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Summary

Plants modify the chemical, physical and biologigedperties of the soil environment
surrounding their roots. Organic compounds releds®d living roots (rhizodeposits)
are easily available sources of energy for micranigms strongly affecting soil organic
matter (SOM) dynamics. Although, rhizodepositioraigey driver of microbially me-
diated processes in the soils, it still remainsrtigest uncertain component of the terre-

strial carbon (C) cycle.

The general aim of the thesis was to gain a mongpeehensive understanding of rhi-
zodeposition and its effects on C fluxes in soildsgessing biotic and abiotic factors
influencing the rhizodeposition and by providingirestes on the total amounts of root-

released C inputs into an agroecosystem with maize.

The input of C into the soil through rhizodepositioccurs in temporal and spatial hot-
spots. The objective of the first Study was to detee the dynamics of hotspots of re-
cently assimilated C in roots of ryegrass. Shoatsewulse labeled witHCO, and the
allocation patterns at increasing time intervalsemésualized by“C phosphor imag-
ing. We could show a very quick translocation dfiamlated C to the roots. Strori¢C
hotspots were detected at the root tips alreadgusshafter the labeling. The hotspots
remained active for at least 2 days. However, s ddter assimilation the hotspots at
the root tips had disappeared, and*fi@distribution was much more even than after 6

hours and 2 days.

Through the availability of rhizodeposits, hotspotsate preferred habitats for micro-
bes. Rhizodeposits are an important primary soafagarbon and energy for soil mi-
croorganisms stimulating their growth and activityhereby, roots of living plants can
influence the rate of native SOM decompositionhe thizosphere. This rhizosphere
priming effect (RPE) was reported to be plant-speaipecific. Therefore, we hypothe-
sized that also plant inter-species interactioik® the competition for nutrients and
water, affect the RPE.

In Study 2, we used continuot®CO; labeling to investigate the RPE of monocultures

and mixtures of typical agricultural crops. The RREs consistently positive for all



monocultures and mixed cultures with an increas38t to 136% above the unplanted
soil. Of particular interest was the result thanplinter-species interactions between
sunflower and wheat significantly reduced the RREcaontrast to the other mixtures
which included soybean as a legume. It was suggiéisée priming in the rhizosphere of
the sunflower-wheat mixture was reduced throughoaensevere competition for nitro-
gen (N), whereas, due to the N-rich rhizodepodithe legume and its lower demand

for soil mineral N the RPE of the legume containinigtures remained unaffected.

Besides potential differences in the quality andrdity of rhizodeposits, the C alloca-
tion pattern in plant and soil pools may also difbetween non-legumes and legumes
due to high root respiration tied te-lixation. However, not only the plant species may
affect rhizodeposition, also photosynthesis coaldély control root exudation because
of the fast transport of recently assimilated Ché&bowground processes. Taking both
factors into account, in Studies 3 and 4 the efdédimited photosynthesis on the distri-
bution of recently assimilated C, of stored C afidNavas investigated. Based &iC,
14c and™N labeling of a legume and a non-legume we coulidiestrate that high C
and N demands of regrowing shoots after clippirtytte a remobilization of stored C
and N to the shoots for both plant species. Add#ly, recently assimilated C was re-
tained in the regrowing shoots. Particularly, imi@gtural pasture systems limited pho-
tosynthesis after defoliation by grazing may sigaiftly affect belowground C alloca-

tion.

Shading, on the other hand, did not induce a relmabon of stored C, since recently
assimilated C obviously covered the demand of lo®ts with lower growth rates. For
both treatments lower amounts of recently assiedla were observed in the below-
ground pools emphasizing the importance of thet tiglipling of assimilation and be-
lowground processes. Furthermore, different resgoimd clipping and shading of the

legume and the non-legume species could be detkxteabt-derived CQ

In Studies 1-4 we demonstrated the importance wéwsa factors on the rhizodeposition
of different agricultural crops under controllechddions. Under field conditions, how-
ever, there is still a great degree of uncertaaiigut the total quantity of rhizodeposi-
tion, primarily because of high and rapid lossesetdased rhizodeposits through mi-
crobial decomposition. Therefore, the quantitatnaportance of rhizodeposition at field
scale was determined in Study 5. We proposed aappnoach for an improved quanti-



fication of rhizodeposition under field conditioteking into account the decomposed
fraction of rhizodeposits. Based ort*€0, pulse labeling experiment under controlled
conditions a rhizodeposition-to-root ratio was oéted and was applied to the root
biomass of the field. The root biomass C of masampled in July 2009, was 298164
kg C ha'. Gross rhizodeposition was found to amount to $86¢g C h&.

With aging of SOM, the availability of C for micr@td decomposition declines. In
Study 6 the availability of younger relative to efdC sources was assessed. The natural
isotope abundances bC and*?C of SOM and C@were analyzed after as@ G, ve-
getation change. The contribution of younger Cgingting from the belowground C
input by maize in the previous year, and that aeolC sources, derived from the for-
mer G vegetation, to SOM and GQvas determined. Comparing the proportions of
younger and older C in SOM with that in g@ve found that the younger C of maize
was seven times more available for microbial deamsitjpn than older C pools.

In summary, this thesis extends the understandirfgabors affecting rhizodeposition
and of processes occurring at the soil-root interf&urthermore, it presents a new me-
thod to quantify gross rhizodeposition at fieldlec@lthough, we could gain insight in
temporal changes of the availability of C poolsracrobes, the ecological importance
of C fluxes in the rhizosphere requires future aesle on this topic with regard to spa-

tial and temporal predictions.



Zusammenfassung

Pflanzen veréndern die chemischen, physikaliscimelnbiologischen Eigenschaften der
Bodenumgebung ihrer Wurzeln. Organische Verbindandes von lebenden Wurzeln
abgegeben werden (Rhizodeposite), sind eine letitigbare Energiequelle fir Mik-
roorganismen und kénnen damit die Dynamik der degéien Bodensubstanz (OBS)
stark beeinflussen. Obwohl die Rhizodeposition eleetreibenden Krafte fir die mik-
robiellen Prozesse im Boden darstellt, ist sie deicler der am wenigsten erforschten

Faktoren im terrestrischen Kohlenstoffkreislauf.

Das Hauptziel der vorliegenden Arbeit war es, enfassenderes Verstandnis der Rhi-
zodeposition und ihrer Effekte auf Kohlenstoffflésen Boden zu gewinnen. Dabel
sollten biotische und abiotische Faktoren, dieRIzodeposition beeinflussen, bewer-
tet und dariber hinaus die Mengen an Kohlenstoff @i tUber Maiswurzeln in ein

Agrarokosystem gelangten, quantifiziert werden.

Der Eintrag von C in den Boden Uber Rhizodeposigdnlgt in zeitlich und raumlich
variierenden Hotspots. In der ersten Studie salieeDynamik der Hotspots von neu
assimiliertem C in den Wurzeln von Weidelgras wsueht werden. Nach ein&CO,-
Pulsmarkierung des Sprosses wurden die Verteilunggnin der Pflanze in groRRer
werdenden Zeitabstanden mit Hilfe dé€-Phosphor-lmaging-Methode sichtbar ge-
macht. Wir konnten eine sehr schnelle Verlageruegy assimilierten C in die Wurzeln
zeigen. Starké&*C Hotspots konnten bereits 6 Stunden nach dergsatdarkierung an
den Wurzelspitzen nachgewiesen werden. Diese Histépieben fir mindestens 2 Ta-
ge aktiv. Elf Tage nach der Assimilation waren d@spots an den Wurzelspitzen ver-
schwunden, und es zeigte sich eine gleichmaRrijér&/erteilung als nach 6 Stunden
bzw. 2 Tagen.

Durch die verfigbaren Rhizodeposite bilden Hotspatgorzugte Habitate von Mikro-
organismen. Rhizodeposite sind eine wichtige C- Bndrgiequelle fir Bodenmikroor-
ganismen und wirken sich stimulierend auf ihr Waehnsund ihre Aktivitdt aus. Die

Wurzeln lebender Pflanzen kdnnen dadurch die Intgndes Abbaus der OBS in der
Rhizosphare beeinflussen. Es ist bekannt, dassrdiesizosphare-Priming-Effekt

(RPE) von der Pflanzenart abhangt. Deshalb stellierdie Hypothese auf, dass sich
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auch Interaktionen zwischen verschiedenen PflamEmavie z.B. die Konkurrenz um
Nahrstoffe und Wasser, auf den RPE auswirken.

In der zweiten Studie wurde mit Hilfe kontinuieHer 13*CO,-Markierung der RPE von

Mono- und Mischkulturen typischer landwirtschattiés Nutzpflanzen untersucht. So-
wohl fur die Monokulturen als auch fur die gemisehKulturen waren die RPE mit
43% bis 136% hoheren Werten in Bezug auf den uidoegien Boden durchwegs posi-
tiv. Besonders interessant war das Ergebnis, daisdel Kultur aus Sonnenblume und
Weizen im Gegensatz zu den anderen Mischkulturienedeils die Leguminose Soja-
bohne enthielten, der RPE durch Interaktionen Zwéiscden Pflanzenarten signifikant
reduziert war. Es wird angenommen, dass eine sguw&éackstoffkonkurrenz in der

Rhizosphare der Sonnenblume-Weizen-Kultur fir dedrigeren RPE verantwortlich

ist, wahrend die stickstoffreichen Rhizodeposite ldeguminose und deren niedrigerer
Bedarf an mineralischem Stickstoff (N) aus dem Boden RPE der anderen Mischkul-

turen im Vergleich dazu nicht beeinflussten.

Neben potenziellen Unterschieden in Qualitat unar@tat der Rhizodeposite kdnnen
sich Leguminosen und Nicht-Leguminosen, aufgrundhdéen Wurzelatmung verbun-
den mit der MN-Fixierung, auch in ihrem C-Verteilungsmuster z\sc den Pflanzen-
und Bodenpools unterscheiden. Jedoch nicht nuPfliEmzenart kann sich auf die Rhi-
zodeposition auswirken. Durch den schnellen Tramsmm neu assimiliertem C in den
Boden kann auch die Photosynthese die Wurzelexsudatark beeinflussen. Unter
Berucksichtigung dieser beiden Faktoren wurde udi®t3 und in Studie 4 der Effekt
einer limitierten Photosynthese durch Abschneided Beschattung der Pflanzen auf
die Verteilung von neu assimiliertem C, von gedpeitem C und von N untersucht.
Durch *C-, **C- und**N-Markierung einer Leguminose und einer Nicht-Leguose
konnten wir zeigen, dass der hohe C- und N-Bedesfriachwachsenden Sprosses nach
dem Schneiden in beiden Pflanzenarten zu einer Biéimerung von gespeichertem C
und von N in den Spross fuhrte. Zusatzlich wurde assimilierter C im Spross zurlck-
gehalten. Besonders bei landwirtschaftlichen Wéidben konnte eine limitierte Pho-
tosynthese durch Beweidung zu signifikanten Effekiei der C-Allokation im Boden

fuhren.

Durch die Beschattung wiederum kam es zu keinerdbdisierung von gespeichertem
C. Offensichtlich konnte der neu assimilierte C gauhd der verringerten
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Wachstumsrate des Sprosses dessen Bedarf deckeohlSmeim Schneiden als auch
bei Beschattung wurden geringere Mengen von nemgisstem C in den unterirdi-
schen Pools beobachtet, was die Bedeutung der é¢mgpiung von Assimilation und
Bodenprozessen unterstreicht. Dartiber hinaus konititewurzelbirtiges C®Ounter-
schiedliche Reaktionen auf Schneiden und Bescligtiam Leguminose und Nicht-
Leguminose festgestellt werden.

In den Studien 1-4 wurde die Bedeutung einzelndttdfan fur die Rhizodeposition
verschiedener landwirtschaftlicher Nutzpflanzeneutontrollierten Bedingungen auf-
gezeigt. Betrachtet man die Rhizodeposition im Fetdherrscht jedoch tber deren Ge-
samtmenge aufgrund der hohen und schnellen Veriest®hizodeposite durch mikro-
biellen Abbau weitestgehend Unklarheit. Deshalbdeuin Studie 5 die quantitative
Bedeutung der Rhizodeposition unter Feldbedinguregemttelt. Wir entwickelten ei-
nen neuen Ansatz fur eine verbesserte Quantifizgeder Rhizodeposition unter Feld-
bedingungen, der den Anteil der mikrobiell abgebauRhizodeposite mit berticksich-
tigt. Basierend auf einéfCO,-Pulsmarkierung unter kontrollierten Bedingungerrareu
ein Rhizodepositions-Wurzel-Quotient berechnet anfidie Wurzelbiomasse im Feld
Ubertragen. Die Wurzelbiomasse von Mais, die im 2009 beprobt wurde, hatte einen
C-Gehalt von 298+64 kg C HaDie Gesamt-Rhizodeposition betrug 16653 kg €. ha

Mit zunehmendem Alter der OBS nimmt die Verflgbdérken C fir den mikrobiellen
Abbau ab. In Studie 6 wurde die Verfligbarkeit visamgeren im Vergleich zu alteren C-
Quellen untersucht. Hierzu wurde die natiirliche figgkeit von'°C und**C nach einem
C4/C4-Nutzungswechsel analysiert. Es wurde der Beitrag jdngeren C, der im Vor-
jahr durch Mais unterirdisch eingetragen wurde,isa¥es alteren C, der aus der vorhe-
rigen G-Vegetation stammte, zur OBS und zum Qg@stimmt. Beim Vergleich der
Anteile des jungeren und des alteren C in der Of6inn CQ stellten wir fest, dass der

jungere C aus dem Mais sieben Mal mehr verfugbaralgaC aus den alteren Pools.

Mit der vorliegenden Arbeit konnte das Verstandmichtiger Faktoren, die die Rhizo-
deposition beeinflussen, sowie der Prozesse iRbdemosphére erweitert werden. DarU-
ber hinaus wurde eine neue Methode zur Quantifingrder Gesamt-Rhizodeposition
auf Feldebene vorgestellt. Obwohl wir Einblick gemén konnten, wie sich die Ver-
fugbarkeit von C-Pools fiur Mikroorganismen mit déeit dndert, sind aufgrund der
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Okologischen Bedeutung der C-Flusse in der Rhizargplveitere Untersuchungen er-
forderlich, die raumliche und zeitliche Voraussagatassen.
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Extended Summary

1 Introduction

1.1 Carbon fluxes into and out of the soil

Soils are the largest reservoir of organic cartl®@hif terrestrial ecosystems (Amund-
son, 2001). It is estimated that soils globallyteam about 1,500 Gt of C, which is ap-
proximately double the amount of the atmospherial @mnd almost three times more
than stored in the terrestrial biosphere (SchlesinP97). Annually, land plants assimi-
late about 120 Gt of C from the atmospheric,@®@ough photosynthesis (Schlesinger,
1997, Lal, 2008). Half of it is transferred fronetbiosphere into the soil, either as root
and shoot litter after plant death or as C reledsaah living roots (Paterson et al.,
2009). Again about 60 Gt of C are annually returbadk as C@from the soil to the
atmosphere (Schlesinger, 1997; Lal, 2008). The @@y efflux is one of the largest
fluxes in the global C cycle (Schlesinger and Amdre2000; Amundson, 2001). As
such, it is increasingly becoming a focus of sdfieninterest in the context of climate
change, since small alterations in the efflux ratey lead to detectable changes in the

atmospheric C@level (Schlesinger and Andrews, 2000; Amundsof120

0 3 Total CO,, efflux from soil >

© 3 |. Respiration |_ o _ .

== ‘by autotrophs < Microbial respiration / respiration by heterotrophs —————>

= 0

1 c()\' < Rhizosphere-derived CO2 ‘r‘i
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Turnover rate
Residence time in soil

Figure 1.1/1: Sources of biogenic géfflux from soil, ordered by the turnover rate and

mean residence time of C in soil (after Kuzyakd®0@&).
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The two main sources contributing to the &&flux from the soil are plant-derived GO
and CQ from the decomposition of soil organic matter (SO(Wig. 1.1/1). Plant-
derived CQ includes mineralization of dead plant residuewel as root-derived C§)

i.e. root respiration (RR) and G@&om microbial decomposition of root-released sub-
stances (rhizomicrobial respiration; RMR) (Kuzyak@®@06). The contribution of the
different sources is highly variable for differetosystems depending on a wide range
of plant, soil and environmental factors. Reporteatributions of root-derived GO
range, for instance, from 10%-90% depending ontype of study and the respective

ecosystem (Hanson et al., 2000; Kuzyakov and Gakowa, 2010).

Agroecosystems, in particular, are characterizeghoyt-term and long-term changes in
the soil CQ efflux through alterations in root-derived €@nd in SOM-derived C§)
respectively, based on agricultural managementtipesc (Gavrichkova, 2009). Since
cropland and grassland cover 30% of the earthdsdarface (Buyanovsky and Wagner,
1998) our knowledge of the soil G@fflux from these ecosystems is central for under-

standing the global C exchange between soil andsyihere.

Due to the high turnover rate of root-released wuees, rhizomicrobial respiration is
of key importance for the soil G@fflux (Fig. 1.1/1). In contrast to C inputs byapk
litter, C released from living roots remain, howe\e large factor of uncertainty in the

C cycle.

The present thesis, therefore, focuses on C inptasthe soil by living roots of crop

and grassland species.

1.2 Rhizodeposition

The rhizosphere, a term introduced by Lorenz Hilinel904, is defined as the volume
of soil affected by the presence of living rootaffah, 1993; Uren, 2007). It describes a
complex, unique habitat with chemical, physical d@ndlogical conditions different
from those of the bulk soil. As plant roots groengitudinal and radial gradients be-
tween the root surface and the bulk soil are cdefteen, 2007) mainly as a result of
nutrient and water uptake and of rhizodepositian, the release of organic substances
by living roots (Nguyen, 2003). Rhizodeposits argje from root exudates of intact

cells, which can either be released passively fiygion or actively by secretion, from
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lysates of sloughed-off cells and dead tissues,fieomd mucilage (Fig. 1.1/2; Neumann
and Romheld, 2007; Dennis et al., 2010).

Plants translocate about half of the assimilatetb ®elowground pools (Lynch and
Whipps, 1990; Kuzyakov and Domanski, 2000) andaig@% of the fixed C can be
lost through rhizodeposition (Lynch and Whipps, @P9Root exudates, dominated by
low molecular weight solutes such as sugars, cattwoacids and amino acids, serve as
a source of easily available energy for microorgians in the rhizosphere, stimulating
their growth and activity (Merbach et al., 1999;uygn, 2003; Jones et al., 2004). In
turn, microbes decompose SOM and thereby releas¢ aVailable nutrients (Paterson,
2003). Rhizodeposition is thus the most importamk between plant growth and mi-

crobial mediated processes in soils.
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Rhizodeposition is not homogeneously distributesh@lthe root segments (McDougall

and Rovira, 1970; Nguyen, 2003; Dennis et al., 2000ganic substances are rather
released in distinct areas. These hotspots aradeazed as small soil volumes rich in
easily available organic substrate for microorgausisFig. 1.1/2 summarizes the origin

of different types of rhizodeposits and shows thatspots mainly occur at root tips

(Dennis et al., 2010).

Although it is known that root exudation is maislypplied from recently assimilated C
allocated belowground (Craine et al., 1999; Kuzya&nd Cheng, 2001), the dynamics

of hotspots in the rhizosphere remain poorly urtdeik

Study 1- Photoassimilate allocation and dynamics of hotspots in roots visualized by
14C phosphor imaging — aimed to identify recently assimilated C in of Lolium pe-
renne presuming that its distribution and dynamics flihe hotspots in the rhizos-
phere, since it is the recently assimilated C thainly fuels rhizosphere processes (Ku-
zyakov and Cheng, 2001). It was hypothesized tf@thotspots in the roots occur

shortly after the assimilation and are highly dyram

1.3 The rhizosphere priming effect

Providing root exudates as energy source for mrgarasms, plants influence microbi-
al activity and consequently affect the SOM turnmawnethe rhizosphere. Changes in the
rate of SOM turnover in the presence of living soate referred to as 'rhizosphere prim-
ing effects' (RPE; Kuzyakov, 2002; Cheng and Kupyak005). It was found that al-
ready small amounts of easily decomposable roati@es can provoke a SOM turnover
much higher than would be predicted from the amowhtmaterial added (Kuzyakov,
2002; Paterson, 2003; Cheng and Kuzyakov, 2005)th@rmther hand, N shortages in
the rhizosphere may intensify the competition betwplant roots and microorganisms
which could inhibit microbial growth and activityna therefore suppress SOM decom-
position (Schimel et al., 1989; Van Veen et al89;9%Vang and Bakken, 1997; Bottner
et al., 1999). The rhizosphere priming effect damce, be either positive or negative
(Kuzyakov, 2002; Cheng and Kuzyakov, 2005).

The RPE was shown to be plant-species specificesspecies differ in the quality and

quantity of root-released organic compounds (Fu@ineihg, 2002; Cheng et al., 2003).
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Also plant diversity may have an impact on the RRAkgher plant diversity leads to
higher diversity of litter quality and quantity ening the soil (Stephan et al., 2000).
This could stimulate microbial-mediated processes@nsequently increase the poten-
tial for positive priming. In contrast, with highptant richness belowground resources
are complementarily and thus more completely comslimA higher competition for N
between microbes and plants may result in a redREHel

Therefore, and because of plant inter-species cbimmpefor nutrients and water, it is

likely that the RPE is affected by inter-specidegifiactions.

Study 2 —Plant inter-specific effects on rhizosphere priming of soil organic matter de-
composition — was based on the hypothesis that plant intesispénteractions modulate

the RPE, and that the modulation is specific toplh@t species composition.

1.4 Factors affecting rhizodeposition

Rhizodeposition is influenced by various biotic aiiotic factors in the plant-soil sys-

tem (Jones et al., 2004). The soil environmentaféett rhizodeposition and especially
root exudation through physical aspects (e.g. watailability, temperature, soil tex-

ture) and chemical conditions (e.g. pH, availapitit nutrient ions), as well as through

the activity and diversity of microbial populatioisynch et al., 2002). One of the most
important plant-mediated factors is the plant sg®e¢see above) (Vancura, 1964; Van
der Kirift et al., 2001; Kuzyakov, 2002; Cheng ef 2003).

Depending on the plant species the amount and csitrggoof rhizodeposits can vary.
Legumes, for instance, showed higher N concentratio the root tissue than non-
legume species, which can potentially be releastmthe soil (Uselman et al., 1999;
Paynel et al., 2001). Also the allocation pattefrrexently assimilated C differs be-
tween legumes and non-legumes, since legumes hgger proportion of assimilated
C for root respiration due to the high energy resaients for M fixation (Warembourg
et al., 2003).

Not only the plant species but also environmeraatdrs may have an effect on the
guality and quantity of root exudates (e.g. Rovir@59; Graystone et al., 1998; Pater-
son et al., 1996). The C supply to rhizosphere gsses via exudation depends to a

large extent on the belowground allocation of rédgeassimilated C and thus on the

5
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intensity of photosynthesis. High transport rateassimilates from the leaves into the
roots and into root exudates has been reportedy(®reand Atwell, 1991; Cheng et al.,
1993; Kuzyakov et al., 1999). Thus, belowgroundliGcation, the release of exudates
and the CQefflux from the soil are largely governed by phgtathesis (Craine et al.,
1999; Kuzyakov and Cheng, 2001; Kuzyakov, 2002).

In pasture ecosystems periodical partial defollatb@cur through grazing which may
cause changes in the C fluxes belowground. Resfilisotopic labeling experiments
under controlled conditions are, however, conttaticand show positive, neutral or
negative effects of clipping (simulating grazingdafoliation) on C fluxes in the plant-
soil system (Paterson et al., 2005). Besides cigppalso shading may provoke effects
on C fluxes belowground. It could, for instance,dsmonstrated that shading reduced

root-derived respiration (Kuzyakov and Cheng, 2001)

Due to the high C and N demand of regrowing shafiex clipping, we hypothesized
that clipping and shading provoke different resgensith respect to the remobilization
of stored C, the allocation of recently assimila@dand the uptake and remobilization
of N.

Study 3 —Effect of clipping and shading on C allocation and fluxes in soil under rye-
grass and alfalfa estimated by **C labeling — was conducted to investigate how a reduc-
tion of the photosynthetic activity, either by @ipg (grazing) or shading, affects the
allocation of stored C and the g@éfflux. We hypothesized that (1) clipping and shad
ing show different responses with respect to thiestebution of stored C in plant and
soil pools, and that (2) legumes respond diffeyetatllimited photosynthesis than non-

legume species.

In Study 4 —C and N allocation in soil under ryegrass and alfalfa estimated by **C and

3N labeling — the allocation of recently assimilated C, the pake by plants and the
remobilization of plant-stored N after reduced pisghthesis was investigated. The
hypothesis was that a limitation of photosynthadiers the distribution of recently as-
similated C but also the N distribution in the pland soil system, and that the magni-
tude of alteration depends to a large extend omplidna species and on the approach of

photosynthetic restriction (clipping or shading).
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1.5 Belowground C input at field scale and its microbihdavailability

As shown in the previous chapters, rhizodeposisam process of major importance for
carbon and nutrient cycling in the soil. Howeverisi challenging to reliably quantify
rhizodeposition, mainly due to the fast decompositof rhizodeposits (Fig. 1.1/1).
There is a lack of suitable methods to estimateodeposition at field scale taking into

account the fraction of C released from roots ihatineralized (Nguyen, 2003).

The methodological objective of Study Fstimation of rhizodeposition at field scale:
extrapolation of a **C labeling study — was to provide a new approach for the estimation
of rhizodeposition in the field. This approach e&sed on the determination of a rhizo-
deposition-to-root ratio through ¥CO, pulse labeling experiment under controlled
conditions and the subsequent application of thii® tto field root biomass data. Maize
was planted on an arable field and the root biortagss determined to estimate rhizo-
deposition.

It is well established that C that entered the smikntly is more easily decomposable
by microorganisms than older, more recalcitrantoBlg (e.g. Von Liutzow et al., 2006;

Jastrow et al., 2007). However, only very few ajpphes allow for a quantitative esti-
mation of the availability of C in relation to thiene it entered the soil.

Study 6 —Soil organic carbon decomposition from recently added and older sources
estimated by ¢*3C values of CO, and organic matter — aimed to determine the microbial
availability of younger relative to older C sourciée hypothesized, that tt¢°C val-
ues of soil C@and thes**C values of SOM after a change froma @heat) to G (ma-
ize) vegetation can be used to estimate the relawailability of C sources of different

ages.
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1.6 Objectives

In summary, the main objectives of the present wagke to

(1) identify hotspots of recently assimilated Craots ofL. perenne and to determine
their dynamics (Study 1),

(2) investigate plant inter-species effects onagjphere priming of soil organic matter

decomposition (Study 2),

(3) assess the influence of limited photosynthesighe redistribution of stored C with-

in the plant-soil systems of a legume and a nooftegy(Study 3),

(4) assess the influence of limited photosynthesishe redistribution of recently assi-
milated C and mineral N within the plant-soil syste of a legume and a non-

legume (Study 4),

(5) suggest an approach for the determination odeposition at a field scale and
guantify rhizodeposition of maize (Study 5),

(6) estimate the relative availability of youngerc@mpared to older C for microbial

decomposition (Study 6).
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2 Materials and Methods

2.1 Isotope approaches

The main challenges for the investigation of rhigoakition are its occurrence only
within a narrow zone around the roots, the fasbdgiosition of root-released organic
C by soil microorganisms and its much lower conwmanpared to other organic sub-
stances in the soil (Kuzyakov and Domanski, 2008)gain a better understanding of
rhizosphere processes, stable and radioactivepisdiased labeling techniques are ap-
plied to differentiate between plant-derived orga@iand native SOM. The most com-
mon methods are (1) pulse labeling, (2) contindabeling, and (3) the utilization of
natural differences in the isotopic signature betwplant C and SOM (Paterson et al.,
2009).

For pulse labeling used in Studies 1, 3, 4, 5 thatp were exposed to the isotope-tracer
(**C0O, and/or’*C0,) in a Plexiglas chamber for a short period of tifseveral hours),
whereas for continuous labeling used in Study 2pthats were grown in a greenhouse
in a tracer atmosphere from the emergence of theléaf till harvest. Fig. 1.2/1 shows
the two different experimental set-ups, technicathids are provided in the respective

studies (Chapter II).

The third method is based on a vegetation changéaaofs with different photosynthetic
pathways, introducing a distinct isotopic signatime the soil (Balesdent and Mariotti,
1987). Depending on the photosynthetic pathwaystgldiffer in their*C discrimina-
tion during photosynthesis, resulting in a highi& depletion of @ plants compared to
C,4 plants (Farquhar et al., 1989). Therefore, whewigrg G, plants on soil originally
formed in areas of £regetation (or vice versa), root- and soil-derivedan be diffe-
rentiated based on their isotopic differences (8#at and Mariotti, 1987). This ap-
proach was used in a field experiment in Study ltaftfer 2.2).

The three methods fundamentally differ from eadteoin the resulting distribution of
the tracer within the plant and soil (Meharg, 19%4)d hence, the choice of the respec-

tive method depends on the research question. Raleéing provides information on
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the relative allocation of recently assimilatedoQifferent C pools and allows studying
the dynamics of C translocation between pools (Ratet al., 1995). The allocation
pattern, however, strongly depends on the stagéaat growth, and the results obtained
by pulse labeling cannot directly be transferrethtowhole growing period (Kuzyakov
and Domanski, 2000). Since the tracer is not evdidiributed within the plant after
pulse labeling, C fluxes and pools can only roudidyquantified (Lynch and Whipps,
1990; Paterson et al., 2009). Continuous labebnghe other hand, produces uniformly
labeled plant material. The advantage of contindabsling isthat it enables to quanti-
tatively separate root-derived C from native SOMidel C in soil as well as in soil
CO;, (Lynch and Whipps, 1990; Meharg, 1994). Howevke $pecial equipment re-
quired for continuous labeling is expensive anddbmplex experimental set-up cannot
easily be adapted to field experiments. Therefargegetation change fromzy@ G,
plants (or vice versa) has commonly been appliedottinuously introduce a natural
tracer into a system (Balesdent and Mariotti, 198Hortcomings of this method are
that different isotopic fractionations may occutvbeen G and G plants which may
bias the picture of plant-derived C incorporatetb ia certain C pool (Hobbie and
Werner, 2004; Zhu and Cheng, 2011), and that exygeris using the vegetation change
are restricted to places where environmental cmmditallow to grow ¢ plants on @

soil (or vice versa) (Kuzyakov and Domanski, 2000).

In addition to the C isotope labeling approachesyrie study (Study 4) BN labeling
was performed by adding dissolved®KOs to the soil surface shortly before tHEO,
labeling.

Table 1.2/1 gives an overview of the different gt labeling methods and of the
treatments applied to the plant cultures. Detallescriptions are provided in the respec-

tive studies (Chapter II).
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Figure 1.2/1: Experimental set-up of labeling agmives. A: Pulse labeling of plants in
a*C0o, or**C0O, atmosphere. B: Greenhouse for continuGslabeling after the ap-
proach developed by Cheng and Dijkstra (2007).
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2.2 Experimental site for field studies

The investigations of rhizodeposition at field scébtudy 5) and of the microbial avail-
ability of younger and older C sources (Study 6jenearried out on an arable field near
Gottingen, Germany (51°33°36.8"'N, 9°53°46.9""H)eTield has been under agricul-
tural use at least since the laté"X&ntury with long-term §vegetation. The soil was

classified as a haplic Luvisol (IUSS, 2007). Theingoil properties are presented in
detail by Kramer et al. (2012).

Before starting the experiment in April 2009, a soirvey was conducted to determine
the variability of the isotopic composition and angc C (Gg content of SOM and to
identify optimal locations with comparable conditsofor establishing the experimental
plots. Samples were taken from the upper 10 cm.fielesite had a mean.fg content

of 11.63+0.2 mg C @' and showed*C values typical for €vegetation with a varia-
bility of less than 2.2 %0 (Fig. 1.2/2). Overall dlsoil survey showed that all plots had

comparable isotopic compositions at the start efetkperiment.
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Figure 1.2/2: Total organic C content and §t8C signature in 0-10 cm depth. Dashed

lines: grid established for the soil survey; sdilgs: experimental plots.

The experimental plots were established in two rov&0 plots (24 x 24 m) each (Fig.
[.2/2; Kramer et al., 2012). In 2009, one row aftplwas planted with the,@lant ma-
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ize (Zea mays L. cv. Ronaldinio) and the second row was useckfesence with the £
plant winter wheatT(riticum aestivum L. cv. Julius). The wheat was harvested in Au-
gust and the maize in early November. In 2010hendecond year of the study, maize
(Zea mays L. cv. Fernandez) and summer whegit{cum aestivum L. cv. Melon) were
replanted on the respective plots and on one fomaze plot a bare fallow was estab-
lished. In July 2009 root biomass samples of maigee taken for Study 5 and in 2010

soil CG, and soil were sampled during May and NovembeS&tady 6.

2.3 Sampling and analyses
Sampling was conducted at defined time intervdks ddbeling (Table 1.2/1).

In the greenhouse and chamber experiments withneamts and pulse labeling (Fig.
1.2/1) soil CQ was trapped from sealed pots by circulating theanthrough NaOH
solution (Studies 2, 3, 4, 5). The total C concaian of the NaOH samples was meas-
ured either by titration with HCI against phenolpddein (Study 3, 4) or by means of a
TOC analyzer (Study 2, 5). To measure @ activity of CQ, aliquots of NaOH sam-
ples were mixed with a scintillation cocktail anthlyzed by a liquid scintillation coun-
ter (LSC; Studies 3, 5). In order to determinedH€ value, CQ trapped in NaOH was
precipitated as SrC{after the addition of Srgkolution (Harris et al., 1997), and ana-
lyzed by coupling an elemental analyzer to an pg®toatio mass spectrometer (EA-
IRMS; Studies 2, 4).

In the field experiment (Study 6) the method foil &0, sampling was based on the
exchange of soil air with the air inside a silictutbe by diffusion (Kammann et al.,
2001; Knorr et al., 2008). The tube was buriechim g0il at various depths and was gas-
tight fitted to a stopcock with a cannula to alléev aboveground air samplinghe
8'3C value and concentration of GQvas determined using a gas chromatograph

coupled to an isotope ratio mass spectrometer (&ZS).

To determine thé’C activity of plants (roots and shoots) and sditudies 3, 5), the
samples were combusted in a combustion unit anddleased C®was trapped in
NaOH. The!'C activity was measured with a LSC and the totab6tent with a TOC
analyzer. To analyze the distribution pattern*¥ (Study 1), shoots and roots were

prepared as herbariums and i€ activity was visualized by phosphor imaging. To

13
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obtain the5'*C ands™N values and total C and N contents, plant and saierials were
analyzed by means of EA-IRMS (Studies 2, 4, 6).

The microbial biomass C (MBC) and the microbialrbass N (MBN) were determined
by the chloroform fumigation extraction method gsithhe approach of Vance et al.
(1987) with modifications. Soil samples were eitdeectly extracted with kSO, solu-
tion or fumigated with CHGIbefore extraction. The difference between the QNor
concentrations of extracts of fumigated and unfatded samples gives the amount of
MBC and MBN. As a measure for the fraction of diged organic carbon (DOC) and
dissolved organic nitrogen (DON) the C and N cotreions of the unfumigated sam-
ples were used. To determine tH€ activity of MBC and DOC, the extracts were di-
rectly measured by means of a LSC (Studies 3, Bp &°C and 6N values of
MBC/MBN and DOC/DON were determined in dried extsagsing an elemental ana-
lyzer coupled to an IRMS (Study 4).

Soil mineral N (Min; NOs™ + NH;") was extracted with KCI solution and the extracts

were analyzed for NQand NH" by a flow injection analyzer (Study 2).

14
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Table 1.2/1: Overview of approaches, plant speaigs applied treatments used in Stu-

dies 1-6.
Study Species Treatment Time of Approach?  Type of
sampling® study
1 Loliumperenne - 6 HAL c pL Growth
2 DAL chambe
11 DAL
2 Triticumaestivum Monoculture 30DAF  “ccCL Greenhous
Glycine max 2-species mixture 56 DAF + additional
Helianthusan-  3-species mixture lighting
nuus Unplanted so
3 Loliumperenne  Clipping 1 DAL? e Growth
Medicago sativa Shading 3DAL?  repeatePL chambe
5 DAL?
4 Loliumperenne  Clipping 1 DAL? c Growth
Medicago sativa Shading 3 DAL? repeated P chambe
5 DAL®
6 DAL®  NPL
8 DAL®
11 DAL®
13 DAL®
15 DAL®
5 Zea mays - 2 DAL “c pPL Growth
5 DAL chambe
10 DAL
16 DAL
July 200¢ Root biomas:Field
sampling
6 Zea mays C4/C4: 2 years maize Growing  8'°C after  Field

Triticum aestivum Cy/fallow: bare fallow perioc 2010 C3/C,4 vegeta-

after 1 year maiz

Cs reference: Long-

term whea

tion chang

L HAL: hours after labeling; DAL: days after labajirDAP: days after planting.

2 After each pulse.

3 After the last pulse.

“ PL: pulse labeling; CL: continuous labeling.
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3

Results and discussion

The methodological innovations and main resultsStfdies 1-6 are shown in Table

[.3/1. The results of the individual studies armmarized in the following chapters.

Table 1.3/1: Synthesis of methodological innovasicand main innovative results of

Studies 1-6.
Study Aim Type of  Methodological innovations Main innovative
study results*
1 Identification of Growth Statistical analysis of digita- Hotspots

3/4

hotspots of recentlychamber
assimilated C in

roots and determina-

tion of their lifetime

occurred alread
6 HAL

and disappeared
11 DAL

lized **C images

Effects of plant in- Greenhous Separation of root systems dRPE is affected

ter-species interac- + additiona individual plants grown in

tions on RPE lighting

Effects of limited  Growth
photosynthesis on chamber
allocation of stored

C, recently assimi-

lated C, N of a le-

gume and a non-

legume

Estimation of rhizo- Growth
deposition at field chamber
scale +

Field

Determiration of the Field
availability of

younger and older C
sources for microbi
decomposition

by plant inter-
mixtures and consideration adpecies interac-
13C fractionations between tions

roots and root-derived GO

Pulse labeling with 3 isotopeéllocation de-

e, B¢, N pends on the
approach of
photosynthetic
restriction

Coupling of**CO; pulse labe-Rhizodeposition
ling in a growth chamber witlof maize in the
root biomass sampled in fieldield is 16653

kg C ha'
Application of Miller/Tans  Younger C is
models to purify soil C® seven times

from the atmospheric admixinore available
ture than older C
Application of a new approa sources for mi-
for mixing models which conerobial decom-
siders isotopic fractionation position

L HAL: hours after labeling; DAL: days after labajin
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3.1 Hotspots of rhizodeposition along the root segmen(Study 1)

Hotspots of rhizodeposition were visualized'f§ phosphor imaging, which proofed to
be a promising tool for the investigation of praes at the root-soil interface. The re-
sults of Study 1 showed th¥C assimilates are allocated to the root tipt@fum pe-
renne which is in accordance with former findings thag¢ imajority of exudates are re-
leased at the most active root parts, near the gapt at the meristematic root region
(Marschner, 1995; Dennis et al., 2010). Exudatgoaupplied with recently assimilated
C through a fast translocation of assimilates fitbm leaves to the roots (Gregory and
Atwell, 1991; Cheng et al., 1993; Kuzyakov et 4B99). In the current study hotspots
at the roots tips occurred already within 6 hodtsr&*CO, labeling of the shoots (Fig.

[.3/1). Similar results were reported fdrassica napus (Dennis and Jones, 2006).

DLU
(Digital
Light Units)

v

Time after “C labeling

Figure 1.3/1:*C images of roots 6 hours, 2 days and 11 days lafteting. Hotspots of
4C activity are visible at the root tips 6 hourseaflabeling and th&'C activity at the
tips decreased with time. The red color indicateshighest activity.

Hotspots along the roots varied in time and spexisting at least for 2 days after labe-
ling (Fig. 1.3/1). 11 days after labeling the fomfetspot at the tips had disappeared.
With continuing root growth new spots are likelydocur at the tips but are no longer
visible through**C imaging since they were supplied with unlabelssirailates.

Hotspots within the root tips are assumed to cpoed to that of exuded C in the rhi-

zosphere. Evidence for this assumption was giverbegnis and Jones (2006) who
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compared spots in the roots with that of root exodacaptured by filter paper which
was exposed to the imaging plate afterwards. Toezethe fast availability of recently
assimilated C at the root tips, as shown in thislgt may be decisive for the rhizos-

phere priming effect.

3.2 Plant inter-species effects on rhizosphere primin¢Study 2)

The rhizosphere priming effect was investigateddytinuous-C labeling of sunflow-
er, soybean and wheat grown as monocultures orixdsires. A consistently positive
RPE was found for all monocultures and for all migs, the increase above the un-
planted soil ranged from 43%-136%. This is expldibg the stimulation of microbial
growth and activity through rhizodeposition. Thegher microbial biomass carbon
(MBC) for the two-species mixtures compared touhplanted soil and to the monocul-
tures suggests that microorganisms were additipstihulated by the heterogeneity of
rhizodeposits originating from different plant sjgsc The MBC of the mixed cultures
was, however, lower than would have been expected the value calculated based on

the sum of the MBC of the individual monoculturesighted by their root biomass.

To evaluate plant inter-species effects on rhizesplpriming, an expected RPE was
calculated for the mixtures based on the RPE ofntle@ocultures weighted by root
biomass and compared to the RPE measured. If tbenadd value is lower than the

expected value, RPE was negatively influenced tgrispecies interactions

All mixed cultures showed a tendency towards a ¢eduRPE through plant inter-
species interactions (Fig. 1.3/2). However, a sigant effect was only observed for the
sunflower-wheat mixture. This could be explainedtbg competition between plant
roots and microorganisms for nutrients, especialtyN. The competition may be high-
er in mixed cultures, since plants grown togethrer able to utilize limited resources
more completely (Tilman et al., 1996; Hopper antb\Msek, 1997). A lower mineral N
content in the soil of the sunflower-wheat mixtemmpared to the expectations from
the monocultures supports this assumption. Witremlmanced competition microbial
activity in the rhizosphere may decrease resultim@ reduced RPE (Dijkstra et al.,
2010).
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Sunflower
Sunflower Sunflower Soybean Soybean
Soybean Wheat Wheat Wheat
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Decrease of the

rhizosphere priming effect
(RPE) on soil organic matter
decomposition

due to plant inter-species
interactions

MMM

Figure 1.3/2: Observed minus expected rhizospheraipg effect. * indicates signifi-

cant differences from zero.

Interestingly, the RPE was not significantly afeattin mixtures with soybean, a-N
fixing plant. We suggest lower competition for nmaleN in these cultures because of
the relatively N-rich rhizodeposition of soybea@héng et al., 2003) and because of N

sparing, i.e. mineral N not consumed by the legu{fiemperton et al., 2007).

In summary, plant inter-species interactions maeuiae rhizosphere priming, and our

data provided clear evidence that modulation dependhe species composition.

3.3 Response to limited photosynthesis (Studies 3, 4)

Any change in the photosynthetic activity influesidee C allocation in the plant-soil
system (Kuzyakov and Cheng, 2001). Aiming to ingedgée the effect of limited photo-
synthesis on stored C, a legume and a non-legume hakeled with**CO,. After the
4c distribution between plant and soil pools was tigosompleted, the plants were
subjected to clipping and shading and the redistioh of stored™*C was analyzed
(Study 3). In contrast, Study 4 focused on receatlyimilated C. Plants were labeled

with *CO; after clipping and shading to assess the effddisnied photosynthesis on
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the allocation of recently assimilated C. Furthem&tudy 4 aimed to investigate the
effect of a reduced photosynthetic activity on khélistribution in plant and soil pools

after™N labeling.

It was found that the cumulative G@fflux from soil was higher under the leguivie
sativa compared td_. perenne (Fig. 1.3/3), which is explained by the high energy
quirement of legumes for Nixation. As reported, 6 mg C are necessary tdlfimg N
(Vance and Heichel, 1991). The g@fflux decreased after clipping and shading for
both species compared to the control due to therd@ssimilate supply (Fig. 1.3/3). An
increase to the level of the control could, howgber detected for clippeld. sativa at
the end of the experiment, likely due to an enhamere of the nodule respiration to
restore the Plfixation (Ta et al., 1990).
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Figure 1.3/3: Cumulative CQefflux from soil (tSEM) undeMedicago sativa (A) and
underLolium perenne (B) from the start of clipping and shading.
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Figure 1.3/4: Significant differences of th&C recovery (Gg) (Study 3), théC recov-
ery (Gew and™N recovery (N) (Study 4) in plant and soil poolsciomparison to the
control (vertical axis). The position of the resppee symbols expresses a higher recov-
ery, a lower recovery or no changes (vertical azishpared to the control. The recove-
ries undemMedicago sativa are shown in green color; that undietium perenne are red

colored.

After clipping, the distribution of storedC, recently assimilatet’C and**N was dri-
ven by the high C and N demand of the regrowingthdn particular, 5% and 8% of
stored**C was remobilized and allocated to regrowing shobts perenne andM. sati-
va, respectively. Moreover, clipping provoked a restli@llocation of recently assimi-

lated*C belowground, since it was retained in the regnovghoots (Fig. 1.3/4).

For L. perenne the contribution of recently assimilat&iC to CQ was not affected by
clipping (Study 3), whereas stor&lC contributes more to G@ompared to the control
(Fig. 1.3/4; Study 4). This demonstrates thaperenne compensates a low assimilate
supply by a higher utilization of stored C for mtaimance respiration. TH&C and*‘C

recovery of CQunderM. sativa was not affected by clipping.
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After shading, there is no need for remobilizatiéistored C, hence, tH&C recovery of
the shoots and roots did not differ significanttprh that of the control (Fig. 1.3/4;
Study 3). The plant growth under reduced lightesstricted by the low supply of recent
assimilates. A reduced growth leads to a lower € Mmemand of the shoots. Recently
assimilated*C was preferentially retained in the shoots ansuiicient to cover the
low C demand of the shaded plants (Fig. 1.3/4; %t

The findings of these studies (Studies 3 and 4jddtie conclusion that the distribution
of stored C, recently assimilated C and N afteitéch photosynthesis depends on the
plant species but even more on the approach obpiethetic restriction (clipping and

shading).

3.4 Quantifying rhizodeposition at field scale (Study %

Despite the high number of studies in the lasty#aat have been focusing on rhizode-
position, there is still considerable uncertaindgarding the amount of organic C re-
leased by living roots especially under field cdiatis (Nguyen, 2003). The main rea-
son for this uncertainty is that a significant pamtof rhizodeposits is rapidly lost (with-

in hours or even minutes) through rhizomicrobiapieation (Jones et al., 2009), and
thus hardly measurable in field studies. To overedhis shortcoming, a new approach
for an improved estimation of rhizodeposition ie field based on laboratory and field

data was developed in Study 5.

A C pulse labeling experiment with maizZe& mays cv. Ronaldino) was conducted
under controlled conditions, tH&CO; efflux from the soil was measured and the data
entered into a simulation model (Kuzyakov et aB9;2001; Kuzyakov and Domanski,
2002). The model allows to differentiate rhizomlwed and root respiration. The parti-
tioning of root-derived C®into root and rhizomicrobial respiration is essdrfor re-
search focusing on the impact of rhizodepositiomaerobial mediated processes in the
soil, since SOM turnover is only affected by rhizorabial C, while root respiration

biases the picture of SOM turnover (Kuzyakov etE99; Nguyen, 2003).
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Figure 1.3/5: Measured (circles; +SEM) and fittebl{d line) cumulative*CO, efflux
from the soil and simulated separation of the t81@lD, efflux in root respiration and

rhizomicrobial respiration.

It was shown that rhizomicrobial respiration andtroespiration contributes 57% and

43% to root-derived C§&respectively (Fig. 1.3/5).

The *C activity of total rhizodeposition was then calted as the sum of tH&C ac-
tivity of rhizomicrobial respiration, i.e. of théizodeposits decomposed, and that of the
rhizodeposits remaining in the soil. A rhizodepositto-root ratio of 0.56+£0.2 was de-
termined by relating th&'C activity of total rhizodeposition to tH&C activity of the

roots.

Maize ¢ea mays cv. Ronaldinio) was cultivated in a field studyh@pter 2.2) and the
root biomass was sampled in July 2009. To estirtregdotal rhizodeposition at a field
scale a new approach was used based on the rhotiep-to-root ratio from the la-
boratory experiment which was applied to the rooirass determined in the field.

Maize (25,000 plants Ha allocated about 464 kg C hao belowground pools. A total
amount of 298+64 kg C Hawas determined in the roots at harvest. It wasdoihat
total rhizodeposition in the field accounted fo6+63 kg C ha(Fig. 1.3/6).

In addition, the fate of rhizodeposits in the swils investigated in the currefi€ labe-
ling study. 30.6+£1.5% of the rhizodeposits remaimethe soil, 7.3+1.1% were incorpo-
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rated into microbial biomass (MBC) and 0.31£0.1% evdetected in dissolved organic
carbon (DOC). The main portion of rhizodeposits.8&2.1%), however, was decom-

posed by microorganisms within 16 days after ladgeli

The results underline the necessity to considemptiéon of rhizodeposits which are
quickly mineralized in order to reliably estimatgtal rhizodeposition. Compared to
previous studies, reporting only on the portiorrlikzodeposits which remained in the
soil (net rhizodeposition), the present study pilesi an improved approach that offers

the possibility to estimate gross rhizodepositibfiedd scale.

Shoots
1817 kg C ha

Recently introduced C
| is 7 times more available
for decomposition
processes than older C

1
R
Al — ’i S i A i A

RMR

RhlZOdEpOSlthﬂl Roots
166 + 53 kg C ha” 298&64 kg C ha’
100%
Soil MBC DOC
30,61.5% | 7.3+£1.1% | 0.3+0.1%

Figure 1.3/6: C allocation and rhizodeposition ddige in the field. The amounts of root
biomass C and C released by roots via rhizodepasitrrespond to a soil depth of 50
cm, a plant population of 25,000 and a growingqeefrom April to July 2009. The fate
of rhizodeposits in the soil 16 days afté&€O, pulse labeling under controlled condi-
tions is shown as percentage of total rhizodemosifl he availability of recently intro-

duced C relative to older C pools, estimated ird$# is presented.
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3.5 Microbial availability of younger and older C sources (Study 6)

The previous results showed a belowground allosatib 464 kg C hd for maize
(Chapter 3.4), 36% of which was released by liviogts. The main part of rhizodepo-
sits could be detected in the €€Xflux shortly after their input into the soil (&bter
3.4). The turnover rate of young C pools is muaghr compared to older pools, and
decreased with time after the C entered the sah(Mitzow et al., 2006).

Study 6 aimed to estimate the microbial availapiit C introduced during one growing
season of maize relative to older C sources. Aftelnange from £to G, vegetation, the
isotopic composition of soil Cand SOM was determined for three treatmenige€
erence (long-term £vegetation), @C, (two years of maize cropping), and/fallow

(bare fallow after one year of maize cropping).

A main problem we had to deal with was the admitiratmospheric C£1o soil CQ,
resulting in a biased isotopic composition. Thel&liTans model (Miller and Tans,
2003) was successfully applied to obtain an anputégrated isotopic composition of

soil CQ, purified from atmospheric GQFig. 1.3/7).
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Figure 1.3/7: The Miller/Tans model is based onlihear regression between the prod-
uct of CQ concentration and it5-*C value plotted against the G@oncentration. The
isotopic composition of pure GGrom the soil is equivalent to the slope of a esgion

line. The Miller/Tans model is exemplarily showrr the G reference at 10 cm soil

depth.
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Soil CG, and SOM were partitioned for youngerJ@nd older (G) C sources based on

their isotopic composition by applying linear twausce isotopic mixing models.

These models revealed that young)(C contributes 27% and 49% to soil £& the 10
cm depth of the gfallow and the @/C, treatment, respectively (Fig. 1.3/8). The/C,
treatment showed a higher contribution of youngexo@pared to the fallow treat-
ment since root-derived GQ@ontributes to total soil COEven at a depth of 60-70 cm
the contribution of young C to soil G@vas high for both treatments with 16% for the
Cy/fallow and 43% for the £C, treatment. Due to the lower content and slowerdur
ver of SOM at this depth compared to the upperzoos, small amounts of young C
highly contributed to C® Despite the high contribution of young C to 60D, its
contribution to SOM did not exceed 5%.

Contribution of older and younger C to total CQ,, SOM [%]
0 10 20 30 40 50 60 70 80 90 100

SOM g = :
10 @ ¢ |—;—| »—r—| C,
E : C4 . ; / C3
= ab -
*é 40-50 | .-l { | Cl-tO-C_; SOM = 0.05 ]
=] \ C,-to-C, CO,=0.37
\ g B
: cd
60-70 | el 2 Younger C is 7 times |
..... s more available for
— microbial decomposition

.thanl oldqr C .

Figure 1.3/8: Contribution of younger and older dlices to total C®and SOM at the
Cy/fallow and G/C, treatment and the ,&0-C; ratios of SOM and C©Ofor the 10 cm
depth of the @fallow treatment. Significant differences betwdbe depths and treat-

ments are marked by different letters (P<0.05).

Estimates of the relative availability of youngedaolder C pools for microbial decom-
position were gained by comparing thgt6-C; ratio of CQ (0.37) to that of SOM
(0.05) at the 10 cm depth of the/f@llow treatment. The results of Study 6 indicttat
younger C that entered the soil during one vegetgieriod is seven times more availa-
ble for microbial decomposition relative to oldep@ols (Fig. 1.3/8).
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4  Rhizodeposition: Conclusion and outlook

The present thesis leads to the following conchusio

(1) Hotspots of recently assimilated C quickly agupat the root tips within several
hours after the assimilation. These hotspots ajreléshppear within a few days af-

ter the assimilation.
(2) Plant inter-species competition reduces rhiresp priming effects.

(3) Photosynthesis is a key driver for rhizodepositThe allocation pattern of C and N
within the plant-soil system strongly depends omdbproach of photosynthetic re-

striction and on the plant species.

(4) The comparison 05'°C values of C@ and of SOM after a £to C, vegetation
change allows for a quantitative estimation of takative availability of younger

and older C sources.

(5) The quantity of gross rhizodeposition at fislthle can be estimated by applying a
rhizodeposition-to-root ratio determined under colféd conditions to the root
biomass sampled in the field.

These conclusions are of particular relevanceuturé investigations, for the following

reasons:

(1) Our study of hotspots of recently assimilatetch@oots demonstrates the necessity
to link rhizodeposition to root morphology. Roothbching, the number of root tips
and the root diameter are expected to largely impaicodeposition. With root
growth the tips are moving through the soil and megions become hotspots of re-
cently assimilated C. There is a need to analyzzabial activity in rhizosphere
hotspots. SOM turnover in the hotspots may, fotaimse, even last longer than
available C is present since parts of microorgagsismy remain active beyond the
period of exudation (Kuzyakov, 2002).

(2) Hotspots of rhizodeposition and rhizospherenprg effects will gain increasing
importance in the context of climate change infthare, because it was shown that
elevated CQ concentrations in the atmosphere stimulate rooivtlr and enhance
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root exudation (Dorodnikov et al., 2009). A higlhgput of C through exudation oc-
curring in hotspots is expected to lead to accetdr&OM turnover through positive
priming effects. The higher input can thus be cerbdlanced by increasing GO
emissions from soils. This calls for further invgations on the response of rhizos-

phere processes to elevated,CO

(3) Rhizosphere priming effects will play an img@ort role in the context of sustainable
agriculture and organic farming. The shift towasgistems with a low external input
of fertilizers increases the dependence of plantsudrient release from SOM due
to RPE.

(4) Substrate availability is a major limiting factfor microbial activity and thus for the
CQO, efflux from soils. Through the tight coupling of$samilation and exudation,
photosynthesis is of key importance for microbiattgdiated processes in the rhi-
zosphere. As we could show, restriction of phottsgsis by clipping does not only
evoke a remobilization of stored C in the plant, &lso a retention of recently assi-
milated C in the shoot. Clipping experiments, usedimulate grazing, are valuable
for predictions of C fluxes in the soil of agriaual pasture ecosystems and for the

assessment of management practices.

(5) There is a critical need for new methods altayo estimate rhizodeposition under
field conditions. Most of the previous methods gseanderestimated rhizodeposi-
tion since they do not account for the fractiorrtokzodeposits which is fast decom-
posed by microorganisms. The new approach providéais thesis is based on the
rhizodeposition-to-root ratio determined under coligd conditions. If the ratio is
known for particular plants, this approach offerpramising method to estimate
rhizodeposition on ecosystem scale as a huge datadj root biomass distributions

already exists in the literature.
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5  Contributions to the included manuscripts

This Ph.D. thesis comprises five published and safmitted manuscripts which were
elaborated in cooperation with various co-authdfge co-authors listed on the manu-

scripts contributed as follows:

Study 1: Photoassimilate allocation and dynamics dfotspots in roots visualized by

4C phosphor imaging

Status: Published in Journal of Plant Nutrition &wadl Science, 2011, Vol. 174, Page
12-19

J. Pausch: 70% (experimental design, accomplishrobrexperiment, laboratory

analyses, data preparation, manuscript preparation)

Y. Kuzyakov: 30% (discussion of experimental desaqd results, comments to im-

prove the manuscript)

Study 2: Plant inter-species effects on rhizosphengriming of soil organic matter

decomposition
Status: Published in Soil Biology and Biochemisg§13, Vol. 57, Page 91-99

J. Pausch: 60% (experimental design, accomplishrokréxperiment, laboratory

analyses, data preparation, manuscript preparation)

B. Zhu: 20% (discussion of experimental design aeslilts, comments to im-

prove the manuscript)

Y. Kuzyakov: 10% (discussion of experimental desagm results, comments to im-

prove the manuscript)

W. Cheng:  10% (discussion of experimental desigth @sults, comments to im-
prove the manuscript)
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Study 3: Effect of clipping and shading on C allocation andluxes in soil under

ryegrass and alfalfa estimated by“C labeling

Status: Submitted to Applied Soil Ecology; datevBimber 11, 2011, resubmitted: Feb-
ruary 19, 2012

A. Schmitt:  60% (experimental design, accomplishimeh experiment, laboratory

analyses, data preparation, manuscript preparation)

J. Pausch: 25% (discussion of experimental desigalyses and results, comments

to improve the manuscript)

Y. Kuzyakov: 15% (discussion of experimental desagd results, comments to im-

prove the manuscript)

Study 4: C and N allocation in soil under ryegrassnd alfalfa estimated by**C and
5N labeling

Status: Published in Plant and Soil, 2012, DOI1007/s11104-012-1536-5

A. Schmitt: 60% (experimental design, accomplishimein experiment, laboratory

analyses, data preparation, manuscript preparation)

J. Pausch: 25% (discussion of experimental desigalyses and results, comments

to improve the manuscript)

Y. Kuzyakov: 15% (discussion of experimental desaqd results, comments to im-

prove the manuscript)

Study 5: Estimation of rhizodeposition at field scke: upscaling of a**C labeling

study
Status: Published in Plant and Soil, 2012, DOI1007/s11104-012-1363-8

J. Pausch: 70% (experimental design, accomplishrokréxperiment, laboratory

analyses, data preparation, manuscript preparation)
J. Tian: 10% (laboratory analyses, comments to@wgthe manuscript)
M. Riederer: 10% (laboratory and field work, comnsetio improve the manuscript)
Y. Kuzyakov: 10% (discussion of experimental desad results, comments to im-

prove the manuscript)
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Study 6: Soil organic carbon decomposition from reently added and older sources

estimated by$'°C values of CQ and organic matter
Status: Published in Soil Biology and Biochemisg§12, Vol. 55, Page 40-44

J. Pausch: 80% (experimental design, accomplishrobrexperiment, laboratory

analyses, data preparation, manuscript preparation)

Y. Kuzyakov: 20% (discussion of experimental desad results, comments to im-

prove the manuscript)
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Hotspots imaging in roots

Abstract

Understanding photoassimilate allocation into thets and the release of organic sub-
stances from the roots into the rhizosphere igrgyortant prerequisite for characteriz-
ing the belowground C input, the spatial and terapdrstribution of carbon, and the
interactions between plants and soil microorganidased ort*C phosphor imaging,
we visualized the allocation of assimilates ihtsium perenne roots and estimated the

life time of hotspots at the root tips.

Lolium shoots were labeled in*4CO, atmosphere, and herbariums of roots and shoots
were prepared 6 h, 2 d and 11 d after i@ pulse. Theé"’C distribution in roots and
leaves revealed that pulse labeling does not yietdogeneously labeled plant material.
The spatial distribution of assimilate allocatioasrevaluated based on tH€ specific
activity expressed as digital light units (DLU nijmof the imaging plates. Areas with
high relative'C specific activity were classified as hotspotsog **C hotspots were
detected mainly at the root tips already 6 h dfier**C assimilation and they remained
active for at least 2 d. Eleven days after'fi@&assimilation the hotspots at the root tips

disappeared and théC distribution was much more even than after 6 aftar 2 d.

4C phosphor imaging proved to be a promising toolismalize the allocation of pho-
toassimilategto the roots and the rhizosphere and can be tasigléntify hotspots and

their dynamics.

Keywords: Rhizodeposition}“C labeling, hotspots, autoradiograpylium perenne,

rhizosphere.
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1.1 Introduction

Although the volume of the rhizosphere is typicatlyl% of the total soil volume, the
importance of the rhizosphere within the globalyCle is enormous (Hinsinger et al.,
2005).The rhizosphere is a complex habitat in which ctowls differ from those in the
bulk soil. Root-derived C forms a localized souoeasily available energy for micro-
bial activity. This leads to a unique biologicatime within the soil environment charac-
terized by a high abundance, activity, and diversitmicroorganisms. Understanding
the allocation of photoassimilates into the rootd the rhizosphere is crucial to provide
insight into the complex interactions between suigroorganisms, and plants. Howev-
er, investigating root-derived C including rhizodspion is complicated because roots
release organic compounds similar to those alr@aesent in the soil and because rhi-
zosphere microorganisms rapidly decompose rhizaiepolro overcome these prob-
lems, most methods for analyzing the distributibil€aeleased by roots in various soil
pools are based on applying the C isotoff€sand™*C and on quantifying the tot&C
radioactivity or*3C content in the soil surrounding the rodtkis enables distinguishing
the root-derived C from the native soil organic paunds (Whipps, 1990; Buyanovsky
et al., 1994). A very few studies also applied shert lived''C to show the transloca-
tion of photoassimilates (Farrar et al., 1994; eatet al., 1995). For isotope applica-
tions, continuous labeling (e.g. Johnen and SauokrlE77; Whipps, 1987; Meharg,
1994) or pulse labeling (e.g. Warembourg and Bill€&¥9; Meharg and Killham, 1990;
Cheng et al., 1993; Swinnen et al., 1994; Nguyeal.et1999; Kuzyakov et al., 1999;
2001) was used. The advantages and disadvantagbesef labeling approaches were
reviewed in several publications (Whipps, 1990; yakov and Domanski, 2000;
Nguyen, 2003; Kuzyakov and Schneckenberger, 20@&Wand Kuzyakov, 2008).

Based on these labeling techniques, total rhizoslepo was estimated for various
plants, although most studies focused on agricilltcereals. Therefore, much less is
known about pasture plants. The absolute C inpainslar for pasture plants and for
agricultural cereals (1,500 kg Cha™) when the same growth period is considered
(Jensen, 1993; Swinnen et al., 1995b). Neverthetbg relative C translocation into
soil is higher for pasture plants than for agrigrdt cereals. In order to determine the

allocation of assimilate$?C or **C pulse labelingf Lolium perenne was used (Meharg,
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1994; Swinnen et al., 1994; Tinker et al., 198&harg, 1994). Studies based on the
application of C isotopes can help evaluate: 1)tth@ belowground budgetf assimi-
lated C, 2) the dynamias assimilated C in various belowground pools, @8phthe_loca-
lization of C allocation. Most of the previous studies feed on the first two items —
budget and dynamics — while the present study cdrates on the allocation ofC

assimilates and their dynamics within the rootesyst

4C can be detected using autoradiography. In regeats, the traditional autoradio-
graphic technique using X-ray films has been regaddoy the so-called phosphor imag-
ing approach, which is based on photoinduced clhwenmlescence. Compared to tradi-
tional autoradiography, phosphor imaging is abauat orders more sensitive fo and
y-rays, it has a wider radioactivity range for inraggia wider linear dynamic range be-
tween the intensity of the image and the activftthe isotope, it avoids handling chem-
icals necessary for film development, and it redutiee exposure time (Hamaoka,
1990).

The present study was designed to prove the sliiyabi phosphor imaging for visua-
lizing the allocation of“C labeled assimilates. As a first step towards nuiled
information about the complex interactions betwpkamts and soil, we investigated the
allocation of C assimilates in roots of ryegrakelium perenne L., ssp. Gremie) and

identified the**C hotspots in these roots
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1.2 Materials and methods

We studied the distribution pattern of the radicéra*C in ryegrass at three different
time intervals: 6 h, 2 d and 11 d after start afiradation of**CO, via the shoots of the
plants. The'*C distribution pattern was visualized using phosphwaging of leaves

and roots. The main focus of this study was ort#8elistribution in roots.

1.2.1 Soil properties and plant growth conditions

The experiments were conducted witblium perenne grown on a fine loamy gleyic
Cambisol. The soil samples were taken from the étizbn (top 10 cm) of a long-term
pasture in Allgdu (S Germany). Basic charactesstt the soil are shown in Table
[1.1/1.

Table 11.1/1: Basic characteristics of the soil péad from the Ah horizon of a fine
loamy gleyic Cambisol from a pasture in the Allgé8 Germany) (FC, field capacity
(pF=1.8); AWC, available water capacity (pF 1.8}%(Kleber, 1997).

Parameter Value
pH (CaC}) 5.2
Corg % 4.7
Nt % 0.46
C/N 10.0
Clay (<2um) % 28.4

Silt (2-<63um) % 47.1
Sand (63-200Q0m) % 24.5

FC % 50.0
AWC % 23.0
CaCQ % 0.0

The wet soil samples were air dried, homogenized,massed through a 2 mm sieve to
separate large roots and stones. An amount ofdLdd Hried soil with a final density of
1.2 g cn® was filled into each pot (height 10 cm, innerndéger 14 cm). One pre-
vernalized seedling of ryegrass was grown per plog. plants were grown at tempera-
tures of 26°C-28°C (day) and at 22°C-23°C (nighithva day length of 14 h and light
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intensity of~ 800umol m2 s*. The soil water content of each pot was measurad-g
metrically and was adjusted daily®#®%0% of the available field capacity.

1.2.2 Labeling of plants in a**CO, atmosphere

For C labeling a perspex chamber previously descrilyeduzyakov et al. (1999) was
used. The airtight chamber consisted of two compamts. The lower compartment
(height 200 mm, inner diameter 138 mm) containedsttil, and the upper compartment
(height 300 mm, inner diameter 138 mm) was usedtHertracer application to the
leaves. Both compartments were separated fromathed by a perspex lid with drilled
holes (inner diameter 8 mm) for the plants. The dafore labeling, the holes were
sealed at the base using silicone paste (NG 3178&yér & Co., Dresden) (Gregory et
al., 1991; Swinnen et al., 1995 a). The seals wested for air leaks. All plants were
labeled simultaneously. 381 kBq Y as Na“CO; solution were put in a 2 cm3 Ep-
pendorf micro test tube placed in the upper compamt of the chamber. Then the
chamber was closed and 1 ml of 5 MS&®, was added to the solution through a pipe.
Assimilation took place within 2 h after tH&CO, pulsing, but most of th&'CO, was
assimilated within the first 30 min. After labelinpe CQ from the upper compartment
was trapped to remove the remaining non-assimildi€®,. Finally, the top of the
chamber was removed and the plants were grown unaiteral conditions.

After opening the labeling chamber, the 8folving from the lower compartment was
trapped in a 20 mL solution of 0.5 M NaOH by contins pumping (100 cm?3 mii
with a membrane pump. This removes @O, respired by roots and microorganisms
and avoids possible re-uptake'dE from the soil solution by roots.

The plants were harvested at three different tiafes start of labeling: 6 h, 2 d and 11
d. This was done by cutting the plants at the laaskopening the bottom compartment
of the chamber. Finally, the soil was pulled outoR® were carefully separated from the
soil by handpicking. All picked roots were gentlasihed in 400 mL of deionized water
to remove the soil adhering to the roots. The teaferial and the roots were distributed

on a white paper, prepared as a herbarium and &ried°C
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1.2.3 Tracer detection by phosphor imaging

The distribution pattern of th€C within leaves and roots was determined by Cyeclone
Plus Storage Phosphor System (Perkin Elmer, Germa&agh herbarium (6 h, 2 d, 11
d) with roots or shoots was exposed to a senditnaging plate in the dark for 1 or 3
weeks. The plate was then scanned by CycloneP&rki(PEImer, Germany) and digi-
talized by OptiQuant software (Perkin Elmer, Gerg)aWe used two approaches to
demonstrate the distribution pattern of assimilaf€dwithin the roots: 1) evaluation of
the evenness of tH&C distribution within the roots and identificatiar **C hotspots

and 2) visualization of the longitudinal allocationindividual roots.

1.2.3.1Evenness of th&'C distribution within the roots and identificatioh‘C

hotspots

To verify the visual findings of the image-platetpires, the evenness of tHe distri-
bution within the roots was calculated and hotspeee identified by applying a grid to
each image (241 columns, 122 rows, square widtim] square length 1 mm, center to
center spacing: columns 1 mm, rows 1 mm). Ti@ activities of the single squares
were added up and set as the total activity ofytice The activity per square expressed
as digital light units (DLU) per mm?2 was then patreference to the total activity. The
resulting relative activities were categorized 13 size ranges with the statistical
package Statistica7 for Windows. The smallest ramigje a relative activity ok 0.006

(> 82% of the image area) was set up as backgrandaxcluded from the evaluation.

1.2.3.2Longitudinal*'C allocation in individual roots

Within each image, 10 roots were selected and sgudrmm x 1 mm) were applied to
the individual roots in longitudinal direction up 19 mm. The squares along each root
were numbered starting at the root tip. Subsequethie mean out of all squares of #1,
#2, etc. per image was calculated and the data mamealized with reference to the
square with the maximum DLU value out of all imageln this approach we used
another reference to normalize the data becausejtdeéhe same root length, the area
around the roots differs and thus cannot be nommdlias described under section
1.2.3.1.
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1.3 Results

1.3.1 Distribution of *C in the shoots

The evenness of tHé&C distribution within the shoots (and roots) wasneated based
on the number of DLU per area of the phosphor imagg the red color indicating the
highest“*C activity (Fig. 11.1/1). Hotspots df'C activity within the image of the shoot 6
h after labeling (Fig. II.1/1A) are located at @y®wing parts at the leaf base and in the
highly photosynthetically active tissue at the tipg/o days and eleven days after labe-
ling, the redistribution of“C within the shoots was weak (images not presergad)
changes in the distribution were minimal. We therefdid not further evaluate théC
distribution in shoots. Note that 6 h after labglithe total*C activity in the shoots was
more than 10 times higher than that in the rootenftare DLU scale for shoots and

roots).

1.3.2 Evenness of thé*C distribution within the roots and identification of **C

hotspots

The root image-plate pictures of ryegrass harveSted? d and 11 d after labeling (Fig.
11.1/1B, C, D) showed a shift of théC spots with increasing time after tH€ pulse.

Six hours after labeling (Fig. 11.1/1B), substahtimounts of“’C were allocated to the
youngest parts, i.e., to the root tips. In contrastd after labeling (Fig. I1.1/1D) tracer

accumulations were also found in the adventiti@megs (black arrows in Fig. 11.1/1D).
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A 6 hours

D -

adventitiots "

Figure 11.1/1: Phosphor images of a shoot 6 h (#J af roots 6 h (B), 2d (C) and 11 d
(D) after labeling in**CO, atmosphere!“C activity expressed as digital light units
(DLU). The insets for Fig. 11.1/2 are marked byladk rectangle.
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To verify the visual findings of Figure I1.1/1, tlevenness of th&C distribution in the
roots was statistically evaluated (Fig. 11.1/2)*4E was evenly distributed, Figure 11.1/2
would show a constant line parallel to the x-akiewever, the)C distribution obtained
consisted of many points with low or very low ratat*“C activity and few points with
high activity. Up to the threshold of 0.126, thedquency strongly decreased with in-
creasing relativé*C activity (Fig. 11.1/2). We defined hotspots agions with low fre-
quency and high relativ€C activity (> 0.126). The threshold can clearlyithentified
through the change of the slope of the relativguescy line. Although the number of
4C hotspots was generally low, their frequency afterd was higher than after 6 h or
after 2 d. Nevertheless, the number of hotspotleatoot tips 11 d aftéf'C photoassi-

milation clearly decreased.

10

Relative frequency [%]

A
0011 @ 6hours  ,Gq2 “o aa 4 a a l
m 2 days

E & somaea & Am
A 1] days

0.001 [ 1 1 [ L L 1 1
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225

Relative "*C activity [%)]

Figure 11.1/2: Relationship between the relativegirency of 1 mm x 1 mm squares and
their *C activity at increasing time after tracer appiicat 6 h, 2 d and 11 d. Note the

logarithmic scale of relative frequency. The indedsn Fig. I1.1/1 show enlarged hots-

pots at the root tips 6 h after labeling and desirey**C activity (DLU) at the tips with

time.
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1.3.3 Longitudinal **C allocation in individual roots

In order to better understand the heterogeneitydymamics of thé“C activity along
the roots, individual parts of ryegrass roots preges h, 2 d and 11 d after labeling
were analyzed fof*C allocation. Due to root growth, the tracer acclation zone
changed continuously over the 11 d after'fi@pulse. At the first harvest.C activity
was highest mainly in the first millimeters fromethoot tips, and it decreased with in-
creasing distance from the tips (Fig. 11.1/3). Tays later, the maximum df’C
enriched tissue still occurred within the first 2Znnfrom the root tips. The maximum
peak shifted 11 d after labeling. The highest @gtiwas now locate¢ 10 mm from the
tips. After *C application, the apical meristem grew mainly witilabeled C. This re-

sulted in unlabeled tissue at the root tip andarglthe shift.
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1.4 Discussion

1.4.1 Applicability of **C phosphor imaging for visualizing and tracing belav-

ground C allocation

Significant amounts of the C allocated belowgroarel released as organiovi@ rhizo-
deposition into the rhizosphere (Marschner, 1985kviously, Meharg and Killham
(1990) found that the net photosynthetic C alloddte the roots ofolium perenne
ranges from 14%-67%. Recent studies showed anaibocof~ 48% of the total assi-
milated**C (Domanski et al., 2001). An amount of 10%-15%hef total fixed C is re-
spired by roots, and a further 15%-25% is releasadexudation (Domanski et al.,
2001). In comparison, Farrar et al. (2003) repothed the exudation rate of soil-grown
plants, detected if'C labeling investigations, ranges between 5% ar¥d ©0the net
assimilated C. Depending on the level of nutriemgpdy, Werth and Kuzyakov (2006)
recovered 0,4%-0,8%C in exudates and 15,1%-16,9% in respirec, dOwas shown
that plants growing in nutrient solution lost ofly%-1.5% of the fixed C. Under field
conditions, plants import more C belowground thalnoratory-grown plants (Meharg
and Killham, 1990). Our investigations were carroed with ryegrass grown on a Cam-
bisol, which is closer to field conditions than @stigations with plants grown in nutri-

tion solution.

14C can either be released as exudates ori@®the rhizosphere, or can be stored as a
relatively stable fraction in growing tissues a¢ ttoot tips and the lateral root emer-
gence (Henry et al., 2005). The C translocatedvgpiound is not released evenly by
the roots, but in distinct areas, thus creatingaalignt of rhizodeposits along each root
axis. The'“C labeling technique allows distinguishing betweent-borne C and C
components that are already present in the soilddte, one approach — the two-
compartment rhizobox — was known to identify thadyent of rhizodeposition and thus
the active microbial zones. In this rhizobox, thetrcontaining soil is separated from
the root-free soil by gauzes with different holeesi (0...30 um). After labeling the
shoots in &*CO, atmosphere, the soil compartment without rootsfigr a certain pe-
riod of time, cut into thin slices by a microtonand the'“C activity in the different

slices is determined (Sauer et al., 2006). Sauat. ¢2006) foundnaximum®‘C accu-
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mulation within 2 mm of the root mat at the gauklis was explained by the 0.08 to 2
mm long root hairs (Esau, 1965; Zhu et al., 20@5)gprating through the 30 um gauze
into the root-free soil. However, in the model ohds et al. (1996), based mainly on
diffusion of organic acids, the maximum distancetfe recovery of organic acids was

< 1 mm from the root surface.

The main shortcoming of this approach is the coeatif a root mat at the gauze, fol-
lowed by an overestimation of root effects duegec#ic conditions at the mat, unde-
fined numbers of root layers, as well as variatioage and physiological development.
Moreover, root effects may be underestimated dusotote mixing, sorption, and mi-
crobial metabolism (Wenzel et al., 2001). To avbiese problems, Wenzel et al. (2001)
tested a novel rhizobox design: Plants were grawa soil plant compartment with
roots penetrating through a slit into a soil-frempartment consisting of an acrylic
window that moves horizontally when root growthgsere is exerted. This allows root
growth, distribution, and morphology to be monithr& membrane separates the soil-
free compartment from the root-free soil compartimenvhich the rhizodeposition gra-
dient can be determined afterwards. An importantiathge of this design is the possi-
bility to measure the exact root biomass. This apgin enables the diffusion of ex-
udates from the root compartment to be tracedphatides no information on the allo-
cation of assimilated C along and within individuabts. To overcome this problem
and to visualize the allocation of photoassimilatesdividual roots, another approach

based or*C phosphor imaging can be applied.

Phosphor imaging had already been used to visuddeallocation and the movement
of labeled P ¥P and**P) in leaves o¥icia faba (Huive et al., 2007). At the same time,
4C pulse labeling coupled with phosphor imaging wsed to investigate the C flux of
assimilated“C from Pinus sylvestris seedlings to the ectomycorrhizal mycelium (Leake
et al., 2001) and between the seedlingBiabis densiflora via ectomycorrhizal mycelia
(Wu et al., 2001). This approach helps to visuadizd quantify the spatial and temporal

patterns of the allocation 6fC assimilates.

In the present study, tHéC phosphor imaging approach enabled us to usenthge-
plate pictures to statistically evaluate tfi€ distribution. The methodology we used in
preparing the herbariums did not include measuringodeposition and CObut fo-

cused on th&C allocation within the roots. The limitations biig approach are mainly
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linked to the preparation of the root herbariumisstly, after carefully extracting the
roots, their separation from mineral soil mateaatl washing may lead to a significant
loss of fine roots. Secondly, root exudates andodeposits are completely lost during
the washing procedure. Therefore, very fine rodigodeposits, and exudates cannot
be determined with this approach. Thirdly, the pragion of root (and shoot) herba-
riums may cause some parts of the roots to ovéRap 11.1/1B, C, D). Such overlap-
ping of 2-3 roots could locally increase tH€ specific activity of the area (DLU mfh
thus overestimating hotspots. The energ§ gfarticles released BJC decay, however,
is very low (Enax = 0.156 MeV), and the probability that they wiknetrate the over-
lapped roots is very small. We therefore assumietbiganumber of hotspots is not over-

estimated by the image HC on the imaging plates.

The three shortcomings described above (loss efrfwots, loss of exudates, and over-
lapping) could be overcome using a specially caiestd, thin rhizobox with a remova-
ble front wall. Placing the boxes in tilted positi¢20°-30° vertical) causes roots to
grow along this wall. The front wall can be remodter labeling. Then, after drying or
freezing the roots and the solil in the rhizobox, phosphor imaging plate can be placed
instead of the wall to prepare the root image. Afleveloping the image, the roots can
be carefully removed, and the phosphor imagingeptain be placed again to the soil.

This yields an image of rhizodeposition withoutto

1.4.2 Relative carbon allocation in shoots and roots

We compared the allocation of assimilated C in shagth the allocation in roots based
on the intensity of DLU mf. The amount of assimilates in the shoots 6 h afie-
ling was~ 10 times higher than in the roots. Surprisingtys ratio did not strongly de-
crease within 2 or 11 d after labeling. Other atghtave also reported this interesting
phenomenon (Hill et al., 2007). Similar results evélequently obtained far'C pulse-
labeling experiments based on high#® enrichment in shoots versus roots (Kastovska
and Santruckova, 2007). The difference cannot lee@ately explained by less total
assimilates allocated to roots compared to sheotssidering the ratio ofC shoot to
14C roots ofx 10 (Fig. I1.1/1A, B), the total shoot mass shoalso bex 10 times high-
er. This phenomenon can be explained either by &brage in pools of the shoots with
a long turnover time, or by a much higher turnoseroots compared with shoots and
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thus a much higher replacement‘@ (or *C) from the pulse by subsequent unlabeled
C.

Another surprising result clearly visualized by tH€ distribution was the high inho-
mogeneity of the C allocation within the shootseEwithin a single leaf, tHéC activ-
ity can differ by 5-7 times (compare parts of indual leaves in Fig. 11.1/1A). This
shows that it is impossible to produce homogengolasleled plant biomass by pulse
labeling ¢“C or 3C). Probably, repeated pulse labeling will alsdrsifficient to pro-

duce plant biomass with a homogeneous distribuifdahe label.
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1.5 Conclusions

4C labeling, coupled with phosphor imaging, can fewvdetailed insights into the C
flows into and through plant roots. The spatiatribisition pattern of allocatetfC was
already visible 6 h after assimilation. The spadiigtribution of the C allocation in the
roots was uneven: up to 2 d after assimilatiomas associated with the root tips, whe-
reas 11 d after assimilation tH€ allocation to the hotspots at the root tips dismped.
Moreover, it was impossible to produce homogengoladleled shoot or root biomass

by pulse labeling.

4C phosphor imaging is a promising tool for vistialigC translocation in both plants
and rhizosphere. This technique will yield furtlpeogress in describing and interpret-

ing soil-root interactions.
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Effect of inter-species interactions on RPE

Research Highlights

* We studied effects of plant-plant interactions tizaesphere priming effects
(RPE).

» Sunflower, soybean and wheat were grown as mongoeslor as mixtures.

« RPE was studied by continuoti€ labeling of the monocultures and of the mix-
tures.

» All planted treatments induced positive RPE (43%%3of the unplanted con-
trol).

* Inter-species interactions can reduce the intemsifyriming on SOM decompo-

sition.
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Abstract

Living roots and their rhizodeposits can stimulaterobial activity and soil organic
matter (SOM) decomposition up to several folds.sTén-called rhizosphere priming
effect (RPE) varies widely among plant species ipbsslue to species-specific differ-
ences in the quality and quantity of rhizodepoartsl other root functions. However,
whether the RPE is influenced by plant inter-speareractions remains largely unex-
plored, even though these interactions can fundtatigrshape plant functions such as

carbon allocation and nutrient uptake.

In a 60-day greenhouse experiment, we continuoladlgled monocultures and mix-
tures of sunflower, soybean and wheat With-depleted C@and partitioned total CO
efflux released from soil at two stages of plantedlepment for SOM- and root-derived
CO,. The RPE was calculated as the difference in S@Ni«dd CQ between the
planted and the unplanted soil, and was comparezh@rthe monocultures and mix-

tures.

We found that the RPE was positive under all plarasging from 43% to 136% in-
crease above the unplanted control. There werégndisant differences in RPE at the
vegetative stage. At the flowering stage however RPE in the soybean-wheat mixture
was significantly higher than those in the sunflowenoculture, the sunflower-wheat
mixture, and the sunflower-soybean mixture. Theseilts indicated that the influence
of plant inter-specific interactions on the RPE dase-specific and phenology-
dependent. To evaluate the intensity of inter-dpeeffects on priming, we calculated
an expected RPE for the mixtures based on the RREeanonocultures weighted by
their root biomass and compared it to the measBRE under mixtures. At flowering,
the measured RPE was significantly lower for theflswer-wheat mixture than what
can be expected from their monocultures, suggettaogRPE was significantly reduced
by the inter-species effects of sunflower and wh&atsummary, our results clearly
demonstrated that inter-species interactions agmfigiantly modify rhizosphere prim-

ing on SOM decomposition.
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Keywords: Priming effect,*C-continuous labeling, soil respiration, microtigdmass,
nitrogen competition, biodiversity, plant-microb@mpetition.
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2.1 Introduction

Soil organic carbon (C) functions as both an imgrarsource and a sink of atmospheric
CO,. Many uncertain parameters of the global C cyocdeassociated with complex soil
processes and biological communities, which aré lodficult to measure and highly
sensitive to disturbance (Moyes et al., 2010). &L, mainly consists of (1) root-
derived CQ, including root respiration and microbial decompos of rhizodeposits
from living roots (rhizomicrobial respiration), arfd) CQ, derived from microbial de-
composition of soil organic matter (SOM) (Kuzyak@@06). Both sources are linked
through the rhizosphere priming effect (RPE) whagscribes changes in the rate of
SOM decomposition in the presence of living rostszyakov, 2002; Cheng and Ku-
zyakov, 2005). Plant roots can alter microbiahaiés by providing organic substances
(rhizodeposits) (Paterson, 2003), by competing witleroorganisms for mineral nu-
trients (Schimel et al., 1989; Wang and Bakken,7)98nd by changing the physical
and chemical conditions in the rhizosphere (e.gewapH) (Shields and Paul, 1973;
Jenkinson, 1977). These alterations can lead beregtimulation (positive RPE) or re-
tardation (negative RPE) of SOM decomposition wattes ranging from 70% reduction
to as high as 330% increase compared to an ungdlaotgrol (Cheng and Kuzyakov,
2005). The direction and magnitude of RPE on SObkbdw®osition depend on both the
plant and the soil. The amount of decomposablenitcgd@ and the mineral nitrogen
(Nmin) content of the soil have been identified as tévthe main soil factors that signif-
icantly influence RPE (Liljeroth et al., 1994; Cigeand Johnson, 1998; Bottner et al.,
1999; Kuzyakov, 2002). On the other hand, plantigseand their developmental stages
(Fu and Cheng, 2002; Cheng et al., 2003) also giyonfluence the RPE, possibly
through differences in the quality and quantityrleizodeposits (Van der Krift et al.,
2001; Nguyen, 2003; Jones et al., 2004).

Since the RPE is plant-species specific (Fu anch@h2002; Cheng et al., 2003), it may
also vary with plant inter-species interactionswés proposed that with higher plant
diversity the diversity of root exudates may alsorease (Lavelle et al., 1995; Hooper
et al., 2000). This wider spectrum of root exuddtesn mixed plant species may sup-
port a higher microbial biomass and activity in thezosphere (Hooper et al., 2000;

Spehn et al., 2000; Stephan et al., 2000) wherndlgyproduction of extracellular en-
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zymes can be enhanced. Consequently, the potémtial positive RPE may increase
(Fontaine et al., 2003). In contrast, Dijkstra ket(2010) suggested a plant-diversity-
induced decrease in SOM decomposition for systeittslaw water availability. With
higher plant richness, belowground resources, &lpebl, are being complementarily
used (Hooper and Vitousek, 1997; von Felten et28I09). This may result in a lower
availability of belowground resources and thusaimecline in the decomposition of
SOM (Dijkstra et al., 2010).

In this study monocultures and mixtures of sunflgve®ybean and wheat were conti-
nuously exposed t&*C-depleted C@ The soil CQ efflux was measured at an early
stage of plant development (day 29-30 after plg)tiand at flowering of sunflower and
soybean (day 55-56 after planting). Based o't€ values the total soil GQefflux
was separated into root- and SOM-derived,Cilhe RPE was calculated as the differ-
ence in SOM-derived CQObetween planted and unplanted treatments. To nawk
ledge, up to now the experimental work of Dijksttaal. (2010) is the only study inves-
tigating the effect of plant diversity on the RRthough inter-specific effects on car-
bon allocation belowground (Sanaullah et al., 2Cdr#) on the activity of microorgan-
isms (Sanaullah et al., 2011) are known. Although results of Dijkstra et al. (2010)
provide evidence that plant-plant interactions moBPE, no firm conclusions on gen-

eral patterns could be drawn, which necessitatesguesearch on this topic.

Therefore, the aim of this study was to gain a nammprehensive understanding of
modified RPE due to plant inter-species interactiole hypothesized that the modula-
tion of RPE by inter-species interactions is spedtd the plant species composition and

dependent on plant developmental stage.
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2.2 Materials and methods

2.2.1 Experimental set-up

Monocultures of sunflower (SunHé@ianthus annuus L.), soybean (Soy)@lycine max

L. Merr.) and spring wheat (WhJiiticum aestivum L.) and mixed cultures of sunflow-
er/soybean (Sun/Soy), sunflower/wheat (Sun/Wh)psag/wheat (Soy/Wh) and sun-
flower/soybean/wheat (Sun/Soy/Wh) were grown in RMEs (15 cm diameter, 40 cm
height, equipped with an inlet tube at the bottan deration and soil CQtrapping)
with four replicates of the monocultures and splicates of the mixed cultures. Includ-
ing two-species mixtures in our study allowed irigagion of possible patterns of indi-
vidual species’ influence on RPE when they werevgrin mixtures. In addition four
unplanted pots were prepared. A nylon bag fillethvili500 g sand was placed at the
bottom of each PVC pot to improve air circulatidhe pots were then filled with 7.9 kg
of air-dried, sieved (<4mm) soil taken from theumb horizon (top 30 cm) of a sandy
loam from a farm on the campus reserves of the &sity of California, Santa Cruz.
Air drying and sieving allowed us to achieve a haggree of soil homogeneity and
reduced the variability among the treatments ampdicates. The soil contained 1.1%
organic C and 0.1% N, hads&C value of -26.0%0 and a pH value of 5.8. All fillpdts
were wetted to 20% gravimetric soil moisture cohi@guivalent of 80% of the water

holding capacity) with deionized water.

Seeds were presoaked over night in deionized \batere planting. For the mixed cul-
tures we used one individual plant of each speéies.all monocultures we used two
individual plants per pot to establish comparablngng conditions for all treatments.
To get one individual plant, six seeds of wheaty tff sunflower and three of soybean
were planted and thinned to one after seedling gemee. The soil moisture content
was measured gravimetrically and adjusted dailg0% of the water holding capacity.
To maintain homogeneous soil moisture and good soilcture, water was added
through perforated tubes (inner diameter 0.32 atal tength 180 cm, buried length
approximately 140 cm) as described by Dijkstra @heéng (2007). The location of the
pots in the greenhouse was changed weekly by mikieign randomly to guarantee sim-

ilar growing conditions for the plants.
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The experiment was conducted from January to Maédi in a greenhouse equipped
with continuous labeling by°C-depleted C@ at the University of California, Santa
Cruz. Plants were continuously, i.e. from the erarcg of the first leaf till harvest, ex-
posed to'C-depleted C® (-15%.). The continuous labeling technique alloves ta
guantitatively differentiate root-derived G&@om native SOM-derived C{since both

C pools differ in their isotopic composition aft@beling (Table 11.2/1). During plant
growth the day time air temperature inside the mnease was maintained at 28°C by
two AC units. The night time temperature was kelppve 18°C. Atrtificial lighting
(1100W lights, P.L. Light Systems, Beamsville, OM)s used when the natural light
intensity was less than 900 W?mThe photoperiod was set from 6AM to 6PM. The
relative air humidity was kept at 45% by a dehufiredi(Kenmore Elite 70 pint, Sears,
Chicago, IL, USA). We continuously labeled the pawith naturally**C-depleted C®
using the method described in detail by Cheng aijksia (2007). Briefly, a constant
CO, concentration of 400+5 ppm and a constdrt value (see below) was maintained
inside the greenhouse by regulating the flow ofeptiC-depleted C®(99.9% CQ, -
35%0) from a tank and setting G®@ee air flow rate proportional to the leakageerat
the greenhouse (Zhu and Cheng, 2012). The-i@%@ air was produced from com-
pressed air passed through six soda lime colum@scii2 diameter, 200 cm length)
filled with approximately 40 kg soda lime each. Th@®,-free air flow was set at 120
L/min. The leakage rate of the greenhouse (300 ymias determined without plants
shortly before the start of the experiment. Thiswane, after closing all inputs (O
free air, tank Cg), by raising the C@concentration inside the greenhouse to a certain
level and monitoring the decrease of the conceatratvhich is proportional to the lea-
kage rateThe CQ concentration inside the greenhouse was contimyoosnitored by
an infra red gas analyzer (Model LI-820, Li-CORnd&oln, NE, USA) and stabilized at
400 £ 5 ppm by computer controlled g@jection from the tank. A fan was used to
ensure a uniform distribution of the giside the greenhouse. For the duration of the
experiment thé'3C value of the greenhouse air was measured evesg thays during
the light period by pumping air through a glasstame immersed in 50 mL of 0.5 M
NaOH solution. The C@rapping efficiency was nearly 100% as checked yn&ra
red gas analyzer (Model LI-6262, Li-COR, LincolnENJUSA). An aliquot of the sam-
ple was precipitated with SrCas SrCQ using the method described by Harris et al.
(1997) and analyzed f@C (relative to PDB standard) using a PDZ Europa ANC
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GSL elemental analyzer interfaced to a PDZ Eurdp2@ isotope ratio mass spectro-
meter. The mea&'C value of the greenhouse air was -15.2%o with atdejay varia-
bility of <0.7%o.

The inlet tube at the bottom of each pot was caetei an aquarium pump (Elite 802,
Hagen Corp.Mansfield, MA, USA) to aerate the pots. This wase@dwo times during
the dark period (from 6:30PM to 7PM and from 12AdM1AM) to avoid contamination
of the greenhous&C signal with that of soil-derived GQluring the assimilation pe-
riod. Before the start of each photoperiod theogimt composition of the greenhouse

CO; returned to equilibrium.

2.2.2 Measurements

Soil CG, efflux was measured on day 29-30 after planting) {When the plants were
still at vegetative stage and on day 55-56 aftantohg (T2) during the flowering of
sunflower and soybean by means of a closed-ciionl&G; trapping system (Cheng et
al. 2003). Briefly, a Plexiglas lid with holes fthre shoots was placed direct on the soil
surface. A plastic tube was attached to the lidGQk trapping. The holes around the
shoots and between the lid and the rim of the paeveealed with non-toxic silicone
rubber (GI-1000, Silicones Inc., NC, USA). The patye checked for airtightness. The
CO; inside the pots was removed by circulating théated air through a soda lime col-
umn (3 cm diameter, 50 cm length) for 40 min. Ti@&D, produced in the sealed pot
was trapped for 24 h in 400 ml of 0.5 M NaOH salntiFour blanks were included to
correct the total inorganic C content for possitbd@tamination from carbonate in the
NaOH stock solution and from sample handling. Aquadt of each NaOH solution was
analyzed for total inorganic carbon using a Shimad®@C-5050A Total Organic Car-
bon Analyzer. Another aliquot was precipitated a8 (Harris et al., 1997) and ana-
lyzed for$*3C by means of a continuous flow isotopic ratio messctrometer (see de-

scription above).

At the end of the experiment the pots were desturelgt sampled. The shoots were cut
at the base, dried at 60°C and weighed. Three fotliteosix replicates of the mixtures
were used to determine the root dry weight of eadlvidual plant. All the soil in each
pot was pulled out and soaked in deionized watelfoh. All soil was washed away
and the roots of each single plant were caref@pasated in a water bath with tweezers,
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dried at 60°C and weighed. The shoot-to-root ret&s determined and used to calcu-
late the root biomass of each individual planttfe three remaining replicates based on
their shoot biomass. Careful and accurate separafiooots of individual plant species
in the mixtures was required to compare RPE oftiheéures with expected RPE calcu-
lated for the respective monocultures in a reliabnner (see below). Furthermore, to
obtain root-free soil the roots of the three renmgjireplicates of each mixed treatment
as well as the roots of all monocultures were sapdrfrom soil by hand-picking. The
monoculture roots were rinsed with deionized watkred as described above and
weighed. A part of the soil remaining after rootipng of all treatments as well as of
the soil from the unplanted pots was dried at 6@#Cthree days. All dried samples
were ground in a ball mill and analyzed for C%, N#&**C using a Carlo Elba 1108
elemental analyzer interfaced to a ThermoFinninQatia Plus XP isotope ratio mass

spectrometer.

Soil microbial biomass C (MBC) was determined dnr@inaining soil samples by the

chloroform fumigation extraction method described \tance et al. (1987) with the

modification that fumigated and unfumigated soingées (30 g fresh soil) were ex-
tracted for 2 hours with 60 mL of 0.5 ML8O, solution. The samples were filtered and
the extracts analyzed for total organic carbon ams of a Shimadzu TOC-5050A
Total Organic Carbon Analyzer. The difference betmwéhe extracts of fumigated and
unfumigated samples corrected forgg kactor of 0.45 (Wu et al., 1990) gives the total

amount of microbial biomass C.

Furthermore, soil mineral N @\, NOs + NH;") was extracted from 30 g fresh soil
with 60 ml of 2 M KCI solution. Samples were shaken?2 hours, filtered and the ex-
tracts were analyzed for NGand NH" by a flow injection analyzer (Lachat QuikChem
8000, Milwaukee, WI).

2.2.3 Calculations

The contribution of C@derived from SOM decompositiol s —periven, Mg C day
kg soil) to total soil respiration was calculated usiniinear two-source isotopic mix-

ing model:

513CroraL—6"3CroOT-DERIVED (1)

Ceonr— =C .
SOM-DERIVED TOTAL * 513560 _pERIVED—813 CROOT-DERIVED
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CROOT—DERIVED = CTOTAL - CSOM—DERIVED (2)

whereCrora; is the total C@efflux of the planted treatment (mg C dakg soil*) and
813Crora. the corresponding™C value (%o).83Coom—perivep 1S the 87°C value of
CO, from SOM decomposition measured in the unplant@d (¥%o). Croor—perivep 1S
the root-derived C@in the planted pot (mg C dakg soil*) with §'3Croor-periven @S

the corresponding*>C value (%o).

The separation of root- and SOM-derived &5 a prerequisite to calculate RPE, often
involves the assumption that the net isotopic foaetion during respiration processes
is negligible (e.g. Buchmann and Ehleringer, 19R8¢chette et al., 1999; Sge et al.,
2004). A recent study by Zhu and Cheng (2011a),evew reported &C-depletion of
rhizosphere respiration compared to the isotopropmsition of roots or shoots. Fur-
thermore, a review of°C fractionation at the root-microorganisms-soileiffiace
showed that the mean difference betw&&iC of root-derived C@and that of roots
was —2.3%o for @ plants and —1.3%. for plants, by variation of more than +2.0%o
(Werth and Kuzyakov, 2010). Moreover, it has bemscubsed by Dijkstra et al. (2010)
that a 1%o0 deviation in the isotopic compositiortlod plant tissue may result in varia-

tions of up to 40% in the RPE in their particulaperimental configuration.

In order to minimize the influence of isotopic friaoation on the RPE results, we in-
vestigated target species for which the fracti@mmabietween roots and root-derived £O
(f) was determined recently. Accounting fo€ fractionations associated with rhizos-
phere respiration by using directly-measured sgespecific data in our calculations of
SOM-derived CQ and root-derived Cfeliminates a major uncertainty or possible er-
roneous conclusions. Thefactors were taken from an earlier study by Zhd @heng
(2011a) and are -1.01%o. for sunflower, -1.71%o. foylmmn and -0.87%. for wheat. We
kept the conditions as similar as possible by u#iirmgsame seeds, soil, and equipment
with similar growing conditions (Zhu and Cheng, 28} By doing so we accounted for
the effect of isotopic fractionation on the RPE.tEs

513 Croor—perIvEp Was differently calculated for monocultures ancteui cultures.

83 Croor—perivep Of the monocultures was calculated by correctirgstfic value of

the root §13Cro0or) by a fractionation factorf{):

71



Effect of inter-species interactions on RPE

13 — S13
6 CROOT—DERIVED =6 CROOT + f

3)

For mixed cultures we calculated a root biomasgineds 2 Croor—perivep Value:

513CR00T—DERIVED = Z(513CROOT,1' + fl) T4 (4)

wherea; is the percentage of root dry weight of species total root dry weight per

pot.

Note: Because root biomass was analyzed at thefeheé experiment only, the calcula-

tion (Eq. 4) involves the assumption tltdoes not change between T1 and T2. We

examined the sensitivity of this assumption by ¢jwaga; from 0 to 100% and found

that variations oCsoy_perivep @Nd Croor—perivep did not exceed 15% and 19%, re-

spectively for the treatments including soybean aede even smaller than 5% for the

Sun/Wh treatment.

The isotopic composition of root-derived €@nd SOM-derived COfrom the un-

planted soil used as end members of the linearsouee isotopic mixing models are

given in Table 11.2/1.

Table 11.2/1: End member values (xSEM) used in s8@orce isotopic mixing models in
order to calculate the contribution of SOM-deriv@@, to total soil CQ of the planted

treatments.

Treatment Root-derived CO, [%o] SOM-derived CO; of the
unplanted soil [%o]

Sun -39.6 £ 0.09 T1

Soy -37.0+0.3 -23.9+0.2

Wh -39.4+0.4 T2

Sun/Soy -39.2+0.1 -23.7+0.1

Sun/Wh -39.6 = 0.06

Soy/Wh -39.4+0.2

Sun/Soy/Wh -39.1 £ 0.07
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The RPE on SOM decomposition (observed RPE) wasuleadd by subtracting the
CO,-C flux of the unplanted treatmen€sfy_pgrivep (UP)) from the SOM-derived
CO,-C flux of the planted treatmenty,y_prriven (P)) and was denoted as mg C day
kg soil™.

RPE = Csom-perivep (P) — Csom-perivep (UP) ()

Since changes of root biomass may have occurred pwlats were grown in mixed
cultures and because the RPE as well as the MBf; aNd the root-derived G&an be
positively related to root biomass (Dijkstra et aD06), we calculated expected values
(EXP) for the mixtures:

OBSmono,i

EXP = Z RBmix,i ' (6)

RBmono,i

RB,ix; is the root dry weight of speciesn the mixture (g pav), OBSmono,i IS the ob-
served value of speciégrowing in monoculture, denoted as mg C Heay soil* for the
RPE and the root-derived GGas mg C kg sofl for the MBC and as mg N kg sdifor

Nmin. RBmono,i 1S the root dry weight of species the monoculture (g po).

To estimate the effect of plant inter-species axt@ons, the expected values were sub-
tracted from the observed values. If the obsenatdevis lower than the expected value,
RPE, root-derived C§& MBC or Nqnin was negatively influenced by inter-species inte-

ractions.

2.2.4 Statistics

The values presented in the figures and tablegisem as means * standard errors of
the means (xSEM). Significant differences in tatatrobial biomass C, shoot and root
N content, soil mineral N, shoot and root dry nratted in their isotopic composition
between the treatments were obtained by a one-walyss of variance (ANOVA) in
combination with gost hoc unequal N HSD test, a modification of the Tukey Hi8BX.

A one-way ANOVA was also conducted to test for gigant differences in root-
derived and SOM-derived GCand RPE between the treatments by calculating the
ANOVA separately for each sampling date. The sigaifce of differences between
individual means was obtained by the unequal N H&D To test for significant differ-
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ences in root- and SOM-derived €@nd RPE within each treatment but between T1

and T2 (phenological effects) a dependent (patréelt was used.

Before calculating the RPE, as difference in SOMweel CQ between a planted
treatment and the unplanted control, we furthetetegor significant differences in
SOM-derived CQ between the unplanted control and each singléntexg and sam-
pling day using an independent t-test. The unpthotatrol always showed significant
(P<0.05) lower values in comparison to the plantedttnents (statistics are not pre-

sented in the figures).

Moreover, observed minus expected values weredtdetesignificant deviation from
zero by a t-test. All statistical analyses werdqrened with the statistical packagea-
TISTICA for Windows (version 7.0; StatSoft Inc., OK, USA).
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2.3 Results

2.3.1 Plant biomass, plants**C and microbial biomass C

Sunflower grown in monoculture produced a signifitahigher shoot biomass per pot
than soybean and wheat, whereas wheat developetighest root biomass (data not
presented). The root biomass per wheat plant vgasfisantly lower in the monoculture
compared to that of wheat grown in the mixturesb(@dl.2/2). In contrast, sunflower
as well as soybean produced similar root biomasdl imeatments independently of the

neighboring plants.

The plant biomass of sunflower and wheat was siifly depleted if®*C compared
to that of soybean (Table 11.2/2). Wheat and sumioshowed similar isotopic compo-

sitions of their plant tissue.

Planting increased the microbial biomass C (Tab®2). The lowest microbial bio-
mass C was found in the unplanted control with eslof about 118 mg C kg sail
While the wheat monoculture showed a significaghbr microbial biomass C than the
control, only a slightly but not significantly high microbial biomass was detected for
the monocultures of sunflower and soybean. Comptoeithe unplanted control, all
mixed croppings had significantly higher microbl@bmass C, with values ranging
from 188 mg C kg sofl for the Sun/Soy treatment to 212 mg C kg Sfiit the Sun/Wh
treatment. The microbial biomass C of the threesigsemixture (172 mg C kg sdjl

was, however, significantly lower than that meadudog the Sun/Wh treatment.
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Table 11.2/2: Plant biomass (+SEM)-*C values (+SEM) and microbial biomass C (+SEM) cidetpat the end of the experiment. N=4 for the mo-

nocultures; N=6 for the mixed cultures except fmts**C and microbial biomass C of the mixed culturessbich N=3.

Plant Biomass 8'%c Microbial biomass C
Cultures Treatment Specie Shoor Root Shoot/Roo  Shoot Root
[gow plant™]  [gow plant™] [%o] [%o] [mg kg soil"]
Unplanted soi 117.7+£7.9
Sun H.annuus 27.9+3.7¢ 2.7+0.3abdf 10.5+1. -38.9+0.1ab -38.6+0.1a 136.7+5.9a
Monoculture  Soy G. max 17.0£1.7+ 2.0+0.2abdf  8.7+1.0 -35.4+0.2b  -35.1+0.3b 140.0+8.8a
Wh T.aestivum 10.9+0.7b'  5.0+0.5ab} 2.210.1 -39.8+0.2acd -38.6+0.4a 165.7+6.5bc
H.annuus 35.8+1.7: 5.0+0.4a 7.3+1.0 -38.8+0.2ad -38.9+0.2a
Sun/Soy 187.5+7.1de
G. max 8.5+0.9bc 2.0+0.2bdf 4.240.7 -36.3+0.6b  -35.8+0.1b
H.annuus 31.2+1.1; 3.4+0.3abdf 9.5+1.4 -39.0+0.2d -38.8+0.2a
Sun/Wh _ 211.5+4.1
T. aestivum  8.9+0.4bc  11.5+1.0 0.8+0.1 -40.1+0.0c ~ -38.7+0.2a
Mixed Culture G. max 10.6+2.6b 1.3+0.4dfh 8.7+1.5 -35.8+0.1b  -35.9+0.3b
Soy/Wh _ 207.0+6.9f(
T. aestivum 13.3+1.3I 9.6+1.0ce 1.4+0.1 -40.3x0.1c  -38.8%0.2a
H.annuus 28.9+1.7: 2.9+0.4ah 10.3+1.° -39.0+0.0ad -38.8%0.1a
Sun/Soy/Wt  G. max 5.0+1.1c 1.2+0.3f 4.1+0.5 -36.1+0.3b  -35.6+0.2b 172.4+5.5bce
T. aestivum  7.7+0.4bc 7.8+0.8eg 1.0+0.2 -40.2+0.lac -38.3+0.2a

! dry weight per pot divided by two because twovitiial plants were grown in these pots.
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The legume soybean showed consistently higher Moobncentrations than the non-

legume species (Fig. 11.2/1). The N concentratiébrthe@ wheat roots increased when

grown in combination with soybean compared to tiheat monoculture. However, the

root N concentration of sunflower was approxima®&lsng N g, regardless of treat-

ments and did not increase with a neighboring saiybe

Because of plant uptake, the mineral N ¢NH NO3) content in the soil was roughly

one order of magnitude lower for all planted treatits compared to the unplanted con-

trol at harvest (Fig. 11.2/1C). There were no siigaint differences in soil mineral N

content between any planted treatments.
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Figure 11.2/1: N concentration
(xSEM) of A: shoots (N=4 for
the monocultures; N=6 for the
mixtures) and B: roots (N=4 for
the monocultures; N=3 for the
mixtures). C: soil mineral N

(NH;" + NO3) (N=4 for the mo-

nocultures; N=3 for the mix-

tures). Bars followed by the same
lowercase letter are not signifi-

cantly different at P=0.05.
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2.3.2 COq; efflux partitioning

The contributions of SOM- and root-derived sourtcettal soil CQ efflux were calcu-
lated based on a linear two source isotopic mixivagel (Fig. 11.2/2). Since th&"*C
values of the roots differed among the speciesl€ll2/2), we assumed that the rate of
root-derived CQ@ per unit of root dry weight for each species wastame in monocul-
ture and in all mixtures in order to calculate species-weighed@'3Croor—prrivep Of

the mixtures (Dijkstra et al., 2010). A significgmbsitive correlation (R?=0.86, N=12,
P<0.001) between root-derived €&nhd root biomass of the monocultures measured at
T2 actually supported this assumption (data noivsio

Root-derived CQvaried between the treatments at T1 as well a2 aprobably due to
varying root biomass (as indicated for T2 in Tdht@/2) (Fig. 11.2/2A). A species effect
was detected with low rates of root-derived, GDT1 for the soybean and high rates for
the sunflower monoculture. A combination of soybead wheat resulted in a low rate
of root-derived C@ At T2 wheat showed a very high rate of root-dedi\CQ when
grown in monoculture, mainly because of its higbtdsiomass (Table 11.2/2). The spe-
cies composition effect was mainly influenced by inesence of wheat, leading to high
rates of root-derived COWhen comparing T1 with T2, the root-derived Q{@creased
for the sunflower and soybean monoculture as wselfioa the mixture of both species
(Sun/Soy). In contrast, the root-derived £gnificantly increased for the wheat mo-
noculture and the Soy/Wh treatment. The Sun/Wh&undSoy/Wh treatments did no
differ significantly between T1 and T2.

SOM-derived CQ did not differ between the planted treatments ht(Fig. 11.2/2B).
Likewise, there is no statistically significant féifence between the planted treatments
in SOM-derived CQ@at T2 with the exception of the Soy/Wh treatmdrdveing higher
values of about 15 mg C dag soil* compared to Sun/Soy and Sun/Wh mixtures, the
sunflower monoculture and the unplanted control.ewhomparing T1 with T2 SOM-
derived CQ decreased significantly for the Sun and the Sunif@étment but increased
for the Soy/Wh treatment. No statistically sigraint differences between T1 and T2
could be observed for the other treatments.
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Figure 11.2/2: Root-derived (A) and SOM-derived £B) (xSEM) at T1 and T2. Sig-
nificant differences between T1 and T2 within atneent are presented as t: P<0.1 and
*: P<0.05. Bars followed by different lowercasetdes indicate significant differences
between the treatments at T1 (P<0.05). Signifideif¢rences between the treatments at
T2 are marked by different uppercase letters (F08=4 for the unplanted soil and

the monocultures; N=6 for the mixed cultures.

2.3.3 Rhizosphere priming effect

All planted treatments resulted in stimulation & decomposition and hence, we
found a consistently positive RPE (Fig. 11.2/3).eTprimed C at T1 ranges from 60% of
SOM-derived CQ of the unplanted control for the Soy treatment9&% for the
Sun/Soy/Wh treatment. At T2 the values showed adworange from 43% of SOM-
derived CQ of the unplanted control for the Sun treatmeniL36% for the Soy/Wh
mixture. The RPE did not differ significantly beterethe planted treatments at T1 (Fig.
[1.2/3). However, at T2 the Soy/Wh treatment showeslgnificantly higher RPE com-
pared to Sun/Soy and Sun/Wh mixtures and sunflom@noculture. When comparing
T1 with T2 no significant difference in the RPE twbbe detected for most treatments,
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except that the Soy/Wh treatment showed a sigmifigdnigher RPE at T2 compared to
T1, and that the RPE decreased significantly fer shnflower monoculture and the
Sun/Wh treatment from T1 to T2.
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Figure 11.2/3: Rhizosphere priming effect (tSEM)adated for T1 and T2. Significant
differences between T1 and T2 within a treatmeet @esented as 1: P<0.1 and *:
P<0.05. Bars followed by different lowercase letténdicate significant differences
between the treatments at T1 (P<0.05). Signifideifd¢rences between the treatments at
T2 are marked by different uppercase letters (F0Bor the monocultures N=4, for

the mixed cultures N=6.

2.3.4 Effect of inter-species interactions

The observed RPE was compared to an expected eallcidated for the mixtures (Fig.

I1.2/4). The expected RPE was always slightly higbempared to the observed, but
significantly higher only for the Sun/Wh treatmémable 11.2/3).Modulations of RPE

by plant inter-species interactions were speciidhte plant species composition and
tended to inhibit the RPE. However, the replicatethe treatments showed high varia-
tions. All combinations that contained the legurmgb&an did not show a significant
effect of inter-species interactions on the RPEgsstng that available N may be an
important factor modulating RPE. In contrast tat thiae rhizosphere induced decompo-

sition of SOM was significantly inhibited when grimg sunflower and wheat together.

Similar to the RPE we estimated the effect of plater-species interactions on MBC,
Nmin @and root-derived COby comparing the observed values with the expectbakes
(Table 11.2/3). The MBC was negatively affectedrixed-cropping with the exception
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of the Soy/Wh treatment where no influence couldliécted (Table 11.2/3). A signifi-
cantly negative effect on J\, by mixed cropping occurred for the Sun/Soy and the
Sun/Wh treatments. Root-derived £@as also significantly and negatively affected by

most mixed-cropings (Table 11.2/3).
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Figure 11.2/4: Observed and expected RPE (xSEM)niBcant differences between the

observed values are marked by different uppercatserd (P<0.05). Bars followed by
different lowercase letters indicate significanffetences between the expected RPE

(P<0.05).

Table 11.2/3: Observed minus expected values (xtSEBMRPE at T2 (N=6), MBC
(N=3), mineral soil N (N=3), and root-derived £M=6).

Observed minus expected values (xtSEM)

Treatment RPE MBC Nmin Root-derived CO;
[mg C day® [mg C kg soi™] [mg N kg soi?] [mg C day™
kg soil] kg soil]
Sun/Soy -1.1+£0.9 -21.6 £+10.1t -3.5%0.3* -0.9+0.7
Sun/Wh -7.4+£1.0* -747+21.9* -54+0.7* -14.4 +£1.8*
Soy/Wh -0.3+04 -4.1+12.6 -1.3+£0.7 -4.8+1.2*
Sun/Soy/Wt -3.2+1.9 -84.3+15.6* 05%0. -6.6 £ 2.4*

* Significant difference from zero: P<0.05Significant difference from zero: P<0.1.
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2.4 Discussion

2.4.1 Plant species and plant phenology effects on the EP

The type of plant species did not significantlyeatfthe RPE on SOM decomposition,
as shown by the similar RPEs of the monoculturésg. (F2/3). Even after normaliza-

tion for root dry weight, an equivalent RPE was suead for the monocultures despite
slight variations in the root biomass per pot (dabtd presented). However, the high
variability between the replicates of one treatm@nhflower monoculture) might have

masked the differences between plant species afffi@.absence of significant plant

specific differences seemed contradictory to recesults which revealed a species spe
cific effect on the RPE (Fu and Cheng, 2002; Cheirg., 2003). Fu and Cheng (2002)
reported a stronger priming effect under soybeaN;-fixing plant, compared to sun-
flower. A more pronounced RPE of soybean was alsteaed compared to wheat
(Cheng et al., 2003). However, both studies contptdre cumulative primed C over the
whole growing period, which was, with more than d#ys, much longer than in our
experiment. When considering only the first £&€pping during the vegetative growth
stage, the previous studies did not detect angteffethe plant species on RPE either.
During the early stages of plant development, etagjaas a source of easily available
C, may stimulate the growth and activity of rhizeege microorganisms resulting in an
increased rate of SOM decomposition (‘Microbialiation hypothesis’ Kuzyakov,
2002; Cheng and Kuzyakov, 2005). At later staggdarit development, other mechan-
isms controlling the RPE may gain increasing sigarice, such as the competition be-
tween roots and microorganisms for mineral N whichy explain a negative RPE
(‘Competition hypothesis’ Dormaar, 1990; Kuzyakd®002; Cheng and Kuzyakov,
2005).

Therefore, the plant age itself governs the amotiptimed C in the rhizosphere due to
changes of the exudation intensity with the grostiiges (Kuzyakov, 2002; Cheng et
al., 2003). The stage of plant development contélganslocation belowground, in
addition to the type of plant species (Kuzyakov @wimanski, 2000). Young plants
translocate more carbon to the roots, whereas pldets preferably allocate the newly
assimilated C to the shoots (Keith et al., 1988egory and Atwell, 1991; Palta and
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Gregory, 1997) thus, leading to reduced C inputsrpet biomass into the soil via ex-
udation at older stages (reviewed by Nguyen, 200&). found significantly higher
(P<0.1) root-derived C@of the sunflower and the soybean monoculturebavegeta-
tive stage (T1) compared to the flowering stage @ig. 11.2/2). In contrast, wheat was
still at the vegetative stage at the second €&pping and showed a strong increase of
root-derived CQ as compared to the first G@rapping (Fig. 11.2/2). It has been re-
ported that the rhizodeposition of annual plantsdased until the end of tillering be-
cause the decrease of the exudation intensity agthis, at this stage of development,
slower than the root growth (Kuzyakov, 2002). Hoeewe found no phenological
effect of wheat on the amount of primed soil C (Fig/3), likely because an increased
nutrients uptake intensifies the competition betwesots and microorganisms. In an
experiment where the plants had developed ovengeloperiod, a strong reduction of
RPE after flowering of wheat has been reported (Qhet al., 2003). We detected a
phenology effect on RPE only for sunflower (Fig2I8). The priming for sunflower
was lower (R0.1) during flowering compared to the vegetativegst likely due to a
higher need of assimilates for flower developmertt hence, a lower C allocation be-

lowground.

2.4.2 Plant inter-species interactions modify RPE

The RPE was consistently positive for all planteshtments (Fig. 11.2/3). The increase
in the SOM decomposition rates in the planted meats was likely induced by inputs

of organic substances via rhizodeposition, whidierostimulate, as a source of easily
available C, the growth of microorganisms in theaobphere (Kuzyakov, 2002; Cheng
and Kuzyakov, 2005). Moreover, it could be assummatl with higher species richness
the types of organic compounds released by plamésthe soil might have increased.
This would further stimulate the microbial biomassl its activity, resulting in a greater
diversity of extracellular enzyme production whgaibsequently contributed to positive
priming (Hooper et al., 2000; Spehn et al., 200@pBan et al., 2000; Fontaine et al.,
2003; Dijkstra et al., 2010). Our results partlygaort this line of reasoning since all

planted treatments generally resulted in higherabial biomass C than the unplanted
control, and the two-species mixtures showed highBC values than the monocul-

tures. However, the three-species mixture has |oMBC compared to the Sun/Wh

treatment (Table 11.2/2).
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Our results indicate that plant inter-species axteons can significantly modify the
rhizosphere priming effect on SOM decompositionb{€all.2/3) with a tendency of
reducing the root-biomass-adjusted RPE than whaltldoe expected from their mono-
cultures. A similar trend was also reported forefisemi-arid grassland species when
grown in mixture compared to monocultures even glhono significant treatment dif-
ferences could be detected because of their higarewental variability (Dijkstra et al.,
2010). Plant species may differ in their nutrieatjasition. More diverse plant com-
munities may better utilize limited resources sashavailable N (Tilman et al., 1996;
Hopper and Vitousek, 1997). Hence, the plant-miedobompetition, especially for
mineral N, may increase with higher plant diversésding to partial reduction of mi-
crobial activity, which is accompanied with a dexe of the RPE (Dijkstra et al.,
2010).

We suggest that the competition hypothesis apfdiethe mixture containing sunflow-
er and wheat, the only treatment where a signifigdower root-biomass-adjusted RPE
was observed than expected (Table 11.2/3). Thisiither supported by the lowerN
content of the Sun/Wh treatment than expected €THIR/3). An increasing competi-
tion for mineral N between roots and microorganismesy also cause the lower ob-
served microbial biomass C compared to the expe(iable 11.2/3). Moreover, the
decreasing Ni, content with time was accompanied with the redugBdE at T2 com-
pared to T1 (Fig. 11.2/3), despite the fact that thot-derived Cg reflecting exudation
intensity, remained constant (Fig. 11.2/2). On ttker hand, root-derived Gvas also
significantly influenced by mixed cropping for ateatments containing wheat (Table
[1.2/3). Therefore, the intensified competition faineral N and the lower than expected
exudation intensity together suppressed the RPteofSun/Wh mixture compared to
the monocultures. However, the exact mechanismséehese findings remain un-

known.

Our results demonstrated for the first time thaxedicropping of typical agricultural
plants may reduce the decomposition of SOM comps&reaionocultures. Generally,
this result indicates that on a longer-term C gfenamay be reduced through the cultiva-
tion of plants in monocultures. However, it hadtoconsidered that the RPE strongly
depends on soil properties, mainly on the organan@ mineral N content (Kuzyakov,
2002; Cheng and Kuzyakov, 2005). Agricultural saile characterized by low contents

84



Effect of plant inter-species interactions on RPE

of decomposable C and high mineral N contents tiirdfertilization. It was hypothe-
sized that microorganisms, not limited in N, cantslwvfrom the decomposition of SOM
to the decomposition of rhizodeposits which prowedsily available energy and C for
microbial activity and growth (Kuzyakov, 2002; Clgeand Kuzyakov, 2005). Thus,
RPE in agricultural soils are largely controlled thys preferential substrate utilization
(Kuzyakov, 2002). However, rhizosphere priming w#lin increasing importance in the
future in the context of sustainable agriculture anganic farming. The shift towards
systems with a low external input of fertilizercreases the dependence of plants on
nutrient release from SOM due to RPE (Paterson3200

Apart from the agricultural point of view, intereges interactions have implications on
C and N cycling in natural ecosystems with highnpldiversity, not only through al-

tered productivity and litter inputs but also thgbualtered RPE. The reduced priming
measured in this study may contribute to a longitrcrease in SOC in mixed cultures

compared to monocultures.
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2.5 Conclusions

During the early stage of plant development the RRE not specific to the plant spe-
cies and was positive for all planted treatmente modulation of RPE by plant inter-
species interactions was specific to the speciagosition. The RPE was significantly
reduced for the sunflower-wheat mixture comparethéomonocultures. Our data pro-
vided clear evidence that plant species composdftects the RPE. Future research is
needed to identify mechanisms and clarify the aflénter-species interactions, espe-

cially among plant functional groups, on RPE.
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Effect of limited photosynthesis on the allocatafrstored C

Abstract

Photosynthesis of higher plants drives carbon (©raion belowground and controls
the supply of assimilates to roots and to rhizosplngicroorganisms. To investigate the
effect of limited photosynthesis on C allocatiogdistribution and reutilization in plant
and soil microorganisms, perennial grastium perenne and legumeMedicago sativa
were clipped or shaded. Plants were labeled witeftiC pulses to trace allocation and
reutilization of C assimilated before clipping drasling. Five days after the la$t
pulse, plants were clipped or shaded and the @aland*‘CO; efflux from the soil
was measured’C in above- and belowground plant biomass and sillk rhizosphere

soil and microorganisms was determined 10 days effging or shading.

After clipping, 2% of the total assimilatédC originating mainly from root reserves
were detected in the newly grown shoots. This epwaded to a translocation of 5%
and 8% of total“C from reserve organs to new shootd. operenne andM. sativa, re-
spectively. The total COefflux from soil decreased after shading of bd#@mpspecies,
whereas after clipping, this was only true foperenne. The**CO, efflux from soil did
not change after clipping of both species. An iaseel**CO, efflux from soil after
shading for both plants indicated that lower adsition was compensated by higher

utilization of the reserve C for root and rhizonoicial respiration.

We conclude that C stored in roots is an importactior for plant recovery after limit-
ing photosynthesis. This stored C is importantdiooot regrowth after clipping, whe-
reas after shading, it is utilized mainly for mamance of root respiration. Based on our
results as well as on a review of several studre€aeutilization for regrowth after
clipping, we conclude that because of the high ggnelemand for nitrogen fixation,
legumes use a higher portion (9% to 10%) of st@ddr regrowth compared to grasses
(5% to 7%). The effects of limited photosynthesisrevof minor importance for the
exudation of the reserve C and thus, have no effiethe uptake of this C by microor-

ganisms.
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Keywords: Carbon allocation and partitioning, isotope labgligrazing effects, assimi-
late reutilization, shoot regrowth, GQ@ources, photosynthesis reduction, rhizosphere

processes.
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3.1 Introduction

Belowground translocation of carbon (C) by plamd &s turnover in soils are impor-
tant processes affecting the global C cycle. Thue last decades, many studies have
investigated the distribution and dynamics of adates in the plant-soil system, their
utilization by microorganisms and contribution tarlson dioxide (C@ efflux. It has
been shown that pasture plants translocate 30%% & assimilated C belowground.
Approximately half of this C is incorporated inteetroot biomass, 12% remains in the
soil and microbial biomass, and 36% is respireddmts or microorganisms, whereby
about 5% of the fixed C is respired by mycorrhighshnson et al., 2002; Kuzyakov and
Domanski, 2000; Leake et al., 2006). Roots conteil30% to 70% of the soil Gf-
flux (Schlesinger, 1977; Subke et al., 2006), whgcthe second largest C flux in terre-
strial ecosystems and accounts for 60% to 90% adystem respiration (Goulden et al.,
1996; Longdoz et al., 2000). Rhizodeposition israportant driver for many processes
in terrestrial ecosystems, such as nutrient avéitiabor plants, activity and turnover of
microbes (Blagodatskaya et al., 2010) in additionturnover of soil organic matter
(Merbach et al., 1999).

The belowground translocation of recently assirada€C is a very rapid process. The
highest exudation rate of photosynthates by wheeatisris reached 2 to 3 hours after
fixation, declining to a third of the maximum affehours (Dilkes et al., 2004). Also for
the grassNardus stricta a fast transport of recent assimilates to soil B has been
reported (Johnson et al., 2011). In a tree girdergeriment, a large decrease in soil
respiration was observed after disrupting assimitednsport to the roots (Hogberg et
al., 2001). These studies indicate that currentgeymthesis and the supply of recent
assimilates to roots are the main drivers for rtiegmsition and soil respiration (Kuzya-
kov and Gavrichkova, 2010). Thus, any alteratioremvironmental factors affecting
photosynthetic activity, and thereby influencingaidability of recent assimilates, is
assumed to influence fast C pools and fluxes afitplierived C, such as dissolved or-
ganic matter, soil COor microbial biomass. Defoliation by grazing (Daegl et al.,
1979) and shading are factors that reduce theopiiothesis rate due to lower leaf sur-
face areas and less available light, respectivtlyas been shown that defoliation in-

creases the sink strength of regrowing leaves tielefore, reduces C allocation be-
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lowground (Detling et al., 1979; Mackie-Dawson, 2990n the contrary, Holland et al.
(1996) found a positive relationship between herlyivand belowground C allocation
for Zea mays. Defoliation by grazing affects plant biomass and respiration, depend-
ing on the grazing intensity, history and compositdf vegetation (Cao et al., 2004;
Milchunas and Lauenroth, 1993). Thus, grazing mamamt can play an important role
in C economy of grasslands.

Less is known about the effect of shading on tliestebution of C reserves. A rapid
reduction of C reserves under low light conditiahge to limited C supply has been
observed (Merlo et al., 1994). Low light intensiiigcreased the root-to-shoot ratio (R:S)
of Zea mays (Lambers and Posthumus, 1980), whereas an increaseobserved for
Lolium perenne (Hodge et al., 1997). To compensate temporarytdanphotosynthesis
by defoliation or shading, plants are able to strélthough both defoliation and re-
duced light intensity lead to reduced assimilatibms assumed that because of the re-
moval of plant biomass caused by defoliation, thaye different impacts on the redi-
stribution of stored C and thus on the C input thi soil and the C availability for soil

microorganisms.

C allocation in plant and soil is also affectedgbgnt properties. During plant develop-
ment, the portion of C stored in shoots increalsegling to a decrease in belowground
translocation (Gregory and Atwell, 1991; Keith adddes, 1986; Meharg and Killham,
1990). Furthermore, C allocation patterns diffetwsen plant species. The relative be-
lowground translocation of C of perennial plantdigher compared to annual plants.
This indicates a higher C storage in roots of paarplants, whereas annual plants
allocate more C in aboveground parts, especialaingr (Kuzyakov and Domanski,
2000). Warembourg et al. (2003) investigated than@lit into the rhizosphere of 12
Mediterranean plants. They found significant spedependent differences in the be-
lowground allocation of assimilated C, with porsomanging from 41% to 76%. Among
functional plant groups, legumes use the highepbion for rhizosphere respiration
compared to grasses and especially to non-legums f@varembourg et al., 2003).
This is because of the high energy requirementcandequently high C demand fog N
fixation by symbiotic rhizobia (Philips, 1980). Esations give evidence that about 6
mg of C are necessary to fix 1 mg of nitrogen (Mar{ce and Heichel, 1991). The res-

piration losses tied to Nfixation can account for up to 70% of total roespiration
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(Witty et al., 1983). Thus, because of the highoSts for N fixation, we hypothesized
that changing rates of photosynthesis provokeedifit effects between a legume spe-
cies Medicago sativa L.) and a non-legume specidljum perenne L.) regarding the

distribution of assimilates.

Using repeated’CO, labeling of two plant specieb). sativa and aL. perenne, we in-
vestigated how defoliation (simulated grazing) ahdding affected C allocation within
the plant, belowground C translocation and rewtilon of stored C. The specific ques-
tions were:

(1) How does clipping and shading affect biomass proda@nd*C distribution

between various pools?
(2) Which plant parts provide C for growth of new sisoalter clipping?

(3) How does limited photosynthesis after clipping loading alter the redistribu-

tion of stored C in plant, soil, microorganisms @od CG,?

(4) Do clipping and shading induce different respongls respect to the redistri-

bution of stored C in the plant and soil pools?
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3.2 Materials and Methods

3.2.1 Soil properties and plant growing conditions

Plants were grown on an arable loamy haplic LuviksMeloped on loess. This soil was
collected near Gottingen (Germany, 51°33°36.8""'N§3¥6.9"°E) from the upper 10

cm of the Ap horizon. The basic characteristicthefsoil are shown in Table 11.3/1.

Seeds of ryegrass dlium perenne L.) and alfalfa Kedicago sativa L.) were germi-
nated on wet filter paper in Petri dishes. Aft€iVb sativa) and 8 daysL(. perenne), the
seedlings were transferred to pots (inner diamétan, height 20 cm), each filled with
700 g of air-dried, sieved<(2 mm) soil. FoM. sativa, each pot contained 3 plants and
for L. perenne 5 plants, because of the lower biomask.gferenne. In total 12 pots per
plant species were prepared for the experiment.pbte were closed with a plastic lid
with holes for shoots. The plants were grown attd628°C day temperature and at 22°
to 23°C night temperature with a day-length of 14rd a light intensity of approx-
imately 211umol m?s®. Thus, the cumulative daily radiation was appraagety in the
range of field conditions. The soil water contersswneasured gravimetrically and ad-

justed daily to 70% of the available field capacity

Parameter Value

Niot (Mg ¢%) 1.200

Corg (Mg ¢%) 11.700

C/N 9.76

NOs (mg g% 0.083

P (mg ¢ 0.160 Table 11.3/1: Basic characteristics of the soil
S (mg gl) 0.009 sampled from the Ahorizon of a haplic Luvi-
CEC (mmo} kg™ 108.000 sol near Géttingen (Germany) (Kramer et al.,
BS (%) 99.700 2012). CEC: Cation exchange capacity; BS:
Texture Base saturatian

clay/silt/sand (% w/w))  7.0/87.2/5.8

pH (H0) 6.600 Texture according to the German classifica-
pH (CaCh) 6.000 tion system.
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3.2.2 'C labeling procedure

Repeated“C pulse labeling was used to evaluate C reutibsatind C input into the
soil. All plants of one species (12 pots) were labesimultaneously in ¥CO, atmos-
phere on days 35, 40 and 45 after planting. Thebé&yre the first labeling, holes in the
plastic lids were sealed around the shoots witbosie paste (NG 3170, Thauer & Co.,
Dresden) and checked for air tightness. For labelime plants were placed in an acryl
glass chamber. The chamber and the labeling tecbréme described in detail else-
where (Werth and Kuzyakov, 2008). Briefly, the cli@mwas connected by tubing with
a flask containing 10 ml of diluted MACO; (ARC Inc., USA) solution with 1.67 MBq.
14c0, was released into the chamber by adding 3 mIMf15,S0, to the labeling solu-
tion. Plants were labeled during 3 hours in /@0, atmosphere. Thereafter, the air
from the chamber was pumped through 15 ml of 1 MDNaolution for 2 hours to trap
the remaining unassimilatédCO,. Finally, plants were removed from the chamber and
grown under normal conditions until the né%€0, pulse.

3.2.3 Clipping and light reduction

Both plant species were subjected to reduced tighktipping 5 days after the 1a$C0,
pulse because it was assumed that after this paheddistribution of assimilated C
between above- and belowground pools was mostlypt=ien(Domanski et al., 2001).
Consequently, the translocats€ found in the various pools after shading or dtigp
was considered as remobilized reserve C. This iagmeement with Danckwerts and
Gordon (1987) who found that assimilaté@ reached its final destination within 4 to 6
days and termed th#§C as reserve C. For clipping, the shoots were arh4bove the
soil surface fol.. perenne and 8 cm foM. sativa. We used 4 replicates for each spe-
cies. Different clipping heights were applied tdiave a similar stubble biomass of
both plant species. Subsequently, plants contiguedth under normal conditions. For
shading, 4 planted pots of both species were exiptise reduced light intensity of
about 17umol mi2 s for 10 days. In addition, 4 pots per species vkeygt under nor-
mal conditions and used as controls with untreptadts (no reduced light and no clip-
ping). All pots, including the controls, were hasted 10 days after the clipping or the
beginning of light reduction.
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3.2.4 Sampling

At harvest, aboveground biomass of all treatmerds divided into 'shoot’ (biomass
above the cutting height of 4 cm or 8 cm) and lsieildbiomass between cutting height
of shoots and soil surface). Furthermore, the shobthe clipped plants were divided
into ‘clipped shoots' (the shoots already cut Ssdaffer labeling) and ‘regrown shoot'
(the shoots cut at harvest). Roots were separeted the soil by tweezers. To separate
rhizosphere soil and bulk soil, the roots werehtligshaken and the remaining soil at-

tached to the roots was accepted as rhizosphdre soi

To determine the impact of clipping and shadindghendynamics of soil C£efflux, the
soil air was trapped in 15 ml of 1 M NaOH solutibp pumping with a membrane
pump. Sampling of COstarted directly after the firsfCO, pulse. The NaOH solution
was changed 3 times after each labeling (day hd3aafter each labeling) and 6 times
after clipping or the beginning of the light redoat (day 1, 3, 5, 6, 8 and 10 after the

treatments).

3.2.5 Sample analysis

All plant and soil samples were dried at 65°C fata¥s, weighed and ground in a ball
mill. Prior to liquid scintillation counting (LSCipr **C analyses, the solid samples (50
mg of plant material, 500 mg of soil) were combdstean oxidizer unit (Feststoffmo-
dul 1300, AnalytikJena, Germany) at 900°C. The, @&eased during combustion was
trapped in 10 ml of 1 M NaOH. 2 ml aliquots of tReOH solution were mixed with 4
ml of the scintillation cocktaiRotiszint Eco Plus (Carl Roth, Germansfter decay of
chemiluminescence, théC activity was measured by means of LSC (LS 6500iMu
Purpose Scintillation Counter, 217 Beckman, USA)e T*C activity of *CO, trapped
in NaOH solution during the experiment was measimetl ml aliquots added to 2 ml
scintillation cocktail Rotiszint Eco Plus (Carl RotGermany) after decay of chemilu-
minescence. ThE'C measurements were carried out with an LSC (MietaBrriLux,
205 Perkin Elmer Inc., USA). The total C contenttriapped CQ@ was determined by
titration of the NaOH solution with 0.01 M HCI agat Phenolphthalein after addition
of 1.5 M BaC} solution.
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Total C and"C incorporated into the microbial biomass in th&Iswil and rhizosphere
soil during the experiment were analyzed by therdfibrm-fumigation extraction me-
thod (CFE) (modified after Vance et al., 1987). 6fdresh soil were extracted with 20
ml of 0.05 M K.SQ, solution. Another 5 g of soil were first fumigateith ethanol-free
chloroform for 24 hours and then extracted in thme way. Both extracts were shaken
for 1 h at 200 rpm and then centrifuged for 10 @ir3070 rpm. The extracts were fro-
zen until analysis of total C arftC. The total C content in the extracts of the fuategl
and unfumigated soil samples was measured using/@ranalyzer (Multi N/C 2100,
AnalytikJena, Germany). TH&C activity of the extracts was measured by mearanof
LSC (LS 6500 Multi-Purpose Scintillation Countef,72Beckman, USA) as described

for plant and soil material.

3.2.6 Calculations and statistics

The“C activity in shoots, stubbles, roots, bulk sdiizosphere soil, microbial biomass
and in CQ efflux are presented as percentage of total reeohéC. Specific’C activi-
ties are expressed as kBgdyy weight for shoots, stubbles, roots and soilfgas) and
as kBq @ C for CQ and microbial biomass. The total C &dfi@ in microbial biomass
was calculated by dividing the microbial C flushff@ence between extractable C from
fumigated and unfumigated soil samples) with-aftactor of 0.45 (Wu et al., 1990).

The experiment was conducted with 4 replicatesafbtreatments. All results are pre-
sented as mean values with standard errors of gannif the standard error exceeded
the mean by more than 10%, the replicate with thkdst deviation was not considered.
Significances between the treatment and the plaatiss were obtained by a two-factor
analysis of variance (ANOVA) in combination withpast hoc Newman-Keuls test as

least significant differences between the mean®(LF5<0.05).
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3.3 Results

3.3.1 Plant biomass production

Plants ofM. sativa produced significantly more shoot biomass as aelstubble bio-
mass compared to. perenne (Fig. 11.3/1). Only after shading the stubble bianavas
the same for both plant speci®. sativa had slightly higher root biomass compared to

L. perenne, resulting in a slightly higher R:S ratio hyperenne (Table 11.3/2).
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Figure 11.3/1: Aboveground and belowground plant nrass (xSEM) of 60 days old
perenne andM. sativa 10 days after clipping or shading. LSD values (BSpare pre-

sented as whisked segments.
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Table 11.3/2: Root-to-shoot (R:S) ratio (xSEM) bf perenne and M. sativa 10 days
after clipping and shading. The statistical analyskbowed no significant differences

between the results.

R:S ratio

Lolium perenne  Medicago sativa

Control 1.12+0.06 0.85+0.25
Clipping 1.00+0.60 0.61+0.10
Shading 1.23+0.14 0.84+0.12

Clipping caused an increase in shoot biomass (imjuclipped shoots) ofl. sativa
after 10 days of regrowth. These results indicastetr regrowth oM. sativa compared
to L. perenne. For the stubble biomass, a significant decredts elipping was ob-
served only forL. perenne, while there was no change fbt. sativa. Shading for 10
days reduced the biomass of the stubbles of baift gpecies (Fig. 11.3/1). The amount
of root biomass showed no significant differencesveen the different treatments, and
thus, also the R:S ratio was unaffected (Tabl€2).3

3.3.2 Distribution of *C in plant and soil pools

The amount of C allocated into shoots, stubblestsyabulk soil and rhizosphere soil
was determined as percentage of t5¥@lrecovery and a$C specific activity. Thé“C

specific activity of a pool allowed comparison ofaflocation with respect to the pool
size, while'C recovery within this pool showed the allocatidrtatal C after the start

of labeling and thus reflected the effect of clippand shading.

About 50% of the recoveredC was found in the aboveground biomass for bothtpla
species (Fig. 11.3/2). Except for the control planwhere thé*C recovery in the shoots
was higher folM. sativa thanL. perenne there was no difference in the shét& recov-
ery between both plant species. Ff@ recovery in the roots reached about 20%Mor
sativa and, depending on the treatment, between 6% and fd5%. perenne (Fig.
11.3/2). **C recovery for the stubbles was nearly identicallfoth species as well as
between the treatments and ranged from about 10%%®
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Translocation of reserve C to newly grown shootsraflipping was measured BiC in
the regrown shoots. The reserve C used for shapoweh contributed about 2% of
total “C recovery for both plants. After clipping, theraswo significant change fC
recovery and“C specific activity in the stubbles and in the sofiig. 11.3/2 and 11.3/3).
However, a relativé’C decrease in the roots lofperenne was observed, indicating that

roots are a probable source of reused C reserarscipping.
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Figure 11.3/2:*C recovery (+SEM) in the above- and belowgrounapfzarts 10 days
after clipping or shading of 60 days dldperenne andM. sativa presented as portions

of **C recoveries. LSD values (P<0.05) are presentechisked segments.

There was no effect of shading on tH€ recovery as compared to the controls (Fig.
[1.3/2). However, due to lower amounts of abovegibiomass (Fig. 11.3/1) and a low-
er assimilation of new C compared to plants growden control conditions:’C specif-

ic activity of the stubble and shootslofperenne grown under reduced light was higher
than under normal light conditions. Hgk sativa, however, this increase was only ob-

served for the stubbles (Fig. 11.3/3). There waschange in théC specific activity in

roots.
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In the control and the shaded plants, higher postiof *’C were recovered in the rhi-
zosphere ofL. perenne compared toM. sativa (Fig. 11.3/4A). Clipping and shading

showed no significant effects dfC recovery in the soil pools of both plants comgare
to their respective control plants (Fig. 1.3/4BC recovery and specific activity in the
microbial biomass was similar for both plant spec@®ad was unaffected by clipping
and shading (Fig. 11.3/4A).
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Figure 11.3/3:*C specific activity (+SEM) of aboveground and bedpaund plant parts
for different treatments 10 days after clippingsbading. LSD values (P<0.05) are pre-

sented as whisked segments.
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Figure 11.3/4*C recovery (+SEM) in soil (A) and microbial bioma@) underL. pe-
renne and M sativa 10 days after clipping or shading. LSD values (BSD are pre-
sented as whisked segments. Soil of shddeperenne was completely rooted and

therefore no data for bulk soil are available.

3.3.3 Total CO, and **C efflux from soil

The cumulative C@ efflux from soil underL. perenne was highest for the control
treatments (Fig. I1.3/5A). The reduced availabilifyassimilates after clipping or shad-
ing decreased the G@fflux, with a larger decrease after clipping. Rbrsativa, soil
CO, efflux was also reduced after clipping or shadfRrg. 11.3/5B). However, after
clipping this was only observed for 5 days andraf@ days, it reached the same level
as that of control plants. The lowest amounts df G0, for M. sativa were observed
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after shading. Comparing both plant species, tetdl CO, efflux was higher foM.
sativa than forL. perenne.

The percentage dfC recovery in the CQefflux increased in response to clipping un-
der L. perenne, whereas it showed no significant change afteuged light (Fig.
11.3/6A). *C specific activity, calculated as mean of the tibeéween the beginning of
treatment and harvest, was higher undlersativa than undetL. perenne for clipped
plants and shaded plants (Fig. 11.3/6B). Clippingreased thé*C specific activity of
the soil CQ efflux underM. sativa, whereas there was no effect unteperenne. After
shading, an increase fC specific activity of C@was observed for both plant species.
In contrast to clipping, the remobilization of rese C may play a more important role
in maintaining respiration after shading.
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Figure 11.3/5: Cumulative C-CgLefflux (xSEM) from soil undeL. perenne (A) andM.

sativa (B) beginning after the firsf'C labeling and the effect of clipping and shading o
the CQ efflux.
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Figure 11.3/6:*C recovery (+SEM) in C@efflux from soil underL. perenne and M.
sativa, calculated from the cumulatédC efflux (A), and mean value dfC specific
activity (tSEM) of the soil C@underL. perenne andM. sativa measured from clipping

or shading until harvest (B). LSD value (P<0.05)iiesented as whisked segment.
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3.4 Discussion

3.4.1 C allocation by Lolium perenne and Medicago sativa

The biomass of the aboveground plant parts and nwas higher foM. sativa than for

L. perenne (Fig. 11.3/1). These results are in accordancélie higher’C recovery
found in shoots of the control ®fl. sativa compared td.. perenne (Fig. 11.3/2). The
lower R:S ratio ofM. sativa showed that this legume allocates more C in itsvab
ground biomass, whereas C allocation in rootsghér for the non-legumie. perenne.
This is also supported by the higher spedifi¢ activity of the roots of.. perenne. The
higher **C recovery found in the soil undér perenne compared tdVl. sativa (Fig.
[1.3/4) can be explained by a higher investment operenne for rhizodepositiorsince
an enhanced rhizodeposition leads to increasedenttvailability for roots (Kuzya-
kov, 2002), which is of more importance for nontleges than for legumes. On the oth-
er hand, legumes have higher C costs fofidation estimated as between 4% and 12%
of photosynthesis (Lambers, 1987), resulting irhbrgroot and rhizomicrobial respira-
tion. Thus, the higher soil GCefflux of M. sativa compared to the non-legunhe pe-
renne (Fig. 11.3/5) can be explained by higher root reafion to maintain hfixation.

3.4.2 Redistribution of stored C in plant pools

The results of 28 studies investigating the eftéalefoliation on growth of grasses and
herbs were reviewed by Ferraro and Oesterheld j2008st plant species decrease
their biomass production after defoliation, depeagdon (a) the recovery period after
the last defoliation, (b) the time interval betweksfoliation events and (c) N availabili-
ty. In our study, the aboveground biomass (inclgdilipped shoots) df. perenne was
reduced after clipping, whereas that\dfsativa was increased (Fig. 11.3/1). A trend of
biomass reduction df. perenne roots was observed after clipping because of highe
herbivory tolerance df. perenne compared tdM. sativa (Counce et al., 1984). For her-
bivory-tolerant grass species, defoliation-inducediiction of root growth was a conse-
quence of allocation of assimilates to support shhegrowth (Guitian and Bardgett,
2000). The decreased R:S ratio of both plant spanicated assimilate translocation
from roots to shoots after clipping (Table I1.3*4%: was found in the newly grown

shoots of both species. This is supported by mémgr studies that have labeled grasses
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with **C or**C (Johansson, 1993; Kuzyakov et al., 2002; Morvartfnd et al., 1999).
The *C in the shoot must have been translocated fronstiiebles or roots left after
clipping. The translocation of C is very importdat the growth of new tissue since
91% of the C in these plant parts is derived fraserves (Morvan-Bertrand et al.,
1999). Five and 8% of'C in L. perenne andM. sativa, respectively, were translocated
from storage pools to newly grown shoots. The rahzaltion was, however, too low to
cause significant changes®itC recovery in the stubble or roots. A greater dsstared

C by M. sativa can be explained by a fastgrowth of the new shoots comparedLto
perenne. However, higher*C specific activity in newly grown shoots of perenne
indicated a higher use of stored C related to bgsmacrease compared kb. sativa.
SincelL. perenne is more herbivory-tolerant, it is better adaptedite removal of bio-
mass by means of a higher ability to use reseras Gompared thl. sativa. A trend for
reduced portion of recoverédC was determined in roots &f perenne but not in its
stubbles, indicating remobilization of stored Cnfrooots rather than from the stubble.
In contrast, no difference fC recoveries was observed between clipped andatontr
treatments, neither in roots nor in stubbledMofsativa (Fig. 11.3/2 and 11.3/3). The re-
sults of M. sativa were surprising since no source of ti€ in the new shoot could be
found. However, a decrease in reserve C in thebpdtanslocation to the shoots could
be counterbalanced by a reduced proportion of ves€rin root respiration (discussed

below).

We reviewed several studies focusing on the effectdipping (simulated grazing) on
the portion of C translocated to the newly growah of grassland species (Table
[1.3/3). Legumes use significantly higher portioh @ (10%) for support of the new
shoots as compared to grasses (7%). However, Vimved studies did not allow con-
clusions about the absolute amount of C reutiliragince the amount of stored C was
not measured nor presented. The source of C madilby grasses and legumes for
shoot regrowth was mainly roots (Table 11.3/3). Tieéative amount of translocated
reserve C in newly grown shoots depends on thegetiter defoliation (Briske et al.,
1996). During the first three days after defoliatithe most important C source for the
elongation and maturation zone is stored C (Schmgdd de Visser, 1999). However,
when comparing the reviewed studies, plant spemiesclipping height is more impor-

tant than the time of regrowth.
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Table 11.3/3: Review of sources and amounts of IGcaged in the newly grown shoots

after clipping of grassland species.

Plant Approach Source of Days Clipping C Reference
species retranslocated after height retrans-
C clipping [cm] located
[%0]
Medicago *°C pulse Roots (ta- 30 6 5 Avice
sativa proots, et al., 1996
lateral roots),
Stubble stem
4C pulse Roots 28 5 12 Taetal,
(stubbles were 1990
not measured)
C pulse np* 28 19 Pearce et
al.,1969
4c Stubbles 5 9 Smith and
continuous and Roots Marten,
1969
Repeated Roots 10 8 8 This study
C pulse
Y“Cc +°C Stubbles 23 5 Crawford et
continuous al., 2000
Medicago *“C pulse Atthe begin- 10 Removing 11 Danckwerts
truncatula to a ning stolons of all and Gordon,
single leaf after 5 days meristems 1989
roots and leaves
Trifolium np Removing 5-6
repens of all
meristems
and all,
except two,
leaves
Legumes Mainly roots 9/9.9 Median /
average
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Table 11.3/3 continued:

Lolium  *C pulse Stembases 10 2 Danckwerts
perenne toa (stubbles) and Gordon,
single leaf 1987
Repeated Predominantly 15 4 2.4 -47 Kuzyakov
4C pulse stubbles et al., 2002
3¢ Elongated 28 4 1 Morvan-
continuous leaf bases, Bertrand
sheaths of et al., 1999
stubble
Repeated Roots 10 4 5 This study
C pulse
Panicum *C Crowns and 19 8 Bushby
maximum continuous Roots et al., 1992
Festuca  *C +'C Stubblesand 15 1.5 21 Johansson,
pratensis continuous Root 1993
Agropy- *C Roots 120 6 Warembourg
ron- continuous (stubbles and Paul,
Koeleria were not 1977
association measured)
Grasses Mainly roots 5/6.8 Median/
average

*np data were not presented in the paper.

Shading allows the sole investigation of the eff#fdimited photosynthesis on the redi-
stribution of reserve C, without the effect of @rtslocation to support shoot regrowth,
as is the case after clipping. This study showatl lthw light reduced the amount of dry
matter in aboveground biomass and roots but hagffeot on the R:S ratio dfl. sativa
andL. perenne (Fig. 11.3/1 and Table 11.3/2)This indicates that the C stored in shoots
and roots was used for maintenance proportiontieaveight of the plant parts. A posi-
tive relationship between plant biomass and ligiénsity has also been observed in
many other studies (Lambers and Posthumus, 198§alZ4994). In comparison to
clipped plants, plants grown under low light shoveetigher R:S ratio and tHéC re-

covery in roots was higher after shading foperenne. Thus, clipped plants rely more
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on translocated C for regrowth compared to shadeets'“C specific activity in the
aboveground biomass bf perenne was higher after shading compared to control plant
and clipped plants (Fig. 11.3/3). This is becausedr photosynthesis after shading led
to less dilution of“C by unlabeled assimilates. Adr. sativa, biomass production and
4C specific activity were less affected by shadinmpared td.. perenne. This indicate

a better strategy . sativa to cope with low light conditions.

3.4.3 Redistribution of stored C in soil and soil CQ

Many studies investigated the effect of clippingront exudation, however, with con-
tradicting results. An increase (Hamilton et al002; Paterson and Sim, 1999), no
change (Kuzyakov et al., 2002; Murray et al., 20Ddglorovic et al., 1999) or decrease
(Mikola and Kytoviita, 2002) of exudation after deétion have been noted. These dif-
ferences depend on plant species and methods musked studies (Mikola and Kytovii-
ta, 2002). Paterson and Sim (1999) measured thaselof total organic C and hypothe-
sized that an increase in exudation after defollatvas a consequence of the remobili-
zation of storage compounds in roots, increasirgg dbncentration of diffusible ex-
udates in the root system. In our study, an ine@ recovery rate, indicating a re-
mobilization of stored C was only found in the dsphere soil undevl. sativa. This is
caused by a higher exudation and/or an increasatdsemescence. However, this was
not found in any of the other investigated soil Isowulk and rhizosphere soil) under
both plants (Fig. 11.3/4A). The increase in totabtr exudation lasts only two days after
defoliation (Paterson et al., 2005), which may expthat no effects were detected 10
days after clipping.

Many authors observed an increase in soil micrdbi@nass after defoliation (Buten-
schoen et al., 2008; Guitian and Bardgett, 2000 assumed that plants are able to
stimulate rhizodeposition to enhance nutrient adity by promoting the activity of
microbial populations (Blagodatskaya et al., 2(Hamilton et al., 2001; Lambers et al.,
2009. In our study the results of thé&C recovery and th&¥'C specific activity (data not
shown) indicates that there is no effect of cligpon the availability and uptake of

plant-stored C by microorganisms (Fig. 11.3/4B)

Rhizodeposits are an important driver for soil &@lux, as their microbial decomposi-
tion is an important source for soil @Xuzyakov, 2006). After clipping, a decrease in
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total CQ efflux was observed fdr. perenne, confirming the results from previous stu-
dies (Craine et al., 1999; Detling et al., 1979z¥akov et al., 2002). This decrease is
caused by reduced root respiration and microbggiration after clipping (Gavrichkova
et al., 2010) and indicates a strong connectiowédx photosynthesis and soil respira-
tion (Kuzyakov and Gavrichkova, 2010). Lower astation after clipping leads to less
available C for belowground translocation and theduces soil C@efflux. The unal-
tered CQ efflux underM. sativa (Fig. 11.3/5B) by clipping was unexpected. Like
perenne, a lower CQ efflux from soil was assumed due to a lower phgitsesis after
clipping. A high energy demand for,Nixation by legumes may lead to an increase in
root and rhizomicrobial respiration after clippirdiminishing the effect of limited pho-
tosynthesis. Thé’C specific activity of soil C@increased after clipping dfl. sativa
(Fig. 11.3/6). C stored in nodules plays an impotteole in supporting Nfixation after
defoliation of M. sativa (Ta et al., 1990). Thus, in contrastltoperenne, M. sativa
showed increasedC specific activity of the C@efflux after clipping.

In former studies a limited photosynthesis aftetumed light intensity decreases root
exudation (Hill et al., 2007). This leads to a reglliincorporation of exuded C into mi-
croorganisms and decreased microbial growth (Z&$94). In the present study, no
change in thé“C specific activities (data not shown) af€ recoveries of the soil and

microbial biomass were observed (Fig. I1.3/4A, B).

Root respiration and rhizomicrobial respiration aeey closely linked to the supply of
assimilates (Kuzyakov and Gavrichkova, 2010). lasgland, shading reduces the soill
CO; flux by 40% (Craine et al., 1999). Our resultadtiowed a decrease in the £LO
efflux after shading (Fig. 11.3/5). The high¥CO, efflux (Fig. 11.3/6) seems to contra-
dict the decreasing total G@fflux from soil forL. perenne and forM. sativa. This ef-
fect of low light conditions was also observed foneat and maize (Kuzyakov and
Cheng, 2001; 2004). The authors of these studipkieed the effects on the need for
recently assimilated C for maintaining respiratiorgreasing*‘C efflux, and also be-
cause of the reduced photosynthesis, decreasingtddeCQ efflux from soil. Our re-
sults demonstrate that the respired,@@s not only composed of recently assimilated
C but also of translocated reserveC}. Indeed, respiration of old C was closely re-
lated to maintenance, which dominated the respiyatosts when relative growth rate

was low, e.g., after shading (L6tscher et al., 20@hanging respiration regimes (in-
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creased maintenance respiration after shading aecréased growth respiration after
clipping) with their different demands on storeda@d newly assimilated C influence

the relative amount of reserve C in the root reggn.
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3.5 Conclusions

Limited photosynthesis after clipping or shadinggia C allocation in grassland plants.
Shading reduced the total biomass of bottperenne and M. sativa, whereas the re-
sponse to clipping was different between the twecss. While the biomass bf pe-
renne decreased, the biomass Mf sativa increased by regrowth after clippinghe
redistribution of reserve C after clipping was g not only by the lower photosyn-
thesis but also by the C demand for the regrowthes¥ shoots. In particular, clipping
induced a higher demand of reserve C for newly grgwghoots. In contrast, only the
lower photosynthesis, without the regrowth of skpaoletermined the redistribution of
reserve C after shading. The main effect after isigaddas a higher utilization of stored
C for maintaining respiration. These differencedigate that the removal of biomass
after clipping is more important for the translocatof stored C than limited photosyn-
thesis.

The CQ efflux from soil declined by.. perenne after shading. The decrease of the,CO
efflux is more pronounced after clipping comparedshading because of a higher C
demand for the newly growing shoots. Rérsativa, a decrease in soil G@fflux was
observed only after shading but not after clippifilgis indicates that the non-legure
perenne and the legumé. sativa have different mechanisms to cope with clipping.
While L. perenne uses stored C mainly for shoot regrowkh,sativa has also a high C

demand for N fixation compared to the nutrient uptake of nogui@es.

The results show that C storage by plants is a wepprtant mechanism to overcome
stress periods like grazing or limited light avhildy. This C can be useful to recover
from the removal of biomass by supporting the redinoof new shoots or to obtain vital

functions like respiration or the,Nixation of legumes.
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Supplementary material

Table 11.3/4: Statistical analysis (Newman-Keulst}eof significance of treatment ef-

fects (clipping or shading) o¥iC specific activity and*C recovery.

Parameters 4C specific activity 14C recovery
LSD Between df LSD Between df
(P<0.05) MS (P<0.05) MS
Stubble 12.09 55.064 15 2.98 2.8454 13
Shoot 26.53 265.31 15 7.77 25.67 13
Root 27.78 258.44 13 6.94 14.569 12

Rhizosphere

ol 0.04 0.00056 13 9.09 20.652 10
Bulk soil 0.06 0.00042 5 8.73 13138 7
Microbial

biomass 2.21 1.0289 8 4.41 0.82040 11
(rhizosphere

soil)

Microbial

biomass 2.68 0.96122 5 1.73 3.0506 6
(bulk soil)

Belowground —, o4 9.1654 15 2.61 22859 13

respiration
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Table 11.3/5: Statistical analysis (Newman-Keulst}eof significance of treatment ef-
fects (clipping or shading) on plant biomass arel ¢hmulative belowground respira-

tion at the last day of the experiment.

Parameters

LSD (P<0.05) Between MS  df
stubble 0.09 0.00924 14
shoot 0.05 0.5037 17
root 0.45 258.44 13
belowground respiraion  20.30 186.45 18
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Abstract

Background and Aims

Belowground translocated carbon (C) released aodbposits is an important driver
for microbial mobilization of nitrogen (N) for plé We investigated how a limited
substrate supply due to reduced photoassimilaitensathe allocation of recently assi-

milated C in plant and soil pools under legume aoid-legume species.
Methods

A non-legume I(olium perenne) and a legumeMedicago sativa) were labeled with®N
before the plants were clipped or shaded, andédbislice with*CO, thereafter. Ten
days after clipping and shading, thal and**C in shoots, roots, soil, dissolved organic
nitrogen (DON) and carbon (DOC) and in microbiadrbass, as well as tH&C in soil

CO, were analyzed.
Results

After clipping, about 50% mor&C was allocated to regrowing shoots, resulting in a
lower translocation to roots compared to the umpag control. Clipping also reduced
the total soil C@ efflux under both species and the€ recovery of soil C@underL.
perenne. The N recovery increased in the shootsMfsativa after clipping, because
storage compounds were remobilized from the rootkce the N uptake from the soil

increased.

After shading, the assimilatédC was preferentially retained in the shoots of kxyib-
cies. This caused a decrea$¥ recovery in the roots ofl. sativa. Similarly, the total
soil CO, efflux underM. sativa decreased more than 50% after shading.*fieecov-
ery in plant and soil pools showed that shadingrfwasffect on the N uptake and N re-

mobilization forL. perenne, but, the'N recovery increased in the shoot\dfsativa.
Conclusions

The experiment showed that the dominating effec€and N allocation after clipping
is the need of C and N for shoot regrowth, wheteasdominating effect after shading

is the reduced substrate supply for growth andinasgn. Only slight differences could
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be observed betweén perenne andM. sativa in the C and N distribution after clipping

or shading.

Keywords: Carbon allocation, N allocation, isotope labeligtazing effects, Nfixa-

tion.
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4.1 Introduction

Belowground translocation of carbon (C) by plamd é&s turnover are important driv-
ers for ecological processes and functions in 3tiése include nutrient availability for
plants, microbe activity and turnover, or the tweoof soil organic matter (SOM)
(Merbach et al., 1999; Blagodatskaya et al., 20L& amount of C allocation by plants
into the soil is affected by many factors such Emtpdevelopment (Gregory and At-
well, 1991; Meharg and Killham, 1999), nutrient daaility (Merckx et al., 1987) or
plant species and plant functional groups (Warentpet al., 2003). Since symbiotic
N, fixation requires abundant energy, legumes haviglzer demand for the assimilated
C for rhizosphere respiration than grasses andlegume forbs (Philips, 1980; Vance
and Heichel, 1991; Warembourg et al., 2003).

For grasses, rhizodeposition is an important pedecting N availability and N up-
take (Frank and Groffman, 2009). Rhizodeposits eoddN mobilization by stimulating
microbial activity and SOM degradation; this isnbed as the 'priming effect’ (Kuzya-
kov, 2002). Thus, we expect that alterations in dheount of C translocated below-
ground will trigger different responses in the Ntake between legumes and non-

legumes.

The fast translocation of assimilates belowgrountticates a strong connection between
current photosynthesis and root exudation (Gregory Atwell, 1991; Cheng et al.,
1993; Kuzyakov et al., 1999; Jones et al., 2004usT any change in photosynthetic
activity will affect the turnover processes in tiezosphere and thus influence N avail-
ability for plants (Kuzyakov, 2002).

In this study we manipulated the photosyntheticvagtby clipping or shading. After
clipping (simulated grazing), photosynthesis isuast due to a smaller leaf area (Detl-
ing et al., 1979). Clipped plants can meet thesupply for regrowth by remobilizing
stored C from roots or from remaining shoot pattace et al., 1996; Johansson, 1993).
Despite the demand for C for regrowth, root exwatafter clipping was higher in
many studies (Paterson and Sim, 1999; 2000), hawals® a reduced root exudation
was found (Augustine et al., 2011). Some authoggest that, besides C reserves, the

remobilization of organic N compounds stored intsoar stubbles — such as amino ac-
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ids or vegetative storage proteins — is also ingmarfor regrowth after clipping (Vole-
nec et al., 1996).

In contrast, shading reduced the photosynthesésaaly at a lower light availability,
without the removal of shoots. Like after clippin@,is preferentially allocated in ab-
oveground plant parts after shading, as indicated Hecrease of the R:S ratiolio-
l[ium perenne (Lambers and Posthumus, 1980). Consequently, sipdefds to less rhi-
zodeposition (Hill et al., 2007). Thus, based oa tlfferent effects of clipping and
shading on rhizodeposition, and based on the hegiatid of N for regrowth after clip-
ping, we hypothesize that clipping enhances N wptak plants, whereas shading re-
duces it.

Using repeated®CO, labeling of two plant species, a leguniegiicago sativa) and a
non-legume plantLElium perenne), we investigated how a limited substrate supply
after clipping and shading affected the C allocatathin the plant and the below-
ground C translocation. Labeling witfiNO; was carried out to investigate how the
altered C allocation after limited assimilate sypaifects N remobilization and N up-

take by both plant species. The specific questiere:

(1) How does a limited substrate supply affect plaiomass production and alter the
distribution of C in plant, soil, microorganismsda@0; efflux from soil?

(2) How does a limited assimilate supply affectii@obilization of plant-stored N?

(3) How does the effect of a limited substrate $ypffect the N uptake by plants from

soil?

(4) Do shading and clipping induce different resggmwith respect to the distribution

of C and N in the plant and soil pools?
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4.2 Materials and Methods

4.2.1 Solil properties and plant growing conditions

The solil used in the experiment was an arable Idaapjic Luvisol developed on loess,
collected near Gottingen (Germany, 51°33°36.8"'Ng3%6.9"°E) from the upper 10

cm of the Ap-horizon. The basic characteristicthefsoil are shown in Table 11.4/1.

Table 11.4/1: Basic characteristics of the soil péed from the A horizon of a haplic
Luvisol originated from loess near Gottingen (Gemgnakramer et al., 2012). CEC:

Cation exchange capacity; BS: Base saturation.

Parameter Value
Niot (Mg g'l) 1.200
Corg (Mg ¢%) 11.700
CIN 9.76
NOs (mg g*) 0.083
P (mg ¢") 0.160
S (mg ¢") 0.009
CEC (mmol kg?) 108.000
BS (%) 99.700
Texture

clay/silt/sand (% w/w))  7.0/87.2/5.8
pH (H.0) 6.600
pH (CaC}) 6.000

! Texture according to the German classificationiesys

The seedlings of ryegraskad{ium perenne L.) and alfalfa Medicago sativa L.) were
first germinated on wet filter paper for Bl(sativa) and 8 daysL(. perenne) and the-
reafter transferred to the plant pots (inner di@né&tcm, height 20 cm), each of them
filled with 700 g of air-dried, sieved& (2 mm) soil. In each pot, 3 seedlings\bfsativa
or 5 seedlings df. perenne were transferred to achieve a similar biomass & [plant

species. The pots were closed with a plastic ligh \Wwples for shoots. The plants were
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grown at 26 to 28 °C day temperature and at 223t6Q night temperature. At a day
length of 14 h the light intensity was approximat2lL0 umol m? s*, approximately
corresponding to a cumulative daily radiation ie thAnge of field conditions. The soil
moisture was maintained at 70% of the availabllel feapacity by daily watering with

distilled water.

4.2.2 *3C and™N labeling

To label the soil of all pots with'N, 16 mg of K°NO; (enrichment: 52.7 atom%) were
dissolved in water and added to the pots with thtering (28 days after planting).

The'®C labeling was conducted for the first time 50 dafsr planting (the day of clip-
ping or beginning of shading). One day befbi@ labeling, all pots were sealed with
silicone paste (NG 3170, Thauer & Co., Dresden|)pkints were labeled in a Plexiglas
chamber as described by Werth and Kuzyakov (2@®fly, **CO, was introduced to
the chamber by circulating air through a flask e@ring 150 mg of N&°CO; (*°C
enrichment: 99.9 atom%) for labeling lofperenne or 15 mg of the same MaCO; for

M. sativa solved in 10 ml deionized wateFo produce*CO,, an excess of 5 M 430,
was added to the W4CO; solution. The plants were labeled in €0, enriched at-
mosphere for 3 h. Before opening the labeling cleamihe chamber air was pumped
through 1 M NaOH solution to remove unassimilat¥iO,. Since the amount dfC
found in the NaOH solution was negligible, it candssumed, that aifCO, was assi-
milated.Then the chamber was opened and the trapping efe@@lved from the soil

started °C labeling was repeated on day 55 after planting.

4.2.3 Clipping and shading

Three pots of each plant species was used follifhy@rgy procedure or exposed to shad-
ing. Additionally, three pots of each plant speaiese grown under normal conditions
as a control treatment. The plants were clippeshaded 2 hours before the fit380,
pulse.Lolium perenne shoots were clipped 4 cm above the soil surfémse ofM. sati-
va 8 cm above the surface. Due to the different aiggheights, both plant species
achieve similar stubble biomass. The clipped plaotginued growth under the condi-
tions described above. For shading, the light sitgrwas reduced to about jifhol m?

s* for 10 days.
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4.2.4 Sampling and analysis

Starting after the first labeling, the @@volved from soil was trapped using a closed-
circulating system. The air was pumped through gudmtaining 15 ml of 1 M NaOH
solution. Because of the circulation there werdasses of C@due to incomplete ab-
sorption by NaOH solution. The NaOH solution waaraled 1, 3 and 5 days after each
labeling. The pots were destructively harvestediat 60 after planting. Roots were
separated from soil by handpicking. Plant and switerial was dried at 65 °C for 3

days.

To estimate total COefflux, the C content of the NaOH solution wasedetined by
titration with 0.01 M HCI against phenolphthaleiftea adding 1.5 M BaGlsolution.
For *C measurements the G@&apped in NaOH was precipitated as Sg@@h an
excess of 0.5 M Srglsolution. The precipitants were centrifuged at®@@ev min’,

washed with deionized water until the pH reachadnaéconditions and dried at 65 °C.

Microbial biomass C and N was determined by thermfibrm fumigation-extraction-
method (CFE) (modified after Vance et al. 1987): #us, the soil was separated into
two samples with 5 g each. One of these sampledimty fumigated with chloroform
for 24 h. Both samples were extracted with 20 n0.06 M K;SQy, shaken for 1 h and,
thereafter, centrifuged for 10 min at 3070 rev ifiotal C and N contents of fumi-
gated and non-fumigated soil extracts were measused) a N/C analyzer (Multi N/C
2100, AnalytikJena, Germany). The extracts of the-fumigated samples were used to
measure dissolved organic carbon (DOC) and disdabrganic nitrogen (DON). For
the determination of*C and™N in the microbial biomass, DOC and DON the exsact

were oven-dried at 60 °C and measured as desdsided.

The ground plant and soil material (ball mill), t8eCQ and the dried extracts of the
CFE were analyzed for theftC and™*N isotope ratios. This was done using an elemen-
tal analyzer NC 2500 (CE Instruments, Milano, lfdigked to a delta plus gas-isotope
ratio mass spectrometer (Thermo Fisher Scien&fiemen, Germany) via a ConFlo Ill

(Thermo Fisher Scientific, Bremen, Germany) integfa
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4.2.5 Calculations and statistics

The *C enrichment of a particular C podfCeycess;p; K9 G) was calculated as fol-

lows:

BCoxcessip = (F°Cp = PChazp) * Cp 1)
where™*Cy,., is the'>C natural abundance of the respective pool (atomde), is the
amount of*C of the pool after labeling (atom%), adglis the total amount of C in this
pool (ug §).

The °C recovery in a particular C pooﬂ:rec;p; %) was calculated by dividing the
amount of°C (mg) of that particular poof{C enrichment multiplied by the pool mass

(mg)) by the sum of th&C amount (mg) of all pools (shoot, root, soil, DG®jl mi-

crobial biomass and soil GD

13
Cexcess;pXmassp

x 100 (2

13C _
recp —
p Z13Coxcess;p Xmassy

To determine thé"*C value of microbial biomass$¥3C,5; %0) a mass balance equa-

tion was used:

813Crum Crum—83CppC
513 CMB — fum™ fum nftnf (3)
Cfum_cnf

where 513 Cs,, (%0) and 613C, +(%o0) are the3'*C values of the fumigated and unfumi-
gated samples, respectively, afyd,, (mg) and C,r (mg) are the amounts of C in the

fumigated and unfumigated samples, respectively.
The calculations fol°N correspond to those foiC.

The experiment was conducted with 3 replicatealidreatments. The values presented
in the figures and tables are given as means #atdnerrors of the means (zSEM).
Significant differences between the treatment dnedptiant species were obtained by a
two-factor analysis of variance (ANOVA) in combirmat with a post hoc Fisher LSD

test.
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4.3 Results

4.3.1 Plant biomass production

M. sativa produced significantly more shoot biomass per tplhanL. perenne during
60 days (Table 11.4/2). Clipping has no effectstlom shoot and root biomassMf sati-

va andL. perenne when measured after 10 days of regrowth (Tablé2l).4ren days of
shading were also not sufficient to decrease tl®tsbr root biomass of both species.
The R:S ratio decreased after clipping and shadfrlg perenne, whereas it increased

for M. sativa after clipping and slightly after shading (Tabld2).

Table 11.4/2: Plant biomass (tSEM) and root-to-shadio (R:S) (xSEM) ot.. perenne
and M. sativa 10 days after clipping or shading. Significantfeliénces are marked by
different letters (P<0.05).

Biomass [g plant}] R:S
Clipped Total
Shoot Shoot  Aboveground R0Ot

Control  0.3620.02ac 0.360.02ad  0.38+0.02268+0.09
Lolium — ~ining 0.1240.01a  0.13+0.00.25+0.03a  0.23+0.16a 1.04+0.77
perenne

Shading 0.24+0.01a 0.24+0.01a  0.21+0.07a 0.88+0.26

Control  0.67+0.10b 0.67+0.10bc  0.59+0.252182+0.30
gﬁf/‘gago Clipping 0.430.15b 0.45+0.060.88+0.21b  0.78+0.18b 1.09+0.46

Shading 0.52+0.03abc 0.52+0.03ac  0.44+0.07aD.85+0.17
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4.3.2 Effect of clipping and shading on*3C distribution in plant and soil

In the control treatments &f perenne andM. sativa, about 50% of*C were recovered
in shoots; 30% and 20% were found in the roots. pkrenne andM. sativa, respective-

ly (Fig. 11.4/1). The®C recovery in C@ efflux, the soil, microbial biomass and DOC
did not differ between both plant species (Figl/R).

Clipping increased th€C recovery in the shoot by about 30% and 20%_fquerenne
and M. sativa, respectively. The retention of newly assimila@d**C) in the shoots
resulted in a lower translocation to the roots, #mg, the"*C recovery of the roots of
both plant species was lower compared to the réspemntrol (Fig. 11.4/1). However,
the retention of*C in the shoots after clipping had no effects @'t recovery in the
soil (Fig. 11.4/2). Also, all other belowground s of both plant species were not

affected by clipping (Fig. 11.4/2).

Shading increased the&C recovery in the shoots df perenne and M. sativa (Fig.
11.4/1). The**C recovery was reduced only in the rootdvbfsativa (Fig. 11.4/1). Like

after clipping, thé3C recovery in the soil, microbial biomass and DO&wot affected

by shading (Fig. 11.4/2).
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Figure 11.4/1:*C recovery (+SEM) in shoots and roots 10 days afipping or begin-
ning of shading of 60 days old perenne and M. sativa. Significant differences are

marked by different letters (P<0.05).
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Figure 11.4/2:*3C recovery (+SEM) in the soil and in soil €Qop), and in DOC and
microbial biomass (bottom) under perenne andM. sativa 10 days after clipping and

beginning of shading. Significant differences amrked by different letters (P<0.05).

4.3.3 Effect of clipping and shading on total CQ and **C efflux from soil

The total CQ efflux from soil was significantly higher und&t. sativa than undelL.
perenne (Fig. 11.4/3); this indicates the higher C demandiegume rootsBoth treat-
ments for reduced C assimilation decreased thg é@ftix from soil undelL. perenne.
This reflects the limited substrate availabilityheveby the C@reduction was signifi-
cant only after clipping at the end of the expenm@ig. 11.4/3). UndeM. sativa, clip-
ping and shading significantly decreased the sy €fflux (Fig. 11.4/3). After clipping,
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however, this reduced G@fflux from solil lasted only until day 5. Contraty L. pe-
renne, the soil CQ efflux underM. sativa was lowest after shading (Fig. 11.4/3).

Clipping also significantly reduced tH&C recovery of the soil COefflux underL. pe-
renne; because>C was used for shoot regrowth (Fig. 11.4/2). Shgdiad no effect on
the'3C recovery in C@underL. perenne. The'*C recovery of the soil C{efflux under

M. sativa was not affected by clipping or shading (Fig./Ry
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Figure 11.4/3: Cumulative C@efflux from soil (:SEM) undet. perenne (top) andM.
sativa (bottom) beginning at clipping or start of shadaryd the effect of clipping and
shading on the CpPefflux. Significant differences at the end of tbeperiment are

marked by different letters (P<0.05).
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4.3.4 Distribution of N in plant and soil

Under normal light conditions a highEIN recovery was detected for the shootd of
perenne compared tdMl. sativa (Fig. 11.4/4). In the roots, th&N recovery showed no

significant differences betwed. sativa andL. perenne (Fig. 11.4/4).

Clipping increased thEN recovery only in the shoots bf. sativa, but had no effect on
the N recovery in the roots of both plant species (Hig/4). Also the*N recovery in
the soil, DON and microbial biomass N was unaffédig clipping(Fig. 11.4/5).

The **N recovery in the shoots and rootslofperenne was not affected by shading,
however, it increased in the shootshf sativa (Fig. 11.4/4). In the soil, the DON and
the microbial biomass under both plant speciesjisgashowed no influence on tfh

recovery (Fig. 11.4/5).
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Figure 11.4/4:*N recovery (+SEM) (top) in shoots and roots 10 dafgsr clipping or
beginning of shading of 60 days dld perenne andM. sativa. Significant differences

are marked by different letters (P<0.05).
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Figure 11.4/5:N recovery (+SEM) in soil (top), and in DON and naibial biomass
(bottom) ofL. perenne and M. sativa 10 days after clipping or beginning of shading.

Significant differences are marked by differentdet (P<0.05).
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4.4 Discussion

4.4.1 Effect of plant species

The distribution of*C between above- and belowground pools in the ebtrgatment
was similar forL. perenne andM. sativa, with about one half of the labeled assimilates
beingincorporated in the shoots (Fig. 11.4/1). Thisnstlhe range of earlier studies, re-
viewed by Kuzyakov and Domanski (2000). The rodtd_.operenne recovered more
3¢ thanM. sativa, whereas the portion ¢fC found in the soil C®was higher under
M. sativa (Fig. 11.4/1 and Fig. 11.4/2). A higher incorporafi of assimilated C was
found in the roots of the legumieifolium repens compared to the roots &f perenne
(Neergaard and Gorissen, 2004), however, in outystuere was no difference between
the legume species ahd perenne. A higher total CQ efflux from the soil was found

underM. sativa compared td. perenne, indicating a high energy need fos fikation.

4.4.2 Effect of clipping

After clipping, both species preferentially allceat’C in the aboveground biomass as
shown by an increasédC recovery in shoots (Fig. I1.4/1). Recent studibserved an
increased aboveground C allocation after clippkgzf/akov et al., 2002; Detling et al.,
1979; Mackie-Dawson, 1999). The assumption is thgtowing shoots retain photo-
synthates and prevent a translocation belowgrolMtatKie-Dawson, 1999). This agrees
with our results of les$C recovery in the roots of both plants after cligpi(Fig.
11.4/1).

Especially on the first days after clipping, thenobilization of storage compounds is
the major substrate supply for the regrowing shdatduding N compounds (Morvan-
Bertrand et al., 1999; Ourry et al., 1988). Thisaesfirmed by the higher post-clipping
5N recovery in the shoots M. sativa in our study (Fig. I1.4/4). The re-translocation of
root N contributes substantially to the synthesiamino acids and proteins in the re-
growing tissue oM. sativa (Avice et al., 1996). In our study there were ndi¢ations
for a re-translocation of N compounds from rootshoots oM. sativa, since there was

no significant decrease of th#N recovery in the roots. However, the design of ex+
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periment does not allow us to make any predictansut a possible retranslocation of
N which is taken up by N-Fixation.

It is likely that the reduced C translocation totsohas implications for root respiration
and rhizodeposition, as well as f6€ incorporation in soil and availability for soilim
croorganisms. However, the unaffecté@d recovery in the soil shows that exudation of
newly assimilated C did not change after clippiegduse of assimilate retention in the
shoots. The increased rhizodeposition found inexastudies (e.g. Bardgett et al., 1998)
may reflect remobilization of storage compoundsaots, which would increase the
release of stored C in the soil (Paterson and $889). OurC results, however, pro-
vide no information about the total rhizodepositard the release of stored C. Former
studies showed that an increased rhizodepositisrahaositive effect on microbial ac-
tivity, stimulates N cycling and thus enhances Hilability for plant roots after defolia-
tion (Guitian and Bardgett, 2000; Hamilton and k;a®001). It can be expected that
this would lead to a reducéeN recovery in the soil, however, the high variapibf the

results of our results makes it impossible to besé effect.

The assimilate supply is a major factor affectingtrrespiration (Gavrichkova et al.,
2010). A reduced soil C£&fflux after clipping, as observed far perenne (Fig. 11.4/3),
was also found in many other studies (Detling et1#79; Craine et al., 1999; Kuzya-
kov et al., 2002). Since tHéC recovery in microbial biomass and DOC unteper-
enne did not change after clipping (Fig. 11.4/2), itrcde concluded that these pools
were not affected by clipping. Thus, the decreassoil CGQ can be ascribed to a re-
duced root respiration of current assimilates rati@n reduced microbial respiration.

The soil processes under the leguMesativa differed from those unddr. perenne.
The total CQ efflux underM. sativa decreased until day 5 after clipping and, theegaft
recovered and was approximately at the same |lsvebserved in the control pots (Fig.
11.4/3). In the same time tH&C recovery of the C©efflux remained unchanged. Thus,
the portion of newly assimilated C in the soil 88 increasing after clipping. This cor-
responds with findings that newly assimilated Clasely related to growth respiration
(Lotscher et al., 2004), which is important aftépming for the biomass production.
The increasing Ceefflux after 5 days may point to enhanced noduspiration to re-
store the Mfixation.
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We conclude that high C and N demands of regrowsimgpts after clipping led to a
remobilization of N to the shoots and additionatiggently assimilated C was retained

in the regrowing shoots.

4.4.3 Effect of shading

We implemented shading (besides clipping) to evaltlize effect of a limited substrate
supply on the distribution of recently assimilatedand the impacts of such a limited
supply on the N budget in plant and soil. In costtta clipping, however, the effect of
shading in limiting the substrate supply is notreeted with the high demand for re-
serve C and N for shoot regrowth. The R:S ratit.qgferenne was reduced after shad-
ing (Table 11.4/2). The increased preference fooathversus root growth is also re-
flected by the higher recovery of currently assatgitl C 1°C) in the shoots. After shad-
ing, more assimilates are allocated into the teamimeristems to compensate for the
reduced photosynthesis rate (Ryle and Powell, 19#@)M. sativa the*C recovery in
the shoots was very high after shading and wakarrdnge of the clipped plants. Like
after clipping, this took place at the expensehef-fC translocation into the roots, how-

ever, this is significant only fdvl. sativa.

Belowground translocation of C is very closely kakto the assimilate supply (Kuzya-
kov and Gavrichkova, 2010). Reduced soil ,G&flux and rhizodeposition have been
observed after shading (Craine et al., 1999; Hilhle 2007). The present study indi-
cates that the shading effect on the,@®lux from soil of currently assimilated C de-

pends on the plant species.

For M. sativa the total soil CQefflux decreased, whereas the portiori’efin CO, was
not influenced by shading (Fig. 11.4/2 and Fig44B). These apparently contradictory
results can be explained by the need for recemsymalated C to maintain respiration
(shown by the unchangédC efflux) and by the reduced substrate supply @kesing
the total CQ efflux from soil) (Kuzyakov and Cheng, 2001; 200€pntrary, forL.
perenne, the total CQ efflux and the"*C recovery in the C&did not change after shad-
ing.

Plants grown under normal light conditions haveighér N demand compared to
shaded plants, which can be met by a higher rhjmgigon and the resulting SOM
decomposition (Frank and Groffman, 2009). The ghoafter shading is restricted by
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low assimilation rates (Shipley, 2002), which alsoluces the demand for N in the
shoots. Moreover, under shaded conditions a redulczddeposition causes a de-
creased turnover of the microbial biomass and S@Y) thus, a lower N mineralization
(Zagal, 1994). In our study no change of 1@ recovery in the soil of both plants and
no change of th&N recovery in the shoots &f perenne was observed after shading.
Thus, our results show no effect of shading onrkiieodeposition or the N uptake by
this species. The unchangifif recovery at a concurrent decreasing of the ©&
efflux underlines the importance of recently fix€dor the legumeéM. sativa. M. sativa
uses recently fixed C for nodule respiration amtest C for root respiration (Avice et
al., 1996). The decreased &&¥lux, however, indicates overall that the nodwdspira-
tion and the root respiration were reduced. It exgsected thall. sativa would remobi-
lize storage N from roots to overcome this limiatiof the N supply to shoots, since
remobilization requires less energy than N fixat@od can thus be an adequate mecha-
nism to meet the N demand in the shoots (Bakke®8)1The increaseiN recovery in
the shoots of shaded. sativa may be due to a reduced uptake of unlabeled Ndoyt
fixation after shading. However, our results cantiatify if the origin of the increased
recovery of N in the shoots is the remobilization of N from t®or a higheN up-
take from soil. Both pools show a decreasé>dfafter shading, however for both this

decrease was not significant.

We conclude that shading has a pronounced effech@rbelowground allocation of
currently assimilated C for both plant speciesttms other hand shading has effects on
the N distribution only foiM. sativa with a higher allocation of N in the shoots. How-

ever the origin of this N remains unclear.
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45 Conclusion

After clipping, shoot regrowth is an important siftecting the C distribution of newly
assimilated C. To meet the demand of N for regrowta legumeM. sativa increased
the N allocation in the shoots. We assume thatishesipported by a higher N uptake by
the roots. The N pools in. perenne were not affected by clipping. After shading, more
C was allocated aboveground compared to normal tghditions leading to reduced
translocation of assimilates in the rootsMf sativa. An increased need for N after
shading was observed for the shootMofsativa, but the source of this N remains un-
clear. The results indicate that the allocatiomeaiently assimilated C in plants and its
translocation belowground is strongly influencedthg altered substrate supply after
clipping and shading. However, the reduced assiimilas of minor importance for the
N distribution.
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Estimating rhizodeposition at field scale

Abstract

Background and Aims

Rhizodeposition of plants is the most uncertain ponent of the carbon (C) cycle. By

existing approaches the amount of rhizodepositananly roughly be estimated since
its persistence in soil is very short comparedtteinorganic C pools. We suggest an
approach to quantify rhizodeposition at the fieddle by assuming a constant ratio be-

tween rhizodeposited-C to root-C.
Methods

Maize plants were pulse-labeled witfCO, under controlled conditions and the soil
4co, efflux was separated into root and rhizomicrobépiration. The latter and the
14C activity remaining in the soil corresponded ttatohizodeposition. By relating rhi-
zodeposited?C to root*'C a rhizodeposition-to-root ratio of 0.56 was ckdted. This
ratio was applied to the root biomass C measurddeifiield to estimate rhizodeposition

under field conditions.
Results

Maize allocated 298 kg C faas root-C and 166 kg C has rhizodeposited-C below-
ground, 50% of which were recovered in the uppecrhOThe fate of rhizodeposits was
estimated based on tH&C data, which showed that 62% of total rhizodepmsitvas

mineralized within 16 days, 7% and 0.3% was incoafea into microbial biomass and

DOC, respectively, and 31% was recovered in thie soi
Conclusions

We conclude that the present approach allows fomg@noved estimation of total rhizo-
deposition, since it accounts not only for the fiac of rhizodeposits remaining in soil,

but also for that decomposed by microorganismsraledsed from the soil as GO

Keywords: Isotopic methods, belowground C, root-derived Cgdeating *CO, efflux,

microbial biomass, dissolved organic C, gfartitioning, upscaling approach.
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5.1 Introduction

Plants modify chemical, physical and biologicalgedies of the soil environment sur-
rounding the roots. Organic compounds released fiang roots (rhizodeposits), ori-
ginating from roots exudates of intact cells, frtysates of sloughed-off cells and dead
tissues, and from mucilage (Dennis et al., 201p)agent an important carbon (C) flux
into the soil. Especially root exudates are a pryjnsource of energy for microorgan-
isms strongly affecting soil organic matter (SOMndmics (Kuzyakov et al., 2007).
This ecological importance calls for a better eation of rhizodeposition, which still
remains the most uncertain part of the soil C cyblguyen, 2003). There are several
reasons why it is difficult to reliably quantify idodeposition. Organic substances re-
leased by living roots occur in a much lower cohtban other organics in soil and are
restricted to the narrow zone around the roots yiikav and Domanski, 2000). Fast
decomposition of root-released organics due ta thigh availability for microorgan-

isms further makes rhizodeposition difficult to @ss for analytics (Jones et al., 2005).

To distinguish rhizodeposited-C from native sojamic carbon (SOC}*C and/or'3c
labeling of plants has commonly been applied leqdindistinct isotopic differences of
root- and SOC-derived C (Werth and Kuzyakov, 2008k portion of root-released C
remaining in soil (net rhizodeposition) can thus dpgantified. However, these ap-
proaches largely underestimate rhizodepositionesitiey did not account for the
amount of rhizodeposits rapidly decomposed by noiganisms (Amos and Walters,
2006; Werth and Kuzyakov, 2008). The portion ofzdueposits mineralized to GO
(rhizomicrobial respiration; RMR) contributes, ttiger with root respiration (RR), to
root-derived CQ, a main sourcef the soil CQ efflux (Cheng et al., 2003; Kuzyakov,
2006). Forfurther partitioning of root-derived Gnto RMR and RR the isotopic labe-
ling approaches reach their limit since both sosi@eroot-derived C@are labeled by
the tracer. It is, however, necessary to consigemtseparatelipecause C input to soll
and SOM turnover is only affected by rhizomicrob@l while root respiration biases

the picture of SOM turnover.

C accumulation and consumption in soil are closelypled with microbial activity and

in turn are influenced by rhizodeposition (Kuzyala&tval., 1999). The easily available

part of rhizodeposition fuels microbial activity the rhizosphere and thus represents a
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direct link between roots and soil microorganisiespite the importance of separating
rhizomicrobial from root respiration suitable appeches are rare. AftéfC pulse labe-
ling of plants, root-derived’CO, can be partitioned into G@&oming from the decom-
position of rhizodeposits and G@om root respiration by means of a simulation elod
(Kuzyakov and Domanski, 2002; Kuzyakov et al., 99%he model is based on the
assumption that both respiration processes reashrttaximum at different times after
pulse labeling. While root respiration occurs imimaégly, rhizomicrobial respiration
appears at a later stage after labeling becaubaia of successive processes is passed
before (exudation, microbial uptake and respirgtigfuzyakov et al., 2001). Special
experiments are necessary to determiné{8@, efflux dynamics, which are applicable
under controlled conditions, but hardly possibléenfield conditions. Thus, estimation
of rhizodeposition under field conditions remaingtallenge for quantification of C

budget and fluxes.

Under field conditions, root biomass (RB) was meaduo estimate the portion of pho-
tosynthetically fixed C allocated to belowground|so Those measurements alone may
greatly underestimate the C input by roots intogbi since rhizodeposition is ignored
(Amos and Walter, 2006; Johnson et al., 2006). pbeion of net photosynthetic C
translocated belowground and released by livingsrcan even be higher as the C re-
tained in the roots (Johnson et al., 2006). Howewmt biomass contributes more C to
SOC than rhizodeposition, because the latter igyedsmcomposable by microorganisms
(Johnson et al., 2006). On average 17% of net dasath C is released by roots via
rhizodeposition, with 12% of which being mineratize CQ (RMR) and only 5% re-
maining in the soil (Nguyen, 2003). Attempts toluate rhizodeposition in estimates of
C inputs into the soil by roots often only very ghly assumed that the quantity of rhi-
zodeposited C equals that of root biomass at hafBedinder et al., 1999; Amos and
Walter, 2006). However, reliable data on rhizod@pws under field conditions are ab-

sent.

In this paper we provide a method for an improvadngification of total rhizodeposi-
tion, including C losses by rhizomicrobial respwat under field conditions. After
4C0O, pulse labeling of maize plants under controlledditions, we measured the root-
derived**CO, and determined the contributions of root and nmimpobial respiration

based on model calculations. The rhizodepositieretd ratio determined under con-
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trolled conditions was applied to the maize roantass measured in the field in order
to estimate the rhizodeposition at a field scale.
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5.2 Materials and Methods

5.2.1 Determination of rhizodeposition-to-root ratio (R) under controlled

conditions

5.2.1.1Soil and growing conditions

Intact soil cores were collected with a soil catiener diameter 12 cm, height 30 cm)
from the upper 30 cm on the experimental site dadegl in cylindrical Plexiglas pots

(inner diameter 13 cm, height 30 cm, covered wétkdoil). Maize seedsZéa mays L.

cv. Ronaldinio) were germinated on wet filter paped transferred to the 16 pots 3
days after germination. The pots were closed wiphaatic lid with holes for the shoots.

The soil water content was measured gravimetricablg adjusted daily to 70% of the
water holding capacity (WHC). The plants were graatr26 to 28°C day temperature
and at 22 to 23°C night temperature with a dayd#lered 14 h and a light intensity of

about 40Qumol m?s*,

5.2.1.2"C pulse labeling

The plants were labeled at the tillering staged@§s after germination. The day before
labeling, the holes in the plastic lids were seaeslind the shoots with silicon paste
(NG 3170, Thauer & Co., Germany) and the seals vested for air leaks. The labeling
procedure is described by Kuzyakov et al. (1999)efy, eight pots were placed in a
Plexiglas chamber (48.1 x 48.1 x 158 cm). The clamims connected with a flask
containing 5 ml of N&“CO; (ARC Inc., USA) solution with &'C activity of 1.2 MBq
per pot.**CO, was released into the chamber by addition of 18fsl M H,SO, to the
labeling solution. The plants were labeled duririy i4 the'*CO, atmosphere. Thereaf-
ter, the chamber air was pumped through 15 ml f laOH solution to remove unas-
similated**CO, for 2 h. Finally, the chamber was opened and trappf CQ, evolved
from the soil started. C{produced in four sealed pots was trapped by @tmg the air
through 15 ml of 1 M NaOH solution. The NaOH sadatiwas changed every two
hours after labeling for the first day, then twi&ly, then once every 2 days until 16

days after labeling.
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5.2.1.3Sampling

Plants and soil were sampled 2, 5, 10, and 16 affgslabeling with four replicates for
each sampling day. At harvest, shoots were cuhatbbse and roots were separated
from the soil of each layer by handpicking. Thel sgihering to the roots was shaken
gently and termed 'rhizosphere soil'. The rootsewegished with 50 ml deionized water
to remove the solil still attached to the roots. Bbé was sieved (< 2 mm). Shoots,
roots, bulk and rhizosphere soil were dried at 60 Weighed and pulverized in a ball

mill.

5.2.1.4Sample analysis

The *C activity of unassimilated’CO, after labeling, trapped in NaOH, and the re-
maining“C activity in the tracer solution was measured iml2aliquots added to 4 ml
Rothiscint scintillation cocktail (Roth, Germanyjtlva Liquid Scintillation Counter
(LS 6500 Multi-Purpose Scintillation Counter, 21@dRman, USA) after the decay of
chemiluminescence. THEC activity of soil CQ trapped in the NaOH solution was
measured in the same way. TH€ counting efficiency was about 92% and tf@ ac-
tivity measurement error did not exceed 2%. TotafGoil CQ was analyzed by an
N/C analyzer (Multi N/C 2100, AnalytikJena, Germany

50 mg of plant samples (shoots, roots) or 500 mgpdfsamples (bulk and rhizosphere
soil) were combusted in an oxidizer unit (Feststaffiul 1300, AnalytikJena, Germany)
and released CQwas trapped in 10 ml of 1 M NaOH. The radioacyivitas measured
by means of a Scintillation Counter (LS 6500 M#tirpose Scintillation Counter, 217
Beckman, USA) as described above. Total C condsmsafor those samples were
measured by a N/C analyzer (Multi N/C 2100, An&ljgina, Germany)

The *C activity of the soil microbial biomass C (MBC) svaetermined for the four
replicates sampled on day 16 after labeling by dhieroform fumigation extraction
method described by Vance et al. (1987). Brieflg, ffesh soil were shaken with 20 ml
of 0.05 M K.SO, for 1 h at 200 rev mifh centrifuged at 3000 rev mitrfor 10 min, and
filtrated. Another 5 g fresh soil were fumigatediwchloroform for 24 h and extracted
in the same way. The extracts were analyzed fai twganic carbon by means of an
N/C analyzer (Multi N/C 2100, AnalytikJena, Germpanyhe *C activities of the ex-
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tracts of unfumigated and fumigated soils were mesk using a LS 6500 Multi-
Purpose Scintillation Counter, 217 Beckman, USAgasSurements were conducted on
1 mL aliquots added to 6 mL scintillation cocktibthiscint (Roth, Germany).

5.2.1.5Calculation of thé“C budget

A C budget was compiled for each sampling day seglgrathe percentage dfC

recovered in a C pook(“C)P, %) was calculated by relating th& activity of the

respective C poola((“C)P, kBq) to the total“C recovery after each harvea((4C)T,

kBq), i.e. to the sum of th¥'C activity in shoot, root, bulk soil, rhizosphereilsand
CO:

r(**c), = “% 100 (1)

- a(14C)T

Note, CQ measurements started directly after labeling,dmly for the pots harvested
16 days after labeling. Therefore, from those plméscumulative*CO, efflux after 2, 5

and 10 days of labeling was added to the t8@lrecovery on the respective day.

The C results obtained from the measurement of theaetetrof fumigated and un-
fumigated soil were converted to tH€ activity in microbial biomass'tC,,;.) using

the following equation:

14-C . :14Cflu5h (2)
mic 0.45

where 14Cﬂush is the difference between th& activity in fumigated and in unfumi-

gated samples (kBq) and 0.45 is the conversioifgg¥u et al., 1990). As a measure
for the fraction of dissolved organic carbon (DO used thé“C activity of the un-

fumigated soils.

The percentage dfC recovered in MBC and DOC on day 16 after labelirg calcu-
lated using Eq. (1).
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5.2.1.6Model calculations for separating root and rhizawlial respiration

In order to estimate the percentage of root respiraand rhizomicrobial respiration on

total **CO; efflux a model approach was applied. The modeigdeis described in de-

tail by Kuzyakov and Domanski (2002). THE activity of total CQ a(“C)COZ(kBq)
was converted into percentage of total assimil&i€sd r(“C)COzbefore using it in the
model. The amount of total assimilaté@ a(“C)TA (kBqg) was assumed to be equal to
the “C activity of the tracer introduced into the chamb(e“C)C (kBq) at the begin-
ning of labeling minus th&C activity remaining in the chambe(“C)RC (kBqg) and in

the tracer squtiou(“C)RS (kBq) after labeling (Kuzyakov and Domanski, 2002)

a(14c)coz
r(“c)coz = 2o 100 3)
a(“C)TA = a(“C)C — a(“C)RC — a(“C)RS (4)

The model parameters (Table 11.5/1) were adjusi@sed on 1) thé’CO, efflux rate
from soil, expressed in % of assimilated per hand based on 2) the cumulati€0,
efflux, expressed as % of assimilated. Therebyctiraulative**CO, efflux allows to
adjust parameters responsible for the amount @ines™*CO,, while the'CO, efflux
rate was used to adjust parameters responsiblbdadynamics of the respiration rates
(Kuzyakov and Domanski, 2002). The distributionvetn above- and belowground C
pools was considered by the shoot-to-root ratioe parameters shoot growth rate,
short-term shoot respiration and long-term shospiration were not considered here
since they did not affect the belowgrouH€ fluxes. RR and RMR were simulated
based on the Model-maker (3) software (ModelKinetbOxford, UK;

www.modelkinetix.com).
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Table 11.5/1: Model parameters of belowground Gdsi fitted by experimental data of
4c distribution, total*CO; efflux and its dynamics.

Parameter Value [h]
Assimilation rate 0.617
Ratio: shoot/root 0.815
Exudation rate 0.383
Exudate mineralization 0.05
Exudate stabilization 0.001
Root growth 0.004
Root respiration 0.227
Root mineralization 0.00f2
Biomass respiration 0.35
Biomass stabilization 0.016
Biomass exudation 0.2
SOM mineralization 0.0004

2 unitless: refractive index.

® values were taken from earlier model parametédizgKuzyakov et al., 2001).

5.2.1.7Rhizodeposition-to-root ratio

The contribution of rhizomicrobial respiration({*C)gyr, % of assimilated) to total
root-derived'*CO,, simulated by thé*CO, efflux model, was converted into tH&C

activity of rhizomicrobial respiratiora(**C) gyr, kB0):

a(*C)cumco, T(**CO)rMR

a(14C)RMR = 100 (5)

where(**C) cumco, (kKBQ) is the fitted'C activity of the cumulative’CO; efflux at day
16 after labeling.

The rhizodeposition-to-root ratio (R) was calcutbée follows:

_ a(14C)BS+a(14C)RS+a(14C)
R= a(**c)

RMR (6)

Root
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wherea(**C) _ anda(**C) . are the'’C activities in kBq of the bulk and the rhizos-

phere soil, respectively, arzm{“C)Root is the'“C activity in kBq of the root.

5.2.2 Root biomass measurements in the field - experimealtdesign and root

sampling

The experimental site was established on an afegdein the north-west of Géttingen,

Germany (51°33°36.8"'N, 9°53°46.9"°E) in 2009. Fhbéd type was classified as a hap-
lic Luvisol. Detailed information about soil propies and the experimental site are giv-
en by Kramer et al. (2012). Maiz8ea mays L. cv. Ronaldinio) was planted on a 24 x
240 m plot in April 2009 after removing wheat séegd sown in October 2008 with a
non-selective herbicide (“Round-up”, Monsanto Agr@ermany). The mean distance
between the maize rows was 0.8 m and the meamdestaetween the plants in row was

0.5 m. Maize plants on the experimental plots virer@ested in November 2009.

Root biomass was sampled in July 2009, at thengjlistage of the maize plants, 12
weeks after planting. To investigate the spatiatrdiution of maize roots we sampled
direct at the position of the maize plant, 12.5amd 25 cm away from the plant in row,
20 cm and 40 cm away in the inter-row and 23.5 och4/ cm away from the plant at
the diagonal between row and inter-row. Soil sasplere taken with an auger (River-
side auger, Eijkelkamp, The Netherlands) at eaditipa up to 50 cm depth in 10 cm
layers. This sampling procedure allowed to covetiapvariability of maize roots un-

der the plant, within and between the maize rows.

Each fresh sample was weighed and a subsample foih (without roots) was dried
for 3 days at 60°C. The water content of the sulpbawas used to determine the dry
weight of the total sample. All roots were carefidlashed free from soil using the me-
thod described by Smucker et al. (1982). The rem@inon-root material was separated
from the sample by handpicking. The samples wereddat 60°C for 3 days and
weighed. The C content of the roots was determamefive replicates using a multi N/C
2100 S analyzer (Analytik, Jena, Germany). Roomlaiss was expressed as mg C per g
dry soil. Note, in the present study only the mortof the root system below the soil
surface was considered as root biomass and theigbveground crown was not in-

cluded.

163



Estimating rhizodeposition at field scale

5.2.3 Upscaling: Root biomass C and total C from rhizodegpsition in the field

The amount of maize root @(Croo) 7, kg C hd') was calculated for each 10 cm layer

until 50 cm.

n(CRoot)F =ZzZ'p- n(CRoot) 100 (7)

wherez (cm) is the thickness of the respective soil la€rcm),p (g cni®) is the bulk
density of the layer and(C,,;) is the C (mg C gii®) content of the roots. Bulk densi-
ty values were taken from Kramer et al. (2012) arel1.4+0.0 g citffor the Ap1 hori-
zon (0-25 cm), 1.6+0.0 g cinfor the Ap2 horizon (25-37 c¢cm) and 1.7+0.0 g tfor
the Btwl horizon (37-65cm).

The amount®(Cgp)r) Of root released C in the field during one grogvseason was
estimated by multiplying the amount of maize roofnCCr,,.:)r) With the rhizodeposi-

tion-to-root ratio (R) and was expressed as kg€ ha

n(Crp)r = R *Nn(Croot)r (8)

5.2.4 Statistics

The values presented in the figures are given aanse standard errors of means
(SEM). A one-way analysis of variance (ANOVA) wamsducted to test for significant
differences in root biomass C between the sampleghs. The significance of differ-
ences between the depths at individual samplingipos was obtained by th@st hoc
Tukey HSD test for unequal N, while the significaraf differences for the mean root
biomass C between depths was calculated bydkehoc Tukey HSD test. Significant
differences in thé*C recovery between the sampling dates were alsonsut by a one-
way ANOVA in combination with gost hoc Tukey HSD test for unequal N. All statis-
tical analysis were performed with the statistigatkagesTATISTICA for Windows (ver-
sion 7.0; StatSoft Inc., OK, USA).
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5.3 Results

5.3.1 *C pulse labeling under controlled conditions

5.3.1.1Budget of assimilatetfC

The precondition for the determination of the rhieposition-to-root ratio at the end of
the chase period was that tH€ allocation between above- and belowground C pools
was mostly completed. To demonstrate this, potewampled 2, 5, 10 and 16 days
after the labeling and tH&C budgets of the individual sampling dates wereckie for
statistical differences. We could not find sigréfit differences betweéfiC budgets of
the investigated sampling dates with the excepifoiie difference in th&'C recovery

of the bulk soil between day 2 and 5 (Table 11.5M)us, the main part of the tracer was

allocated to various pools already in the first tlays after the labeling.

At all sampling dates about half of the tracer wamrporated into the shoot biomass
and 21%-28% was recovered in the roots (Table2).3While about 7% of*C retained

in the bulk soil, thé“C recovered in the rhizosphere soil was only alfolf% because
of its small volume. The missing portion B in the complete balance is connected
with the CQ efflux from soil, which was included in the calatibns of the"“C recov-

ery.

Table 11.5/2:**C budget calculated as % B recovered in all pools at each sampling
date (tSEM). Different letters indicate significadifferences between the treatments.

Note that the difference to 100% represents thegooof the CQ efflux from soil.

1C [% recovery]

Pool 2d 5d 10d 16d

Shoot 53.5£3.0 53.9+3.0 53.5+0.4 50.9+3.7
Root 22.8+3.5 21.6+3.8 20.6x4.1 28.0t5.4
Bulk soil 8.2+0.% 4.3+1.1b 8.3+1.%kt 5.2+0.3ak
Rhizosphere soll 0.2+0.04 0.1+0.02 0.1+0.01 0.130.0
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5.3.1.2Separating root and rhizomicrobial respiration

An earlier developed model of belowground C fluwes applied to determine the con-
tributions of RR and RMR to total root-derived £0

Cumulative*CO; efflux and the'CO; efflux rate measured under controlled condi-
tions were used to fit most of the model paramgfEable 11.5/1). The root growth rate
(h™) was measured as root biomass increase betweeartging dates. For parameters
which can be varied over a wide range we used @hees from the previous model pa-
rameterization (Kuzyakov and Domanski, 2002) (Tdb®/1). A good correlation be-
tween the measured and the fitted data were olotafoethe cumulativé*CO; efflux
(Fig. 11.5/1A) as well as for thé’CO; efflux dynamics (Fig. 11.5/1B). The model is
based on the finding that tHéC activity of the CQ efflux after pulse labeling shows
two peaks (Warembourg and Billes, 1979; Nguyen.etl899; Kuzyakov et al., 1999;
2001; Kuzyakov and Domanski, 2002). WarembourgBilids (1979) assumed that the
second peak of'C activity can be attributed to the decompositibmhizodeposits by
microorganisms, and is delayed compared to roginagon because of the time neces-
sary for roots to synthesize and release substamoiet are decomposed later on. We
found the highest’C activity of the CQ efflux already 6 hours after the start of the
labeling (Fig. 11.5/1). Thereafter, tH&C activity strongly decreased within the first 20
hours. The data did not show a distinctive secorakpHowever, the CCefflux rate
remained on a constant level between 20 h anddtehthe labeling before it gradually
declined. The measured kinetics is similar to teabrted by Nuygen et al. (1999) and
Todorovic et al. (2001). The assumption of différprocess rates of root and rhizomi-
crobial respiration allow to separate both basethersimulation model. During the 16
days after labeling about 16.2% of total assimildf€ was detected in root-derived
CO; (Fig. 11.5/1A). Rhizomicrobial respiration accoedtfor 9.2% of assimilatedCO,,
which equals 56.8% of total root-derivE€O,.
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Figure 11.5/1: Measured (circles; +SEM) and fittézblid line) **CO, efflux from the
soil and simulated separation of the tdf@0, efflux in root respiration and rhizomi-
crobial respiration. A: CumulativECO, efflux; B: **CO, efflux dynamics.
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5.3.1.3Rhizodeposition-to-root ratio

The *C activities of the bulk soil, of the rhizosphexal and of microbially respired
4C0o, were considered as totdC rhizodeposition and related to tH€ activity of the
roots. The respective rhizodeposition-to-root ratas on average 0.56+0.2 (Fig. 11.5/2).
To investigate the fate of the rhizodeposits, tdigdodeposition (16 days after labeling)
was partitioned into four C fluxes. The largesttwor of rhizodeposits was respired by
microorganisms and released as,CThis portion accounted for 61.8% of total rhizo-
deposition. About 30.6% of th&C released by roots retained in the soil longen thé:
days, with further 7.3% being incorporated into thierobial biomass and only 0.3%
recovered in DOC.

= R=0.56+0.2

Budget of rhizodeposited C
[% of total rhizodeposition]
CO, 61.8+2.1
Soil 30.6+1.5
250 | MBC 73=+1.1
DOC 0.3+0.1

;;;;;;;;

Co,

"C activity [kBq]

50 | Soil

0 MBC/DOC
Root Rhizodeposition

Figure 11.5/2: Determination of the rhizodeposititmroot ratio (R). The'C activity
(xSEM, kBq) of roots and of total rhizodepositianshown. The allocation of root re-

leased C to different pools is presented as peagentf total rhizodeposition

5.3.2 Root biomass in the field

Root biomass sampled directly over the plant shoavddcline with depth (Fig. 11.5/3).
About 50% of the roots were distributed in the upp@ cm of the Ap horizon. The de-
cline was still present 12.5 cm away from the plantow and 23.5 cm away on the
diagonal between row and inter-row. The RB did differ significantly at one depth
between the seven sampling positions (abovegroumancnot included; Fig. 11.5/3).
The weighted average biomass C also declined veitihg from 104 kg C haat the 0-
10 cm to 15 kg C haat the 40-50 cm depth (Fig. 11.5/4).
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Figure 11.5/3: Vertical and horizontal root biomaSsdistribution (tSEM) of maize

sampled in July 2009. Different letters indicatgn#gicant differences (P<0.05) of root
biomass C between the depths (vertical). The savgfi@ single depth did not differ
significantly between different positions (horizal)t The sampling design is shown

bottom left
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5.3.3 Upscaling: Root biomass C and total C from rhizodegpsition in the field

Considering the spatial variability of roots betwesnd within the rows, the measured
maize root C in the upper 50 cm was 298+64 kg € (fag. 11.5/4). By applying the
rhizodeposition-to-root ratio of 0.56+0.2 analy4d“*C labeling under controlled con-
ditions (Fig. 11.5/3) to the root C measured indieve estimated that 16653 kg C’ha
was released from living roots as rhizodepositsvbet April and July 2009 in the up-
per 50 cm of the soil. Half of these rhizodeposits released into the upper 10 cm soil.
The portion declined with depth (Fig. 11.5/4).

0-10 f

10-20 f
E
S,
= 20-30 |
& —O— Roots
= —&— Rhizodeposition

30-40 f

% Roots = 298 + 64 kg C ha}
40-50 F % Rhizodeposition = 166 + 53 kg C ha™l

0 20 40 60 80 100 120 140 160
C amount [kg C ha’]

Figure 11.5/4: Rhizodeposition at field scale. Wdigd maize root biomass C (xSEM,
kg C ha') measured in July 2009 and C released by rootshizadeposition (+SEM,
kg C ha') during the growing season 2009. The extrapola@des, shown in the
frame, correspond to a soil depth of 50 cm, a pghapulation of 25,000 and a growing
period from April to July 2009. Different lettensdicate significant differences between
the depths
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5.4 Discussion

5.4.1 Root biomass determination in the field

A reliable quantification of the maize root biomasgshe field, as a precondition to es-
timate rhizodeposition, strongly depends on 1) gampling design and time of sam-
pling and on 2) losses during the root washing guace. The sampling design must
cover the spatial variability of the RB to accuhatextrapolate to the basis of RB per
hectare. It was shown that the maize RB was higtiese to the base of the plants, than
decreased with distance from the plant and incceagmin at the mid-row position
where adjacent plants contribute to the RB (G&jale 1994). RB sampling at different
positions in row, in inter-row and on the diagobatween row and inter-row allows to
cover the spatial variability. However, in the mesexperiment with already developed
maize plants, the RB did not differ significantlgttveen the sampling locations (Fig.
[1.5/3). Furthermore, the rooting depth must bestdered. The portion of roots grown
deeper than the sampling depth of 50 cm was ndatidered and therefore, the total RB
may be slightly underestimated. However, the majaf roots were allocated directly
below the soil surface. The upper 30 cm contain -B0% of the RB of maize (re-
viewed by Amos and Walter, 2006). Therefore, samplere taken up to 50 cm depth
included the main part of the RB. Root biomass saspled on day 84 after planting,
at the silking stage of the plant growth. This stags chosen since it has been reported
that the maize root biomass is maximal just aftehesis (Amos and Walters, 2006;
Anderson, 1988).

The second source of uncertainty of RB determinati@y have been the washing pro-
cedure. Despite a considerable loss of root haidsfime roots during the washing pro-

cedure (see discussion below), 93% to 96% of totaze RB has been recovered when
using a sieve with a mesh size of 0.5 mm (Livestegl., 1999), as done in the present

experiment.

The root-to-shoot ratio (R/S) measured in the curstudy was compared with litera-

ture data. For calculating R/S, the abovegroundnbss (without the crown) of nine

representative maize plants was measured. The eightwer plant was on average 173

g plant’. The average distance between maize rows (intey-iro the field was 0.8 m

and the average distance between plants in rowOaMasn, resulting in a theoretical
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number of 25,000 plants haTherefore, the shoot biomass accounts for 4328rig
weight ha'. We calculated a spatially weighted mean RB of @§@ry weight ha with
reference to the upper 50 cm of soil. The resulRAg of 0.22 is in agreement with the
R/S ratios reviewed by Amos and Walter (2006). Vpiidnt age a decrease in the root-
to-shoot ratio has been reported, from 0.68 at gemee to 0.16 at physiological ma-
turity (Amos and Walter, 2006).

5.4.2 Factors affecting root biomass and/or rhizodepositin

The type of study, i.e. field or controlled condits, may affect root biomass and rhizo-
deposition through differences in growth conditioii® keep the soil conditions as
comparable as possible, intact soil cores fronfitie site were used for the controlled
conditions experiment. To exclude plant genetitugrices on the root system and on

rhizodeposition the same maize variety as in thle fivas used.

The root biomass and the quantity of C releasedivinyg roots depend on the plant
phenology and on environmental factors (Graystomalet1996; Hutsch et al., 2002;
Nguyen, 2003). Plant phenology may influence raoinass as well as rhizodeposition,
mainly through root growth dynamics and differenaeshe quantity of rhizodeposits
(Vancura, 1964; Klein et al., 1988; Van der Kriftad., 2001; Jones et al., 2004). At
young age, plants translocate more carbon to thes,ravhereas older plants preferably
retain newly assimilated C in the shoots (Keitlalet 1986;Gregory and Atwell, 1991;
Palta and Gregory, 1997; Gransee and Wittenma@e)2hus, leading to decreased C
inputs into the soil due to a decreased assimilatesation to the roots (reviewed by
Nguyen, 2003). Aging of plants decreases the exudattensity, however, if this de-
crease is slower than the root growth total rhipaddion will increase (Kuzyakov,
2002). On the other hand an enhanced die of rot¢rrahwith plant age increased C
inputs into the soil. It was shown that rhizodeposiis positively correlated to root
biomass (Van der Kirift et al., 2001). To adequatdyimate the rhizodeposition under
field conditions, we sampled root biomass at thximam development stage of the
root system. However, under controlled conditidmes size of the pots may restrict the
rooting volume and the amount of nutrients avaddbl plants. To overcome these re-
strictions an earlier stage of plant developmenevetudied under controlled conditions
as compared to the field. Here we assumed thatgelsaim the root biomass between
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field and controlled conditions are accompaniechwiite same relative changes in rhi-
zodeposition. This assumption allows to conclude tespite the differences between
the root biomass (and rhizodeposition) in field amder controlled conditions, the rhi-

zodeposition-to-root ratio remains nearly constard its changes are much lower than

variations in the both C pools.

Furthermore, not only plant phenology but also emmental factors may alter the root
growth pattern and the amount of rhizodepositiora§ston et al., 1996; Hutsch et al.,
2002; Nguyen, 2003). The release of C by livingtsds driven by the allocation of re-
cently assimilated C belowground and thus, depemddarge degree on the intensity of
photosynthesis (Kuzyakov and Cheng, 2001) and droaties of individual organs. It
was suggested that plants grown under naturalghineleased a higher amount of C
compared to plants grown under artificial lighte fatter showing highly variable values
(Amos and Walter, 2006). On the other hand, comsilt lower light conditions may
not only reduce the rhizodeposition of maize pldifiszyakov and Cheng, 2004), but

may also lead to a lower root biomass (Hébert.e2801).

The main assumption involved in the current studgswhat the ratio of rhizodeposi-
tion-to-root is much more stable than changes en@hamount of roots and rhizodepo-
sits between field and controlled conditions.

5.4.3 “C-Partitioning

Sixteen days after the labeling about 51% of'feactivity was recovered in the maize
shoot, 28% in the roots, 5% in the soil and 16%h&CQ efflux. The'C recovery in
the CQ efflux was within the range of 21% reported by Weand Kuzyakov (2008)
and of 14% measured by Trodorovic et al. (2001keBlaon d“CO, efflux model we
found that root respiration accounts for 7% of ltassimilated**C and about 9.2% of
assimilated“C was released as G@om rhizomicrobial respiration. These values are
close to the results obtained floolium perenne, ranging 1.4%-7.6% and 0.9%-8% of
assimilatedC for RR and RMR, respectively (Kuzyakov et al.9292001; Kuzyakov
and Domanski, 2002). In a further study, conductétth wheat, Cheng et al. (1993)
used the isotope dilution method to separate radt raizomicrobial respiration and
found that 59% of root-derived C is coming fromzdmicrobial respiration. This is in
accordance to our value of 57% rhizomicrobial negpn on total root-derived GO
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5.4.4 Rhizodeposition at field scale

The main obstacle to quantify total rhizodeposii®the separation of root-derived €0
into root and rhizomicrobial respiration. Limitati® and advantages of methods used to
separate the sources of root-derived,@re reviewed earlier (Hanson et al., 2000;
Kuzyakov and Larinova, 2005; Sapronov and Kuzyal2®Q7). Due to methodological
difficulties and various assumptions involved ie theparation methods, most studies,
aiming to quantify the amount of C released fromntj roots, are focusing on the net
rhizodeposition, i.e. on the amount of rhizodemo#hiaat remained in the soil at harvest.
In order to compare our data from tH€ labeling experiment with data from the litera-
ture we calculated a net rhizodeposition-to-rotibrbased on the results of eight stu-
dies conducted with maize. G&om rhizomicrobial respiration was not includéda{
ble 11.5/3). Thus, net rhizodeposition is equathe portion of**C measured in the soil

at harvest.

The net rhizodeposition-to-root ratio ranged fror40to 0.84 (Table 11.5/3), with a
mean value of 0.34 and a median of 0.35. In oulysthe net rhizodeposition-to-root
ratio (decomposition to CQOs not included) was on average 0.29. However,nnhe
cluding the CQ from RMR the ratio was almost twice as high siabeut 62% of re-
leased rhizodeposits were decomposed within 16 @agsll.5/2).

The amounts of rhizodeposition and root biomasseGrdluenced by various biotic and
abiotic factors in the plant-soil system (Jonealgt2004; Amos and Walter, 2006). The
soil environment can affect rhizodeposition andt fmomass through physical aspects
(e.g. water availability, temperature, soil texjusend chemical conditions (e.g. pH,
availability of nutrient ions), as well as throutie activity and diversity of microbial
populations (Lynch et al., 2002). Moreover, plardeiiated factors, like the maize varie-
ty and the plant phenological stage, are influeg¢ine root biomass and the rhizodepo-
sition. The mentioned factors may alter the rhipmd#tion-to-root ratio and thus, may
provide the explanation for the variability in thieerature data (Table 11.5/3). This va-
riability underlines the necessity for future expants assessing the effects of various
factors influencing rhizodeposition and/or rootrhass on the robustness of the rhizo-

deposition-to-root ratio. In our study, however game plant species and variety and
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the same soil as in the field was used, thus, wanasd a constant rhizodeposition-to-

root ratio for controlled and field conditions.

By applying the rhizodeposition-to-root ratio 066.to the root biomass determined in
the field, we estimated that about 166 kg C has released by living roots into the soil
in the time from planting to sampling (April to yW&009) for a theoretical plant popula-
tion of 25,000 plants ia Amos and Walter (2006) concluded in their reviéwat net
belowground C accounts for about 29+13% of shooinlaiss C of maize when assum-
ing similar C contents of roots and shoots. By dan, we found 34.6% of the shoot
biomass C allocated belowground (roots + rhizodéipod. Root respiration was not
included. This value, however, includes RMR and rimag slightly be higher than the

reported average.
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Table 11.5/3: Net rhizodeposition-to-root ratio calated based oH'C labeling studies
with maize (recalculated and modified after Amod svalter, 2006).

Net rhizo-

deposition/

Root Time of sampling  Approach® Reference

0.11 30 DAG “C  continuous Helal and Sauerbeck, 1986
labeling

0.16 21 DAG “C  continuous Helal and Sauerbeck, 1989
labeling

0.84° 3 DAL “C pulse labeling Kisselle et al., 2001
(field)

0.73° 13 DAL

0.67 55 DAL

0.37 46 DAP/ 48 DAG ''C  continuous Martens, 1990
labeling

0.40 76 DAP/ 78 DAG

0.54 111 DAP/ 113 DAG

0.09 21 DAG “C  continuous Merckx et al., 1986
labeling

0.17 28 DAG

0.06 35 DAG

0.04 42 DAG

0.54 24 DAG “C pulse labeling Todorovic et al., 2001

0.54 21 DAP/ 24 DAG 'C pulse labeling Tubeileh et al., 2003

0.36 35 DAP/ 38 DAG

0.75 42 DAP/ 45 DAG

0.34 9 DAG “C pulse labeling Werth and Kuzyakov, 2008

0.19 22 DAG RepeatedC
pulse labeling

0.15 28 DAG

0.24 34 DAG

0.27 40 DAG

0.37 2 DAL/ 30 DAG  C pulse labeling This study

0.20 5 DAL/ 33 DAG

0.41 10 DAL/ 38 DAG

0.19 16 DAL/ 44 DAG

Median / Mean

0.34/0.35

2DAG, days after germination; DAP, days after plagtiDAL, days after labeling.

® Average across treatments.

¢ All studies were conducted under light intensitiesween 180 and 400 pmolrs™.
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5.5 Conclusion

We showed that the combination of root biomass fitata the field with the rhizodepo-
sition-to-root ratio determined under controllechdion allow to quantify rhizodeposi-
tion at a field scale. The advantage of the pregpptoach compared to recent estimates
is that the portion of rhizodeposits, which arecilyi mineralized by microorganisms
(rhizomicrobial respiration), is considered. Thimsgontrast to previous studies estimat-
ing net rhizodeposition, here the gross rhizodgmrsiwas measured and upscaled to
the field. The portion of rhizodeposits decompoge@0, within 16 days accounts for
about 57% of total root-derived GOTherefore, including RMR led to an improved
estimation of the total rhizodeposition under fielshditions. Our data showed a total
rhizodeposition by maize of 166+53 kg C*haf the rhizodeposition-to-root ratio is
known for particular plants, the new approach afi@promising estimation of rhizode-
position at field scale as a huge data base ofbioohass distributions already exists in

the literature.
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models.
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Abstract

The production of C@in soil strongly depends on the availability ofjanic carbon (C)
for microorganisms. It is obvious, that C that eetlethe soil recently is more easily
available for microorganisms in comparison to ol@erHowever, only very few ap-
proaches allow for a quantitative estimation of #wailability of C in relation to the
time it is entering the soil. We hypothesized #14€ values of C@and of soil organic
matter (SOM) after a £x0 C, vegetation change will enable to calculate thatnet
availability of younger (G-derived) and older C (&erived) sources for microorgan-
isms. Soil CQ was sampled over one vegetation period at depth8,040-50 and 60-
70 cm at three treatments: g @ference (wheat), a,allow (fallow after one year of
maize cropping), and auC; (two years of maize cropping). Based ondh€ of CQ,
purified from the admixture of atmospheric £y the Miller/Tans model and on the
8'%C values of SOM, the contributions of younger ahi#oC sources to Cand SOM
were assessed. Depending on the soil depth angtésence of living roots, the contri-
bution of younger C to soil C@anged from 16 to 50%, but that to SOM was lesa tha
5%. By comparing the contributions of older andryger C to CQand SOM, we found
that the relative availability of organics recenityroduced into the soil (2derived)
was about 7 times higher than the availability oft@bilized in soil for longer than one
year (G-derived). We concluded that simultaneous analgkihie 5:°C values of both
SOM and of CQ@allows not only for the quantification of the €€burces, but also for

the estimation of the availability of soil C poalsdifferent age for microorganisms.

Keywords: CO; partitioning, Miller/Tans model, 4C, vegetation change, isotopic ap-

proaches.
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6.1 Introduction

The availability of soil organic C for microbial c@mposition is crucial for many
processes within the C cycle since it controls rite of CQ flux to the atmosphere,
determines the sources contributing to soibCafects microbial activity and composi-
tion, and reflects C sequestration. Soil organicdbsists of various heterogeneous
pools which differ in their stability and availalbyl and are characterized by particular
turnover rates (Von Lutzow et al., 2007; Blagodajsket al., 2011). Older, more recal-
citrant C pools are less decomposable by microaganin comparison to younger C
pools (Von Liutzow et al. 2006; Jastrow et al. 200%cording to their turnover time
various C pools contribute differently to soil €&s the major product of microbial de-

composition.

To distinguish between C pools and to determing tutribution to soil CQ isotopic
tracer techniques have been applied. A vegetatiange from gto G plants results in
different isotopic composition of young and old Qofs, which allows for their separa-
tion (Balesdent and Mariotti, 1987). Depending loa photosynthetic pathways, differ-
ent isotopic**C fractionations occur during G@ssimilation, leading to a distinct iso-
topic composition of gand G plants (Farquhar et al., 1989). Therefore, whenvarg
C, plants on soil originally formed in areas of @getation (or vice versa), older3C
derived) and younger (&lerived) C can be differentiated based on thetosic differ-

ences (Balesdent and Mariotti, 1987).

The first aim of this study was the partitioning s6il CG, and SOM into their C
sources after the application of g 10 C,; vegetation change. Over one vegetation pe-
riod soil CQ was sampled at depths of 10, 40-50 and 60-70 dhree treatments: 1)
Cs reference with long-term4®lant cropping; 2) ¢fallow with maize in the first year
of the experiment, and a bare fallow in the secgsal; and 3) ¢C, with two years’

maize cropping.

A major problem for the evaluation of the isotop@mnposition of soil C@and the sub-
sequent determination of the contribution of vasi@li sources, is the admixture of at-
mospheric C@to soil air resulting in the modification of i°C value. This strongly

limits the application 08**C values of C@for the estimation of COsources and for
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the evaluation of their availability for microorgams (Sge et al., 2004). Removal of
atmospheric C@is therefore a prerequisite for analyzing the €db. For this purpose,
Keeling (1958; 1961) and Miller and Tans (2003)grsied different approaches based
on two component isotopic mixing lines. When apmdythe commonly used Keeling
plot approach, the isotopic composition of sam@ed/ersus the inverse of the respec-
tive CO, concentration is used to estimate the y-axis defgr equivalent to th&'C
value of pure soil C® The Miller/Tans model is based on the linear esgion between
the product of C@®concentration and it5°C value plotted against the G@oncentra-
tion. The isotopic composition of pure €fom the soil is then determined as the slope
of the regression line. Although the Miller/Tansdebhas seldom been used before, its
important advantage is that the calculad&iC values of soil C@are less variable in
comparison to the Keeling plot approach, especifliye measured C{concentration
varies across a broad range. As soil,@0ncentrations usually do vary over a broad
range (more than two orders of magnitude), we uwlsedMiller/Tans model to remove
the admixture of atmospheric G®efore calculating the contribution of olders;{C

derived) and younger (&lerived) sources to GO

The G to G, vegetation change approach has commonly beenedplidetermine ei-
ther the sources of Gr of SOM, but has very seldom been used to resat@pic
compositions of C@to that of SOM in a way that allows for a quartiv@ estimation
of the availability of C pools for microorganisniddssa et al., 2000; Kuzyakov, 2011).
We therefore hypothesized that the purifiédC values of C@and the3**C values of
SOM after a Gto G, vegetation change can be used to estimate theveskvailability

of younger and older C sources for soil microorgars.
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6.2 Materials and Methods

6.2.1 Experimental design

The experimental site was established on an afebdkein the north-west of Gottingen,
Germany (51°33°36.8 "N, 9°53°46.9"'E). The so#isaplic Luvisol the organic carbon
of which originates from permaneng @egetation. The main soil properties are pre-
sented in Table 11.6/1.

A vegetation change in 2009 fromy @ C, crops was used to introduce a distitia
signal into the soil. The experimental site andgless described in detail by Kramer et
al. (2012). In the first year of the study, plakg x 24 m) with maizeZea mays L. cv.
Ronaldinio) and reference plots (24 x 24 m) witmter wheat Triticum aestivum L.

cv. Julius) were established. Wheat seedlings, sovdttober 2008, had been removed
from the maize plots with a non-selective herbic{l@oundup”, Monsanto Agrar,
Dusseldorf, Germany) before sowing maize in Apdi02. Wheat was harvested in Au-
gust and maize in early November 2009 and the sivasvremoved from the plots. In
the second year of the study, in April 2010, mdiZzea mays L. cv. Fernandez) and
summer wheaflfiticum aestivum L. cv. Melon) were replanted. A bare fallow ar@a(

5 m) was established within one of the maize pldtss area was manually kept free
from vegetation during the growing season and r&ots the neighboring plants were
severed with a spade up to 20 cm depth every tweksven order to eliminate lateral
root ingrowth. Maize and wheat plants were handesteNovember 2010. In this paper,
the treatments will be referred to as I€ference’ for the plots with continuous wheat
cropping, 'G/C, for the plots with maize cropping in the firstdaim the second year of
the experiment, and jGallow' for the plots with maize cropping in thiest year and

bare fallow in the second year.

Five soil moisture sensors (EC-5, Decagon Devieaman, USA) were installed at 48
cm depth at the £xeference. The water content of the soil was nredsevery 30 mi-

nutes and displayed as daily average.

189



Microbial availability of younger and older C soesc

Table 11.6/1: Selected properties (£SEM) of the llapuvisol determined before the
start of the experiment (Kramer et al., 2012, medjf. Significant differences between

the horizons are indicated by different lettersq®5§).

Hori- Depth pH Bulk Corg TotalN C/N &N o
zon (CaCly) density
[cm] [gcm®] [gkg™  [gkg™] [%o] [%o]

Apl 0-25 6.0+0.la 1.4+0.0a 12.4+0.4a 1.3+0.0a 9.8a 8.0+0.2a -27.4+0.l1a
Ap2 25-37 6.2+0.’a 1.6+0.0b 6.9+1.2b 0.8+0.1b 9.2a 7.9+0.5ab -26.5+0.2b
Btwl 37-65 6.6+0..b 1.7+0.0c 3.3+0.5c 0.4+0.0c 8.9ab 6.4+0.3bc -26.1+0.1bc
Btw2 >65 7.0+0..c 1.6+0.0b 1.8+0.4c* 0.3+0.0c 6.9b 5.6+0.6c -25.5+0.3c

* Small quantities of CaC£may occur below 65 cm.

6.2.2 Soil air samplers

To sample all three treatments during the same iggpgeason, sampling was done in
2010, in the second year of maize cropping, aftelaldishing the bare fallow
(Cy/fallow). The soil air samplers were installed iprA 2010 two weeks before the
first sampling, in order to reduce disturbance. Biresamplers were constructed ac-
cording to the principle described by Kammann e{2001) with the difference that we
did not roll them up to a spiral. The sampler, estirgy of a silicone tube (length 14.5
cm, inner diameter 10 mm, wall thickness 3 mm), s@aled at one end with a silicone
stopper (length 2 cm). Teflon rings (height 5 mmmer diameter 8 mm) were placed
inside the tube to prevent compression by the gweylsoil. The other end of the samp-
ler was connected to a non-permeable polyureth@id) tube (consisting of a 5 cm
tube with an inner diameter of 4 mm and a tube wiB0 cm, depending on the sam-
pling depth, with an inner diameter of 1.8 mm)efittwith a three-way stopcock with a

cannula to allow for above soil sampling (Knorakt 2008).

The air samplers were installed with four replisaté randomly selected positions with-
in all three treatments {Ceference, @C,4, and G/fallow), at three depths of 10 cm, 40-
50 cm and 60-70 cm. The samplers at 40-50 cm arkDGEn were vertically installed

into a hole made by a Purckhauer sampler (groodehwi8 mm, ecoTech, Bonn, Ger-
many). The hole was refilled with the soil coresafinstallation and sealed with mud at
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the surface. Due to a steeper GOncentration gradient in the upper soil depthes,10
cm samplers were horizontally inserted after extagaa soil core (0.008 m3). The soil

core was placed back and the soil surface wastislighmpressed.

6.2.3 Sampling and analysis

Soil air samples were taken twice per month througlthe maize growing season
(from May to October 2010) and once after the maiaesest in November 2010. We
sampled soil air by plugging evacuated 5 ml viake ithe cannula. The stopcock was

carefully opened and soil air was soaked into the v

The relative™C abundances and total C concentrations of thg i@@he soil air sam-
ples were measured by a gas chromatograph 589%sSk(Hewlett-Packard, Wilming-
ton, USA) coupled to a Delta V Isotope Ratio Magse@rometer (Thermo Fisher
Scientific, Bremen, Germany) via a Combustion lises 11 (Thermo Fisher Scientific,

Bremen, Germany).

Soil from each treatment was sampled four timesnduthe growing season (May,
June, July and August 2010) from depths of 0-10 4050 cm and 60-70 cm using a
Riverside auger (inner diameter 5 cm, EijkelkampgesBeek, The Netherlands). Roots
from the 0-10 cm soil depth were separated fronsthleand rinsed with deionized wa-
ter. Soil and root material was dried at 60 °Ctfoee days and homogenized in a ball
mill. Relative C isotope abundances and total Cteras of root and soil samples were
measured using an elemental analyzer (Carlo Erlo&,1Milano, Italy) coupled to a
Delta S Gas-isotope Ratio Mass Spectrometer (FamiIAT, Bremen, Germany)
through a ConFlo Il interface (Thermo Fisher Stfer) Bremen, Germany). The stan-
dard gases (Australian National University suci@geU) and NBS 19) were calibrated

with reference to the international standard (VeeRee Dee Belemnite (V-PDB)).

6.2.4 Calculations and statistics

6.2.4.1Miller/Tans model

The 8*3C value of pure soil COwas determined by correcting the measw'ég value
for the admixture of atmospheric @Based on the Miller/Tans model (Miller and Tans,

2003), using a geometric mean regression (GMRuggested for soil C&(Kayler et
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al., 2010). A GMR through the individual data psimf all samplings was calculated
for each depth separately for thg @ference, @fallow and G/C, treatments. The
slope of the GMR is equivalent to a seasonallygireted™*C value of pure soil CO
Standard errors for the slope of the GMR were daled from the respective ordinary
least square regression (Sokal and Rohlf, 1995¢sd&Istandard errors may not com-
pletely characterize the uncertainty (Zobitz et2006).

6.2.4.2Contribution of recently added C to total soil £&hd total SOM

The contributions of older @&erived) and younger (&lerived) sources to total soil

CO, or total SOM were calculated using linear two seusotopic mixing models.

513Ct'Ct :513CC3 .CC3 +5136C4.CC4 (1)

C, = Ce, + Ce, 2)
_ 8B¢—8"3Ccy

fC4 - 513CC4_613CC3 (3)

fe,=1—fe, (4)

where§ 3¢, is the isotopic composition of either total £ total SOM and’, is the

total CQ concentration or total C content of SOB>C., and6'3C, are the isotopic
compostions of the £&and G sources, respectivelf., andC., are the C@concentra-
tions or C contents of SOM of thes@nd G sourcesf, and f, are the proportional

contributions of the €and the @ source to total COor SOM.

The G source §*°C,,) was either defined by the calculated Miller/Tah¥C value of
the G reference soil when partitioning total ®r by the3**C value of SOM of the £
reference soil when partitioning total SOM. Fortpimning total CQ we used the iso-
topic composition of the maize roots agdurce §'*C, ). ApparentC fractionations

between roots and SOM(,,,) from the pure €system were assumed to be the same
in a pure G system and were therefore applied to maize raotalkculate the isotopic

composition of the £source §>C.,) when partitioning SOM:
Fsom = 513Cc3 - 513Cc3—Root (%o) (5)

813Cc, = 6"3Ce,—root + Fsom  (%o) (6)
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wheres 3 Ce, _poor aNAS3Ce, _roor are thes™C values of the wheat and the maize root,

respectively.

Standard errors of;, and f., were calculated as described by Phillips and Gregg

(2001).

6.2.4.3Relative availability of older and younger C

The relative availability of SOM for soil microong@ms was estimated based on its
813C values and on th#>C of soil CQ. In order to evaluate the availability of organics
that entered the soil after the start of maize girg (younger C) and to compare it with
the availability of organics that had entered thié lsefore maize cropping (older C), the
ratios of G- to G-derived C in SOM were related to that in £@he respective £Cs
ratios in SOM and in COwere calculated using linear two source isotopiximg mod-
els (Phillips and Gregg, 2001).

6.2.4.4Statistics

The values presented in the figures and tablegiae® as means * standard errors of
means (xSEM). Significant differences of the sodperties (Table 11.6/1) between the
horizons were obtained by a one-way analysis ofamae (ANOVA) in combination
with apost hoc unequal N HSD tesf he slopes of the regression lines calculated by th
Miller/Tans model showed P-values always lower thaw®01l. A Fishers z-
transformation of the correlation coefficient (f)tbe Miller/Tans models showed that r
was always highly significant §0.001). T-tests were used to evaluate differenees b
tween depths and treatments in the isotopic cortipnsaf CQ, as well as of SOM and
in the contribution of ¢derived C to total soil COand SOM, respectively. Statistical
analyses were performed with the statistical paelsagTisTiCA for Windows (version
7.0; StatSoft Inc., OK, USA).
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6.3 Results

6.3.1 Isotopic composition of soil CQ and removal of atmospheric CQ

admixture

The raw data shows that the £€bncentrations of the three treatmentsréference,
Cy/fallow and G/C, are in a similar range and display similar dynanice. the treat-
ment itself had no impact (Fig. 11.6/1). Consistgdwer CQ, concentrations were de-
tected at the 10 cm soil depth for all treatmemissomparison to the concentrations at
the 40-50 cm and at the 60-70 cm depth, where dheentrations were twice as high.
In August, the C@concentration increased at all depths and tregen@ihis increase
can be explained by an increasing soil water caragsrshown for the £reference at a
depth of 48 cm (Fig. 11.6/1).

The dynamics of the isotopic composition of Ofiffered between the treatments (Fig.
11.6/1). Whereas th&"C values of the €reference at the 40-50 cm and at the 60-70 cm
soil depths, ranging from -30%o to -24%o, did notwhm trend over time, th&**C val-
ues of the ¢ C, treatment increased at mid-June and reached vafugsto -16%., and
decreased again in August at all depths. ¥ of CQ in the G/fallow treatment de-
creased over the season due to the absence of neywuts in the second year, and due
to the decomposition of the,@rganics which remained after the first year ofizma
cropping. At the end of the vegetation peri6’C values of -27%. were detected,
which were within thes**C range of the €reference. During the vegetation period the
81%C values of C@of the G reference soil at the depth of 40-50 cm and 6@#iQGvere
lower compared to the values at thgf@llow and the @JC, treatments. The different
dynamics of thé**C values indicate changes in the contribution 9@ G sources to
total CQ.
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Figure 11.6/1: Top: C@concentration (mean +SEM, N=4) and bott&iC values (mean +SEM, N=4) of total soil £6uring the growing season
2010 at 10 cm, 40-50 cm and 60-70 cm depth at thei€rence (left), the Lallow (middle) and the &C, (right) treatment. Raw data without
purification from the admixture of atmospheric £&e presented. The soil water content at 48 crthdapder the €reference is shown in gray

color.
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For all three treatments, the high&SC values were found at the 10 cm depth, but with
the highest variation for thes@eference soil. High variation of G@oncentrations and
especially ofs**C values, due to the admixture of atmospheric,@®nfirmed that a
correction for the admixture was required to deteenthe3™*C of pure soil C@ Using

the Miller/Tans model the single GOoncentration data (shown as means in Fig. 11.6/1)
was plotted against th&>C value multiplied by the COconcentration (Miller and
Tans, 2003) (Fig. 1.6/2). The best correlationgevimund for samples taken from the
Cs reference soil because of the highest differefié&e values of organics utilized by
microorganisms and atmospheric £®@he slope of the regression line equals the inte-
grated 8'°C value of pure soil COwithout atmospheric CO(Fig. 11.6/2, 11.6/3A).
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Figure 11.6/2: Miller/Tans models for thes;Qeference, the Lfallow and the @C,
treatment at 10 cm, 40-50 cm and 60-70 cm soilld€fdte slope of the regression line
is equivalent to thé'°C of pure soil C@without admixture of atmospheric GCSince
the samples were taken over one growing periodQR@he slope represents a seasonal-
ly integrateds*>C value. Note: for a better visualization (not floe calculations), the x-

axis was truncated at 30,000 ppm, as only 5 pevete higher.
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313¢ o] Contribution of older and younger C to total CO, [%]
-34 -30 -28 -26 -24 22 0 10 20 30 40 50 60 70 80 90 100
a ‘ ! d g e
10 A Ha- il G e e =
/ : /
: : C
E : / i /
ab i C e :ab
2 40-50 | e A
& / N\ \
8 b ic N\ de Sb \ cd
60-70 - i e+ i e
—e— Cj3reference
coooibeese Cyffallow e =.... Cylfallow
——*— CulC4 —k— C4lfd

Figure 11.6/3: A:3"C values (+SEM) of soil C©calculated by Miller/Tans models for
the G reference, the gZfallow and the @/C, treatment at 10 cm, 40-50 cm and 60-70
cm depth, and B: contribution of younger and ol@eisources to total COat the
Cy/fallow and G/C, treatment at 10 cm, 40-50 cm and 60-70 cm soitrdegignificant
differences between the depths and treatments aneeth by different letters (P<0.05).

The purified5'°C values of soil C® consistently and strongly differed between the
three treatments for all depths investigated (Fi§/3A). The lowestC values were
calculated for C@ produced at the Lreference site. The (fallow treatment
represented an intermediate stage and the higi&tvalues were detected for the
C./C, treatment. Correspondingly to th€C of SOM (Table 11.6/2) thé>*C of CQ at
the G reference increased slightly with depth, from @b8d%. at the 10 cm depth to -
30%0 at the 60-70 cm depth (Fig. 11.6/3A). Howeutiere were no depth gradients for
the C/fallow and the @Q/C, treatments with averageC values of approximately -26%o

and -23%o, respectively.

6.3.2 Contribution of recently added C to total soil CQ, and SOM and relative

availability of younger and older C

Based on two component isotopic mixing lines, tlatgbution of younger C (£
derived) to soil CQ after the removal of the admixture of atmosphanidFig. 11.6/3B)
and its contribution to SOM (Table 11.6/2) wereadhted. The contribution of recently
added C to Cgat the G/C, treatment site was approximately 50% at the 1Gepth,
which was twice as high compared to thgf&@low treatment. This can be explained by
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root-derived CQ(root and rhizomicrobial respiration) in the presef living roots in
the G/C, soil.

The contribution of younger C to soil GQecreased with depth for both eatments.
At the 40-50 cm and the 60-70 cm depth of th&CCtreatment, younger C contributed
about 43% to soil C&) while at the @fallow treatment only 16% f&derived C was
detected at the 60-70 cm depth. Despite the higlribation of recently added C to soil
CO,, even at the 60-70 cm soil depth of thgf@low treatment, the bulk SOM was
only slightly (< 5%) enriched by the,@ignal after one year of maize cropping (Table
11.6/2).

Table 11.6/2:5°C values of SOM (+SEM) of the ;Geference, the gZfallow and the
C4/C, treatments and the contribution of-@erived C to total SOM (xSEM) on
Cy/fallow and G/C, treatments at 10 cm, 40-50 cm and 60-70 cm deptiess'*C val-
ues of pure ¢soil were: -11.4+0.2%o for 10 cm; -10.5+£0.2%0 for-80 cm; -10.6+0.2%o
for 60-70 cm. Significant differences between tepttis within a treatment are marked
by different lowercase letters (P<0.05). Valuedofwed by different uppercase letters

indicate statistical differences between the treatim at a certain soil depth (P<0.05).

Contribution of
51°C [%0] recently added C to
total SOM [%]

Depth [cm] Cjreference G/fallow C4Cy Cyfallow C4/Cy

10 -27.0+0..aA -26.3+0..aB  26.4+0..aAB 4.6+1.:aA 3.8+1.]aA
40-50 -26.2+0..bA -26.0+0.:abA -26.2+0..aA 1.4+1.7aA 0x1.ZbA

60-70 -26.3+0..bA -25.7+0..bB -26.2+0..aA 3.6x1.JaA 0.6x1.(bA
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By relating the contribution of recently added CSOM to its contribution to Cthe
availability of younger C relative to older C wastimated. This was done only for the
10 cm depth of the ffallow treatment, because of the absence of sggmif differenc-
es ind**C of SOM below the plough horizon at 40-50 cm bemthe G reference and
the G/fallow treatment (Table 11.6/2) and because wencarcompletely exclude the
influence of carbonates at the 60-70 cm depth Tsdde 11.6/1). The younger C, intro-
duced into the soil at a depth of 10 cm in the fygesar of maize cropping, was about 7
times more available for microbial decompositiorcomparison to more recalcitrant C

which was older than two years.

Ci_gos Soc
c.=0.05 5'=0.37

100% Recently introduced

C is 7 times more
available for

decomposition
processes than

older C
Younger C
(C,-derived)
27%
v (5% Y8UNgerC oo
SOM Soil CO,

Figure 11.6/4: Contribution of older and youngen@SOM and soil C@at the 10 cm
depth of the @fallow treatment, and calculation of relative dahility of recently add-
ed and older C. The seasonally integrat€€ value of CQ at this treatment and depth
was -26.2+0.4%0. Thé'*C value of SOM was -26.3+0.1%.. The contribution@f
derived C to total C@or SOM was calculated based on the following ismt@omposi-
tion of the G and G sources: -27.0+0.2%0 and -11.4+0.2%. for SOM in eepls Sys-
tem and a pure £3ystem, respectively; -31.4+0.5%. and -12.2+0.2%/30, in a pure

C;3 system and maize roots, respectively.
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6.4 Discussion

6.4.1 Dynamics of isotopic composition of soil C®

The8™C values of the measured soil £6J the G/C, treatment showed a clear pattern
over the growing season with increasing values idtJune (Fig. 11.6/1). Similar pat-
terns had been observed in earlier studies (Raxhatt Flanagan, 1997; Rochette et al.,
1999) and were explained by a higher contributibmoot-derived respiration to total
soil CO, with increasing root biomass during the growingssm. At the end of the
growing season, th&>C values of C@declined again to the initial level due to reduced
root-derived respiration.

The 8*3C of CQ in the C/fallow soil decreased consistently with time, awhverged

to the range of th&**C of CO measured at thesGeference plot. The relative contribu-
tion of younger C to soil COat the G/fallow treatment decreased in the absence of
new G inputs, because younger 4@erived) organics remaining in the soil after the
first year of maize cropping had higher availapibind, consequently, faster decompo-
sition rates compared to oldersf@erived)organics. CQ produced at the beginning of
the vegetation season mainly originated from th@pmmunds with fast decomposition
rates, while compounds with lower decompositioesajained an increasing influence
on the CQ with time (Werth and Kuzyakov, 2008). This ledaa@ecrease diC val-

ues of soil COwithin the G/fallow treatment.

The CQ measured at the 10 cm depth of ther€ference soil was characterized by
highly variables**C values ranging from -27%o to -19%. (Fig. I1.6/1hi¥ high spatial
(indicated by large standard errors) and tempaahbility can be explained by a high-
er variability in soil moisture and temperaturetteg wheat site compared to the/@,
and to the @fallow treatment, which might have led to biggéfetences in microbial
activity and hence in C decomposition on the wiséat Furthermore, soil moisture is a
key factor controlling the intensity of atmospheaic mixing on all three sites, because
it alters the rate of gaseous diffusion (Susfal&let2002). The magnitude of the atmos-
pheric air admixture mainly depends on the decoitipagates of SOM and on the rate
of gaseous diffusion within the soil (Amundson let H998; Cerling, 1984; Dudziak and
Halas, 1996; Susfalk et al., 2002). T§EC values at the 10 cm depth of the réfer-
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ence increased at the end of the vegetation pduedo a higher admixture of atmos-
pheric CQ as a result of a decreasing water content (Fig/1). The spatial and tem-
poral variability of soil respiration, as well akthe effective soil porosity, led to a vari-
ation in the contribution of atmospheric air toalosoil CQ. A contribution of up to
35% of atmospheric air to near-surface soil gasbeas reported (Susfalk et al., 2002).
For grassland, Millard et al. (2008) calculatedtobations of even 61%.

In this study, it was not possible to determine pibecentage of atmospheric air mixed
to soil CQ because the isotopic composition of atmospherig i@@he vicinity of the
soil surface was not measured. The use of the aimeoss'°C value of -8%. and a GO
concentration of about 390 ppm, as an averagdh®btlk atmosphere, is inappropriate
because the air close to the surface is stronfigted by CQ from the soil and by ga-

seous exchange with the vegetation.

6.4.2 Application of the Miller/Tans model to determine the isotopic composition
of soil CO,

The isotopic signature of pure soil gQvithout admixing of atmospheric GCcan be
determined using two component isotopic mixingdirg€ig. 11.6/2). The application of
the various mixing models in combination with diffat regression approaches, such as
ordinary least squares or GMR, was discussed aildst Zobitz et al. (2006) and Kay-
ler et al. (2010). For systems with broad &0Oncentration ranges, such as soib(fe
application of the Miller/Tans model used with a & Mas recommended, since it pro-
vides the most accurate and precise estimate of'ffevalue of purely soil-respired
CO; (Kayler et al., 2010).

The basis of the mixing model is a mass balancategquwhich relies on the assump-
tion of a simple mixing of only two gas componertsil CQ and atmospheric GO
(Pataki et al., 2003). During the sampling peritiey contribution of the two compo-
nents may change, but the isotope composition efsthgle components does not. In
our experiment, besides th&’C value of the former £vegetation and that of the at-
mospheric C@mixed into the soil, a third source, with a i€otopic signal, was added
to soil by maize cropping. Since the contributidrtiee G, signal varied spatially and
temporally, e.g. with changing root biomass and swmiisture (Fig. 11.6/1), thé**C of
soil CG, did not remain constant. Nevertheless, bothabd G-derived CQ were ac-

201



Microbial availability of younger and older C soesc

companied by high CQconcentrations, whereas atmospheric&@ongly enriched in
13C compared to £CO,, had constantly lower concentrations. This enabledo dis-

tinguish between soil C{and atmospheric air mixed into the soil.

Additionally, the second component of the mixingdalp atmospheric C) may be a
source of uncertainty since &$°C values can also differ spatially and temporallye
atmospheric C@in the vicinity of the soil surface did not reftabe isotopic composi-
tion of the bulk atmospheric G@f -8%. but is, as a function of the distance frtira
soil surface, influenced by respiration and assitinh processes and the intensity of air
mixing from higher atmospheric layers. Temporalataons in the isotopic composition
of atmospheric C®have also been reported, with increasiti¢ values during periods
of high photosynthetic activity (spring and summemd decliningg**C values during
periods dominated by soil respiration (fall and @M (Amundson et al., 1998). We
concluded, that despite the mixing model requirenaérconstant'°C values for both
components being violated, in particular for treatis with a @ source, reasonable
results can nonetheless be obtained by applyingliler/Tans model, mainly because
of the broad C@concentration range and the vicinity of our datahies'*C value and
concentration of C@from soil CQ. Spatial and temporal fluctuations in teC val-
ues of both components of the mixing model may @&rplariations from the defined

mixing line.

6.4.3 Contribution of recently added C to total soil CO,

The application of a two source isotopic mixing rabtbr partitioning total soil C®
into younger (G-derived) and older (£derived) sources required th&’C values of
both endmembers, i.e. (1) of the £fdom the decomposition of SOM from g BGare
fallow (Cs-derived), and (2) of pure root and/or rhizosphespiration (G-derived). As
a G endmember for the mixing models (Eqg. 1) the isimt@omposition of CQ@ from
the G-reference site, obtained from the Miller/Tans nisdeas used. This allowed
accounting for**C fractionation between roots and soil £E8owever, the“C fractio-
nation between wheat roots and soil @@der wheat not only compris&tC fractiona-
tion between SOM and SOM-derived £®ut also'*C fractionation by root-derived
respiration, i.e. betweedt*C of roots and that of root-derived &The latter may have

lead to a slightly biased contribution of younged @lder C to total COsince*C frac-
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tionation by root-derived respiration should nové&®een accounted for in thg énd-
member because of the absence of wheat roots @ffalow and at the ¢C, treat-
ment. To overcome this problem, ti€C of CQ from a bare fallow with long-termsC

history can be used as the @idmember of the mixing model.

As done in most recent studies, we assumed thatettéC fractionation during respira-
tion is negligible and, hence, the bulk isotopienposition of roots was used as the
813C value of the gendmember when partitioning G@.g. Buchmann and Ehleringer,
1998; Rochette et al., 1999, Rochette and Flana#9¥). Thus, this assumption may
result in a slightly biased contribution of youngerd older C to total COsince™*C
fractionation in the €endmember (maize roots) was not accounted forovBscome
this problem root-derived COneasured in hydrocultures can be used asn@memb-

er. However, this was not applicable in the pres&periment.

An estimated 50% of COreleased at the 10 cm depth of thgQz soil was derived
from recently added C (&lerived). This percentage decreased with deptbause
there were fewer roots in deeper soil. Furthermibre,content of SOM decreased with
depth (Table 11.6/1) and its turnover in deepet Borizons is slower compared to upper
horizons. Thus, the relative contribution of th@tsoto the CQ signature increased.
Maize roots, and consequently rhizodeposition, cargcentrated near the soil surface
(Amos and Walters, 2006). The contribution of rdetived CQ under maize can ac-
count for up to 45% of total soil GQRochette et al., 1999; Werth and Kuzyakov,
2009). Similar values have been reported for wkiearyakov and Cheng, 2001). Root-
derived respiration explained the higher percentaig€,-derived CQ for the G/C,

treatment in comparison to the/fallow treatment.

6.4.4 Relative availability of younger and older C

A high contribution of younger C to GQvas detected for thes®allow as well as for
the GJ/C, treatment at each sampling depth, whereas theseawmauch lower impact of
younger C on SOM. This finding was confirmed byeststudies. Flessa et al. (2000)
reported that even after 37 years of maize croppivegcontribution of maize-derived C
to SOM accounted for 15% of total C, but for abb8% of CQ. A discussion by Ku-
zyakov (2011) showed that the-©-C; ratio of SOM slowly increases and reaches sa-

turation while it rises exponentially in GQoutlined in Fig. 5 by Kuzyakov, 2011).
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Therefore, even a few decades after thECLvegetation change there will still be a
high proportion of G-derived C in SOM, but a low contribution to the £&flux (Ku-
zyakov, 2011). This reflects the availability oteat and old SOM pools and allows to
calculate the relative availability of;Cand G-derived C by relating the /40-C; ratio

of CO, to that of SOM. Since root-derived g@layed a crucial role for theiC,
treatment, we only calculated the relative avalilgbifor the 10 cm depth of the
Cy/fallow treatment (Fig. 11.6/4). While the ratio @f-to-C; at the 10 cm soil depth was
0.05 in SOM, it was about 0.5 in G(Fig. 11.6/4). Thus, the younger C, introducedint
the soil in the previous year, was 10 times mouwlable for microorganisms than the
older C. The availability of soil C decreased withe as shown by the high proportion

of younger C in C@compared to older C and so indicated C stabibrati

204



Microbial availability of younger and older C soesc

6.5 Conclusions

In order to evaluate the availability of youngelatiwe to older C for soil microorgan-
isms a number of calculation steps were perforrrethe first step — the removal of the
admixture of atmospheric GGnd the estimation of pure soil €O the Miller/Tans
model was successfully applied and provided a @& signature of the soil GOIn
the second step we estimated the contributionsoohger (G-derived) and older (£
derived) carbon to Cand to SOM. In the last step, we compared theritanions of
older and younger sources to £&nhd to SOM, and calculated the relative availgbili
of recent and of old C. We showed that, despitddbethat the contribution of recent C
to SOM was less than 5%, the contribution of re€td produced COwas about 27%
at a soil depth of 10 cm within the/@llow treatment. This indicates that one yeagemaft
the C input into the soil, its availability for nmmenrganisms was about 7 times higher

than the availability of C sources older than oeary
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