107, 775-782, 1995. Ghirardo, A., Gutknecht, J., Zimmer, |., Bggemann, N., and

Dubbert, M., Rascher, K. G., Mler, M., Maguas, C., and Werner, Schnitzler, J.-P.: Biogenic Volatile Organic Compound and Res-
C.: Carbon isotope fractionation during assimilation, transport, piratory CG Emissions afte?‘3C-LabeIing: Online Tracing of C
and respiration alters!3C pattern in different plant carbon pools Translocation Dynamics in Poplar Plants, PLOSone, 6, €17393,
in response to environmental conditions and water status, in doi:10.1371/journal.pone.0017393)11.
preparation, 2011. Gilbert, A., Silvestre, V., Robins, R. J., and Remaud, G. S.: Accu-

Eglin, T., Fresneau, C., Lelarge-Trouverie, C., Francois, C., and rate Quantitative Isotopic C-13 NMR Spectroscopy for the Deter-
Damesin, C.: Leaf and twig C-13 during growth in relation to  mination of the Intramolecular Distribution of C-13 in Glucose
biochemical composition and respired &Qree Physiol., 29, at Natural Abundance, Anal. Chem., 81, 8978-8985, 2009.
777-788, 2009. Gilbert, A., Silvestre, V., Segebarth, N., Tcherkez, G., Guillou, C.,

Ehleringer, J. R., Buchmann, N., and Flanagan, L. B.:. Carbon iso- Robins, R. J., Akoka, S., and Remaud, G.: The intramolec-
tope ratios in belowground carbon cycle processes, Ecol. Appl., ular 13C-distribution in ethanol reveals the influence of the
10, 412-422, 2000. COx-fixation pathway and environmental conditions on the site-

Ekblad, A. and Hgberg, P.: Natural abundance HC in CO, specific3C variation in glucose, Plant Cell Environ., 34, 1104—
respired from forest soils reveals speed of link between photo- 1112, 2011.
synthesis and root respiration, Oecologia, 127, 305-308, 2001. Gleixner, G. and Schmidt, H.-L.: Carbon isotope effects on

Farquhar, G. D., O’'Leary, M. H., and Berry, J. A.: On the relation-  the fructose-1,6-bisphosphate aldolase reaction, origin for non-
ship between carbon isotope discrimination and the intercellular statistical’3C distributions in carbohydrates, J. Biol. Chem., 9,
carbon dioxide concentration in leaves, Aust. J. Plant Physiol., 9, 5382-5387, 1997.

121-137, 1982. Gleixner, G., Scrimgeour, C., Schmidt, H. L., and Viola, R.: Stable
Farquhar, G. D., Ehleringer, J. R., and Hubick, K. T.: Carbon iso- isotope distribution in the major metabolites of source and sink
tope discrimination and photosynthesis, Ann. Rev. Plant Phys., organs ofSolanum tuberosura.: a powerful tool in the study

40, 503-537, 1989. of metabolic partitioning in intact plants, Planta, 207, 241245,

Flexas, J., Diaz-Espejo, A., Galmes, J., Kaldenhoff, R., Medrano, 1998.

H., and Ribas-Carbo, M.: Rapid variations of mesophyll conduc- Géttlicher, S., Knohl, A., Wanek, W., Buchmann, N., and Richter,
tance in response to changes in£goncentration around leaves, A.: Short-term changes in carbon isotope composition of soluble
Plant Cell Environ., 30, 1284—-1298, 2007. carbohydrates and starch: from canopy leaves to the roots, Rapid

Flexas, J., Ribas-Carbo, M., Diaz-Espejo, A., Galmes, J., and Commun. Mass Sp., 20, 653-660, 2006.

Medrano, H.: Mesophyll conductance to @€Ccurrent knowl- Griffis, T. J., Sargent, S. D., Baker, J. M., Lee, X., Tanner, B.

www.biogeosciences.net/8/2437/2011/ Biogeosciences, 8, 2458832011


http://dx.doi.org/10.1029/2007JG000611
http://dx.doi.org/10.1371/journal.pone.0017393

2456 C. Werner and A. Gessler: Diel variations in the carbon isotope composition

D., Greene, J., Swiatek, E., and Billmark, K.: Direct measure- used to estimate the isotopic composition of é&ﬁCOz efflux
ment of biosphere-atmosphere isotopic£&xchange using the at steady state, Rapid Commun. Mass Sp., 22, 2533-2538, 2008.
eddy covariance technique, J. Geophys. Res., 113(D8), D0830&Kayler, Z., Ganio, L., Hauck, M., Pypker, T., Sulzman, E., Mix, A,
doi:10.1029/2007JD009292008. and Bond, B.: Bias and uncertainty &b’f3COZ isotopic mixing
Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., models, Oecologia, 163, 227-234, 2010.
Graedel, T., Harley, P, Klinger, L., Lerdau, M., Mckay, W. A., Keitel, C., Adams, M. A., Holst, T., Matzarakis, A., Mayer, H.,
Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Tay- Rennenberg, H., and Gessler, A.: Carbon and oxygen isotope
lor, J., and Zimmerman, P.: A Global-Model of Natural Volatile composition of organic compounds in the phloem sap provides a
Organic-Compound Emissions, J. Geophys. Res.-Atmos., 100, short-term measure for stomatal conductance of European beech
8873—-8892, 1995. (Fagus sylvaticd..), Plant Cell Environ., 26, 1157-1168, 2003.
Hanba, Y. T., Shibasaka, M., Hayashi, Y., Hayakawa, T., Kasamo Kesselmeier, J., Ciccioli, P., Kuhn, U., Stefani, P., Biesenthal, T.,
K., Terashima, |., and Katsuhara, M.: Overexpression of the bar- Rottenberger, S., Wolf, A., Vitullo, M., Valentini, R., Nobre, A.,

ley aguaporin HvPIP2;1 increases internalaf@nductance and Kabat, P., and Andreae, M. O.: Volatile organic compound emis-
CO, assimilation in the leaves of transgenic rice plants, Plant sions in relation to plant carbon fixation and the terrestrial carbon
Cell Physiol., 45, 521-529, 2004. budget, Global Biogeochem. Cy., 16, 1126-1135, 2002.

Hayes, J. M.: Fractionation of carbon and hydrogen isotopes inKlumpp, K., Sclaufele, R., Ibtscher, M., Lattanzi, F. A., Feneis,
biosynthetic processes, Rev. Mineral Geochem., 43, 255-277, W., and Schnyder, K.: C-isotope composition of £@spired
2001. by shoots and roots: fractionation during dark respiration?, Plant

Hartley, I. P. and Ineson, P.. Substrate quality and the tempera- Cell Environ., 28, 241-250, 2005.
ture sensitivity of soil organic matter decomposition, Soil Biol. Knohl, A., Werner, R. A., Brand, W. A., and Buchmann, N.: Short-
Biochem., 40, 1567-1574, 2008. term variations irs13C of ecosystem respiration reveals link be-

Hibberd, J. M. and Quick, W. P.: Characteristics of C4 photosyn- tween assimilation and respiration in a deciduous forest, Oecolo-
thesis in stems and petioles of C3 flowering plants, Nature, 415, gia, 142, 70-82, 2005.

451-454, 2002. Kodama, N., Barnard, R., Salmon, Y., Weston, C., Ferrio, J. P,,

Hogberg, P. and Read, D. J.: Towards a more plant physiological Holst, J., Werner, R. A., Saurer, M., Rennenberg, H., Buchmann,
perspective on soil ecology, Trends Ecol. Evol., 21, 548-554, N., and Gessler, A.: Temporal dynamics of the carbon isotope
2006. composition in &inus sylvestristand: from newly assimilated

Hogberg, P., ligberg, M. N., Gottlicher, S. G, Betson, N. R., Keel, organic carbon to respired carbon dioxide, Oecologia, 156, 737—
S. G., Metcalfe, D. B., Campbell, C., Schindlbacher, A., Hurry, 750, 2008.

V., Lundmark, T., Linder, S., and Nasholm, T.: High temporal Kodama, N., Ferrio, J. P., Bggemann, N., and Gessler, A.: Short-
resolution tracing of photosynthate carbon from the tree canopy term dynamics of the carbon isotope composition oh@ditted
to forest soil microorganisms, New Phytol., 177, 220-228, 2008. from a wheat agroecosystem — physiological and environmental

Hobbie, E. A. and Werner, R. A.: Intramolecular, compound-  controls, Plant Biol., 13, 115-125, 2011.

specific and bulk carbon isotope patterns in C3 and C4 plantsKuzyakov, Y. and Gavrichkova, O.: Review: Time lag between

a review and synthesis, New Phytol., 161, 371-385, 2004. photosynthesis and carbon dioxide efflux from soil: a review of
Hymus, G. J, Maseyk, K., Valentini, R., and Yakir, D.: Large daily mechanisms and controls, Glob. Change Biol., 16, 3386—3406,

variation in13C-enrichment of leaf-respired Gan two Quercus 2010.

forest canopies, New Phytol., 167, 377—-384, 2005. Lanigan, G. J., Betson, N., Griffiths, H., and Seibt, U.: Carbon
Igamberdiev, A. U. and Garde8&tn, P.: Regulation of NAD- and Isotope Fractionation during Photorespiration and Carboxylation

NADP-dependent isocitrate dehydrogenases by reduction lev- in Senecio, Plant Physiol., 148, 2013-2020, 2008.
els of pyridine nucleotides in mitochondria and cytosol of pea Lehmeier, C. A., Lattanzi, F. A., Séafele, R., Wild, M., and
leaves, BBA-Bioenergetics, 1606, 117-125, 2003. Schnyder, H.: Root and shoot respiration of perennial ryegrass
Ivanova, H., Keerberg, H., Parnik, T., and Keerberg, O.: Compo- are supplied by the same substrate pools: Assessment by dy-
nents of CQ exchange in leaves of C-3 species with different  namic C-13 labeling and compartmental analysis of tracer kinet-
ability of starch accumulation, Photosynthetica, 46, 84-90, 2008. ics, Plant Physiol., 148, 1148-1158, 2008.
Jardine, K., Abrell, L., Kurc, S. A., Huxman, T., Ortega, J., and Lehmeier, C. A., Lattanzi, F. A., Gamnitzer, U., Scifiele, R.,

Guenther, A.: \olatile organic compound emissions frbar- and Schnyder, H.: Day-length effects on carbon stores for
rea tridentata(creosotebush), Atmos. Chem. Phys., 10, 12191- respiration of perennial ryegrass, New Phytol., 188, 719-725,
12206,d0i:10.5194/acp-10-12191-2012010a. doi:10.1111/j.1469-8137.2010.034572010.

Jardine, K., Sommer, E., Saleska, S., Huxman, T., Harley, P., and.iu, Q., Edwards, N. T., Post, W. M., Gu, L., Ledford, J., and
Abrell, L.: Gas Phase Measurements of Pyruvic Acid and Its Lenhart, S.: Temperature-independent diel variation in soil respi-
Volatile Metabolites, Environ. Sci. Technol., 44, 2454-2460, ration observed from a temperate deciduous forest, Glob. Change
2010b. Biol., 12, 2136—-2145, 2006.

Karl, T., Curtis, A., Rosenstiel, T., Monson, R., and Fall, R.: Tran- Loivaméaki, M., Louis, S., Cinege G., Zimmer, |., Fischbach, R. J.,
sient releases of acetaldehyde from tree leaves — products of a and Schnitzler, J. P.: Circadian rhythms of isoprene biosynthesis
pyruvate overflow mechanism?, Plant Cell Environ., 25, 1121— in Grey poplar leaves, Plant Physiol., 143, 540-551, 2007.

1131, 2002. Marron, N., Plain, C., Longdoz, B., and Epron, D.: Seasonal and

Kayler, Z. E., Sulzman, E. W., Marshall, J. D., Mix, A., Rugh, W. daily time course of thé3C composition in soil C@ efflux
D., and Bond, B. J.: A laboratory comparison of two methods recorded with a tunable diode laser spectrophotometer (TDLS),

Biogeosciences, 8, 24372459 2011 www.biogeosciences.net/8/2437/2011/


http://dx.doi.org/10.1029/2007JD009297
http://dx.doi.org/10.5194/acp-10-12191-2010
http://dx.doi.org/10.1111/j.1469-8137.2010.03457.x

C. Werner and A. Gessler: Diel variations in the carbon isotope composition

Plant Soil, 318, 137-151, 2009.

Maunoury, F., Berveiller, D., Lelarge, C., Pontailler, J. Y., Van-
bostal, L., and Damesin, C.: Seasonal, daily and diurnal varia-
tions in the stable carbon isotope composition of carbon dioxide

2457

Priault, P., Wegener, F., and Werner, C.: Pronounced differences in

diurnal variation of carbon isotope composition of leaf respired
CO, among functional groups, New Phytol., 181, 400-412,
doi:10.1111/j.1469-8137.2008.026652009.

respired by tree trunks in a deciduous oak forest, Oecologia, 151Pons, T. L., Flexas, J., von Caemmerer, S., Evans, J. R., Genty, B.,

268-279, 2007.

Maseyk, K., Wingate, L., Seibt, U., Ghashghaie, J., Bathellier, C.,
Almeida, P., Lobo de Vale, R., Pereira, J. S., Yakir, D., and Men-
cuccini, M.: Biotic and abiotic factors affecting t4&3C of soil
respired CQ in a Mediterranean oak woodland, Isot. Environ.
Health S., 45(4), 343-359, 2009.

Melzer, E. and Schmidt, H.: Carbon isotope effects on the pyruvate

Ribas-Carbo, M., and Brugnoli, E.: Estimating mesophyll con-
ductance to C@ methodology, potential errors, and recommen-
dations, J. Exp. Bot., 60, 2217-2234, 2009.

Popov, V. N., Eprintsev, A. T., Fedorin, D. N., and Igamberdiev,

A. U.: Succinate dehydrogenaseAmnabidopsis thalianas reg-
ulated by light via phytochrome A, FEBS Lett., 58, 199-202,
2009.

dehydrogenase reaction and their importance for relative carbonRascher, K. G., Mguas, C., and Werner, C.: On the use of phloem

13 depletion in lipids, J. Biol. Chem., 262, 8159-8164, 1987.
Mencuccini, M. and Hlitta, T.: The significance of phloem trans-

saps13C as an indicator of canopy carbon discrimination, Tree
Physiol., 30, 1499-151410i:10.1093/treephys/tpq092010.

port for the speed with which canopy photosynthesis and below-Richter, A., Wanek, W., Werner, R. A., Ghashghaie, J., Jaggi,

ground respiration are linked, New Phytol., 185, 189-203, 2010.
Mortazavi, B., Chanton, J. P., and Smith, M. C.: Influ-
ence of 13C-enriched foliage respired GOon §13C of
ecosystem-respired GQOGlobal Biogeochem. Cy., 20, GB3029,
doi:10.1029/2005GB00265Q006.
Moyes. A. B., Gaines, S, |., Siegwolf, R. T. W., and Bowling, D.
R.: Diffusive fractionation complicates isotopic partitioning of

M., Gessler, A., Brugnoli, E., Hettmann, E., Gottlicher, S. G.,
Salmon, Y., Bathellier, C., Kodama, N., Nogues, S., Soe, A,
\olders, F., Sorgel, K., Blochl, A., Siegwolf, R. T. W., Buch-
mann, N., and Gleixner, G.: Preparation of starch and soluble
sugars of plant material for the analysis of carbon isotope com-
position: a comparison of methods, Rapid Commun. Mass Sp.,
23, 2476-2488, 2009.

autotrophic and heterotrophic sources of soil respiration, PlantRishavy, M. A., Yang, Z. R., Tong, L., and Cleland, W. W.: Deter-

Cell Environ., 33, 1804-1819, 2010.
Nguyen, T., Drotar, A. M., Monson, R. K., and Fall, R.: A high
affinity pyruvate decarboxylase is present in cottonwood leaf

mination of the mechanism of human malic enzyme with natural
and alternate dinucleotides by isotope effects, Arch. Biochem.
Biophys., 396, 43-48, 2001.

veins and petioles: A second source of leaf acetaldehyde emisRiveros-lregui, D. A., Hu, J., Burns, S. P.,, Bowling, D. R,,

sion?, Phytochemistry, 70, 1217-1221, 2009.

Nickerson, N. and Risk, D.: A numerical evaluation of chamber
methodologies used in measuring the delta C-13 of soil respira-
tion, Rapid Commun. Mass Sp., 23, 2802—2810, 2009.

Niinemets,U., Tenhunen, J. D., Harley, P. C., and Steinbrecher,

and Monson, R. K.: An Inter-Annual Assessment of the

Relationship between the Stable Carbon Isotopic Composi-
tion of Ecosystem Respiration and Climate in a High Eleva-

tion Subalpine Forest, J. Geophys. Res.-Biogeo., 15, G02005,
doi:10.1029/2010JG001558011.

R.: A model of isoprene emission based on energetic require-Rossmann, A., Butzenlechner, M., and Schmidt, H. L.: Evidence
ments for isoprene synthesis and leaf photosynthetic properties for a non-statistical carbon isotope distribution in natural glu-

for Liquidambarand Quercus Plant Cell Environ., 22, 1319—
1335, 1999.

Schmidt,

cose, Plant Physiol., 96, 609-614, 1991.
H. L. Fundamentals and systematic of the non-

NogLes, S., Tcherkez, G., Cornic, G., and Ghashghaie, J.: Respi- statistical distributions of isotopes in natural compounds, Natur-

ratory carbon metabolism following illumination in intact french

wissenschaften, 90, 537-552, 2003.

bean leaves usint?C/12C isotope labelling, Plant Physiol., 136, Schnyder, H., Schaufele, R., and Wenzel, R.: Mobile, outdoor

3245-3254, 2004.

Nunes-Nesi, A., Sweetlove, L. J., and Fernie, A. R.: Operation and
function of the tricarboxylic acid cycle in the illuminated leaf,
Physiol. Plantarum, 129, 45-56, 2007.

continuous-flow isotope-ratio mass spectrometer system for au-
tomated high-frequency C-13- and O-18-£énalysis for Keel-

ing plot applications, Rapid Commun. Mass Sp., 18, 3068-3074,
2004.

O’Leary, M. H.: Carbon isotope fractionation in plants, Phytochem- Schnyder, H., Schufele, R., btscher, M., and Gebbing, T.: Dis-

istry, 20, 553-567, 1981.

O¢ée, J., Peylin, P, Ciais, P., Bariac, T., Brunet, Y., Berbigier,
P., Roche, C., Richard, P., Bardoux, G., and Bonnefond, J.
M.: Partitioning net ecosystem carbon exchange into net as-
similation and respiration usint?CO, measurements: A cost-
effective sampling strategy, Global Biogeochem. Cy., 17, 1070,
doi:10.1029/2002GB001992003.

Paterson, E., Midwood, A. J., and Millard, P.: Through the eye of

entangling CQ fluxes: direct measurements of mesocosm-scale
natural abundanc&3C0,/*2C0O, gas exchange!3C discrimi-
nation, and labelling of C®exchange flux components in con-
trolled environments, Plant Cell Environ., 26, 1863-1874, 2003.

Srere, P. A., Sherry, A. D., Malloy, C. R., and Sumegi, B.: Chan-

neling in the Krebs tricarboxylic acid cycle, in: Channeling in
intermediary metabolism, edited by: Agius, L. and Sherratt, H.
S. A, London, UK, Portland Press, 201-217, 1996.

the needle: a review of isotope approaches to quantify microbialStoy, P. C., Palmroth, S., Oishi, A. C., Siqueira, M. B. S., Juang,
processes mediating soil carbon balance, New Phytol., 184, 19— J. VY., Novick, K. A., Ward, E. J., Katul, G. G., and Oren, R.:

33, 2009.

Prater, J. L., Mortazavi, B., and Chanton, J. P.: Diurnal variation of
the s13C of pine needle respired G@volved in darkness, Plant
Cell Environ., 29, 202-211, 2006.

www.biogeosciences.net/8/2437/2011/

Are ecosystem carbon inputs and outputs coupled at short time
scales? A case study from adjacent pine and hardwood forests
using impulse-response analysis, Plant Cell Environ., 30, 700—
710, 2007.

Biogeosciences, 8, 245382011


http://dx.doi.org/10.1029/2005GB002650
http://dx.doi.org/10.1029/2002GB001995
http://dx.doi.org/10.1111/j.1469-8137.2008.02665.x
http://dx.doi.org/10.1093/treephys/tpq092
http://dx.doi.org/10.1029/2010JG001556

2458 C. Werner and A. Gessler: Diel variations in the carbon isotope composition

Subke, J. A., Vallack, H. W., Magnusson, T., Keel, S. G., Metcalfe, strength during drought, Agr. Forest Meteorol., 149, 949-961,
D. B., Hogberg, P., and Ineson, P.: Short-term dynamics of abi- doi:10.1016/j.agrformet.2008.11.0123009.
otic and biotic soil (CQ)-C-13 effluxes after in situ (C&-C-13 Unger, S., Miguas, C., Pereira, J. S., Aires, L. M., David, T. S., and
pulse labelling of a boreal pine forest, New Phytol., 183, 349— Werner, C.: Disentangling drought-induced variation in ecosys-
357, 2009. tem and soil respiration by stable isotope partitioning, Oecologia,
Sun, W., Resco, V., and Williams, D. G.: Diurnal and seasonal 163, 1043—-1057J0i:10.1007/s00442-010-1576-%10a.
variation in the carbon isotope composition of leaf dark-respiredUnger, S., Miguas, C., Pereira, J. S., David, T. S., and Werner, C.:
COy, in velvet mesquiteRrosopis veluting Plant Cell Environ., The influence of precipitation pulses on soil respiration — As-
32, 1390-1400, 2009. sessing the “Birch Effect” by stable carbon isotopes, Soil Biol.
Sun, W,, Resco, V., and Williams, D. G.: Nocturnal and seasonal Biochem., 42, 1800-1810d0i:10.1016/j.s0ilbio.2010.06.019
patterns of carbon isotope composition of leaf dark-respired car- 2010b.
bon dioxide differ among dominant species in a semiarid sa-Van Bel, A. J. E.: The phloem, a miracle of ingenuity, Plant Cell
vanna, Oecologia, 164, 297-310, 2010. Environ., 26, 125-149, 2003.
Sweetlove, L. J., Beard, K. F. M., Nunes-Nesi, A., Fernie, A. R., Vanhala, P., Karhu, K., Tuomi, M., Sonninen, E., Jungner, H.,
and Ratcliffe, G.: Not just a cycle: flux modes in the plant TCA Fritze, H., and Liski, J.: Old soil carbon is more temperature

cycle, Trends Plant Sci., 15, 462—-470, 2010. sensitive than young in an agricultural field, Soil Biol. Biochem.,
Tcherkez, G.: Do metabolic fluxes matter for interpreting isotopic 39, 2967-2970, 2007.
respiratory signals?, New Phytol., 186, 567-568, 2010. Vargas, R. and Allen, M. F.: Diel patterns of soil respiration in a

Tcherkez, G. and Farquhar, G. D.: Carbon isotope effect predictions tropical forest after Hurricane Wilma, J. Geophys. Res.-Biogeo.,
for enzymes involved in the primary carbon metabolism of plant 113, G03021¢0i:10.1029/2007JG000622008.
leaves, Funct. Plant Biol., 32, 277-291, 2005. Voet, D. and Voet, J. G.: Biochemistry, 2nd edn., chapter 19: Citric

Tcherkez, G., Noges, S., Bleton, J., Cornic, G., Badeck, F., and  Acid Cycle, Willey, New York, 538-562, 1995.

Ghashghaie, J.: Metabolic Origin of Carbon Isotope Composi-Wabhl, E. H., Fidric, B., Rella, C. W., Koulikov, S., Kharlamov, B.,
tion of Leaf Dark-Respired C®in French Bean, Plant Physiol., Tan, S., Kachanoy, A. A., Richman, B. A., Crosson, E. R., Pal-
131, 237-244, 2003. dus, B. A., Kalskar, S., and Bowling, D. R.: Applications of cav-

Tcherkez, G., Farquhar, G., Badeck, F., and Ghashghaie, J.: The- ity ring-down spectroscopy to high precision isotope ratio mea-
oretical considerations about carbon isotope distribution in glu- surement of3CcA2C in carbon dioxide, Isot. Environ. Health S.,
cose of C3 plants, Funct. Plant Biol., 31, 857-877, 2004. 42, 21-35, 2006.

Tcherkez, G., Cornic, G., Bligny, R., Gout, E., and Ghashghaie,Warren, C. R. and Adams, M. A.: Internal conductance does not
J.: In vivo respiratory metabolism of illuminated leaves, Plant  scale with photosynthetic capacity: implications for carbon iso-
Physiol., 138, 1596-1606, 2005. tope discrimination and the economics of water and nitrogen use

Tcherkez, G., Bligny, R., Gout, E., Mahe, A., Hodges, M., and Cor-  in photosynthesis, Plant Cell Environ., 29, 192—-201, 2006.
nic, G.: Respiratory metabolism of illuminated leaves dependsWegener, F., Beyschlag, W., and Werner, C.: The magnitude of diur-
on CO, and G conditions, PNAS, 105, 797-802, 2008. nal variation in carbon isotopic composition of leaf dark respired

Tcherkez, G., Mahe, A., Gauthier, P., Mauve, C., Gout, E., Bligny, CO, correlates with the difference betweg}¥C of leaf and root
R., Cornic, G., and Hodges, M.: In folio respiratory fluxomics material, Funct. Plant Biol., 37, 849-858i:10.1071/FP09224
revealed by'3C isotopic labeling and H/D isotope effects high- ~ 2010.
light the noncyclic nature of the tricarboxylic acid “Cycle” in Werner, C.. Do isotopic respiratory signals trace changes
illuminated leaves, Plant Physiol., 151, 620—630, 2009. in metabolic fluxes?, New Phytol., 186, 569-571,

Tcherkez, G., Schaufele, R., Nogues, S., Piel, C., Boom, A., Lani- doi:10.1111/j.1469-8137.2010.032482010.
gan, G., Barbaroux, C., Mata, C., Elhani, S., Hemming, D., Werner, C. and Mguas, C.: Carbon isotope discrimination as a
Maguas, C., Yakir, D., Badeck, F. W., Griffiths, H., Schnyder, tracer of functional traits in a Mediterranean macchia plant com-
H., and Ghashghaie, J.: On theC/22C isotopic signal of day munity, Funct. Plant Biol., 37, 467—47dpi:10.1071/FP09081
and night respiration at the mesocosm level, Plant Cell Environ., 2010.

33, 900-913, 2010. Werner, C., Unger, S., Pereira, J. S., Maia, R., Kurz-Besson,
Teskey, R. O., Saveyn, A., Steppe, K., and McGuire, M. A.: Origin, C., David, T. S., David, J. S., and &duas, C.: Importance

fate and significance of COIin tree stems, New Phytol., 177, of short-term dynamics in carbon isotope ratios of ecosys-

17-32, 2008. tem respiration é(13CR) in a Mediterranean oak woodland and

Trumbore, S.: Carbon respired by terrestrial ecosystems — recent linkage to environmental factors, New Phytol., 172, 330-346,
progress and challenges, Glob. Change Biol., 12, 141-153, 2006. doi:10.1111/j.1469-8137.2006.018362006.

Tovar-Méndez, A., Miernyk, J. A., and Randall, D. D.: Regulation Werner, C., Hasenbein, N., Maia, R., Beyschlag, W., and
of pyruvate dehydrogenase complex activity in plant cells, Eur. Maguas, C.: Evaluating high time-resolved changes in car-

J. Biochem., 270, 1043-1049, 2003. bon isotope ratio of respired GOby a rapid in-tube incu-
Ubierna, N., Marshall J. D., and Cernusak, L. A.: A new method bation technique, Rapid Commun. Mass Sp., 21, 1352-1360,
to measure carbon isotope composition ofG€spired by trees: doi:10.1002/rcm.2972007.

stem CQ equilibration, Funct. Ecol., 23, 1050-1058, 2009. Werner, C., Wegener, F., Unger, S., Négu S., and Priault, P.:
Unger, S., Mguas, C., Pereira, J. S., Aires, L. M., David, T. Short-term dynamics of isotopic composition of leaf respired

S., and Werner, C.: Partitioning carbon fluxes in a Mediter- CO, upon darkening: measurements and implications, Rapid

ranean oak forest to disentangle changes in ecosystem sink Commun. Mass Sp., 23, 2428-24380i:10.1002/rcm.4036

Biogeosciences, 8, 24372459 2011 www.biogeosciences.net/8/2437/2011/


http://dx.doi.org/10.1016/j.agrformet.2008.11.013
http://dx.doi.org/10.1007/s00442-010-1576-6
http://dx.doi.org/10.1016/j.soilbio.2010.06.019
http://dx.doi.org/10.1029/2007JG000620
http://dx.doi.org/10.1071/FP09224
http://dx.doi.org/10.1111/j.1469-8137.2010.03248.x
http://dx.doi.org/10.1071/FP09081
http://dx.doi.org/10.1111/j.1469-8137.2006.01836.x
http://dx.doi.org/10.1002/rcm.2970
http://dx.doi.org/10.1002/rcm.4036

C. Werner and A. Gessler: Diel variations in the carbon isotope composition 2459

20009. Wingate, L, Seibt., U., Moncrieff, J., Jarvis, P., and Lloyd, J.: Vari-
Werner, C., Badeck, F., Brugnoli, E., Cohn, B., Cuntz, M., Dawson, ations in C-13 discrimination during COexchange byPicea
T., Gessler, A., Ghashghaie, J., Grams, T. E. E., Kayler, Z., Kei- sitchensidranches in the field, Plant Cell Environ., 30, 600-616,
tel, C., Lakatos, M., Lee, X., Blguas, C., Oge, J., Rascher, K. 2007.
G., Schnyder, H., Siegwolf, R., Unger, S., Welker, J., Wingate, Wingate, L., Oge, J., Burlett, R., Bosc, A., Devaux, M., Grace,
L., and Zeeman, M. J.: Linking carbon and water cycles using J., Loustau, D., and Gessler, A.: Photosynthetic carbon isotope
stable isotopes across scales: progress and challenges, Biogeo-discrimination and its relationship to the carbon isotope signals
sciences Discuss., 8, 2659—-2716i:10.5194/bgd-8-2659-2011 of stem, soil and ecosystem respiration, New Phytol., 188, 576—
2011a. 589, 2010.
Werner, R., Buchmann, N., Siegwolf, R., Kornexl, B., and Gessler,Yakir, D. and Sternberg, L.: The use of stable isotopes to study
A.: Metabolic fluxes, carbon isotope fractionation and respira- ecosystem gas exchange, Oecologia, 123, 297-311, 2000.
tion — lessons to be learned from plant biochemistry, New Phy-Zeeman, S. C., Smith, S. M., and Smith, A. M.: The diurnal
tol., 191, 10-15, 2011b. metabolism of leaf starch, Biochem. J., 401, 13-28, 2007.

www.biogeosciences.net/8/2437/2011/ Biogeosciences, 8, 2458832011


http://dx.doi.org/10.5194/bgd-8-2659-2011

