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Abstract

Aims

The mean residence time of carbdiR(Tc) in the biomass of grassland ecosystems is an
important factor in the terrestrial and global @arl{C) cycle, since grasslands cover about
40% of the world’s land area. However, studies tjiiang MRTc in the field are scarce. The
general aim of the present thesis research wasiaotidy MRTc in above-ground species
specific and community scale biomass and belowsgtoparticulate organic matter of a
grazed grassland ecosystem in different seasomssgédrific aims were to (i) test, MRT¢ in
structural above-ground plant tissue is determimethe tissue residence time, represented by
the leaf life-span. In this context, (i) a detdilanalysis of leaf life-span was necessary.
Furthermore (iii)MRTc in below-ground particulate organic matter was parad toMRT¢ in

above-ground biomass and seasonal effects on {figrang to below-ground assessed.

Materials and Methods

All investigations took place in a temperate humpasture, that was continuously grazed by
cattle for more than six years and dominated bygthssesolium perenneandPoa pratensis
and the dicotsraraxacum officinaleand Trifolium repens MRT: of each species and bulk
above-ground biomass and below-ground particulagaroc matter (>0.2 mm, including root
phytomass) were determined with continudi®0,/**CO,-labelling in open-top chambers in
three different seasons of two years. A two poodehoconsisting of a labile pool and a
structural pool was fitted to above-ground traceretcourses revealinglRTc for labile and
structural compounds. THdRTc of below-ground and bulk above-ground (liviplys dead)
biomass was determined by fitting single exponérdiecay functions to the tracer time

courses. Leaf life-span of the four dominant spewias measured.

Results and Discussion

MRTc of the structural living above-ground C pool wekated to the leaf life-span, though it
was shorter (approx. 30 days compared to approxdad®). The latter discrepancy was
possibly related to net growth and/or structuradlgposition after full leaf expansion. Since
MRTc of the labile above-ground C pool was on averagays,MRTc of bulk (labile plus
structural) living above-ground biomass was appr2f. days. MRTc in below-ground



particulate organic matter was approx. 1 year ithls@asons and thus 6 times longer than
MRTc in living plus dead above-ground biomass (2 months on averdge)suiggested that
this difference relates to a large amount of deaghrac material in relation to live root
biomass in the below-ground C compartment.

There were no systematic seasonal or interspedifferences in the C residence time above-
or below-ground or in leaf life-span. Furthermdesf life-spans were short when compared
with data from plants growing in less disturbediteab. It is proposed that these results are a
consequence of the adaptation of the communitistgeiars-long history of intensive grazing.
The frequent defoliation could lead to a similapséning of payback-times for all species
and observation periods, forcing individuals to stomct leaves at low costs with short and
similar leaf life-spans and consequently shortsindlar C residence times.

In autumn a higher percentage of total assimil@esdas deposited below-ground (50%) than
in spring (35%). This represented the only systemsg¢asonal effect in this study and
reflected the different developmental stages of alvard in spring (mobilization of C for

growth and reproductive development) and autumpgsidon of C to stores).

Conclusions

The results of this study indicate that the dishimde history of a sward has important
implications for theMRTc in above-ground biomass. This is due to the imitee of
defoliation frequency on the leaf life-span via thade-off between long leaf life-span and
short payback times of construction costs, andittkage of leaf life-span andiRTc.



Zusammenfassung

Zielsetzung

Die mittlere Verweildauer von KohlenstoffMRTc) in der Biomasse von Grasland-
Okosystemen ist eine wichtige Komponente im terisgdten und globalen
Kohlenstoffkreislauf, da etwa 40% der globalen Lf&whe von Grasland bedeckt ist.
Dennoch gibt es kaum Studien, diRTc im Freiland quantifiziert haben. Das Ubergeordnete
Ziel dieser Arbeit war es, diBIRTc in oberirdischer pflanzenart-spezifischer und gesa
oberirdischer Biomasse und in unterirdischer kdnigrganischer Substanz (,particulate
organic matter”) eines beweideten Grasland-Okosystan verschiedenen Jahreszeiten zu
bestimmen. Die spezifischen Ziele waren es, (iJeaten, ob didMRTc in der oberirdischen
strukturellen Biomasse durch die Verweildauer deskgturellen Pflanzengewebes selbst,
reprasentiert durch die Blattlebensdauer, bestimart In diesem Zusammenhang war (ii)
eine detaillierte Analyse der Blattlebensdauer ven. Des Weiteren wurde (iii) dMRTc in

der unterirdischen koérnigen Biomasse mit ddRTc in der oberirdischen Biomasse
verglichen und der Einfluss der Jahreszeit auf\teteilung von Kohlenstoff (C) zu der

unterirdischen Biomasse hin untersucht.

Material und Methoden

Alle Untersuchungen fanden auf einer feucht-gentafigVeide statt, die seit 6 Jahren von
Rindern beweidet war und von den Graskolium perenneund Poa pratensisund den
Dikotylen Taraxacum officinalaind Trifolium repensdominiert wurde. DieMRT¢ jeder Art
und der gesamten oberirdischer Biomasse und voeritdischer korniger Biomasse
(>0.2 mm mit Wurzelbiomasse) wurde mit Hilfe von nkauierlicher **CO,**CO,-
Markierung in offenen Kammern in drei verschiedeRamioden innerhalb von zwei Jahren
bestimmt. Ein 2-Pool-Modell, bestehend aus einesticiden Pool und einem strukturellen
Pool wurde an die Markierungsverlaufe der oberdfigs Biomasse angepasst und so die
MRTc des labilen und strukturellen Pools bestimmt. BieTc der unterirdischen sowie der
gesamten oberirdischen Biomasse (lebend und totdewvumit dem Fit einer einfach-
exponentiellen Zerfallsfunktion an die Markierungdéufe bestimmt. Zudem wurde die

Blattlebensdauer der vier dominanten Arten gemessen



Ergebnisse und Diskussion

Die MRTc in dem lebenden oberirdischen strukturellen C-Patdnd in engem
Zusammenhang mit der Blattlebensdauer, allerdirayssie kirzer (ca. 30 Tage gegenuber 40
Tagen). Diese Diskrepanz stand wahrscheinlich isadunenhang mit Netto-Wachstum
und/oder Deposition von strukturellem C nach Begumalg des Blattwachstums. Da #iRTc

des loslichen Pools im Mittel 5 Tage betrug, wae MiRTc der gesamten oberirdischen
Biomasse (I6slich und strukturell) ungefahr 20 Tdgee MRTc der unterirdischen kdrnigen
Biomasse betrug in etwa ein Jahr in beiden anatgsielahreszeiten und war damit 6 mal so
lang wie dieMRTc¢ in der lebenden und toten oberirdischen Bioma2dddnate im Mittel).

Es wird vorgeschlagen, dass dies durch den groféeilAan totem organischem Material in
der unterirdischen Biomasse im Verhéltnis zur leleenWurzelbiomasse zustande kommt.

Es gab keine systematischen Unterschiede zwisoberdahreszeiten und Arten in déRTc
von unterirdischer und oberirdischer Biomasse undeir Blattlebensdauer. Zudem waren die
Blattlebensdauern kurz im Vergleich zu Beobachtarm@derer Autoren in weniger gestorten
Habitaten. Dies konnte eine Konsequenz aus der #supg des Bestandes an die jahrelange
intensive Beweidung sein. Standige Entblatterungink® fur alle Arten und in allen
Untersuchungszeitraumen gleichermal3en zu eineriivarkg der Rickerstattungszeit fur die
Blatt-Konstruktionskosten flihren und damit die Rlan zu guinstig produzierten Blattern mit
einer kurzen und &ahnlichen Blattlebensdauer ungliébl einer kurzen und &hnlichéviRTc
zwingen.

Im Herbst wurde ein grof3erer Anteil an assimilierté an die unterirdische Biomasse verteilt
(50%) als im Fruhjahr (35%). Dies stellte den ageni systematischen Effekt der Jahreszeit in
der gesamten Studie dar und reflektierte den Ektungsstand des Bestandes im Fruhjahr
(Mobilisation von C fur Wachstum und Reproduktiamd im Herbst (Einlagerung von C in

Speicher).

Schlussfolgerungen

Die Ergebnisse dieser Arbeit legen nahe, dassad@gihrige Stérungsregime eines Grasland-
Bestandes Auswirkungen auf dMRTc in der oberirdischen Biomasse hat. Dies kommtidurc
den Einfluss der Entblatterungshaufigkeit auf dlattBebensdauer zustande, der durch den
Zielkonflikt zwischen langer Blattlebensdauer undrZer Rickerstattungszeit fur die
Blattkonstruktionskosten gegeben ist, und die \fetbhg zwischen Blattlebensdauer und
MRTc.
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1. Introduction 1

1. Introduction

This study is concerned with the carbon (C) restddime at species and community scale in
above-ground biomass and in below-ground partieubagjanic matter of a temperate grazed
grassland ecosystem. Terrestrial C cycle researdhas part of it, mean residence times of C
in terrestrial compartments, have become of majterest, since the relationship between
increasing CQ concentration in the atmosphere and global climaggming has been
recognized (Schimel, 1995). Grasslands contribigaifecantly to the terrestrial C cycle,
since they cover about 40% of the world’s land areacluding Antarctica and Greenland —
and contain about one third of the whole terrest@a(White et al, 2000). Therefore,
knowledge of the C residence time in grassland @paostments is crucial for the
understanding of the C cycle in the terrestrial tr@dglobal biosphere.

The mean residence time of BIRTc) in the above-ground biomass determines the tage |
between fixation of C in the leaves and its depasito below-ground via roots and leaf litter
fall or its loss as C@via respiration. Globally, about 2/3 of terredti@ is found below-
ground (Schlesinger, 1997) reflected by relativéigh root/shoot ratios in temperate
grassland ecosystems (approx. 4/1; Jackgoal, 1996; Mokanyet al, 2004). Due to the
transformation of plant litter into more persisteabmpounds, below-ground carbon
accumulation accounts for most of an ecosystenpaaty to store organic carbon within a
few years (Jones & Donelly, 2004). Below-groundu@over is thought to be generally much
slower MRTc 1 — 5 years; Klumppet al, 2007; Personeni & Loiseau, 2004; Van Kesgel
al., 2006) than above-ground C turnover.

Above-ground C turnover has been studied underraibed conditions in whole shoot
biomass (Atkinson & Farrar, 1983; Prosser & Fari@31), in shoot carbohydrates (Farrar &
Farrar, 1986; Farrar, 1989; Lattareti al, 2012) and in shoot C pools feeding respiration
(Lehmeieret al, 2008; Carbone & Trumbore, 2007; Ba#inal, 2009) revealindRT¢ in
shoot C compartments in the dimension of days. Weweo the author’'s best knowledge,
there is no study quantifying the C residence fimabove-ground biomass in the field and no
study reporting otMRT¢ in both above- and below-ground biomass in thd.fie
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Carbon and tissue residence time

Essentially all organic carbon in terrestrial eategns derives from COthat is
photosynthetically assimilated by plants. Almost @l this organic carbon is eventually
returned back to the atmosphere via respiratioterAixation in plants there are two principal
fates of C. Either C serves as substrate for raspir or it is incorporated in structural
biomass during growth. The second way is of pddrcinterest, since most C is present in
structural compounds (approx. 70% Liolium perenng Robson & Deacon, 1978) and in
minimum half of all assimilated C is used for syggis of structural biomass&.(perenne
Lehmeieret al, 2008; Lehmeiert al, 2012). C bound in structural compounds is not
recycled within the plant (Robson & Deacon, 198, is lost from plants with the shedding
of dead shoot and root tissue. This material theooimes available as substrate for
heterotrophic respiration.

The residence time of structural C within the plauet the time lag between the incorporation
of C in structural compounds during growth and lthss from the plant via litter fall, should
be very closely related to the residence time efdinuctural tissue itself. In grasslands, where
above-ground biomass mainly consists of leavedu@ireg lamina and sheath tissues), the
residence time of structural tissue is determingdhle longevity of the leaves, i.e. the leaf
life-span. Therefore, one should expect a closatiogiship between the leaf life-span in a
community and the mean residence time of C in thetiral tissue and probably the whole

above-ground biomass.

Leaf life-span

Leaf life-span is a trait of great ecological mean{Kikuzawa & Lechowicz, 2011) with, as |
hypothesize (see above), major implications forsgstem C cycling. Across species
gradients, short leaf life-span is associated wibkh low leaf mass per unit area and high
photosynthetic capacity per unit leaf mass (Re#thal, 1992; Wrightet al, 2004).
Conversely, long leaf life-span is related to agenpayback time, defined as the relation of
construction costs to daily photosynthesis (Willsagh al, 1989; Nava®t al, 2003; Costet

al., 2011). Leaf life-span has therefore been consttiéndicative of the species’ trade-off
between productivity (rate of resource acquisiti@ngd persistence (resource retention)
(Westobyet al.,, 2002; Hikosaka, 2005).
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Ryser & Urbas (2000) found a negative correlati@ween leaf life-span and ecological
indices of disturbance frequency, across severassgispecies, noting that the nutrient
conservation often associated with greater longewas superimposed by the influence of
disturbance frequency. This suggests that longtieaves would be disadvantageous when
leaf survival is limited by regular disturbance spibly because (parts of) leaves are lost from
the plant before complete pay-back of constructiosts. Accordingly Lemairet al. (2009)
argue that long-lived leaves have a higher proligmf defoliation than short-lived leaves
under a given grazing intensity. Further, it isgoeed that severe disturbance generally leads
to lower functional diversity (e.g. intermediatestdirbance theory: Grime, 1973; Biswas &
Malik, 2010; Duruet al, 2012). For these reasons, | hypothesize thaetfdife-span of the
dominant species in a habitat with frequent defioig such as intensively grazed grassland,
lies in a narrow range and is rather short. Thisld@lso affect the mean residence time of C
in the above-ground biomass, provided that leafdfhan was a major determinantRTc in

the above-ground biomass, as hypothesized hera Jihalar patterns as for leaf life-span
could be expected and thus also a more or less conamd rather shoMRT¢ in the above-
ground biomass.

Overview and aims

All investigations of the present study took plata temperate humid grassland ecosystem at
the Grinschwaige Grassland Research Station ie ihkestigation periods with relatively
similar temperatures over two years (two autumng ame spring). The sward had been
grazed continuously by cattle for more than 6 yeard was dominated by the perennial
grasset.olium perenneandPoa pratensisthe rosette forming hefbaraxacum officinaleand
the stoloniferous legumgrifolium repens

The general aim of this work was to quantify C desice times in above- and below-ground C
compartments and to gain a better understandinigeaf determinants, including the leaf life-
span and seasonal, interannual and interspeciictef C residence time of living shoots at
species scale and bulk above-ground biomass otdhenunity was analyzed and brought
into relation with the measured leaf life-spanthis context, | performed a detailed analysis
of leaf life-span, which also addressed methodcokdgaspects. C residence times of below-
ground particulate organic matter was compared boverground C residence time and
seasonal effects on C partitioning to below-growede analyzed.
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In particular, the questions in this thesis wergragsed in three main parts:

In chapter 3, a detailed analysis of leaf life-speas performed and the following specific
guestions were addressed: (1) is the leaf life-gfacn-dominant species in an intensively
grazed pasture similar? (2) Are there seasonabantttrannual changes in the leaf life-span?
(3) Is the species comparison, e.g. between grassedi@ntd, altered by different leaf death
definitions? And lastly, (4) how does the leafddean found in this work relate to published
leaf-life span values of dominant species in sinildisturbed grasslands?

These questions were answered by studying thdifeafpan of the four co-dominant species
in the analyzed pasture in different seasons ampidimg data from the literature, both of the
same species growing relatively undisturbed, andothier species of similarly grazed
grasslands. The analysis of the influence of difiedeaf death definitions on interspecific
comparison of leaf life-span was necessary, becamsgarisons between published studies

were complicated by different operational defimsoof leaf death.

In chapter 4, the man residence time of C in alpeend biomass was analyzed and the
following questions were answered: (1) Is the carbesidence time in structural tissue of
grassland plants similar to the leaf life-span? A2 there seasonal, interannual and/or
interspecific differences IMRTc in above-ground biomass? And related to that 8y o
above-ground species-speciliiRTc compare ttMRT: on a community scale?

To this end, three 15 to 16 day-long continudi@-labelling experiments (also termed
dynamic labeling, Ratcliffe & Shachar-Hill, 2006w conducted in two seasons over two
years. For that purpose a recently developed apercttamber system was used (Gamnitzer
et al, 2009), which allowed for precisely controlledphgation of **C-labelled C® under
ambient CQ concentration in the field. A two pool carbon tower model of shoot biomass,
which included a labile, well mixed C pool and eustural C pool, was fitted to the C tracer
time courses of living shoots of the four studipeges and the living bulk above-ground
biomass. In the model the structural pool was fedhe labile pool and followed a first-in-
first-out mechanism. Model-derivelRTc were compared to the leaf life-span data. This
procedure gave rise to the last question: (4)dptioposed two pool C model adequate for the

description of the C tracer time courses of livalpve-ground biomass?
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In chapter 5, the carbon residence time in the vibglmund particulate organic matter
(>2 mm of diameter, POM) and in the bulk above-gbiomass and the C partitioning to
below-ground were investigated. This chapter ad@eshe following specific questions: (1)
Are there seasonal differencesMiiRTc in POM or carbon partitioning to below-ground? And
(2) how does the carbon turnover of below-groundi@éate organic matter compare to that
of above-ground biomass?

To this end, carbon tracer time courses of POMIarki above-ground biomass, which were
produced in the same labelling experiments as meadi above, were fitted with single

exponential decay functions revealiMdR Tc of POM and bulk above-ground biomass.

The thesis is organized as follows: Materials arethidds of all observations and experiments
are compiled together (chapter 2), whereas theltsesti each of the three main parts are
followed directly by a specific discussion sectidrhe interrelationships of all parts are

considered in the final summarizing discussion jit&R6).
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2. Materials and Methods

Location

All observations and experiments took place onaaep pasture paddock (paddock number 8)
at the Griinschwaige Grassland Research Stationrnf¥&5%.1.) near Freising, Germany. The
climate of the area is temperate humid, with a nearual air temperature of 9 °C and mean
annual precipitation of 775 mm. For more detaifel(iding climate, soil characteristics and
management practices) see Schnyeteal (2006). All experiments were performed in the
middle of the paddock, which was continuously gdaby cattle since sowing in 1999
maintaining a nominal compressed sward height @hhroughout the growing season. The
sward was dominated by the four studied speciesivtlo perennial grasséslium perenne
andPoa pratensisand the dicot3araxacum officinalea rosette forming herb, afdifolium
repens a stoloniferous legume. Those four species agquint members of intensively
managed pasture communities in temperate humidatéisn Grasses accounted for approx.
70% of the standing dry matter biomass. The arsanioa been fertilized since sowing, and
only received nutrients in the form of faeces frahe grazing cattle and atmospheric
deposition. Investigations took place in threeatiéht periods, autumn 2006 and spring and
autumn 2007. Two weeks before the beginning of eaehsurement period, grazing cattle

was excluded from the measurement site.

Leaf life-span measurements

Measurement periods

Interspecific differences in leaf life-span, phyflerm —the delay between the appearances of
successive leaves on a tiller expressed in thetimal- and number of live leaves, as well as
the effects of different operational definitionsleaf death and the validation of measurement
methods, were all assessed over a 3-month-perispdgdautumn 2007 (27 Aug. — 28 Nov.
2007). For this, 10 individuals per species wereseh in each of two transects, where
individual refers to a main tiller in the grass @ps, a single plant iff. officinale and a

stolon inT. repensDue to losses the initial number of 20 individudécreased, so that in the
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end data from 16, 7, 18 and 20 individualsLofperenneP. pratensisT. officinaleandT.

repenswere analysed.

Seasonal effects were assessed on six to tweliwednédls per species over three observation
periods with relatively similar temperatures, e&agting 16 days, in autumn 2006 (28 Aug. —
13 Sep. 2006) and spring 2007 (13 May — 29 May p@@d autumn 2007 (10 Sep. — 26 Sep.
2007). These individuals grew inside open top chamnbplaced in the same pasture
(Gamnitzeret al 2009). Mean air temperature was near identicadma outside the chambers
(Gamnitzeret al 2009). In autumn 2007, the number of live leavég]lptherm and leaf life-
span was compared for plants growing inside andideitof the chambers. No significant

chamber effect was observed.

Data collection

Measurements were performed on average-sized thails marked with little plastic rings.
Observations were made on alternate days, excdatarautumn of 2007, when observation
intervals were increased up to nine days due toteomperatures. At each observation date,

the following parameters were recorded:

Number of leaves

The number of live leaves\() was recorded for every individual on every obaton date.
Five operational definitions of leaf death werediseleaf was considered dead when either 5,
25, 50, 75 or 100% of its total area (length, iasges) was chlorotic. The corresponding
number of live leaves is referred toras;, n.-2s, NL-s0, NL-7s @andny 100, respectively. In autumn
2006, n..,5 was not measured but interpolatednas + 0.4 * (n.-.100 — Ni5), @ relationship
inferred from the observations in 2007. Senescelassification was done by eye.

Phyllotherm

At each observation new leaves were marked by afdpaint. In grasses arnid officinalea

leaf was defined as ‘new’ when its tip was firdille, and inTl. repenswhen the still-folded
leaflets were fully visiblei(e. uncovered by the stipules). The average of newpeaped
leaves per individualny) was estimated as the total number of newly agukl®aves divided
by the number of individuals observed.

The phyllothermteny) was then calculated as
tpnyn = gddbp/ Na (1)
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where gddp is the sum of growing degree days of the obsemaieriod. The uncertainty of
phyllotherm was calculated by Gaussian error prapag of the uncertainty ona.
Importantly, Eq. (1) is also suitable for datasetduding individuals with no leaf appearance
during the observation period.

Growing degree days (gdd) were calculated as

gdd =Z (T — &), with values of T— %) <0 setto 0 (2)

where T is the daily mean soil temperature (6) at 10 cm depth anef, is the base
temperature, below which it is assumed that leaesnot grow. Hourly mean soil
temperature at 10 cm depth was measured by aesogdrature sensor (Th2f, UMS GmbH,
Minchen, Germany). Using soil temperature accouméedthe fact that apices and leaf
growth zones of the studied species were locatsdbelow or in close vicinity to the soil
surface (Peacock, 1975; Davies & Thomas, 1983).ithally air temperature at 50 cm
above soil surface was recorded (Mini-PsychromelP 101, Gottfried Herzig,
Braunschweig, Germany).

Assuming a linear relationship between leaf appesraate and temperature in the range of
the measurements, the base temperature was cattitateach species, during autumn 2007,
as the x-intercept of the linear regression of lggfearance rate against temperature (average
R? = 0.87). Estimates were close to 4 °C for grassekT. officinaleand 6 °C fofT. repens
These results are similar to published values fasges (Lemairet al, 2000; Beroneet al,
2007) andT. repens(Chapman, 1983). To enable interspecific compassior the same

observation periods, the same base temperaturé®fvas used for all species.

Leaf life-span

Leaf life-span ) was calculated as

L =tpnyn * NL 3)

according to the above-mentioned leaf death caiteand correspondingly denoted tas,

t .25, tLs0, tL-7s @andt.1po (i.€. substitutingn,..s into equation (3) gives s, and so on). The
uncertainty ot, was calculated by Gaussian error propagationetiticertainties dbny and

n.. Then. was first averaged over the observation periocef@ry individual, and then over
all individuals per species. Ih repensonly the number of live leaven, ] of the time before
late October were used. Expressing leaf life-spargdd rather than days reduced the

coefficient of variation by approx. 50% in the pFesstudy.
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Equation (3) is based on the fact that many gradstpecies show a succeeding type of leaf
production (Kikuzawa, 1984) and progressive semescdleopold, 1961), where plants,
mainly consisting of leaves, have growing and sengsleaves at the same time. This
mechanism keeps the morphology of plants in thestadiye state relatively unaltered and
leads to a close interrelationship between thellEatpan, the phyllotherm and the number
of live leaves on the tiller. These dynamics hagerbthoroughly investigated in grass species
(Lemaire & Chapman, 1996; Matthest al, 2001), and equation (3) has been validated by
Lemaire & Agnusdei (2000) for C3 and C4 grasses aofgrazed community. For
dicotyledonous plants with a succeeding type of pgaduction and progressive senescence

the same dynamics should be expected.

Validation of equation (1) and equation (3)

Estimated phyllotherms were nearly identical whaftulated with either equation (1) or as
the thermal time between the appearance of twoessoe leaves in an individual, during the

standard error or confidence interval— were alsoilar. Likewise, leaf life-span estimated
with equation (3) compared well to leaf life-spastimated as the thermal time between the
appearance and death of individual leaves, exceft. frepengFigure 1). Uncertainties were
generally higher when calculated with equation 3)e reason for the divergent estimates in
T. repenswas a departure from steady state conditions, @ T. repensstarted to decrease

in late October 2007, probably due to low tempeestuThis accelerated leaf senescence and
in consequence, shortened leaf life-span, whemategd for individual leaves. In contrast,
entering equation (3) were primarily influenced t®ynperatures before late October (for

method validation, values of of the whole observation period were used).
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Figure 1: Comparison of the leaf life-span,§) calculated with the standard methdd,{ = ten, * Ni.2s5) and
validation methodt(,s = thermal time (gdd) between leaf appearance &% @f senescence for individual
leaves averaged per species) in the three-mont#madion period in autumn 2007. The pattern waslainfor
all leaf life-span definitions. The base temperatused was 4 °C for all species. Numbers are mefats, 7, 18
and 20 individuals ofolium perenngPoa pratensisTaraxacum officinaleand Trifolium repens respectively,
and error bars denote 95%-confidence intervals.
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Labelling experiments

Labelling procedure

Three continuous labelling experiments with opgn¢bambers, each lasting 15 or 16 days,
were carried out in autumn 2006 (28 Aug. — 13 2€06) and spring and autumn 2007 (13
May — 29 May 2007, 10 Sep. — 26 Sep.2007).

A detailed description of the chamber system foeling was presented by Gamnitzagral,
2009. In short, four Plexiglas chambers, open airttops to the atmosphere (“open-top
chambers”) were flushed with air containing £&f the desired concentration and carbon
isotopic composition. Cconcentration inside the chamber was 366, 3673@6gimol mol*
CO; at noon in autumn 2006, spring 2007 and autumn 2@&3pectively, which was similar
to ambient conditions. Carbon isotope compositimresented a&™>C = RsampiéRstandard— 1,
where Rampieand Riangargare the*C/*C ratios in the sample and in the international \BPD
standard, respectively) of GOnside the chamber was -43.8%o, -46.9%0 and -47.8%o
(assimilation weighted mean), respectively and kexgt constant (+ 0.4%. SD) throughout the
whole labelling durations. The labelling ¢@as depleted if°C compared to ambient GO
which had &"C of -8.3%. and -8.5%. in spring and autumn 2007peetively (autumn 2006

not measured).

In autumn 2006 two chambers were used for labelbhgwo sites (in close proximity)
throughout a 15 days-long period. In spring andimuat 2007 another labelling scheme was
used: In both seasons ten sites were labelledithdilly for 1, 2, 4, 8 and 16 days with two
replications each, respectively (Gamniteeal. 2009). All labelling was performed within the
16-day long periods with four open-top chamberso Thvambers were used to label two sites
for the entire 16 day-long periods, the other tatated between sites for the shorter labelling
durations. In that way, replicates of labelling atons resulted not only from different sites,
but also from the labelling at different dates. lawcorning at sunrise each chamber was
watered with the equivalent of the previous dayap®ration plus an extra 20% to account
for run-off (5 — 10 mm in total). Mean air tempenat was nearly identical in- and outside the
chambers in autumn 2006 and spring 2007 and apfféx.warmer inside the chambers in
autumn 2007. Relative humidity inside the chamlveass approx. 20% less than outside due

to the feeding of dry air (inside: approx. 51% eerage over 24 h, ambient: approx. 71% on
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average over 24 h). But, overall, the modificatioh€limatic conditions inside the open-top

chambers were quite modest.

Harvests and Sample preparation

Shoots and bulk above-ground biomass

In all experiments four (2006) to eight (2007) regle plants per species and three to four
community level samples (only in 2007) per samplinge were harvested out of the
chambers. Harvests took place during eight (2006keven (2007) sampling times for
species-specific and five sampling times for comityuscale samples within the respective
whole labelling period. The plants were sampledydaithe beginning of the labelling period
(where largest changesfiy were expected) and less frequent towards the et dabelling
period. In addition eight control plants per sps@ed six control samples at community scale
were harvested outside of the chambers. All sampéee harvested in the dark to prevent an
uptake of ambient C£by the plants, since the chambers had to be redntmvgain access to
the canopy. Harvests of shoots took place apprdx—35.5 h after sunset. Average sized
individuals (a mature tiller in grasses as defimeB®e Visseret al. (1993), a single plant in.
officinale, and a stolon iff. repen¥ were cut close to soil surface and immediatelylen in

a transportable cooling box. After transfer to thkoratory green, senescing and senescent
leaves (grasses arld officinalg or stolon sections bearing green, senescing andssent
leaves T. repeny were separated. Senescing leaves (partly gresmtly senescent) were
discarded. For community scale samples squared ofmlwidth and length per chamber were
cut close to soil surface before sunrise and imatelyi cooled in a transportable cooling box.
Species and community scale samples were oven arigd5 °C for 1 hour and at 60 °C for
56 h. In the dried state community samples werarségd into living and dead material
according to colour. All dried species and commueamples were weighed and ground to a

homogeneous fine powder in a ball mill and driediador 24 h at 60 °C.

Below-ground biomass

In spring and autumn 2007 eight soil cores of 5diameter and 20 cm depth were taken
inside the chambers before sunrise during five daggimes within the whole labelling
period. In addition, eight control samples fromsodé the chambers were taken. Due to the

shallow soils (gravel at 20 cm depth) it was assumed that more than 90%atfand soll
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organic matter was present in the top 20 cm of sbe. After harvests samples were
immediately cooled in a transportable cooling boxl &ransported to the laboratory. There
remaining stubbles were removed from the root lodken root blocks were crushed and
immediately washed and sieved using sieves witthrezes of 1 mm, 0.63 mm and 0.2 mm.
The material retained by each sieve was washedtl thetwater ran clear. Where necessary,
density flotation in water was used to separateamicg material from mineral substrate.
Similar to Personeni & Loiseau (2004) | defined thaterial > 1 mm as coarse particulate
organic matter including root phytomass (P@QMhe fraction between 0.63 and 1 mm as
medium particulate organic matter (P@Mand the fraction between 0.2 and 0.63 mm as fine
particulate organic matter (PGMSimilar to above-ground samples, all POM samplese
oven dried at 105 °C for 1 hour and at 60 °C forh5®&\ll dried samples were weighed and

ground to a homogeneous fine powder in a ball amtl dried again for 24 h at 60 °C.

Elemental and isotope analysis

Aliquots of 0.70+ 0.05 mg of each sample were weighed into tin WY& Analysentechnik
e.K., Meerbusch, Germany) and combusted in an ei&hanalyzer (NA 1110; Carlo Erba
Instruments, Milan, Italy), interfaced (Conflo lIEinnigan MAT, Bremen, Germany) to a
continuous-flow isotope-ratio mass spectrometer (RMS; Delta Plus, Finnigan MAT).
Each sample was measured against a laboratory mgoikiQ gas standard, which had
previously been calibrated against a secondargpsostandard (IAEA-CH6 far'C, accuracy
of calibrationt 0.06%0 SD). After every tenth sample a solid in&ktaboratory standard (fine
ground wheat flour) was run to estimate the prenisdf the isotope analysis. The solid
internal laboratory standard had a similar C/Norais the respective sample material and had
previously been calibrated against the internatidA&A-CH6 standard. The precision of
sample repeats was 0.15%o SD.

5"3C of community scale bulk above-ground biomassn@jlus dead) was calculated as the
C mass-weighted mean of living and dead biomaSE. of bulk below-ground POM (POM
plus POM, plus POM) was calculated as the C mass-weighted mean ositigge POM

fractions.
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Data analysis

The fractions of labelled and unlabelled C in plassue or particulate organic mattéfe
andf,q) were calculated similarly to Schnyder and De ¥®is€l999) from thed*C of the
labelled plant sample$.n) according to mass balance considerations as

frnew = (Oplant— Soid) / (Bnew — Sold) (4)

ford = 1 —frew (5)

whered,q and dnew are the'*C signatures of non-labelled plant tissue of cdmitants and of
plant tissue entirely grown in the labelled atmaseh respectively. Since the labelling
duration was too short to achieve isotopic equiliior of the plants under the new labelled
atmospheredn.w Was estimated from C isotope discriminatidy) and the carbon isotope
signature of the CQnside the chamber$,) as in Schnydeet al. (2003):

Onew= (B —A) / (1 +4) (6)

The discriminationf, was calculated with unlabelled plant tissue ded3C signature of the
unlabelled ambient air CQiuring the dayd&,n) as

A = (Bamb—Boid) / (1 +Boid) (7)

with the assumption that the C isotope discrimorativas not influenced by the conditions

inside the open top chambers and therefore the gantabelled and unlabelled plant tissue.

Models for carbon tracer time courses

Two pool model for shoots and living bulk abovetma biomass

The living shoots of the species were consideredottsist of two pools, a first one called
labile pool, built of all material, which can benwebilised within the plant and a second one
called structural pool. In the structural pool atlaterial is contained, that cannot be
remobilised, and is lost from green plant tissuandusenescence (Figure 2a). In this work,
the sum of the labile and structural pool refersrity living plant biomass, i.e. green tissue in
case of above-ground biomass. The structural psohssumed to consist of cellulose,
hemicellulose, lignin, pectin and structural progeand the labile pool is assumed to consist
of all other materials such as non-structural clydoates (glucose, fructose, sucrose, fructan,

starch), organic acids, amino acids and solubleeprs.
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Figure 2: Two-pool model of carbon in the shoot #éo)dtheoretical carbon tracer kinetics of the fpamls and
the shoot (i.e. the sum of the two pools) with thiélowing parameterization: mean residence timeCah the
labile pool: 2 days; ratio structural carbon refatio total carbon = 75%; leaf life-span = 35 days.

Carbon enters the labile poah photosynthesis and is lost by respiration or ipocated in
the structural pool during growth and differentiatiprocesses. The labile pool is assumed to
be homogenous and well-mixed. The dilution by leaklcarbon would therefore follow a
one-term exponential decay function in carbon wraogeriments (Figure 2b). In contrast,
carbon entering the structural pool stays in iflunhts lost during senescence. The time span
between the incorporation of C into structural mateand its loss represents the mean
residence time of carbon in the structural tis3ues time span is hypothesised to be similar
to the leaf life-span. The structural pool therefoepresents a first-in-first-out mechanism and
the dilution of unlabelled carbon in the isolatédistural pool would therefore follow a linear

decay function in carbon tracer experiments. Howesiace carbon enters the structural pool
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via the labile pool, the C flow into the structuralob@s not totally labelled from the first day
of labelling on, but contains the isotopic footprof the labile pool. Thus, the dilution of
unlabelled carbon in the structural pool containghban exponential and a linear part. The
dilution of unlabelled carbon of the whole shodadrths represented by the sum of both pools.
The shape of the C tracer time courses of the wlodet is determined by three parameters:
the mean residence time of C in the labile p&RTc-Labiie) (Or halftime or turnover rate), the
relative ratio of both pools and the mean resideticee of C in the structural pool,
MRTc.stucura The dilution of unlabelled carbon in the shodaslinked to the increase of
labelled carbon as (compare equation 5)

fora () = 1 —Fnew (1) (8)

and the increase of the fraction of labelled carboihe shoots and the community scale
above-ground biomass is given by

frew (t) = (1 — @) * (1 — EXP(-(AMRTc.Labig) * 1)) + @ * LMRTc structura™ (t + MRTc-Labile *
EXP(- (1/MRTc Labile) * t) —MRTc Labile) 9)

wherea is the fraction of the structural pool in total The first summand represents the labile
pool, weighted by (1a) and the second summand represents the strupmwhlweighted by

a. The turnover rate of the labile and structuralpmuals 1MRTc L apieand IMRTc structurad
respectively. Equation (2) was fitted to the carb@ter time courses aMRTc_structurai@nd
MRTc_Labile Were optimized in terms of a minimized RMSE witte tSoftware Table Curve
(Systat Software GmbH, Erkrath, Germany).

The value ofa was approximated by extracting hot water solulsldoan and starch carbon
from the samples and defining the leftover as snat carbon similar as in Grimoldit al
(2005). In detail, 10 mg dry mass of eight samples species and community biomass in
spring and autumn 2007 were extracted with 2 ndisfilled water for 10 min at 93 °C and
for 45 min at room temperature (Schnyder & de M(is$899). After centrifugation (10000g
for 15 min), 300ul of the supernatant were pipetted into Tin Cupd aven dried at 60 °C.
The amount of carbon was then determined in anesiéah analyzer, using sulphanilamide
(Merck, Darmstadt, Germany) as a standard. Fintidly residual pellets were hydrolysed in a
mixture of 5 ml of dimethylsulfoxide (DMSO) and 5.2nl HCI (8M) for 30 min at 60 °C.
Starch was determined colorimetrically after ndigaion with 1.25 ml NaOH (8M) and
equilibration with citric buffer (0.112 M; pH = 4y an enzymatic test-combination (Cat. Nr.

207748, Boehringer, Mannheim, Germany). StructGralas estimated as
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CStructuraI: CTotal - (CSqubIe+ CStarcr) (10)
anda as
a = Csuuctural Crotal (11)

MRTc-structuraWas compared to the leaf life-span (measured ssribed above), defined as
the time from leaf appearance till the beginningsehescencd,(s), in accordance with the

harvest of living green plant material for C isaamalysis, and expressed in days.

One pool model for particulate organic matter andkoabove-ground biomass

The carbon tracer time courses of bulk above- atoWground biomass were fitted with one
term exponential decay functions revealMBTc as

ford (t) = EXP (-1MRT¢ * t) (12)
The absolute amount of new carbon at each labediyg (Cnew, g M?) was calculated as
Chew (1) =frew () * C (1) (13)

whereC (t) is the carbon mass of each sample attddNet carbon partitioning to below-
ground at time (NCP (t)) was calculated as
NCP (t) = Cnew—below—grount(t) / (Cnew—below—grount(t) + Cnew—above—groun((t)) (14)
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Statistical Analysis

All statistical tests were performed with the stttal software R (R Development Core
Team, 2011) or Excel (Microsoft Corporation, RedghddSA).

Leaf life-span, phyllotherm and number of live lemav

To test for normal distribution and equal variand¢be Andersen Darling Test and Fisher's F-
Test were used, respectively. While all were normally distributed, phyllotherm and leaf
life-span could not be tested due to the calculapmcedures (no “real” replicates). When
calculated with the validation methods (see abave)ndividuals (phyllotherm) and cohorts
of individual leaves (leaf life-span), both, phylerm and leaf life-span were normally
distributed. Inequality of variances was eviderigw equation (3) and the validation method
for estimating leaf life-span were compared. Fer ¢cbmparison of two means Students t-test
(equal variances) or Welch-Test (unequal varianaed)for the comparison of several means
analysis of variance (ANOVA) and pair wise t-testgh Bonferroni adjustments were

performed, all at 95% significance level.

Mean residence times of carbon

Species and seasonal effects on the mod®IBRd: were tested with one-way ANOVA on
summary data (Heiberger, 2009). Due to speciessaadon interactions each season and
species was then tested separately with Tukey'geramst and Duncan’s test to compare
several means (da Silva, 2010). Both tests gaveadhe results. Differences betwddRTc.
structural@nNd measured leaf life-span were analysed by suinigathe MR T structura from the
corresponding measured leaf life-span. A t-tesll fngpothesis: mean of difference = 0) was

performed with the mean of the derived (normalbtriuted) differences.
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3.Common leaf life-span of co-dominant species in a
continuously grazed temperate pasture

Results

Weather

Daily soil temperature at 10 cm depth averaged 1€,617.9 °C and 15.0 °C in the 16-day
observation periods in autumn 2006, spring 2007 artdmn 2007, respectively. Mean daily
air temperatures (at 50 cm above soil surface) w83 °C, 15.1 °C and 11.5 °C,
respectively. Air and soil temperatures during ttmee-month observation period in autumn
2007 are shown in Figure 3a. The temperatures tnmau 2007 and spring 2007 were not
different from long-time averages. Conversely, terapures during autumn 2006 were about
2-3°C warmer than usual. Mean daily temperaturesngwobservations never exceeded 21
°C, but temperatures were close to or below the basperature of. repens(6 °C) from
mid October 2007 onwards. By mid November 2007 trempres had dropped below the
base temperature of all species (Figure 3a).

Influence of the definition of leaf death on esteddeaf life-span

As expected, different operational definitions e&fl death had a significant effect on the
estimated number of live leaves. On averageg was 35% higher tham_s. This difference
was directly translated to the estimated leaf $ipan (Equation (3), Figure 4). Importantly,
the magnitude of the difference between definitimas not constant. For instante;oo was

10 to 85% longer tham_.s, depending on season and species. The differamess quite
variable, but tended to be greater in grassesithditots and greater in autumn than in spring
(data not shown).

Henceforth, | defined the number of live leavesias and leaf life-span as.,s, the leaf life-
span measured from leaf appearance till 25% ofdeaéscence (as defined by Diereeal,

1992, and as discussed below).
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Figure 3: (a) Daily mean temperatures of soil amdZ0 cm below, solid line, and 50 cm above sailface,
dashed line, respectively) and (b)—(d) the numibdive leaves per individual with less than 25%azbkic leaf
area (_.s) in the three-month observation period in autur@@72 The pattern af, over time was the same for
all n_ definitions. Sample sizes were 16, 7, 18 and @viduals ofLolium perenngPoa pratensisTaraxacum
officinale andTrifolium repensrespectively. Error bars denote the 95%-confidenterval of the mean.
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Figure 4: Principal scheme of the figure struci@eand the phyllotherm, leaf life-span (all analysiefinitions)
and leaf elongation duratiot:) of the four study species (b-e). Leaf elongationation was only measured for
grasses with the assumption that leaf elongati@e@nvhen the ligule was fully developed. Accordinghere
are no datapoints for leaf maturity in the dic@&sor bars denote 95%-confidence intervals. Sarsizles were
16, 7, 18 and 20 individuals dfolium perenngPoa pratensis Taraxacum officinaleand Trifolium repens
respectively. Variation of phyllotherm (solid triglas) in the dicot species was very small, theeefror bars
do not show in the plot. Lower case letters indicsignificant interspecific differences (alpha =)566 the
phyllotherm and the leaf life-span. Since this gtddcuses on the leaf life-span measured till 25P4eaf

senescencet), statistical information is only provided for shilefinition.The base temperature used was 4 °C

for all species. Grass leaves appeared, when thdyapprox. 20% of their final length. In the di¢cdesaves
became visible, when leaf size ranged from 5% & 20its final size.
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Leaf life-span

There were no differences of leaf life-span betwsgecies in any season, except for a 25%
shorter leaf life-span of. officinalethanT. repensn the three-month observation period in
autumn 2007 (Figure 4). Also, no significant seasanfluence on leaf life-span was evident
(Figure 5). Consequently, seasons did not eliciear effect on species rankings for leaf life-

span.

Number of live leaves

The number of live leaves per individual showedearcpattern in interspecific comparison:
The grasses had similar of approx. 3, whilen, in the dicots was twice that of the grasses at
approx. 7 and 6 in the autumnsTinofficinaleandT. repensrespectively (Figure 3b—e and
Figure 5c). There was no seasonal influence omgthef grasses, but dicots had a smatier

in spring (approx. 5 and 4 ih. officinaleandT. repensrespectively) than in autumn (Figure
5c). This effect led to a smaller difference betweeof grasses and dicots in spring. Tihe

of grasses was stable during the whole 3-monthreasen period (Figure 3b—e), while that
of T. repengdecreased by approx. 50% in late fall when tempera were close to or below
6 °C.T. officinalehad approx. 20% more leaves in the middle of tkasurement period than
at the beginning.

Phyllotherm

The phyllotherm of grasses ranged between 150 @ady@d (disregarding two values which
had very high uncertainties), with little seasomatiation. The phyllotherm of dicots was
about half as long in both autumns (approx. 90 gtdj} 130 to 155 gdd in spring 2007
(Figure 4, Figure 5b). In consequence, the diffeeebetween grasses and dicots was more
pronounced in the two autumn periods. During tliedhmonth observation period in autumn
2007,T. officinalehad a shorter phyllotherm thdin repensbut this was not evident during
other observation periods. The phyllotherm was Istadver time in all species, when
calculated with species-specific base temperatafe$ °C for L. perenne P. pratensisT.
officinale and 6°C for T. repens respectively (data not shown). When calculateith wi °C
base temperature, the phyllothermTofrepensincreased somewhat towards the end of the
observation period.
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Figure 5: (a) Leaf life-spar,(,s5), (b) phyllotherm and (¢) number of live leaves pelividual (h._.,5) in the short
observation periods. Sample sizes were 8, T,oium perenng 7, 12, 8 Poa pratensiy 7, 8, 7 Taraxacum
officinale and 8, 10, 8 Trifolium repen} individuals in autumn 2006, spring 2007 and autug007,
respectively. Error bars denote 95%-confidencervale and capital and small letters indicate sigaiit @ =
5%) interspecific differences in one season andgaw differences of one species, respectively. hase
temperature used was 4 °C for all species.
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Discussion

The need for a standard operational definitioneafllife-span

Valid comparisons of leaf life-spans across studied between species must rely on a
meaningful and standardized (common) operatior@hitien of leaf ‘birth’ and ‘death’. This

is not trivial, as evident from the diverse defits adopted by different authors working
with the same species (Table 1 and referencesithefes shown here, the requirement for a
standard definition of leaf life-span is particljyaimportant in grasses, in which the time-
spans between first appearance and full expanammh,onset and completion of senescence
are relatively long. Some investigators definedf Ig@-span as the time between full
expansion and beginning of senescence, while otthefised it as the time between the
emergence of the leaf tip from the encircling sheatf older leaves and complete senescence
(Table 1). Such a wide range of definitions candpoe a spuriously wide range of leaf life-
spans. For instance, in the casePofpratensis(Figure 4c) the latter definition meant a leaf
life-span three times longer that of the former.

Leaf life-span can be defined as the time elapsewvden leaf construction and leaf
senescence (yellowing). In grasses, the appeadneaiven piece of leaf tissue is delayed
relative to its first construction. This is becausaw tissue is produced at the leaf base,
encircled by sheaths of older leaves. A grasshbeabmes visible when it already has about
20-25% of its final length (Skinner & Nelson, 19%®yrandet al, 1999, this study). For this
reason, the time between the appearance of théipeabove the encircling leaf sheaths and
the time when 25% of the leaf blade area has sedgsbat ist, 5) approximates well the
longevity of the piece of leaf tissue producedhat time of leaf appearance. This definition
provides clear and simple rules (cf. Diensgral, 1992). Since periods of expansion and
senescence have a similar duration, this defingieids similar leaf life-spans measured as
the time between full leaf expansion and completeescencee(g. Ryser & Urbas, 2000). A
problem with the latter definition is that the diiwa of leaf senescence is very variable
(Diemeret al, 1992). In the present study, the coefficientariation (CV) of leaf senescence
duration was three times larger than that of léafigation duration.

When the dicots are compared with the grassescpiariy P. pratensisthe relative rate of
their senescence was faster and more uniformlyildiséd across the leaf. As a result, leaf
life-spans defined for 25% to 100% of senescentterdd very little (and did not change my
conclusions regarding species differences in iégafspan). Also, leaf ‘birth’ was recorded at
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the time when they had reached approx. 5 — 20%eif final area. For these reasons, | argue
for the same operational definition of leaf lifeagpfor grasses and dicots.

Although different authors have used different ni@bns of leaf life-span (Table 1), their
data could still be compared with mine due to thmseovations of the progression of
senescence in the present studies. This enabledlatgdn of leaf life-spans for the whole

range of leaf life-span definitions used by oth{eee below).

Similar and short leaf life-span

The results of this study support the hypothes& the leaf life-span (here expressed in
growing degree days) of the dominant species @nsively grazed grasslands is short and
closely similar. Significantly, the four study spexdid not differ in their leaf life-span within

or between observation periods, exceptToofficinalein autumn 2007, whose leaf life-span
was 25% shorter than that ©f repensThe leaf life-span of the four species rangeavben
approx. 400 and 520 gdd (base temperatuf€)4with a general mean of 468 %6 Cl) gdd

in the three-month observation period in autumn720@hen measurements were most
precise.

The results of the presented thesis differ frons¢hof others who examined the same species
in the absence of defoliation or under low to matkedefoliation intensities (Table 1). The
leaf life-span values in my study were on avera@® 3ower (range: 3 to 73%) than those
observed by others for the same species underdistsrbed conditions (Table 1). The
grazing regime in my study gave place to defolaiitervals of 35 to 50 days (Wade 1991),
depending on the season, comparable to cuttingnesgof four to five cuts per year. Leaf
life-spans in the presented thesis were also lawpeawed to those of species adapted to less
disturbed habitats (Ryser & Urbas, 2000). Furtheemthe observed range of leaf life-spans
in the present work was narrow compared to thagralssland species growing in less
disturbed conditions, where leaf life-span varigdakfactor > 2 (Ryser & Urbas, 2000; Maire
et al, 2009; Pontest al, 2010; Al Haj Khalect al, 2005; Diemeeet al, 1992).



Table 1: Leaf life-spant() of Lolium perennePoa pratensisTaraxacum officinaleand Trifolium repensin published work and the absolute differenceatie to this
study. Different authors have used differgrdefinitions. Ryseet al. (2000): maturity till end of senescendte {.109; Maire et al (2009) and Ponte=t al. (2010): maturity
till beginning of senescency f,y); Al Haj Khaledet al. (2005) and Sturitet al. (2007): appearance till end of senescemncg; Diemeretal. (1992): appearance till 25%
of senescence, (,5). For calculation of the differencds,of the present study was expressed in the sanm@tabef and unit and calculated with the same hasgperature as
in the respective cited work.

Species t in t_in gdd tiRef. — tithis study  TL-Ref. — tLthis swdy Defoliation regime  Reference t_ definition
days in days in gdcf
L. perenne 33 +1 no cutting Ryseat al. (2000) €L-mat-100
33 584 +14 +305 three cuts per year  Mairal (2009) {L-mat)
765 +59 not specified Al Haj Khaled al (2005)  {.-100)
408 +129 three cuts per year  Pormesl (2010) {L-mat)
P. pratensis 47 +9 no cutting Ryseat al. (2000) {L-mat-100
59 1044 +42 +791 three cuts per year  Matral (2009) {L-mat)
769 +516 three cuts per year  Pormesl (2010) {L-mat)
T. officinale 66 +26 one cut per year Dienatral (1992) {L-25)
800 +198 not specified Al Haj Khaled al. (2005)  .-100)
T. repens 61 +13 one cut per year Dienadral (1992) {L-25)
59 +7 three cuts per year  Stueteal (2007) {L-100)

@ growing degree days, base temperature = 0°C.
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| suggest that the homogenising influence of thtense disturbance regimee. grazing
pressure, enforced a convergence to similar arterathort leaf life-span, which would
enable individuals to maintain a positive carbotabee in the face of shortened payback
times. This could explain why Ryset al (2000) and Maireet al (2009) found thaP.
pratensishad a 40 — 80% longer leaf life-span tHharperenneat low defoliation intensity,
while the same species had short and indistingbishkeaf life-spans in the intensively
grazed habitat of the presented thesis. Similaalyaw ranges of leaf life-span were observed
in a grazed community of the floodipgmpain Argentina (Lemaire &Agnusdei, 2000). In
that study, leaf life-span of C3 species rangethf835 — 425 gdd in winter, to 390 — 530 gdd
in autumn, to 395 — 595 gdd in spring (base tenipera0°C). Interestingly$S. neesiana a
subordinate species of low abundance — departed tings trend and always had longer leaf
life-spans of 600 — 745 gdd (Agnusdei, 1999). Buigports the view that a long leaf life-span
may weaken competitive ability in highly disturbbdbitats. Data from intensively grazed
grasslands in the UK lends further support to éxiglanation: the leaf life-span bf perenne
andT. repenganged from 24 to 37 days and 30 to 36 days, ctispéy, the shorter leaf life-
span always observed in the highest grazing inieagestimated from Figure 2 of Parsats
al., 1991).

How could grazing intensity affect leaf life-spa@fe possibility is that under intense grazing
individuals with long leaf life-span are eliminatadd/or out-competed by individuals with
shorter leaf life-span leading to a narrower gengtiol. However, genotypic variation within
species in leaf life-span appears to be limitedeast inL. perenne(Al Haj Khaledet al,
2005; Berone, 2005). Alternatively, reductions effl life-span could be a product of
phenotypic plasticity. Results from Parsatsal (1991) would agree with this view, since in
that study morphogenesis of the plants was meaduoratediately after different grazing
intensities were imposed, leaving no time for ggpiatselection. Further evidence for shorter
leaf life-span under more severe defoliation hamnbfeund in C4 grasses (Boggiaebal,
2001; Netoet al, 2002; Sousat al, 2010; Sousa&t al, 2011). Thus, the scarce available
studies support the view that the similarity offléée-span would be mainly a matter of

phenotypic plasticity in response to grazing pressu
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Interaction of phyllotherm and number of live lesue grasses vs. dicots

Similar leaf life-span values were attained witfiedtent organization strategies in grasses and
dicots of this studyL. perenneandP. pratensishad fewer leaves and longer phyllotherms
than T. officinale and T. repens This contrast was most evident in the comparisbf.
officinalevs.the grasses. Evidence for a longer phyllothergrasses than in dicotBéctylis
glomeratavs.T. officinalg can be found in Calviere & Duru (1995), but to kmpwledge the
interaction between phyllotherm andhas not been explicitly noted before.

The differences between grasses and dicots of ribgepted study im_ and phyllotherm
might be related to the location of leaf meristeinsgrasses, the leaf meristem is located at
the base of the tiller, while in dicots it is spteaver the leaf area (Esau, 1977). Thus, after
defoliation grass leaves keep growing since theisteen is retained, while in dicots
meristematic parts of the leaf are lost and growtimmediately constrained (Parsaetsal,
1991). In this situation, to compensate for the smig meristematic tissue, it might be
advantageous to build new leaves more frequenthgrdatively, the difference may reflect
different growth habits. Bothr. officinale (a rosette forming dicot) and. repens(a
stoloniferous species) thrive in relatively shapen swardsln this situation, it might be
advantageous to organize leaf tissue in a largetbeu of smaller organs, with which plants
may rapidly occupy empty spaces. In comparisonnibee erect grasses might benefit more
from organizing leaf tissue into fewer, longer argahat can compete more effectively in

taller canopies.
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4. s the carbon residence time in the above-grouoohass
of a temperate pasture determined by the leatpf?

Results

Weather

Inside the open-top chambers daily soil temperaatifecm depth averaged 16.2 °C, 16.4 °C,
and 14.2 °C during the observation periods in aat@®06, spring 2007 and autumn 2007,
respectively (Figure 6). Mean daily air temperasugat 50 cm) were 15.6 °C, 14.9 °C and
12.7 °C, respectively. Temperatures in autumn 208& 2-3 °C warmer and temperatures in

autumn 2007 and spring 2007 were not different flong-time averages.

Autumn 2006 Spring 2007 Autumn 2007
(b) ()

— 25

— 20

— 15

— 10

degree celsius

0 ||1|||||=:%||||||v||||r||||||||||||r|||||||r]||||||v 0
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Date

Figure 6: Soil temperatures at 5 cm below soilaxef(continuous line) and air temperatures at 5@loove soil
surface (dashed line) inside the open-top chamheisag the'*C-labelling experiments in (a) autumn 2008, (b)
spring 2007 and (c) autumn 2007. Bars indicatestire of daily rainfall at the weather station Eiched, 7 km
away from the study site in the same landscape unit
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Hot water extractable carbon

Hot water extractablglus starch C was on average 35% in individual speares 28% at
community scale with little variation between sgscand seasons (Table 2). Thus the fraction
of the structural pook, was approx. 65% in individual species and 72%oatmunity scale.
The higher value o& in community scale samples was related to thewiif§ harvest times.
Individual species were harvested early in the fpiginen the content of soluble carbon was
higher than shortly before sunrise, when commusigle samples were harvested (Farrar &
Farrar, 1985).

Equation (9) was fitted to the C tracer time cosiragth the overall average = 0.65 of the
dominant species and 0.7 of community scale datasditing equation (9) with dataset-
specific values ofr changedMRTc.structura @nd MR Te.Lapile By not more than 5% and 15%,
respectively, and did not change any conclusioos sEnsitivity analysisa was varied within
the measured range from 0.6 to 0.7 for speciesfgpand from 0.65 to 0.75 for community

scale datasets.

Table 2: Hot water extractable plus starch carlsdative to total C (in %) for shoots of the foundied species
and bulk community above-ground biomass in 2007blers are means of 8 replicate samples (= SE).

spring 2007  autumn 2007

L. perenne 33 (x1) 40 (£ 2)
P. pratensis 31 (£ 1) 35(x1)
T. officinale 34 (x1) 31(x1)
T. repens 34 (x1) 38(x1)

community 29 (£ 1) 27 (£ 1)
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Carbon tracer time courses

Fully senesced leaves, still attached to the sijleshowed no tracer incorporation during
labelling. The labelling kinetics of living shootgere similar for all four studied species and
the community scale samples (Figure 7): after #isé day of labelling on average 46% + 5%
SD of carbon remained unlabelled. OnlyRn pratensisin spring 2007 and'. officinalein
autumn 2006 exceptionally much C remained unlatedféer the last day of labelling (64%
and 57%, respectively). In both cases, this peagentvas significantly higheP( pratensis

a = 5%;T. officinale a = 10%) than for the same species in the otherossasnd the other
species in the same season.

The fit of the two-pool model (Equation (9)) to tBetracer time courses yielded significant
results for the mean residence times of C in thédand the structural pool. Calculations of
the Bayesian Information Criterion (BIC) showed ttlihe two-pool model was mostly
equivalent (six datasets out of twelve) or betfeur datasets out of twelve) or worse (two
datasets out of twelve) than a one-pool model Vitst order kinetics, i.e. one term
exponential decay function (on average over atskts BIC of -45 and -48 for one- and two-

pool model, respectively).
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Figure 7: (a) — (I) The fraction of unlabelled cambin the living shoots (closed symbols) and ses@ddeaves
(open symbols) of the single species. Each vallviofy shoots is the mean of two (last two daydadielling)

to four (all other days) replicate plants in autu2@®6 and seven to eight replicate plants in s@2B@y7 and four
(days 3 and 12 after start of labelling) to eigidt ¢ther days) in autumn 200% SE). Each value of senesced
leaves is the mean of two to three plants in aut@606 and four to eight plants in spring and aut@067 ¢
SE). In autumn 2006, no senesced leaves. affficinalewere collected and in case ®f repens samples of
senesced leaves were contaminated with pieceseagstolon and are therefore not shown. (m) — @ T
fraction of unlabelled carbon in the total livingave-ground biomass of the community. Data pointsnaeans
of six (last day of labelling in spring 2007) tayki replicate plantstf{ SE). No community scale samples were
collected in 2006. (a) — (n) The dashed line ingisanodel fits with 65% and 70% of structural carbelative

to total carbona, for single species and community scale sampksperctively. Due to harvests at different
times of day, community samples had less watebs®lcarbon and thus fits of community scale sampéesto
be compared to fits of species samples witi species samples + 0.05.



4. C residence time in above-ground biomass 33

Mean residence times of carbon

The MRTc in the labile pool, derived from the model fitstava = 0.65, ranged from 4 to 6
days (Table 3) and no interspecific or seasonakctffand no difference between community
and species scale datasets were detected MRiR in the structural poolMRTc structurad
ranged from 21 to 38 days for all species and conityiscale datasets (n=14) with two
exceptions,T. officinalein autumn 2006 ané. pratensisin spring 2007, where modeled
MRTc-sructurawas greater than 100 days, albeit with large uacsrés (Table 4). Besides this

there were no clear systematic seasonal or inteifgpdifferences iIlMRTc_structuras

Sensitivity of model results to the fraction otistural C in total C

Modelled mean residence times ofMRTc, were sensitive to the ratio of structural C gkt
to total C,a, in the model fits (Table 3 and Table 4). The loweavas set, e.g. 0.6 instead of
0.65, the longer werdMRTc of the labile and the structural pool. Uncert@stof modelled
MRTc reacted in opposite ways for both pools in respdns: the lowera was set, the less
certain were modelleMRTc of the structural pool and the more certain medeMRTc of

the labile pool.
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Table 3: Modelled mean residence times of C inlébe pool ofLolium perenne, Poa pratensis, Taraxacum
officinale, Trifolium repensand the total above-ground biomass (community). Statistically significant
differences @ = 0.05) between species, seasons nor years wigtatk Numbers in brackets densteSE. Due

to harvests at different times of day, communityngkes had less water soluble carbon and M&STc of
community scale samples has to be compar&dRd. of species samples with the ratio of the struttpoal of
species specific samples + 0.05.

autumn 2006 spring 2007  autumn 2007

ratio of structural pool = 0.6 (community 0.65)

L. perenne 4.9 & 0.3) 6.0£1.4) 6.3£1.0)
P. pratensis 5.5 @ 0.6) 7.2£0.9) 6.7 £ 0.5)
T. officinale 5.2 & 0.5) 4.6 £1.0) 6.3£0.5)
T.repens  51@0.7) 454&1.4) 58£0.7)
community - 7.7 &0.7) 6.4 £0.5)

ratio of structural pool = 0.65 (community 0.7)

L. perenne 4.1 & 0.3) 5.2 (x1.3) 55(x0.9
P. pratensis 4.7 (£ 0.6) 6.1 (x0.9) 5.8(x0.4)
T. officinale 4.3 (x 0.4) 3.9(x0.9) 5.4 (x0.4)
T. repens 4.3 (£ 0.6) 39(x14) 5.0(x0.7)
community - 6.5(x0.6) 5.3(x0.4)

ratio of structural pool = 0.7 (community 0.75)

L. perenne 3.3 &0.2) 44 (£1.2) 4.7 (£ 0.9
P. pratensis 3.9 (£ 0.5) 5.1 (x0.8) 48 (£ 0.4)
T. officinale 3.4 (+0.3) 3.2(x0.9) 4.5 (+0.4)
T. repens 3.6 (£ 0.6) 3.3(x1.3) 4.1 (x0.6)
community 54(x1.0) 43(x04)
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Table 4: Mean residence time of carbon in the strat pool ofLolium perenne, Poa pratensis, Taraxacum
officinale, Trifolium repensnd the total above-ground biomass (community)alBletters indicate significant
(globala = 0.05) seasonal differences of one species / agnitynand capital letters indicate significant (ogd

a = 0.05) interspecific (including community) differces in one season. Due to harvests at diffeirees tof
day, community samples had less water soluble cadmal thusMIRT: of community scale samples has to be
compared taMR T of species samples with the ratio of the strutfomal of species specific samples + 0.05.

autumn 2006 spring 2007autumn 2007

ratio of structural pool = 0.6 (community 0.65)

L. perenne 41 @ 3.7)%A 28 (+ 9.54 21 (+ 4.1)2"
P. pratensis 36 (+ 6.5)*" 200 (£ 2257”22 (£ 2.0"
T. officinale 199 (+ 121f* 43 (+ 15.1f* 39 (+5.7"
T.repens 27 (x4.2§% 25 (+ 8.924 32 (+ 6.372"
community - 33 (+ 4.5 37 (+ 4.5P"
ratio of structural pool = 0.65 (community 0.7)

L. perenne 36 @ 2.4FA 28 @ 7.7)24 21 ¢ 3.6)*°
P. pratensis 34 @ 4.7f* 131 & 78.47" 22 @ 1.7f"®
T. officinale 104 ¢ 24.9f% 38 ¢ 10.3* 36 ¢ 4.2P"
T.repens 26 @ 3.3)%4 24 @ 7.2)24 31 (£ 4.9)2"8
community 33 @+ 3.8)%A 36 @ 3.3)2"
ratio of structural pool = 0.7 (community 0.75)

L. perenne 34 & 1.794 27 (+6.37" 22 (+3.17°
P. pratensis 32 (+ 3.5§" 84 (+28.6§% 23 (+1.5§"°
T. officinale 71 (+ 8.8}° 34 (+7.69° 34 (+ 3.294
T.repens 25 (x2.7§* 24 (+6.174 29 (+ 3.8"°
community 33 (+ 3.3 35 (+ 2.5§4
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Leaf life-span and MR:Isyuctural

Within the margins of erroMRTc.swucturaiWas not significantly different from measured leaf
life-span, when all datasets were considered (Eig) But, when the two exceptional
datasets (see above) were disregarWl]c siucturawas on average 10 days (= 25%) shorter
than leaf life-spanK = 0.033).
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Figure 8: Comparison of modell®&RTc in the structural pool and measured leaf life-sg§a)y (b) and (c) show
modelledMRTc with 70%, 65% and 60% structural carbon relativéotal carbon, respectively. The different
species are indicated by the different symbols difterent seasons by different shades. Axes are set
logarithmically for better overview.
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Discussion

Performance of the two pool model

The good fits (average’R 0.97) of the two pool model to the datasets Aeccbmparison of
the Bayesian Information Criterion for less compl@xpool) models confirmed that the
proposed two pool model adequately reflected ttsclraechanisms underlying C turnover in
the shoots of the analysed grassland species ancheoity. Experimental support for the
proposed first-in-first-out mechanism of carbonthe structural pool was given by the fact
that fully senesced leaves, which were still attakcto the tillers and had probably senesced
during the labelling period, incorporated no traaéter the full labelling time. Obviously,
leaves dying during the labelling experiment hacbrporated their structural carbon during
growth before the experiment.

Sensitivity of model results to the fraction otistural C in total C

One important parameter in the fitting of the moaak thea-value, the ratio of the structural
pool relative to total C. | varied this parametetinm the range of values determined for the
residue obtained after hot water extraction. Theas a clear effect of tha-value on the
modelled mean residence time of C in the non-siratand the structural pool: the higtzer
(i.e. the more structural material was assumedetpresent in the shoot), the shoMéRTc.
structural @Nd MR Te_Lapile This sensitivity mirrors differences in the assigent of chemical
compounds with intermediatélRTc to the two pools. Hexoses and free amino acids are
known to have relatively shoMRTc: of less than 4 days (Lehmeietr al, 2008; Lattanzet

al., 2012) and must be contained in the rapidly ngrover labile pool. Conversely, cell wall
compounds like cellulose, hemicelluloses and stimattproteins form part of the structural
pool. Fructans oL. perenndeaf blades have also shoMRT¢ of less than 4 days (Lattanzi
et al, 2012; Borland and Farrar, 1988); however, sametdn pools are assumed to serve as
longer-term to seasonal stores which much loidgBTc: (Pollock et al, 1989; Schnyder,
1993). Soluble proteins of leaves haWdRTc of 5 to 12 days (Simpsaet al, 1981; Dungey

& Davies, 1982; Lehmeier, Wild & Schnyder. unpubésd). Whera is relatively small (0.6),
slowly turning over proteins and fructans mightfiopart of the labile pool increasifgRTc.
Labile= When a is relatively large (0.7), the slowly turning ovproteins and fructans are

attributed to the structural pool decreasindMBTc.structuras
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Carbon residence time in the structural biomas®iated to the leaf life-span

There was a clear relationship between the carbsidence time in the structural poIRTc
-structurat @Nd the measured leaf life-span, thoWR Tc-strucura SEEMeEd to be systematically
shorter than leaf life-span (Figure 8). With twaegtions (see above), the overall average of
MRTc-structurat @nd leaf life-span was 30 and 40 days, respegti@lipposing a significant
difference between the two parameters (see ResWisat could have been responsible for
this 10 day discrepancy?

There are two main factors regarding assumptiorthetwo-pool model, which could have
caused such a divergence between estimates dffeegpan andMRTc siructural (1) deviations
from the steady state-assumptions due to net stgqridomass production of the sward, and
(ii) imprecision in the first-in-first-out mechammsunderlying the structural C pool. Probably,
both factors contributed to the difference betwsERIIc_siuctura@nd leaf life-span.

Although | found no evidence for an imbalance betmvgrowth rate and senescence rate
during the labelling experiment (based on biomamwdsts), measurements of leaf length
revealed that young leaves were approx. 10% lotinger old leaves in the spring experiment.
Net standing biomass production, i.e. a higher ¢natvan senescence rate, would lead to a
greater incorporation of C into plant biomass corae@ao the loss of C via respiration and
senescence. The consequence would be a fastaowlibftold C with labelled C than in a
system under steady-state. Under continuous labeline turnover estimate of the labile pool
Is less susceptible to this imbalance, since thd s well-mixed. Consequently, the isotopic
composition of the labile pool is directly impridteon the C, which is lost from the pool
during growth and respiration. In contrast, theu@over estimates of the structural pool can
be biased by net standing biomass production. @hwk lost from the structural pool during
senescence, has the isotopic imprint of C, whick wmaorporated a leaf life-span before.
Thus, the loss of old C from the structural poat t& accompanied by an unproportionate
higher incorporation of new C into the structuraopand consequently distort the tracer
kinetics of the structural pool in the direction o faster turnover. In fact, simple
exemplifications with Excel showed that a shapsas perenndan spring 2007, where tracer
time course seemed to form a plateau in the fags @f labelling, can be caused by the effect
of net biomass production on the tracer kineticsth# structural pool. But notably, this
explanation for the difference between leaf lifess@ndMRTc sirucuraidoes not apply to the

autumns.
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There was good general support for the first-igtfout principle of C in the structural pool in
the data of this study, since fully senesced leawbgch were still attached to the tillers and
had probably senesced during the labelling perioall not incorporated tracer during
labelling (see above). Nevertheless, some C incatiom in structural biomass of leaves
might have continued after full tissue expansionagkice et al, 1997 for Festuca
arundinaced, meaning that carbon incorporation in structus@mass of growing and
developing tissue does not follow an on-and-off hagism, but occurs over a longer period
of time, including the periods of cell division,gansion and differentiation. In strict terms,
this mechanism is inconsistent with the first-irsffiout principle. There is also a possibility
that some C may be remobilised from cell walls wigrihe last stages of senescence
(Mohapatraeet al, 2010; Halgren & Banowetz, 2012). However, suamechanism would
not be observable in my datasets, since shoot ssmgintained only green tissue and
senescing leaves (partly green, partly senesceaf mot included in shoot samples.

Mean residence times of carbon in above-ground agam

Mean residence times of the labile pddRTc._abie Were very similar between all species and
seasonsMRTc.Lapie Varied between approx. 4 and 6 days. This is imethe order of mean
residence times of carbohydrate pools in sourceekeaf L. perenneunder controlled
conditions (2-5 days; Lattanet al, 2012) and similar to mean residence times af gaols
feeding respiration of grassland plants (Lehmeteal, 2008; Carbone & Trumbore, 2007;
Bahnet al, 2009). To the author’s best knowledge, thikesfirst report on thtMRTe_structurad
Hence, the values MR T stucturaiobtained in this study can not be compared tditiature.
The MRTc¢ in the whole shoots or the bulk living above-gréumomass MR Tc-structural+Labil

is a function of theMRTc¢ in the structural and labile pool and the fractadrassimilated C
atoms incorporated in the structural C pool. I ttudy after on average 5 days in the labile
pool, C was either respired or incorporated indtractural pool, where it stayed on average
for another 30 days. The ratio of C atoms reachhmg structural pool relative to total
assimilated C is given by the carbon use efficienlog fraction of fixed C that is effectively
incorporated in biomass. Assuming that 50% of adsied C was incorporated in the
structural pool (Lehmeieet al, 2008 forL. perenng the averagdViRTc of whole above-
ground biomass (structurplus labile C) would be 20 days (0.5 *5d + 0.5 *(36-& d) =

20 d).
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Despite the variability irlMRT: and leaf life-span, there were no systematic enfaes of
species and season or year. This gave rise to a ardess commoMRTc in all analyzed
seasons. A characteristic of the presented studytherelatively similar temperature in all
experimental periods. Since higher temperaturessla@te respiration (James, 1953;
Forward, 1960) and growth (Robson, 1972), it caerdfore be expected that at higher
temperatures C turnover might have been fasteMRd: in above-ground biomass shorter
than observed here. The lack of interspecific déiiees also meant thisliR Tc of community

scale was well reflected BWRTc of the dominant species.
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5.Carbon residence time in below-ground particulate
organic matter and carbon partitioning to belowugdb

Results

Chemical properties of the different POM fractions

There was a clear trend in chemical propertiesiaioe fraction of unlabelled C of POM
fractions. The fine POM fraction (> 0.2 mm and 83mm) had the smallest carbon, but the
greatest nitrogen content, the smallest C/N ratcb@ntained the most unlabelled carbon

after the last day of labelling (Table 5).



Table 5: Properties of coarse, medium and fineqdate organic matter (POM-1 mm including root phytomass; 0.63 < PE@M1 mm; 0.2 mm < POM
< 0.63 mm) and of roots attached to plafyisdenotes the fraction of unlabelled carbon.

spring 2007 autumn 2007 autumn 2006
POM fraction POM fraction
POM: POM, POM POM  POM, POM soil roots*

Nitrogen content (% of dry mass) 1.6 1.7 1.0 20 7 1. 10 0.43 1.1
Carbon content (% of dry mass) 27 37 41 36 41 43 9 4. 42
Carbon / nitrogen ratio 17 22 41 18 24 42 11.3 44
fo after last day of labelling (%) 98 96 94 98 97 96 100 82
Contribution to whole POM C mass (%) 29 9 63 30 10 60

* single washed roots, attached to individual awtf L. perenne P. pratensis T. officinale and T. repens weighted mean of all species
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Seasonal differences in pool sizes

In spring 2007 the ecosystem contained more abawmd- below-ground biomass than in
autumn 2007 (Table 6). Further, in autumn thereewsore dead leaves in the above-ground
biomass and the below-ground C to above-groundi€@was one third greater than in spring.

Table 6: Biomass and C mass in the ecosystem ingsand autumn 2007. Numbers in brackets are: (+ SE
number of replicates).

spring 2007 autumn 2007
whole POM biomass [g 1 1647 (x26; 49) 1308 (+19; 48)
whole POM C mass [g i) 572 (+19; 48) 518 (+16; 42)
whole shoot biomass [gfh 341 (x12; 38) 219 (x7; 45)
whole shoot C mass [g'th 139 (5; 38) 82 (£3; 45)
living / total ratio of shoot biomass 0.58 0.38
living shoot biomass [g ] 198 83
living shoot C mass [g f 81 31
below (POM) / above (bulk) C mass ratio 4.1 6.3

MRTc in POM and bulk above-ground biomass

Both bulk above-ground biomass and below-ground P€hidwed a distinct tracer time
course, though the rate of tracer incorporation waxy different between fractions. In POM
95.5% and 96.7% of carbon remained unlabelled,eninilthe bulk above-ground biomass
(including litter) 71% and 82% of carbon remainedabelled after 16 days of labelling
(Figure 9a).

The fit of a single exponential decay function ba tracer time courses showed that the mean
residence time of QYIRTc, in POM was six to eight times longer thisliiR Tc of bulk above-
ground biomass (Table 7). There were no seasoffatatices betweeMRTc in POM, but

MRTc in bulk above-ground biomass was longer in auttiman in spring.
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Figure 9: (a) The fraction of unlabelled carbonbink above-ground biomass (livingus dead) and below-
ground POM, (b) the accumulation of labelled C l tabove- and below-ground biomass and (c) net C
partitioning to below-ground in spring and autun@0?2. Data points in (a) and (b) are means of esghtples
and error bars denote SE.
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Table 7: Mean residence times of C [days]SE) in below- and above-ground (dealds living) biomass in
spring and autumn 2007 derived with single expdakmecay functions. Different small letters indiea
significant differenceso( = 5%) between seasons and different capital &efitedicate significant differences
between compartments.

spring autumn
below-ground biomass 358 & 207" 416 ¢ 49f4
above-ground biomass 46 @ 1)*® 71 ¢ 48

New carbon accumulation and partitioning to belokgnd

The absolute amount of labelled “new” carbon in #fve-ground biomass in spring was
twice as high as in autumn (Figure 9b). In confrids¢ accumulation of new carbon below-
ground was similar in both seasons. The ratio @f narbon being incorporated in below-
ground (relative to aboveplus below-ground new C accumulation) was relativebst in
both spring and autumn, when the first data poias wxcluded (Figure 9c). In spring less
carbon was transferred below-ground than in autuhm:mean ratio of days 2, 4, 8 and 16

was 35% £5 SE) and 50%6 SE) in spring and autumn, respectively.
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Discussion

Decay continuum of particulate organic matter al@ngize gradient

The grading of the POM fraction properties in tiigdy, i.e. decreasing C/N ratio, decreasing
carbon percentage and increasiggwith decreasing particle size, confirm the currieory

of a root litter decay continuum along a partidleesgradient, as discussed in Personeni &
Loiseau (2004). In the presented study, C and NeednC/N ratio and,y of the coarse
fraction were closest to original root phytomassilevchemical properties angy of the
finest fraction were closest to values of the §bdble 5). This is consistent with results of
Personeni & Loiseau (2004) and Loiseau & Souss&a889). Mechanisms behind the C/N
ratio decrease with decreasing particle size aveght to be carbon mineralisation along with
litter decay resulting in an increased N conceianatas well as the colonisation of litter with

microbes of low C/N ratios (Personeni & Loiseau)£2)0)

Below-ground POM is a big, but metabolically inaeticarbon pool

In this study the carbon pool of below-ground bismeiere POMlus root phytomass, was
four (spring) to six times (autumn) larger than daegbon pool of bulk above-ground biomass
(Table 6). This is a common feature of grasslarubystems (Jacksaat al, 1996; Mokanyet
al., 2006). But POM properties (see above) and mesidence times of C in POM biomass
suggest that most parts of POM were decaying deztdrial and only a small fraction was
metabolically active living root biomass. In thepented study the mean residence time of C
in the POM pool was approx. 1 year, which is simtia that reported for similar POM
fractions (Klumppet al, 2007; Personeni & Loiseau, 2004; Van Kessall, 2006) and was
six to eight times longer than in the bulk aboveugrd biomassMRTc in POM represents a
weighted mean of thBIRT¢ in different C pools and their respective masswhiouch might
living metabolically active roots have contributedotal POM C?

Lehmeieret al (2008) found that root respiration was fed by shene pools with the same
MRTc as shoot respiration in studies lorperennaunder controlled conditions. If this finding
is applied to the ecosystem studied here, it waujdy that MRTc in the labile pool was the
same in roots as in above-ground biomass (chapidfudther, if the relationship between
MRTc of structural tissue and the tissue residence {lead or root life span) was a general

one, as proposed, thé&hRTc in structural tissue of roots should be relatedomt life-span.
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According to the shoot and root phytomer data oftMav et al. (2001), grass root longevity
is approx. twice that of leaf life-span. Conseqlyer@@ residence time in below-ground living
root biomass was approx. twice thatMRTc in living above-ground biomass. This would
suggest that only a small percentage of POM wasdimetabolically active roots and that
the difference inMRTc of above- and below-ground biomass was not cabgea different

functioning of metabolically active pools, but reld to a huge amount of (slowly) decaying

material in the below-ground POM compartment.

Seasonal effects on MR&nd C partitioning

The MRT¢ in total POM was similar in the two seasons, BIRT: in bulk above-ground
biomass was longer in autumn than in spring (Figuaad Table 7). This difference MR T

of bulk above-ground biomass can be completelygassi to the 30% higher percentage of
living material in the bulk above-ground biomasspring (Table 6). In autumn, bulk above-
ground biomass contained more unlabelled dead dethan in spring leading to a greater
dilution of label in the total of living and deadalves in autumn. When all tracer in bulk
above-ground biomass was attributed to the liveayés, the fraction of unlabelled carbon in
living leaves after the last day of labelling wasry similar, 48% and 46% in spring and
autumn, respectively (compare chapter 4). Theretbeeseasonal difference in the tracer time
course of bulk above-ground biomass was not a cquesee of a different behaviour of
metabolically active plant pools, but of differgmbportions of living and dead above-ground
biomass. This and the fact, that there was moren&ss on the ground in spring than in
autumn (Table 6), lead to a greater amount of newtBe above-ground biomass in spring.
Below-ground, there were hardly any differencesthe amount of new carbon in POM
between seasons. But, since there was more newo¥&-gpound in spring than in autumn,
the net C partitioning to below- ground was différeetween seasons: approx. 35% of new
carbon was deposited below-ground in spring, irntreshto approx. 50% in autumn. Since the
net carbon partitioning was relatively stable after first day of labelling, allocation of new
carbon seemed to be a good proxy for the allocgiattern of total carbon. The presented
results on carbon partitioning are in accordancth wesults of Belangeet al (1992) on
Festuca arundinacemn the field. In their work carbon partitioning toots was higher in late
summer and autumn than in spring. These seasohatatibn patterns reflect the
developmental phases of the swards at the timebs#rvations. In general, there is a growth

peak of temperate grasslands in spring and carlateydeserves are mobilized by the plants
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to feed leaf growth and reproductive developmeargéns, 1988). In autumn plants allocate
more carbon to roots and below-ground stores wsigport survival in winter and regrowth

in spring.



6. General Discussion 49

6. General Discussion

In the following, the questions addressed in thes@nted thesis are answered in a
summarizing way, in particular the report on measidence times of QVIRT, in above-
ground and below-ground biomass, the relationshipBTc in above-ground biomass and
tissue residence time, i.e. leaf life-span and dfiects of season and species. At last the

influence of grazing oMRTc shall be discussed.

Is the mean residence time of carbon in above-gtdaiomass determined by

the leaf life-span?

The MRTc¢ in bulk living above-ground biomass was approx.d2§s, and thus shorter than
the leaf life-span of the dominant species (on ayer40 days), since (1) some C (assumed
approx. 50%; Lehmeieet al, 2008) was directly respired from the labile padler on
average 5 days and (2) even MRTc in the structural pool was 25% shorter than tlad le
life-span. The latter discrepancy may be a consemuef net growth in spring and/or
deposition of C after full leaf expansion. In tlsgidy, this lead to a 50% shorfdiRT¢ in
bulk living above-ground biomass compared to tlad lde-span. This has to be taken into
account, when th&IRT¢ in bulk living above-ground biomass is approxindatéa the leaf
life-span. TheMRTc.apile in this study (on average 5 days) compared welth® range
previously reported for carbohydrate pools in seurteaves of L. perenne in
controlled/artificial environments (Lattanzt al, 2012) and pools feeding respiration of
grassland plants (Lehmeiet al, 2008; Carbone & Trumbore, 2007; Battnal,, 2009). This
suggests thaMRTc.Lanie IS quite constant in grassland ecosystems. Toatltbhor's best
knowledge, this is the first report MRTc for structural and whole above-ground biomass.
Therefore these results cannot be compared wiénatitre. AlthoughMRTc structural Was
shorter than the leaf life-span, both parameteng wéviously related. This agrees with the
view thatMRTc. structuraliS mechanistically connected with leaf (or rodfg-span. Due to the
large variation in leaf life-span between specias @cosystems (weeks to years, Wrigihal
2004),MRTc_structuramost probably also varies in a similar range betwecosystems.
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Below-ground biomass is a big, but metabolicalrirC pool

The MRTc¢ in below-ground POM was much longer than in abgnaind biomass (approx. 1
year compared to approx. 2 months; for valid conspat bulk (living plus dead) above-
ground biomass was taken). The dry or C mass bglownd was four to six times that of
above-ground, which is in accordance with publishedt/shoot ratios for temperate
grasslands (Jacksan al., 1996; Mokanyet al, 2006). However, the absolute amount of new
C was relatively similar above- and below-groundy(iFe 9). Probably this resulted from a
huge amount of decaying material in the below-gdol#?OM compartment (Loiseau &
Soussana, 1999; Personeni & Loiseau, 2004). Thew vis also supported by (1)
approximations oMRT¢ in living below-ground root biomass, which wasirested to be
approx. twice that of theIRT¢ in above-ground biomass and thus much shorter than
measuredMRTc in POM and (2) the grading of POM fractions regagdtheir C/N ratios
reflecting the progression of decay with decreagadicle size. All this suggests that only a
small percentage of below-ground POM was living abetically active roots and that the
difference in MRTE of above- and below-ground biomass was not cabsed different
functioning of metabolically active pools, but bynage amount of decaying material in the
below-ground POM compartment.

Common leaf life-span and C residence time

A remarkable finding, in all chapters, was the albseof clear seasonal, interannual or
interspecific effects on leaf life-span (chapteraBJd MRTc in structural and labile above-
ground (chapter 4) and in below-ground (chapteC3)ools, which gave rise to common
community scale values for leaf life-span (40 dags)l C residence time in living above-
(labile: 5 days; structural: 30 days; bulk: appr@Q days) and below-ground biomass
(1 year). This pattern suggests the existence miesgeneral homogenizing influence on all
species that was similar in all seasons. It is psed that the sward’s history of years-long
intense grazing was such a homogenizing force esin&ept the sward in a similar state
(nominal compressed sward height of 7 cm) througladiuthe years. Frequent defoliation
leads to shortened payback-times and thereforetgp$apposedly decrease their costs for leaf
construction, in order to maintain a positive Caboak. It is known that short payback-times,
defined as the relation of construction costs tibydahotosynthesis, are related to short leaf
life-span (Williamset al, 1989; Navast al, 2003; Costest al, 2011). Thus, the frequent
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intense defoliation, which affected all speciesalhobservation periods in a similar way,
could explain why leaf life-span was relatively ghend more homogeneous between species
than in other reports (chapter 2) and why bothf lda-span andMRT;, showed no
systematic seasonal or interspecific differencésapters).

The mechanisms underlying the relative homogeneitgaf life-span andMRTc are not well
known, but could involve selection of adapted ggpes and phenotypic responses. For leaf
life-span however, room for intraspecific varialyilseems to be limited at leastlinperenne
(Al Haj Khaledet al, 2005; Berone, 2005), while there is evidenceploenotypic plasticity

of leaf life-span in response to defoliation in therature (Parsonet al, 1991; Boggianet

al., 2001; Netcet al, 2002; Sousat al, 2010; Sousat al, 2011). Thus, the available studies
support the view, that the absence of clear inemifip, seasonal and interannual differences
in leaf life-span andMRTc was a matter of phenotypic plasticity in respotsayrazing
pressure. Strong support to this view is also givethe fact that despite missing systematic
interspecific, seasonal and interannual effect, liee-span andMR T sqructuraiWere variable
within a certain range.

The only clear seasonal difference in this studyeaped in the interaction between above-
and below-ground C compartments. In autumn, mokea€ allocated below-ground than in
spring (50% compared to 30% of total C, respectjveimilar to observations of Belangetlr

al. (1992). This was also mirrored by the higher rafiadlead leaves in autumn than in spring.
These were the only parameters, where the influehtdee developmental stage of the sward
(spring growth with C-mobilization vs. autumn Crsige; Parsons, 1988) was apparent.

Transferability of the results in at the time grdzmstures

The paddock, in which the presented studies toakeplhad been grazed by cattle for more

than six years, but during observations the animalge excluded from the site. Thus, leaf
life-span and MRTc measurements report on undefoliated plants. How ldvdabose

parameters be altered in a grazed pasture in casopato the values derived in my study?
Lemaireet al (2009) reviewed defoliation parameters in pasgresses: a leaf is defoliated
on average once in its lifetime under intense giazvith a severity of approx. 50% of its
lamina blade removed (Mazzanti & Lemaire, 19943%%6 of its extended tiller height (Wade
et al, 1989). In consequence, approx. 35% of structtadbon in the grasses is lost from the

above-ground biomass after a time period similandth the leaf life-span. Therefore in the
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presented study, grazing would lead to a reduactibteaf life-span andviRT¢ in above-
ground biomass by approx. 5 daySIRTunder grazing= 0.65 *MRT + 0.35 * MRT/2; for leaf

life-span accordingly)

Conclusions and outlook

The view that the leaf life-span determines MBT: could partially be supported, since
MRTc.structurawas related to the leaf life-span, though shottexould be very interesting to
analyzeMRTc sructuralin Species and ecosystems with a greater variatideaf life-span, in
order to validate the relationship betweddR T squcturas@nd the leaf life-span. Here, also the
proposed mechanisms causing the named discrepategdnMR Tc_squcuraidnd the leaf life-
span — net standing biomass production and C deposifter full leaf expansion — could be
addressed. ApproximatinglRTc in bulk living above-ground biomass via the leéd-Epan
proofed to be a non- trivial challenge, since s@ris directly respired from the labile C pool
and thus the fraction of C incorporated in thedtral pool has to be known to dediBR T

in bulk living above-ground biomass froliRTc of its components (labile and structural C).
This has to be taken into account, when the ldafsipan is taken as a proxy WIRTc in
above-ground biomass.

There were strikingly little differences in tihdRTc between species, seasons and years and
the dominant species well reflected MR T of the community. The only seasonal effect was
a greater net C allocation to below-ground in autucompared to spring reflecting the
sward’s developmental stage. It is suggested that history of intense grazing had a
homogenizing influence on the leaf life-span ad aeltheMRT: between seasons, years and
species in the analysed sward. The mechanism wyitgrthe phenomenon is not well
understood, but could well involve effects of gragipressure (and related disturbance) on
selection of adapted genotypes and phenotypic nsggo Clearly, further studies focusing on

such putative mechanisms are needed.



Bibliography 53

Bibliography

Agnusdei M (1999Analyse de la dynamique de la morphogenese foleide la défoliation
de plusieurs especes de graminées soumises awrag@atcontinu dans unde communauté
végétale de la Pampa Humide (ArgentinePhD dissertation, Insitut National
Polytechnique de Lorraine, Nancy, France.

Al Haj Khaled R, Duru M, Theau J P, Plantureux $y2ZCP (2005) Variation in leaf traits
through seasons and N-availability levels and mesequences for ranking grassland
speciesJournal of Vegetation Sciend®: 391-398.

Atkinson CJ, Farrar JF (1983) Allocation of photathetically-fixed carbon ifestuca ovina
L. and Nardus strictaL. New Phytologisf5: 519-531.

Bahn M, Schmitt M, Siegwolf R, Richter A, BriggemaN (2009) Does photosynthesis
affect grassland soil-respired €@nd its carbon isotope composition on a diurnal
timescaleNew Phytologisfi82: 451-460.

Belanger G, Gastal F, Warembourg FR (1992) Thectffef nitrogen fertilization and the
growing season on carbon partitioning in a sward'aif Fescue Kestuca arundinacea
Schreb)Annals of Botany0: 239-244.

Berone, G. D. (2005 orphogenetical characterization of two Lolium pene and Bromus
stamineus cultivarsMaster thesis, Universidad Nacional de Mar deit&®| Balcarce,
Argentina (in Spanish).

Berone GD, Lattanzi FA, Colabelli MR, Agnusdei M&Q7) A comparative analysis of the
temperature response of leaf elongatioBliamus stamineuandLolium perenngplants in
the field: Intrinsic and size-mediated effedsnals of Botany00: 813—-820.

Biswas SH, Malik AU (2010) Disturbance effects opeaes diversity and functional
diversity in riparian and upland plant communitiésology91: 28-35.

Boggiano P, Maraschin GE, Nabinger C, Riboldi Jd&@zzi M (2001) Herbage allowance
and nitrogen fertilization effects on morphologicdiaracteristics oPaspalum notatum
Flugge. In: Gomide JA, Mattos WRS & Da Silva SC gBd Proceedingsf the XIX
international Grassland Congress: grassland ecasyst an outlook into the 21st century
(pp 60-61). Sao Pedro, Sao Paulo, Brazil.



Bibliography 54

Borland AM, Farrar JF (1988) Compartmentation dogds of carbon in leaf blades and leaf
sheaths ofPoa annual. and Poa x jemtlandica(Almqg.) Richt. Plant, Cell and
Environmentl1: 535-543.

Calviere I, Duru M (1995) Leaf appearance and smres patterns of some pasture species.
Grass and Forage Scien&®, 447-451.

Carbone MS, Trumbore SE (2007) Contribution of nphotosynthetic assimilates to
respiration by perennial grasses and shrubs: mesgdeémes and allocation patteridew
Phytologistl76: 124-135.

Chapman DF (1983) Growth and demographyTafolium repensstolons in grazed hill
pasturesJournal of Applied Ecolog®0: 597-608.

Coste S, Roggy JC, Schimann H, Epron D, Dreyer BELXR A cost-benefit analysis of
acclimation to low irradiance in tropical rainforesee seedlings: leaf life span and
payback time for leaf deploymedournal of Experimental Botar§2: 3941-3955.

Da Silva, LJ (2010) Laercio: Duncan test, Tukey tagl Scott-Knott test. R package version
1.0-1. http://CRAN.R-project.org/package=laercio

Davies A, Thomas H (1983) Rates of leaf and tilewduction in young perennial ryegrass
plants in relation to soil temperature and radratAnnals of Botang7: 591-597.

De Visser R, Vianden H, Schnyder H (1997) Kine#os relative significance of remobilized
and current C and N incorporation in leaf and maiwth zones of.olium perenneafter
defoliation: assessment B3C and™N steady-state labelling?lant Cell and Environment
20: 37-46.

Diemer M, Korner C, Prock S (1992) Leaf life spafisvild perennial herbaceous plants: a
survey and attempts at a functional interpretafi@ecologia89: 10-16.

Dungey NO, Davies DD (1982) Protein turnover in #teached leaves of non-stressed and
stressed barley seadlingdanta154: 435-440.

Durand JL, Schaufele R, Gastal F (1999) Grass #&ahgation rate as a function of
developmental stage and temperature: morphologicalysis and modellingAnnals of
Botany83: 577-588.

Duru M, Theau JP, Cruz P (2012) Functional divgrsitspecies-rich managed grasslands in
response to fertility, defoliation and temperatiBasic and Applied Ecology3: 20-31.

Esau K (1977) Anatomy of seed plants. 2nd edn. Ydiey & Sons, New York.



Bibliography 55

Forward DF (1960) Effect of temperature on resmratin: W. Ruhland (Ed.)Enyclopedia
of plant physiologyVo. 12. (pp 234-258). Springer Verlag, Berlin.

Farrar JF (1989) Fluxes and turnover of sucroseflauadans in healthy and deseased plants.
Journal of Plant Physiolog¥34: 137-140.

Farrar SC, Farrar JF (1985) Carbon fluxes in |¢éadids of barleyNew Phytologisi00: 271—
283.

Farrar SC, Farrar JF (1986) Compartmentation andefl of sucrose in leaf blades of barley.
New Phytologisi03: 645—-657.

Gamnitzer U, Schaufele R, Schnyder H (2009) ObegrviC labelling kinetics in C®
respired by a temperate grassland ecosystiEw. Phytologisi84: 376—-386.

Grime JP (1973) Competitive exclusion in herbacemgetationNature244: 310-311.

Grimoldi AA, Kavanova M, Lattanzi FA, Schnyder HO@5) Phosphorus nutrition-mediated
effects of arbuscular mycorrhiza on leaf morphol@gg carbon allocation in perennial
ryegrassNew Phytologisi68: 435—-444.
Halgren A, Banowetz GM (2012). Life cycle expressianalysis of three cell wall
degradation-related genes in ethylene-treated .gPéemst Growth Regulatio6: 167-177.
Hikosaka K (2005) Leaf canopy as a dynamic systeocmphysiology and optimality in leaf
turnover.Annals of Botany95, 521-533.

Heiberger RM (2009). HH: Statistical Analysis andt® Display: Heiberger and Holland. R
package version 2.1-32. http://CRAN.R-project.caghage=HH

Jackson RB, Canadell J, Ehleringer JR, Mooney H#a ®E, Schulze ED (1996) A global
analysis of root distributions for terrestrial biesnOecologial08: 389-411.

James WO (1993) ‘Plant respiration.” Clarendon £résford.

Jones MB, Donelly A (2004) Carbon sequestratiotemperate grassland ecosystems and the
influence of management, climate and elevated. Gl&w Phytologist 164: 423-4309.

Kikuzawa K (1984) Leaf survival of woody plantsdeciduous broad-leaved forests. 2. Small
trees and shrub&ancadian Journal of Botarfyl: 2133—-2139.

Kikuzawa K, Lechowicz MJ (2011) Ecology of leaf g@vity. Springer, New York.

Klumpp K, Soussana JF, Falcimagne R (2007) Long-tsteady staté>C labelling to
investigate soil carbon turnover in grasslamiegeoscienced: 385-394.

Lattanzi FA, Ostler U, Wild M, Morvan-Bertrand A,ebau ML, Lehmeier CA, Meuriot F,
Prud’homme MP, Schaufele R, Schnyder H (2012) Huxe central carbohydrate



Bibliography 56

metabolism of source leaves in a fructan-storig@@ss: rapid turnover and futile cycling
of sucrose in continuous light under contrastedogén nutrition statusJournal of
Experimental Botang3: 2363—-2375.

Lehmeier CA, Lattanzi FA, Schaufele R, Wild M, Sgdar H (2008) Root and shoot
respiration of perennial ryegrass are suppliedhgysame substrate pools: assessment by
dynamic’C labeling and compartmental analysis of traceetikis.Plant Physiologyl48:
1148-1158.

Lehmeier CA, Lattanzi FA, Schnyder H (2012) Stomsssubstrate sources for respiration —
effects of nitrogen stress and day length. In: idsé&k R, Schnyder H, Ernst D, Munch J-C,
Osswald W, Pretzsch H (Eds@Growth and defence in plants: Resource allocation a
multiple scalesEcological Studies, Springer (in press).

Lemaire G, Chapman DF (1996) Tissue flows in grgzdedt communities. In: Hodgsons J,
lllius AW (Eds.), The ecology and management of grazing sysfpm3-36). Wallingford:
CABI Publishing.

Lemaire G, Agnusdei M (2000) Leaf tissue turnoved afficiency of herbage utilization. In:
Lemaire G, Hodgson J, De Moraes A, De F Carvalho R&binger C (Eds.)Grassland
ecophysiology and grazing ecologpp. 265-287). Wallingford, UK: CABI Publishing.

Lemaire G, Da Silva SC, Agnusdei M, Wade M, Hodgdd2009)interactions between leaf
lifespan and defoliation frequency in temperate @ogical pastures: a reviearass and
Forage Sciencé4: 341-353.

Leopold AC (1961) Senescence in plant developn&miencel34: 1727-1732.

Loiseau P, Soussana JF (1999) Elevated][@emperature increase and N supply effects on
the accumulation of below-ground carbon in a temfgegrassland ecosysteRiant and
Soil212: 123-134.

Maire V, Gross N, Pontes L da S, Picon-Cochard disSana JF (2009) Trade-off between
root nitrogen acquisition and shoot nitrogen udilian across 13 co-occurring pasture
grass species.unctional Ecology23: 668—679.

Matthew C, Van Loo EN, Thom ER, Dawson LA, Care 2801) Understanding shoot and
root development. In:Proceedings of the XIX international Grassland QOsg:
grassland ecosystems: an outlook into the 21sucgifpp 19-27). Sao Pedro, Sao Paulo:

Fundacao de Estudos Agrarios Luiz de Queiroz.



Bibliography 57

Maurice |, Gastal F, Durand JL (1997) Generatiorfosin and associated mass deposition
during leaf development in grasses: a kinematicagah for non-steady growtAnnals of
Botany80: 673—-683.

Mazzanti A, Lemaire G (1994) Effect of nitrosetiiezation upon herbage production of tall
fescue swards continuously grazed by sheep. 2. Oquton and efficiency of herbage
utilization. Grass and Forage Sciend®: 352—-359.

Mohapatra PK, Patro L, Raval MK, Ramaswamy NK, BbWC, Biswal B (2010)
Senescence-induced loss in photosynthesis enhamatesvall p-glucosidase activity.
Physiologia Plantaruni38: 346—355.

Mokany K, Raison RJ, Prokushkinz AS (2006) Critiealalysis of root : shoot ratios in
terrestrial biomesGlobal Change Biology2: 84-96

Navas ML, Ducout B, Roumet C, Richarte J, GarnietGarnier E (2003) Leaf life span,
dynamics and construction cost of species from Medinean old-fields differing in
successional statudew Phytologisi59: 213-228.

Neto AFG, do Nascimento Junior D, Regazzi AJ, daseoa DM, Mosquim PR, Gobbi KF
(2002) Morphogenetic and structural response®aricum maximuntv. Mombaca on
different levels of nitrose fertilization and cutgi regimesRevistaBrasileira de Zootecnia
31: 1890-1900.

Parsons AJ (1988) The effect of season and managemmethe growth of grass swards. In
Jones MB, Lazenby A (Eds.Yhe grass crop. The physiological basis of produrcti
Chapman and Hall Ltd, London, Great Britain.

Parsons AJ, Harvey A, Woledge J (1991) Plant—anintafactions in a continuously grazed
mixture. |. Differences in the physiology of leafpansion and the fate of leaves of grass
and cloverJounal of Applied Ecolog#8: 619-634.

Peacock JM (1975) Temperature and leaf growth.otium perenneL. Il. The site of
temperature perceptiodournal of Applied Ecolog$2: 115-123.

Personeni E, Loiseau P (2004) How does the natieving and dead roots affect the
residence time of carbon in the root litter contim? Plant and Soil 267: 129-141.

Pollock CJ, Cairns AJ, Collis BE, Walker RP (1989j)ect effects of low temperature upon
components of fructan metabolism in leaved.ofium temulentuni. Journal of Plant
Physiologyl134: 203—-208.



Bibliography 58

Pontes L da S, Lonault F, Carrere P, Maire V, AzduB, Soussana JF (2010) The role of
plant traits and their plasticity in the respon$easture grasses to nutrients and cutting
frequencyAnnals of Botany05: 957—965.

Prosser J, Farrar JF (1981) A compartmental mofieldoon allocation in the vegetative
barley plantPlant, Cell and Environmer: 303-307.

Ratcliffe RG, Shachar-Hill Y (2006) Measuring mplé fluxes through plant metabolic
networks.Plant Journal45: 490-511.

R Development Core Team (2011) R: A language ana@rmment for

statistical computing. R Foundation for Statesti€omputing,
Vienna, Austria. URL http://www.R-project.org/.

Reich PB, Walters MB, Ellsworth DS (1992) Leaf {gpan in relation to leaf, plant and stand
characteristics among diverse ecosystdfuslogical Monograph$§2: 365-392.

Robson MJ (1972) The Effect of Temperature on thew@ of S170 Tall Fescud-¢stuca
arundinaced. 1. Constant temperatutdurnal of Applied Ecolog9: 643—-653.

Robson MJ, Deacon MJ (1978) Nitrogen deficiencysimall closed communities of S24
Ryegrass. Il. Changes in the weight and chemiaalposition of single leaves during their
growth and deathAnnals of Botanyi2: 1199-1213.

Ryser P, Urbas P (2000) Ecological significancdeaf life span among Central European
grass specie®ikos91: 41-50.

Schimel DS (1995) Terrestrial ecosystems and thieocacycle.Global Change Biology:
77-91.

Schlesinger WH (1997) Biogeochemistry: an analg$iglobal change, ™ edn. Academic
Press, San Diego, CA, 1997

Schnyder H (1993) The role of carbohydrate storage redistribution in the source-sink
relations of wheat and barley during grain filling review.New Phytologistl23: 233—
245,

Schnyder H, de Visser R (1999) Fluxes of reserverde and currently assimilated carbon
and nitrogen in perennial ryegrass recovering fo@foliation: the regrowing tiller and its
component functionally distinct zoneBRlant Physiology119: 1423-1435.

Schnyder H, Schéaufele R, Lotscher M, Gebbing T 8dDisentangling C®fluxes: direct

measurements of mesocosm-scale natural abund46&@/°CO, gas exchange*C



Bibliography 59

discrimination, and labelling of GO exchange flux components in controlled
environmentsPlant, Cell and Environmerii6: 1863-1874.

Schnyder H, Schwertl M, Auerswald K, & Schaufel¢2R06) Hair of grazing cattle provides
an integrated measure of the effects of site camditand interannual weather variability
on8'3C of temperate humid grassla@lobal Change Biolog{2: 1315-1329.

Simpson E, Cooke RJ, Davies DD (1981) Measuremeptaiein degradation in leaves of
Zea maysising fH]acetic anhydride tritiated watePlant Physiology67: 1214-1219.

Skinner RH, Nelson CJ (1995) Elongation of the gré=maf and its relationship to the
phyllochron.Crop Science5: 4-10.

Sousa BML, do Nascimento Junior D, da Silva SC, tdimo HCF, Rodrigues CS, da Fonseca
DM, da Silveira MCT, Sbrissia AF (2010) Morphogeoeind structural characteristics of
andropogon grass submitted to different cuttingytsi. RevistaBrasileira de Zootecnia
39: 2141-2147.

Sousa BML, do Nascimento Junior D, Rodrigues CSptigioco HCF, da Silva SC, da Fonseca
DM, Sbrissia AF (2011) Morphogenetic and structuidiaracteristics of xaraes
palisadegrass submitted to cutting heigRivistaBrasileira de Zootecnid0: 53-59.

Sturite I, Henriksen TM, Breland TA (2007) Longegviaf White Clover Trifolium repen$
leaves, stolons and roots, and consequences fovgait dynamics under northern
temperate climatic conditiondnnals of Botany00: 33—40.

van Kessel C, Boots B, de Graaff MA, Harris D, Bliin Six J (2006) Total soil C and N
sequestration in a grassland following 10 yearfsesf air CQ enrichmentGlobal Change
Biology 12: 2187-2199.

Wade MH (1991) Factors affecting the availabilifyvegetativeLolium perenneo grazing
dairy cows with special reference to sward charesties, stocking rate and grazing
method. PhD dissertation, Universite de Rennes)déera

Wade MH, Peyraud JL, Lemaire G, Comeron EA (1988¢ dynamics of daily area and
depth of grazing and herbage intake of cows irva diay paddock system. Proceedings of
the 16th International Grassland Congress, Nicande, pp. 1111-1112. Paris, France:
INRA.

Westoby M, Falster DS, Moles AT, Vesk PA, Wright(D02) Plant ecological strategies:
some leading dimensions of variation between speéienual Review of Ecology and
Systematic83: 125-159.



Bibliography 60

White RP, Murray S, Rohweder M (2000) Pilot Anatysif Global Ecosystems: Grassland
Ecosystems. World Resources Institute, Washindd@h,USA

Williams KB, Field CB, Mooney HA (1989) Relationgisiamong leaf construction cost, leaf
longevity and light environment in rain forest plmrof the genus PiperAmerican
Naturalist133: 198-211.

Wright 13, Reich PB, Westoby M, Ackerly DD, Baruéh Bongers F, Cavender-Bares J,
Chapin T, Cornelissen JHC, Diemer M, Flexas J, (8ats, Groon PK, Gulias J, Hikosaka
K, Lamont BB, Lee T, Lee W, Lusk C, Midgley JJ,vda M-L, Niinemets U, Oleksyn J,
Osada N, Poorter H, Poot P, Prior L, Pyankov VIuRet C, Thomas SC, Tjoelker MG,
Veneklass EJ, Villar R (2004) The worldwide leabeomics spectrunNature428: 821—
827.



Appendix 61

Acknowledgements

The last years of my life were not only affectedtlhg fascinating and demanding work for
my doctorate, but also by the birth of my two cteldl To master both has not always been
easy and | am grateful and would like to thankrttay people, who helped me making it
possible:

First of all, Prof. Hans Schnyder for the guidarasyice, confidence and understanding he
gave me. | have learned a lot from him and | ame:s@ithere were more heads like him, the
birthrate would be higher!

Ulrike Ostler, nee Gamnitzer, for the great collabion, the numerous discussions and advice
and the friendship

Fernando Lattanzi for the guidance and advice hediélicate meals in his house

Melitta Sternkopf for not only being such a compétnd friendly secretary, but also the
heart of the institute

Rudi Schaufele for the smooth running of many saspl

Monika Michler, Angela Ernst-Schwarzli, Anja Schinachd Erna Eschenbach for technical
assistance in the laboratories, in the field amdrfany hours of washing roots

Richard Wenzel for skilful assistance with the libg facility

Iris Kéhler, Tom Gottfried and Claudia Landinger their sampling assistance during the
labelling experiments, even in nighttime hours! TGwttfried also for observing leaves, even
in the first snow of 2007 (sorry for the frozenders...)

Wolfgang Feneis for providing quick help with contguproblems

Alex Braun for accepting “fresh air” in every seasw the year

And thanks to all the other colleagues, namely KRatrswald, Monika Kavanova, Agustin
Grimoldi, Christoph Lehmeier, Melanie Wild, Sun Inza Xiaoying Gong and German

Berone for making the work at Grunlandlehre satfialiand enjoyable

And last but not least thanks to all of my fam#gpecially my husband Christoph for his
encouragement, his love and for sharing his lifénuie

to my mom for always believing in me

and my kids for being there and never letting nrgdbthat there is more to live than work



