TECHNISCHE UNIVERSITAT MUNCHEN

Lehrstuhl fir Grinlandlehre

The interactive effects of rising atmospheric£Qd nutrient supply on carbon and
water relations of grassland ecosystems: An argbfsstable carbon isotopes and

water-use efficiency in vegetation samples fromRhaek Grass Experiment

Iris Heike Kdhler

Vollstandiger Abdruck der von der Fakultat Wissdradtszentrum Weihenstephan
fur Ernahrung, Landnutzung und Umwelt der Techrescbiniversitat Minchen zur
Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. U. Schmidhalter
Prifer der Dissertation:
Univ.-Prof. Dr. J. Schnyder
Univ.-Prof. Dr. R. Matyssek

3. Assoc. Prof. M. Barbour, Ph.D.,
(University of Sydney, Australien)

Die Dissertation wurde am 25.10.2012 bei der Texdim@n Universitat Minchen
eingereicht und durch die Fakultat Wissenschaftsuen Weihenstephan fir

Ernahrung, Landnutzung und Umwelt am 13.02.201&@aommen.



,Das Gras wachst nicht schneller,
wenn man daran zieht.’
Afrikanisches Sprichwort



Summary

The present study analysed how water-use efficigfWWJE) of grassland
ecosystems responded to the increase in atmospb&iduring the last century. The
aim was to improve our understanding of the lorrgateesponses of WUE — and of the
underlying carbon and water relations — in grasklatosystems under rising
atmospheric C@ Interactions with other environmental parameties plant available
soil water and nutrient availability were also ddesed. The results help to understand
how WUE in grassland ecosystems responds to theasing availability of C®and
how these responses may feed back on climate andtelchange.

The stand-scale response of WUE in grassland wagedefrom stable carbon
isotope analysis of archived hay and herbage sanipen the Park Grass Experiment
(PGE) in Rothamsted, England. This experiment wesesl in 1856 on an old grassland
site, which was divided into experimental plots egivdifferent combinations and
amounts of fertilizers and lime. Annual samplesay and herbage have been stored in
the Rothamsted Sample Archive since the beginninifpe experiment. In the present
study, time series of carbon isotope discriminafda) in samples from five differently
fertilized treatments were analysédh is a proxy forc/c, the ratio of intercellular to
atmospheric C@concentration. This ratio is controlled by the natbon assimilation
rate @) and stomatal conductanag)(**A can thus be used to estimilte theintrinsic
WUE (A/gy).

First, two time-series of spring (first cut) andrsuer / autumn (second cdh
covering 150 years (1857 — 2007, first cut) res}2 gears (1875 — 2007, second cut)
were derived for the unlimed and unfertilized cohtreatment. Second, for comparison
of nutrient effects:*A chronologies from limed plots with different féider treatments
were analysed, covering 95 years (1915 — 2009).shbeter period was chosen to avoid
confounding effects with changes in botanical cosipmm induced by fertilization
during the first decades of the experiment. Furttoee, for the analysis of nutrient
effects only spring growth (first cut) was analysasl it profited most from fertilizer
application. The selected limed fertilizer treattsemeceived different amounts of



nitrogen (N; 0, 48 or 96 kg Har™), phosphorus (P; 0 or 35 kg hsr?) and potassium
(K; 0 or 225 kg hd yr') and lime as required to maintain soil pH near 7.

In the 1857 — 2007 periody; increased by +33% during spring growth and by
+18% during summer / autumn growth on the unlir@eatrol (U) treatment. The inter-
annual variation in*A was mainly related to weather conditions. Plardilable soil
water explained 51% and 40% of the variation inirspgrowth **A and summer /
autumn growth®A, respectively. On the limed treatments, the inseeaf\W\, was +28%
on the high N treatmentH{gh N+PK) and only +13% on the lime&ontrol (L)
treatment in the 1915 — 2009 period. The otherdirard fertilized treatments showed
intermediate changes. Plant available soil watptaéxed between 39% and 55% of the
inter-annual variation if*A on the limed treatments. N status, assessed astizér
supplyplus an estimate of biologically-fixed N, was negativetlated (f = 0.88;P <
0.02) to the trend fol°A against C@on the limed treatments. Other indices of N status
exhibited similar relationships. But, the relatibips did not hold when the unlimed
Control (U) treatment was also included in the analysis. Hanev was found that the
CO, responsiveness OtA was related to the grass content of the plant camityiuThis
may have been due to the reported greaterr€§ponsiveness df in grasses relative to
forbs. Thus, the stronger increasé/dfon grass-rich swards may be related to effects of
nutrient supply and soil pH on botanical compositi&s yields have not increased in the
observation period, it was assumed that commugitgdlA has not increased either.
Therefore, the increased, probably resulted from a decreasgdin the studied
grassland vegetation.

These physiological adjustments were in contrastetults from short-term
studies, but consistent with results from long-tetodies in forest ecosystems, showing
that short-term responses may not mirror long-tecwsystem responses. This has to be
taken into account when results from short-termeexpents are used for predictions
about grassland ecosystem responses under rismggplheric CQ The future analysis
of stable oxygen isotope¥®) in the PGE samples will help to partition thepense of
the functional components @ (A andgg) in this grassland ecosystem.



Zusammenfassung

Die vorliegende Arbeit untersucht die Reaktion éassernutzungseffizienz
(WUE) in Graslandokosystemen auf den Anstieg demoapharischen C©
Konzentration wahrend des letzten Jahrhunderts. Diak dieser Arbeit war die
Verbesserung unser Verstandnisses der Langzeiwealer WUE — und des ihr zu
Grunde liegenden Kohlenstoff- und Wasserhaushaits Graslandokosystemen unter
steigender atmospharischer £Kbonzentration. Interaktionen mit weiteren Umwelt-
faktoren wie z.B. pflanzenverfligbarem BodenwassdrNéhrstoffverfugbarkeit wurden
ebenfalls untersucht. Die Ergebnisse konnen daitagen die Reaktion der WUE in
Graslandokosystemen auf die ansteigende Verfiigibavke CO, zu verstehen und
abzuschéatzen wie sich diese Reaktion auf das Kiimaeden Klimawandel auswirkt.

Die Reaktion der WUE auf Pflanzenbestandesebert@rasland wurde mit Hilfe
der Analyse stabiler Kohlenstoffisotope aus ar@rtein Heuproben des Park Grass
Experiments (PGE) in Rothamsted, England abgelédas Experiment wurde 1856 auf
einer alten, etablierten Griunlandflache angeleges® wurde in Versuchparzellen mit
unterschiedlichen Dingermengen und -arten in Koattmn mit Kalkung unterteilt. Seit
Beginn des Experiments wurden jahrlich Heuprobedais Rothamsted Sample Archive
eingelagert. In der vorliegenden Studie wurden rg#ien der Kohlenstoff-
Isotopendiskriminierung'{A) von unterschiedliche gediingten Parzellen untatstia
ist ein indirektes Mal3 fur das Verhaltnis der imé#lularen zur atmospharischen £0
Konzentrationci/c,. Dieses Verhaltnis wird durch die Nettokohlensisfiimilationsrate
(A) und die stomatéare Leitfahigkeigs] bestimmt.*A kann daher zur Bestimmung der
W, derintrinsischenWUE (A / gs) verwendet werden.

Zunéchst wurden zwérA Zeitreihen fiir das Friihjahr (erster Schnitt) sodéa
Sommer / Herbst (zweiter Schnitt) auf der ungelkadktind ungedingten Kontroll-
parzelle Gber 150 Jahre (1857 — 2007, erster Syhomw. 132 Jahre (1875 — 2007,
zweiter Schnitt) abgeleitet. Des Weiteren wurden dén Vergleich von Nahrstoff-
effekten *3A Zeitreihen von unterschiedlich gediingten Parzellewersucht. Diese
deckten 95 Jahre ab (1915 — 2009). Der kurzereraZmit wurde gewahlt um
Storeinflissen durch die starken Verdnderungerembdtanischen Zusammensetzung,



welche durch die Dingung in den ersten JahrzehdésnExperiments auftraten, zu
vermeiden. Fir die Untersuchung von Nahrstoffeéfekt wurde nur der
Friahlingsaufwuchs (erster Schnitt) analysiert, dam starksten von der Dingergabe
profitiert. Die ausgewdahlten gedingten Parzelldnetien unterschiedliche Mengen an
Stickstoff (N; 0, 48 oder 96 kg Hayr™), Phosphor (P; 0 oder 35 kgha™) und Kalium
(K; 0 oder 225 kg hayr™) sowie Kalk um einen Boden pH-Wert von 7 zu halten

Im Zeitraum von 1857 — 2007 stieg d, im Fruhjahrsaufwuchs auf der
ungekalkten KontrolleControl (U) um +33% und von 1875 — 2007 im Sommer /
Herbstaufwuchs um +18% an. Die interannuellen Sakwagen def*A waren mit den
Witterungsbedingungen korreliert. Das pflanzenvgisiire Bodenwasser erklarte jeweils
51% bzw. 40% der Streuung vt im Friihjahrs- bzw. Sommer- / Herbstaufwuchs.
Auf den gekalkten Parzellen betrug der Anstieg d& +28% auf der
HochstickstoffvarianteHigh N+PK und nur +13% auf der gekalkten Kontrollvariante
Control (L) im Zeitraum von 1915 — 2009. Die anderen gekalkied gedingten
Parzellen zeigten dazwischen liegende Reaktioneras Dpflanzenverfligbare
Bodenwasser erklarte zwischen 39% und 55% derainterellen Streuung défA auf
den verschiedenen Parzellen. Der N-Status — beeechns der ausgebrachten
Dungermenge und einem Schatzwert fur den biologidohierten N — war auf den
gekalkten Parzellen negativ mit déf Trend gegeniiber GQxorreliert 2 = 0.88:P <
0.02). Weitere Kennzahlen der N-Versorgung wieskenliéhe Beziehungen auf. Die
Beziehungen hatten jedoch keinen Bestand wennrdiekalkte KontrolleControl (U)
in die Betrachtung miteinbezogen wurde. Es zeigtie doch, dass die GQReaktion
von A mit dem Grasanteil im Pflanzenbestand zusammenBieg konnte auf die in
der Literatur berichtete gréRere @Reaktion vongs in Grasern im Verhaltnis zu
Krautern zurlckzufihren sein. Demzufolge wéare dirkere Zunahme deW in
grasreichen Bestanden auf die Effekte der Nahk&iforgung und des Boden pHs auf
die botanische Zusammensetzung zuriickzufihren. Ddn <lie Ertrage im
Beobachtungszeitraum nicht veré&ndert haben ist reslmuen, dassA auf
Bestandesebene nicht zugenommen hat. Folglich est Ahstieg derW, in der
untersuchten Graslandvegetation wahrscheinlich ahe Abnahme von g
zurlickzufuhren.

Diese physiologischen Anpassungen stehen im GegemsaErgebnissen aus
Kurzzeituntersuchungen, stimmen aber mit Ergebnisses Langzeitstudien in Waldern



Uberein. Dies zeigt, dass Reaktionen in Kurzzeitstu nicht unbedingt die langfristige
Reaktion von Okosystemen widerspiegeln. Dies mussidisichtigt werden wenn
Ergebnisse aus Kurzzeitexperimenten fir Voraussagber die Reaktion von
Graslandokosystemen unter steigendem @®wendet werden sollen. Weiterfihrende
Analysen von stabilen SauerstoffisotopeliO] in den PGE Proben werden dazu
beitragen die Reaktionen der funktionalen KomposentonW, (A undgs) in diesem
Graslandokosystem detaillierter aufzuschlisseln.
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1. Introduction

Vegetation and the atmosphere on planet earthteoegdy linked through the
exchange of carbon (C) and water. In the C cyobgietation takes up GArom the
atmosphere in the process of photosynthesis arehse$ C® in the process of
respiration. C is stored in plants or sequestanesbils and may be released from these
pools with time lags up to decades and centunethd water cycle, plants take up water
from the soil and release water vapour in the m®cé transpiration from aboveground
tissue into the atmosphere, contributing e.g. dadland rain formation.

Both biogeochemical cycles are intimately coupleditee C and water fluxes
between plants and the atmosphere share the samethpa stomatal pores in the leaf
epidermis. The ratio of C gain per unit water ligstermed water-use efficiency (WUE)
and is a key parameter for understanding C andrweltgions at different organizational
and temporal scales: from the leaf to the ecosystemm minutes to centuries (Bacon,
2004; Jones, 2004). The study of WUE helps us tderstand how ecosystem gas
exchange responds to environmental changes. Othe @iggest environmental changes
that plants are currently exposed to is the risatmospheric C@concentrations. In
order to help predict future climate, it is cructal understand how ecosystem WUE
responds to the increased availability of C and Hwge responses feed back on climate
and climate change.

The present work investigates long-term trends lWBMf grassland ecosystems
under increasing atmospheric £i@ the Anthropocene. Amongst terrestrial ecosystem
grasslands play an important role in the globah@ w&ater cycle. They cover 41% of the
world’s land area (excluding Antarctica and Gread)aand store about one-third of the
global stock of C in terrestrial ecosystems, preidamtly in the soil (Whitest al, 2000).
Understanding how grassland ecosystems regulate Ghend water relations under
elevated atmospheric G@oncentrations and varying nutrient supply willghto better
understand possible feedback effects on clima#eG@y-rich world.



Introduction

Rising atmospheric CO: — Effects on plant physiology and
feedbacks on climate

From the end of the Industrial Revolution in the1€entury until today,
atmospheric C@concentration has increased by approximately +3&O¥h 290 umol
mol™ in the 1850’s to over 38@mol mol* in 2009 (Friedliet al, 1986; Francegt al,
1999; Keelinget al, 2009). Predictions suggest that atmospheri¢ Gihcentrations
will rise to between 530 and 97@nol mol* until 2100 (Prenticet al, 2001).

During the last 24 million years, terrestrial pkitave not faced such elevated
atmospheric C@concentrations as we observe today (Pearson & é?a2®00). At a
given CQ concentration, C uptake is controlled by the damméor CQ via the C
assimilation rateA) and by the supply of CQhrough the stomatal pores, as regulated
by the stomatal conductanog)( As A is not CQ-saturated in €plants under present
conditions (Farquhaet al, 1980) increasing availability of G@n the atmosphere may
lead to increasedA. At the same time, an increased gradient betwdéen GQ
concentration in the atmosphere and inside thevieaid facilitate CQ diffusion into
the leaf. A lowergs would then be sufficient to maintain C supply.docordance with
these theoretical considerations, @fants showed higher light-saturatddon average
+31%) and decreased (on average -22%) under elevated,@0ncentration (56 @mol
mol?, in comparison to COconcentrations of 366mol mol*, average of all studies;
Ainsworth & Rogers, 2007) in multi-year FACE (Frekir CO, Enrichment)
experiments. Thus, by affectiny and gs, elevated atmospheric G@ay modify the
exchange of C and water between terrestrial pkmisthe atmosphere: Increaggdnd
thus enhanced C uptake, may mitigate the increasatinospheric C9 as C-
sequestration in terrestrial ecosystems could asaeinder rising CQvhen surplus C is
sequestered in biomass and soils (Broeekai., 1979; Woodwaret al, 2009; Jansson
et al, 2010) At the same time, decreasegjirmay reduce ecosystem evapotranspiration
(Bernacchiet al, 2007), which would affect hydrological cycledlaair temperature near
the surface. For example, Gedregyal (2006) found that increased trends of continental
runoff in the 28 century were consistent with reduced transpiradio to reduceds.

However, in complex natural ecosystems, interastiand feedback processes
may occur on all spatio-temporal scales, and ceoHoity processes might even cancel
each other out. Thus, short-term results underraided conditions may not accurately
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reflect such long-term responses making extramadifficult (Luo & Reynolds, 1999;
Korner, 2006; Leuzingeet al, 2011). Only few FACE studies have been runnimg fo
more than one decade (Ainsworth & Long, 2005). &ntipular, our knowledge about
long-term interactions between C and nitrogen (INjar rising atmospheric G@s very
limited (Reichet al, 2006®).

One way to overcome these limitations and to stbhdylinked CQ response oA
andgs over long time scales, different geographic regidnome types, plant functional
groups, and environmental conditions is the re&o8pe analysis of WUE under the
recent increase in atmospheric L®ast values of WUE can be derived from the
analysis of stable C isotopes in plant biomass. drilg prerequisite for such studies is
the availability of suitable plant biomass samgtesn the past, e.g. in the form of tree
rings or herbarium species.

Water-use efficiency — a measure for the regulation of gas
exchange

WUE can be defined in different ways, dependingtencontext (Jones, 2004).
In the present work, | analyzed long-term trendthefintrinsic water-use efficiencf\)
and thenstantaneous water-use efficier(¥y,).

W is a physiological efficiency reflecting the ldef«el relationship between
plant CQ uptake and transpiration at standard humiditsepresents the ratio éfto g,
which determines the GQxoncentration gradient between the atmosphgjead the
leaf internal (intercellular) air space)( The ratio can be derived from the analysis of C
isotope discrimination’{A; see Material & Methods, Eqns. 2 to 7) in plamrbass
(Farghuaret al, 1982). In addition t&\i, the actual leaf-level ‘instantaneous’ water use
efficiency W) can be estimated when data on atmospheric evamr@demand are
available.W; represents the ratio of assimilation ra&¢ o transpirationk), and unlike
W, accounts for the effect of the leaf-to-air vappuessure deficit (VPD) ok (see
Material & Methods, Eqn. 8)W; has also been termed ‘transpiration efficiency’
(Farghuaet al, 198%).
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The analysis of®A in plant material from the past enables retrospecttudies
of W, and, provided that VPD data are available, als#tofndeed, time-series analyses
of W, of vegetation during the 2@entury have provided direct and compelling evigen
for changes in C uptake relative to potential waiss of plants under the recent increase
in atmospheric C® Numerous tree-ring studies have investigatedeésponse oWV to
rising atmospheric COconcentration and climate change, as the woodudisand
annual rings provide convenient archives of stablesotopes. Due to the short-lived
nature of biomass from herbaceous plants, suchestidve been scarce for grassland
ecosystems.

The effect of rising atmospheric GOn W, (or resp. thei/c, ratio) depends on the
plant’s reponse, i.e. the adjustmentfondgs. Three theoretical response scenarios of
gas exchange under rising atmospheric G&ve been proposed by Saugeal (2004)
and help to interpret the reaction'® andW:

- Scenario (1)c remains constant
- Scenario (2): the/c, ratio remains constant

- Scenario (3): the differenag — ¢ remains constant

For a response following scenario (1) or (®)must increase and / @& must
decrease, leading to increasivwg Scenario (1) leads to stronger increaseg\Virand
requires thus a stronger reactionfdbr g than scenario (2) (“active response”). For
scenario (3), every increase @ leads to an equal increase d¢n For a response
following scenario (3) plants do not need to adyiveespond in terms oA and g,
leading to unchange®V, (“passive response”) (McCarrot al, 2009). Figure 1
exemplarily shows the theoretical responses fol 815 — 2009 period, assuming;&,
ratio of 0.7 in 1915. The underlying equations described in Material & Methods
(Egn. 3-7).
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Studies of**A in forest trees often found increasesvihwith rising CQ (e.g.
Bertet al, 1997; Duquesnagt al, 1998; Feng, 1999; Arne#it al, 2002; Saureet al,
2004; Andreu-Hayle®t al, 2011) across a wide range of locations (e.qg.llblegian
Peninsula, Western / Northern Europe, Siberia attNAmerica) and tree species (e.qg.
from thePinus Quercus Piceaor Fagusgenera). Decreasing; was an exception and
was only observed in a few cases (Marshall & Momded996; Feng, 1999). Others
observed that the increaseWj levelled off in recent decades (Waterhoatal, 2004,
Gagenet al, 2011). Long-term changes W4 also differed within the same tree species
or genus and between study sites (Pefietlas, 2008:Fagus sylvaticaAndreu-Hayles
et al, 2011:Pinus sp).

In the majority of long-term tree-ring studies,ns in W, were close to the
‘constantci/cy response following scenario (2). For a summarytted responses see
Table 1 and Pefiuelat al (2011) for a meta-analysis of more tree-ring i&sldBy
contrast, long-ternt®A chronologies from herbaceous plants are rare awve lbeen
analysed in only a few studies (Pefiuelas & Azcéetddi 1992; Zhacet al, 2001,
Pedicinoet al, 2002; Barboseaet al, 2010). Pefiuelas & Azcon-Bieto (1992) and
Pedicinoet al (2002) used herbarium samples. They found thahgés in\ differed
between species (Table 1): In most cagésincreased, only in one casPajpaver
alpinum,Pefiuelas & Azcon-Bieto, 1992) a decrease was obderv

However, the use of herbarium samples complicatesirterpretation of the
results, as samples are based on a small numib@tiwtiuals collected at different sites
with mostly unknown environmental conditions duripant growth. Ecosystem- or
stand-scale responses to rising,@@nnot be derived from such data. Zkaal (2001)
analysed wheat grain and straw samples from theadbak Continuous Wheat
Experiment at Rothamsted, England, which offeredpbssibility of analysing archived
stand-scale plant samples dating back until 184feyTobserved increasing/ until
approximately 1965 and decreasMgafterwards. No such studies have been available
for the grassland biome so far, except for oneystoy Barbosaet al (2010), who
analysed a time-series Gfpra ibexhorns and inferretl of alpine grassland between
1938 and 2006 from this animal tissue. They fouhat ¥ has increased, bu
remained unchanged due to increasing VPD. A summofatige results from long-term
isotopes studies is given in Table 1.



Table 1: Summary of trends WV, as reported for Qplants in literature and comparison with theomdtiesponse scenarios (cf. Fig. 1 and Saeirat, 2004).Where
the necessary data values were not directly gimehe literature, they were derived from graphsemorted regression analyses. Thus, data may deslightly

from reported data in the literature. Change®imper 1umol mol* CO, increase are +0.63 for responses following séerfaj (‘constant;’) and 0 for responses
following scenario (3) (‘constart-c;"). Changes iV, per 1umol mol* CO, increase for responses following scenario (2)r&antc/c,) depend on the starting
value ofc/c,, and were thus calculated separately for eachs#dta

Sample site and Period of time Species
elevation in (Start year —

meters above seaend year)

level (where

available) and

sample type (for

“Herbarium and

other”)

Tree-ring studies

Iberian 1901 - 2000  Pinus nigra, P.
Peninsula, uncinata, P.
1600 — 2100 sylvestris
Montseny 1978 — 2003  F. sylvatica
Mountains, High forest limit
Spain, Central forest area
940 — 1665 Lower forest limit
North-eastern Fagus sylvatica
France 1885-1990 High forest
1855-1980 Coppice-with-
standards

1860s — 1930s Abies alba
1930s — 1980s

French Jura
Mountains
550 to 1350

Intrinsic water-use efficiend)

Absolute values in
start and end year
of observation

period tmol mol?)

93 (+7) — 116 (8)

77-78
74 -77
81 -84
72 -104
77-91
77 -82
82 -105

Total
change in
%

+26 (£9)

+4
+4

+44

+18

+6
+28

Change irumol mol” per 1
umol mol* CO, increase for

observed ‘constant
values clcy,
scenario (2)
+0.32 +0.31
(x0.10) (x0.02)
0 +0.23
+0.07 +0.22
+0.09 +0.24
+0.52 +0.25
+0.27 +0.27
+0.27 +0.27
+0.69 +0.27

Calculation and Reference
origin of data

(Figure and table

numbers refer to

the respective

reference)

Mean (xSD) for
five sites derived
from reported
regression analysis
(Fig. S3)

Andreu-
Hayleset
al. (2011)

Data derived from Pefiuelas
reported regression et al

analysis (Fig. 3) (2008)
Derived from Duques-
reportedA data  nayet al
(1998)
Derived from Bertet al
reported®A data  (1997)

continued on next page
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Table 1 continued

Central Siberia 1856 — 1991 P. sylvestris 71 (x3)—-96 (x+4) +34(x0.5) +0.36 +0.25 Mean (xSD) of Arnethet
(x0.01) three (1856 - 1991) al. (2002)
1920 - 1991 85 (+2) — 103 +22 (¥15) +0.34 +0.28 resp. two (1920 -
(x10) (x0.23) 1991) sites; data
derived from Fig. 2
Northern Eurasia 1861 — 1890 Larix sp. 63 -74 +17 +0.26 +0.22 Data as reported in Saureret
VS. Pinussp. 6576 +17 +0.26 +0.22 Table 3 al. (2004)
1961 — 1990 Piceasp. 69 — 84 +23 +0.36 +0.24
(mean values)
Norther Europe 1895 - 1994 Quercus robur, F. 76 (9) — 106 +39 (19) +0.43 +0.26 Mean (xSD) for 7 Waterhou
sylvatica, P. (x14) (x0.12) tree-ring seet al
sylvestris chronologies; data (2004)
derived from Fig. 3
Laanila, Finland 1840 — 2000 P. sylvestris 75 -85 +13 +0.11 +0.26 Data derived fromGagenet
Fig. 4 al. (2011)
Western North 1850 — 1985  Pinussp.,Picea 103 (£12) — 126 +22 (#9) +0.38 +0.36 Mean (xSD) for 17 Feng
America sitchensis, Quercus  (£19) (x0.17) (x0.04) sites derived from (1999)
0 to 3500 lobata (without series reported regression
SD-PC, MB-PE) analysis (Table 2);
series with
Picea sitchensis 83-76 -8 -0.1 +0.29 negative trend
(series KI-PS) reported separately
Rocky 1910-1991  Pinus ponderosa, P. 79-78 -2 -0.03 +0.27 Data derived fromMarshall
Mountains, USA monticola, reported regression &
Pseudotsuga analysis (Fig. 2a) Monserud
menziesii (1996)
Herbarium and other
Bernese Alps, 1938 — 2006  Capra ibe 64 — 75 +18 +0.16 +0.21 Data derived fromBarboseet
Switzerland, (Alpine grassland) reported regression al. (2010)
Horn analysis (Fig. 3c)

continued on next page
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Table 1 continued

North of Sweden 1970 — 2002
Needles

Catalonia, Spain 1850 — 1890

Leaves VS.

1982 — 1988

Pinus sylvestrisNO
N1 (30 kg N h# yr?)
N2 (60 kg N h& yr?)
N3 (90 kg N h& yr?)
Pinus uncinata

P. pinea
Juniperus communis

(mean values) Alnus glutinosa

England

Grain & Straw 1845 — 1965
1965 — 1997
1845 — 1965

1965 - 1997

1894 — 1992
1874 — 1996
1883 — 1996
1887 — 1996

South-western
USA, Leaves

1891 — 1994

Betula pendula
Ceratonia siliqua
Buxus sempervirens
Pistacia lentiscus
Rhododendron
ferrugineum
Helleborus foetidus
Papaver alpinum
Gentiana alpina

Triticum aestivum
Grain
Grain
Straw
Straw

Ephedra viridis
Pinus edulis

P. flexilis
Juniperus
scopulorum
Quercus turbinella

72-73
77

76 -75
7775

72 -85
48 — 63
80 - 82
51

48 — 80
69-71
57 - 103
51 -63
56 — 84

51-94
51-40
57-92

78 -85
85 -87
61-70
70 — 68

81-91
85 -125
89 -95
80 - 97

69— 76

-1.2
-3.4

+18
+32
+2

+67
+3

+81
+24
+49

+84
-22
+62

+10
+2
+14
-2

+13
+46
+7

+20

+9

0.01
-0.02
—-0.05

+0.23
+0.27
+0.03

+0.57
+0.03
+0.82
+0.22
+0.49

+0.77
-0.20
+0.63

+0.21
+0.04
+0.25
-0.04

+0.17
+0.54
+0.09
+0.23

+0.09

+0.22
+0.24
+0.23
+0.24

+0.25
+0.18
+0.24
+0.15
+0.23
+0.21
+0.30
+0.18
+0.24

+0.27
+0.12
+0.27

+0.27
+0.27
+0.21
+0.22

+0.27
+0.29
+0.30
+0.27

+0.24

Data derived from Betsonet
reported regression al. (2007)
analyses in Fig. 2

Data derived from Pefiuelas
reportedA values & Azcon-
for the respective  Bieto
periods (Table 1) (1992)

Data derived from Zhaoet al
reported regression (2001)
analysis

Derived from Pedicino
original data using et al

3% order poly- (2002)
nomials (cf. Fig. 5)
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Introduction

The role of nutrient supply for the response of gas exchange
under rising CO2

The great variability in published responsesVéfto rising atmospheric CO
suggests interactions with other environmentaloiactvhich could e.g. include different
hydrological conditions, differences in climate amatrient status. Such factors could
affectW, via changes oA or gs or both and may thus enhance or counteract tip@nss
of plants under rising atmospheric £€@lutrient supply, and in particular N availability
is thought to play a major role for the long-term@ QOresponse of ecosystems under
rising atmospheric CO The down-regulation of photosynthesis under eteCQ
observed in long-term studies (Ainsworth & Long03P could result from reduced or
insufficient sink capacity (Leakegt al, 2009), which is influenced strongly by N
availability (Isoppet al, 2000). Therefore, N availability constrains gstem C
accumulation in response to rising £®ungateet al, 2003), with progressive N
limitation (Luoet al, 2004) decreasing N availability further. Nuttisapply could also
indirectly affect the response of gas exchangeasystem level by leading to changes
in species composition and / or functional groupkich can have different GO
responsiveness (Ainsworth & Rogers, 2007).

However, long-term experiments that have studiesl ititeractions between
nutrient supply and rising atmospheric £f0r several decades are scarce. According to
Reichet al (200&), none of the FACE experiments with contrastingréatments has
been running for more than two decades (Swiss Ffgitte 1993), Jasper Ridge Mini
FACE (since 1997) and the BioCON FACE (since 1998Bjten, a stimulation of
photosynthesis and growth was found with higherrient supply: For perennial
grassland species (including legumes, non-legursifotbs, warm season, @rasses
and cool season;@rasses), Reicét al (2006) found that addition of 40 kg N Hayr™
stimulated the response of biomass accumulatioerueiévated CQ(560 pmol mol™)
in a 6 year study. In a more intensively managedauolture ofLolium perenngDaepp
et al. (2000) found that yield response increased irhigh N treatment (560 kg N Ha
yr'Y) under elevated CQ600umol mol?) from 7% in 1993 to 25% in 1998. In contrast,
yield responses at low N (140 kg N*hgr?) were low (5% in 1993 and 9% in 1998).
Arp et al (1998) also found increased growth under elev&®d (560 umol mol‘) at
high N supply (160 kg N Rayr?), but not at low N supply (40 kg N tar?) for six
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Introduction

perennial plant species (including the grasslamtisgArrhenatherum elatius, Molinia
caeruleaand Rumex obtusifoliysin a review of controlled-environment studieti{t&
Krapp (1999) found that the acclimation of photdbgsis under elevated G@Was
stronger in N limited plants and any stimulationgobwth was diminished and finally
ceased when N supply was decreased. Main reacti@ne a decrease of Rubisco,
accumulation of carbohydrates and decrease of Necaration.

There are only two long-term studies (Betsbral.,2007; Leonardet al, 2012)
that analysed the responses of gas exchange usier atmospheric COn relation to
nutrient supply W, derived from stable C isotope chronologies, waalysed in both
studies. Betsoet al. (2007) analyze®V; in needles oPinus sylvestrisrom a 32 years-
long N loading experiment (1970 — 2002). They fomadsignificant increase W, and
the responses of the N treatments did not diffanfthe control, indicating that N supply
did not modify the C@response in this system. Leonaetlial. (2012) analyzed 89 tree-
ring chronologies (1850 — 2000) from 53 differeié¢s and covering 23 conifer and 13
angiosperm tree species. By contrast, they fouatlithconifers and angiosperms, the
annual rate of N deposition was associated Witand**A, and cumulative N deposition
was positively related with the increaseVifiin angiosperms. To my knowledge, there
are so far no studies on the long-term,Q@sponse of grassland ecosystems under
differing nutrient supply.

The grassland response under rising CO2: Aims and Objectives

The present study analysed stable C isotopes ihivet hay and herbage
samples from the Park Grass Experiment (PGE) imd&osted, England. The aim was
to assess the long-term responses of C and waddéons in grassland ecosystems under
rising atmospheric Cand the interactions with nutrient supply.

First, a 150-year-long record ¥ was derived from community levEi, using
hay and herbage samples of the unfertilized, udimentrol treatmenControl (U) of
the PGE between 1857 and 2007. VPD data were alaileom 1915 on, thus allowing
a comparison oV andW; for the 1915-2007 period. Furthermore, seasoridrdnces
between the responses in spring and summer / autwena analysed (published as
Kohleret al, 2010).

11



Introduction

Second, | analysed in how far other environmepgahmeters may affeciA in
addition to CQ@, and how the inter-annual variation of thia signal influenced the
interpretation of long-term trends. The high-fregese variation of the®A time-series
used for the analysis of the nutrient effect wagdisd in detail. A multiple linear
regression model was developed for the subsequahysis of**A long-term trends. It
was assessed in how far the high-frequency vanatiothe *A data affected model
outputs of the estimated long-term trends (unphbts.

Third, the role of long-term nutrient status arspexially N supply for the CO
response ofV in temperate semi-natural; @rassland was studied. Long-term trends
(1915-2009) of*A andW, were derived for five fertilizer treatment€dntrol (L), PK,
Low N Low N+PK High N+PK] at Park Grass, each with different annual N @04
96 kg had yr), phosphorus (P; 0 or 35 kgha™) and potassium (K; 0 or 225 kgha™)
applications and with lime as required to mainton pH near 7. Differences in the €O
responses ofA resp.W between the treatments were analysed with theipteulinear
regression model, and the responses were exploidregard to different nutrient
measures. The effect of botanical composition an rfsponse was also considered
(published as Kohlest al., 2012).

12



2. Material & Methods

Stable carbon isotope theory and water-use efficiency

Long-term trends ol i.e. the ratio betweeA and g, can be derived by
retrospective analysis of stable C isotopes intpbémmass. This makes it possible to
assess how rising atmospheric £éncentrations affect the biological coupling of C
and water cycles.

What are stable carbon isotopes?

Chemical elements are defined by the number ofopsoin their nucleus. The
number of neutrons in the nucleus differs betwéendifferent “isotopes” of a particular
element. Stable isotopes (i.e. isotopes that doundergo radioactive decay) are used
widely in plant (eco)physiological and ecologicalidies (Dawsoret al, 2002; Fry,
2008). Due to their slight difference in mass, teaction rates of each isotope in
chemical and physical processes differ slightlyisTban lead to shifts (known as
‘isotope fractionatior) in the ratios of the isotopes in the product tredato the
substrate of a reaction. These fractionations caovige information about the
underlying processes that cause these shifts.

In this study, the focus is on the analysis of Istdb isotopes and their role for
understanding gas exchange between plants andntios@here. C possesses two stable
isotopes??C, the “light” isotope with six protons and six mens in the nucleus and the
“heavy” isotope™*C with six protons and seven neutrons. The nawibahdances are
98.9% for'?C and 1.1% fo°C (Dawsonet al, 2002). A comprehensive study on the
variation of"*C/*?C in nature was given by Craig (1953).

The isotopic composition of a substrate is exg@ss the small delta notation
(0). 0 values denote the difference in isotopic compasitielative to an international
standard. For G¢C):
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Material & Methods

IQsample
Rstandard

with R the **C/*2C ratio in the sample or standard (Pee Dee BelemRiDB).
Multiplication with the factor 1000 yields per m{l%o). Negatives*>C values indicate
that the sample contains 1e5€ in relation to'”C than the standard (the sample is
‘depleted while positive values indicate that the sampbatains moré*C in relation to
12C than the standard (the sampleeisriched).

oBC = -1, (1)

Carbon isotope discrimination and the linear Farquhar model

Fractionation in biological processes is also tefrakscriminationt (A), and is
calculated as the deviation of the isotope ede@t=RsourcdRoroduc) from unity:

A= Reouee -1. (2)
Roroduct

For the effect during carbon assimilation by plaRsucerefers to the*C/*2C
ratio in atmospheric COand Ryoduct t0 °C/*C ratio in plant biomass: A model
explaining C isotope discriminatiof®4) during G photosynthesis has been developed
by Farquhaeet al (1982). Fractionations occurring along the patmfthe atmosphere
to the site of C fixation by Rubsico are considegeldlitive and are weighed by the
respective C@partial pressure drawdown involved in each sté@ Jimple linear form
of this model considers two processes, diffusionuph the stomatal pores and fixation
by Rubisco®A is then linearly related to thgc, ratio:

l3A:a%mi:a+(b—a):::—i, 3)

a a a

wherea denotes the fractionation 5ICO, (relative t0'?CO,) that occurs during
diffusion in air (4.4%0) andb is the net fractionation due to carboxylations %27
(Farquharet al, 1989a). In addition to Eqn. 3 a more complex ehothcluding also
effects of diffusion through the boundary layer,soghyll conductance, and respiration
on A exists (Farquhaet al 1982, 198B). For the analyses done in this study, the
simple model is considered as adequate. For as$isrusee Kohlest al (2010).
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Material & Methods

13A can be obtained from the C isotope compositioplarit material {*°C,) and
that of the atmospher@*C,; Friedli et al, 1986; Francegt al, 1999; Keelinget al,
2010), by combining Egns. 1 and 2 into:

13

_ 513(:a _513cp

4
1+ 513Cp “)

In contrast t0§13Cp, 13A is independent of the source isotopic compositibas
allowing for comparison of plants growing underfeiiéntd**C,. By rearranging Eqn. 3
and substituting with Eqn. 4 we can dergyghe intercellular C@concentration:

13 13
53C, -¥C,
13
13A—a:C 1+07°C,
® b-a a b-a

=C

(5)

Linking carbon isotopes with water-use efficiency

W (umol mol') is defined as the ratio betwee¥ and gs. In retrospective, these
parameters cannot be measured directly via gasaagehmeasurements. Howevaris
determined by the COconcentration gradient between the ambient air thwedleaf
intercellular air space and the stomatal resistaoadiffusion of CQ (or its reciprocal
stomatal conductance). Thus according to Fick’s laumol m? s%) at the leaf level
can be defined as

A=0co, (Ca _Ci)’ (6)

where go» is the leaf conductance to ¢@mol m? s, c, the CQ concentrationymol
mol™) in ambient air (assumed to equal atmospherie @Mcentration) and; the leaf
intercellular concentration. As the ratio of théfuBivities for water vapour and GGn
airis 1.6 @, =1.69¢.,) we get

(o (1 -S
A - gCO2 (Ca - Ci) — C, =G — C, (7)
Ono 160, 16 16

W =
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Material & Methods

As data forc, are available for the past centuries from measengsnof CQ in
gas bubbles from ice cores and in free air (Frietlal, 1986; Francegt al, 1999;
Keelinget al, 2009) the only unknown 5. But, as shown in Egn. B, can be estimated
from the known relationship betweert, and®A in C; photosynthesis.

When data on the vapour pressure deficit of theogprinere are available we can
also derivé, (mmol mol%), which is defined as:

G
A_9c,(c-c) _c,-c Ca(l_CJ
W, =—= .72 M_a i 2, (8)
E Oh,0V 1.6v 1.6v

whereE is transpiration rate (mmol fns?), v is the leaf-to-air difference in
the mole fraction of water vapour, i.e. the vappuessure deficitg — e, the
difference between water vapour pressures in tifealed in the ambient air) divided
by total atmospheric pressure. is calculated from saturation vapour pressure
assuming that air temperature equals leaf tempetator the calculations see Allen
et al (1998) and Kdhleet al (2010).

The Park Grass Experiment — history, treatments and
experimental site details

The PGE was started in 1856 at the Rothamsted udtgnial research station,
located approximately 40 km north of London in Hadshire, England (0° 21’ West,
51° 49’ North, 128 m height above sea level). Ab8W®& ha of old grassland were
divided into experimental plots which received eliéint fertilizer, manure and lime
treatments (Silvertowat al., 2006).

Fertilizer treatments
Figure 2 gives an overview of the experimental lay@and the applied

treatments. N fertilizer was applied as sodiumatétrat two levels (N*1: 48 kg Hayr*
N*2: 96 kg ha" yr') or as ammonium sulphate at three different le(ils 48 kg hd
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yr!, N2: 96 kg hd yr*, N3: 144 kg ha yr'). Both N fertilizers were applied in different
combinations with other minerals (phosphorus (B)k@ ha' yr?, potassium (K): 225 kg
ha' yr!, sodium (Na): 15 kg hayr?, magnesium (Mg): 10 kg Hayr?, silicium (Si):
135 kg ha yrh). N fertilizers were applied in spring, while miats were applied in
winter. Some treatments received organic fertiizarthe form of farm yard manure or
poultry manure or fishmeal. The treatments arelleadbdy numbers and are subdivided
by letters U, L, a, b, ¢, andd) according to their liming scheme (Rothamsted Rese
2006).

Liming treatments

The main liming scheme on Park Grass was introduced®03 when selected
plots were split into limedL) and unlimedU) areas; the remaining plots were divided
in 1920. Chalk (4 t H9 was applied on the southern hélj of the plots every fourth
year from 1903 resp. 1920 on. In 1965 the ploteviarther divided into four sub-plots:
The former L’ half was divided into& and ’, the former U’ half into ‘c’ and ‘d’,
which received different amounts of chalk to mamtdne soil (0-23 cm) at a pH (in
water) of about 7, 6 and 5 on the&,''b’ and t’ sub-plots; thed’ sub-plots received no
chalk so that the soil pH reflects inputs from td#ferent fertiliser inputs and
atmospheric deposition only (Rothamsted Researdi2s2 201d). The whole
experiment received a small amount of lime in tB8Qls (Rothamsted Research, 2006).
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Figure 2: Schematic treatment layout and aerial view of tlekPGrass Experiment (reproduced with permissiammfrRothamsted

The Park Grass Experiment

Plot layout and current treatments

Plot treatments
(per hectare per year unless indicated)

Nitrogen (applied in spring)

N1,N2, N3: ammonium sulphate supplying
48,96, 144 kgN and 55, 110, 165 kg S

N*1, N*2: sodium nirate supplying
48,96 kg N'and 78, 157 kg Na

(N2), (N*2): last applied 1989
Minerals (applied in winter)
P: triple superphosphate supplying 35 kg P

K:  potassium sulphate supplying 225 kg K
and 99kg S

z
B

: sodium sulphate supplying 15 kg Na
and 10kg S

Mg: ium sulphate (Epsom salts)

a b c
1312 FYM/PM
131 (FYM/Fishmeal)
12 Nil
12 N3 P KNaMgSi
1n N3 P KNa Mg
10 N2 P NaMg
N2 KNaMg ;
92 N2 P KNaMg
E (N2) PKNaMg
8 P NaMg
1911
7 P KNa Mg
192 | FYM
6 N1 P KNa Mg
1913 ,
201 These areas used for microplot experiments
5
202 |Fyw
N*PK
7777777 412 N2 P
2073 "
an P
3 Nil
212 Nil
2 K since 1996
\ 1 | N1
N 1412 N2 P KNa Mg
141 (N*2) P KNa Mg
15 P KNa Mg
16 N*1 P KNa Mg
17 N1

Research, 2006).

supplying 10kg Mgand 13kg S

Si:

water soluble sodium silicate supplying
135 kg Si and 63 kg Na

Plot 20: rates of fertilizer in years when FYM
is not applied; 30 kg N*, 15 kg P, 45 kg K

Organics (applied every 4th year)

FYM: 35t farmyard manure supplying
¢.240kg N, 45 kg P, 350 kg K,
25 kg Na, 25 kg Mg, 40 kg S, 135 kg Ca

PM:  Pelleted poultry manure (replaced
fishmeal in 2003) supplying ¢. 65 kg N

On plot 13/2 FYM and PM (previously fishmeal)

are applied in a 4-year cycle je:

FYM in 2005, 2001, 1997, 1993 efc

PM in 2003, fishmeal in 1999, 1995, 1991 efc

(FYM/Fishmeal): FYMand fishmeal last applied
in 1993 and 1995 respectively.

Lime
Sub-plots a, b and c: differential amounts of
chalk applied, if needed, every three years to

maintain soil pH 7,6 and 5, respectively

Sub-plot d receives no chalk

Plots 1-13 started in 1856, plots 14-17 in 1858,
plot 18 in 1865 and plots 19 and 20 in 1872.

Sub-plots range in size from 75 - 634 m*
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Harvesting

The herbage was cut and made into hay each year the beginning of the
experiment until 1960. The first cut was usuallgeta in mid-June and samples of hay
were taken from the material drigdsitu The harvesting method was changed in 1960.
Since then, strips have been cut with a foragedséev and vegetation samples were
taken directly from the fresh material and driettafards. The herbage on the rest of
the plot was made into hay as before. This chanmgeeathod has led to higher recorded
yields after 1960. For the first 19 years of theeximent the subsequent-regrowth after
the first cut was often grazed by sheep pennednidividual plots but, since 1875, a
second cut has been taken, usually between lateer8bpr and early November. The
second cut has usually been cut and carted greenpl8s from all plots and both cuts
have been dried and stored in the Rothamsted Sakngiéve since the beginning of the
experiment (Silvertownet al., 2006). Most plots have not been replicated nor
randomized, however the meadow was reasonablyramifefore the experiment began
(Crawley et al, 2005) and the size of the plots (450-191%) oompensated to some
extent for the lack of replication.

Botanical composition

The original vegetation of the PGE has been classliy Doddet al (1994) as
dicotyledon-richCynosurus cristatus-Centaurea niggrassland, which is one of the
mesotrophic grassland communities in the Britishidwal Vegetation Classification
system. Vegetation analysis in years shortly after beginning of the experiment
counted approx. 60 species on the experimental ggB&, 2011). Today species
numbers vary from 3 to 44 per 200 m? (Crawd¢yal, 2005), showing that fertilization
and liming led to strong changes in botanical casitpmn (Silvertownet al, 1980, 2006;
Crawley et al, 2005). According to Silvertowet al (2006), by 1910 the botanical
composition had reached a dynamic equilibrium & thnctional group level and
subsequent inter-annual changes were due to yelflsrences in climate. For a
summary of percentage contribution of functionalugs see Fig 3.
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Figure 3: Percent contribution of functional groups (leggmiorbs, grasses) to total dry matter of the finst on the
studied treatments. Mean botanical compositiorhatftinctional group level was calculated from bumtanseparation
data available for individual years in the 1915978 period and for each year in the 1991 — 200 @erith data from
eRA (2011).
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Soil characteristics

The experiment is located on a moderately wellrgrdisilty clay loam overlying
clay-with-flints and chalk, the soil pH was slightcid when the experiment began (5.4-
5.6) and the nutrient status was poor (Silvertostnal, 2006). It is classified as
stagnogleyic paleo-argillic brown earth by the Silrvey of England and Wales or as
Aquic Paleudalf according to USDA classificationvgky & Catt, 1995). The water
holding capacity (or maximum plant available so#ter, PAWpaciy) Of the soil has not
been measured directly, but was inferred from measents on similar soils. It was 135
mm.

Climatic conditions and plant available soil water

Data on mean temperature, mean vapour pressuratd®&PD), total rainfall
and mean plant available soil water (PAW) at Par&sS are presented separately for the
spring and summer/autumn growth in Fig. 4 (191508%period). Mean temperature,
VPD and total rainfall were calculated from Aprd gune daily values for the spring
growth and from July to September daily valuestf@ summer / autumn growth. Data
were available from eRA (2011). Mean daily tempam@aincreased slightly by +0.8°C in
spring and +1.3°C in summer / autumn during the51912009 period. The strongest
increase occurred after 1990. VPD remained constaspring (0.4 +0.05 kPa) but
increased slightly by +0.1 kPa during summer int8&5 — 2009 period?(< 0.01). The
sum of rain averaged 166 (+46 mm) in spring an® (#84 mm) in autumn, no long-
term change was observed. PAW was calculated fr@imfatl and potential
evapotranspiration (PET) data (for the model selbngter et al, 2006). PET was
estimated with the FAO Penman—Monteith equatiorafetandard grass reference crop
(Allen et al., 1998; see also Kohlet al, 2010). The estimated PAW provides a standard
measure for the overall evaporative conditionsweater availability in individual years,
but does not account for eventual treatment effectsSPAW. The parameter was
therefore termed PAW (plant available soil water for the standard gragsrencecrop)
in this study. Mean PAV¥ in June remained constant (64 30 mm), while nfeaw,
in September decreased slightly by —28 mm, in 851 2009 periodR < 0.05). For
more details on the calculations of weather pararseand PAW; see Kohleret al
(2010, 2012).
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Figure 4: Climate data (temperature, VPD, rain) and planilabke soil water (PAV\)
during the growth season. Roman numerals indi¢eartonths over which daily values
were averaged (PAW, VPD, temperature) or summed up (rain). Significimg-term

trends (1915 — 200%, < 0.05) were observed for temperature in both seae0.8 resp.

XRain (mm) @VPD (kPa) @Temperature (°C)

QPAW,,, (mm)

+1.3°C), and for VPD (+0.1 kPa) and PAYW-28 mm) in the summer / autumn season.
Data from eRA (2011). The black lines are the 1aryeeighted average.
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Selection of suitable treatments for carbon isotope analysis

Treatments suitable for the aims of this study wieentified by considering
nutrient supply, soil pH and botanical composit{@r details on the chosen treatments
and sampled plots see Table 2).

For the long-term record of the G@esponse since the end of the Industrial
Revolution the grassland sward on the unlimed obmteatment, where no fertilizer or
lime has been applied since the beginning of theeement, was identified as most
suitable. It is referred to asControl (U) in the following text. The botanical
composition on this treatment resembles most thgnait vegetation on the site and no
major changes in botanical composition have ocdu®minant species on the unlimed
and unfertilized plot B in 1858 werePlantago lanceolataHolcus lanatusandLolium
perenne(> 10% contribution to hay weight; Williamet al, 1978), in 1991 — 2000 the
dominant species on the unlimed and unfertilizeabkat 3d were Agrostis capillaris
Festuca rubraand Centaurea nigra(eRA, 2011). The derived time series from the
Control (U) covered the 1857 — 2007 period for the first awd the 1875 — 2007 period
for the second cut. Soil pH on the unlimed subpBhtsandd was 5.6. In order to study
if the CQ, response ofPA andW; resp.W, differed between seasons, samples from both
cuts were analysed.

For the analysis of the effect of nutrient supgigts with different levels and
combinations of fertilizer supply were chosen. Ghroseatments included none, low (48
kg ha® yr') and high (96 kg hhyr™) N fertiliser inputs (applied as sodium nitratejhw
or without additional P (35 kg Hayr* as triple superphosphate) and K (225 kg yrd
as potassium sulphate). Five treatments were sdlettey are referred to @ontrol (L),
PK, Low N Low N+PK and High N+PK in the following. For details see Table 2.
Treatments with N applied as sodium nitrate werefgored over treatments with N
applied as ammonium sulphate because soil pH ofattez underwent strong changes.
Subplots & with a target soil pH of 7 were chosen for thedst, as soil pH was
relatively stable over time on these subplots arad wot negatively affecting plant
growth. The control plot @ and its replicate a were therefore sampled for comparisons
within the same pH range. This limed control datasaamedControl (L) to distinguish
it from the unlimed plot 8 Control (U) data
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The soil pH of the limedL(anda) sub-plots used in this study varied between 6
and 7. As N fertilizers are applied in spring, flst cut profits most from the fertilizer
application. Therefore only the first cut (springpwth) was used for the study of the
effect of nutrient supply on the long-tertiA response. Strong changes in botanical
composition occurred during the first decades efekperiment on the fertilized plots,
therefore the time series was restricted to thes 192009 period for the analysis of
nutrient effects. Botanical composition of the sigdiffered between treatments, but
the functional groups within treatments were rg&l}i constant (see Fig. 3).
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Table 2: Details of treatments, sampled subplots, fertiliaed lime application, and dry matter production on

selected treatments of the Park Grass Experiment.

Treatment Sampled plots  Time period Number Annual Total amount Mean annual
covered of nutrient of lime dry matter
analysed applications applied since production*
samples of N, Pand beginning of (t ha') for
K(kgha')  liming 1960— 2009
schemein  of the first
1903 (CaC@ resp. second
in t ha') cut £SD
Unlimed
Control(U) 3U, 3d 1857 — 2007 144" nil o' 1.5+0.5
1875 — 2007 103 0° 1.4 +1.6
Limed"
Control(L) 2L, 2a, 2-2a 93 nil 85.9 2.1+0.6
3L, 3a 1915 - 2009 92 87 2.1 0.6
Low N 17L, 17a 1915 - 2009 92 N: 48 69.5 2.7 +0.6
PK 7L, 7a, 15L, 90 P: 35 92.9 5.0 +0.8
15ab, 152~ 1915-2009 o5 K: 225 78.9 45+0.8
Low N+PK 16L, 16a 1915 - 2009 94 N: 48 84.7 5.0 +0.6
P: 35
K: 225
High N+PK 14L, 14a, 14- 1915 - 2009 89 N: 96 66.7 5.0+1.0
2a P: 35
K: 225

TFirst cut;*Second cut; *from forage harvester yield
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Material & Methods

Sampling, sample preparation and stable isotope measurements
Sampling in the Rothamsted Sample Archive

Dried hay and herbage samples from the PGE have lsémed in the
Rothamsted Sample Archive since the beginning ef eékperiment. Older samples
before 1919 were stored in glass bottles sealdu auitk; newer samples were stored in
tins. Subsamples of 2-3 g were taken from the algsamples using a pair of long
tweezers (Fig. 5). When necessary, original cortainvere cleaned with a paper cloth
before opening in order to avoid contaminationhaf sample. Some samples from older
cork-sealed bottles contained weevils, which weockeqa out of the subsample. If this
was not possible, the samples were not taken. Samples of the second cut were
heavily contaminated with soil or tree leaves areteatherefore not taken. In general,
samples were dry and clean, suggesting no biolbgatevity during the storage time. A
typical example of a sample from 1920 is shown i B. Subsamples were kept in
glassine bags and stored in air tight plastic lexi further processing took place.

Figure 5: Taking of subsamples in the Rothamsted Sampleivech
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Sample preparation for isotope measurements

Plant samples were dried at 40°C for 48 h, balleaito a homogenous fine
powder and then dried again at 60°C for 3 h. Aliguaf 0.7 mg +0.05 mg were weighed
into tin cups (IVA Analysentechnik e.K., Meerbus@grmany). The remaining sample
was stored in capped microcentrifuge tubes (“Eppdridbe”).

Stable carbon isotope measurements

The sample aliquots were combusted in an elemantdlzer (NA 1110, Carlo
Erba, Milan, Italy) interfaced (Conflo lll, FinnigaMAT, Bremen, Germany) with an
isotope ratio mass spectrometer (Delta Plus, FamMAT). Each sample was measured
against a laboratory working standard 3§as, which was previously calibrated against
a secondary isotope standard (IAEA-CH6 f3€). After every tenth sample a solid
internal laboratory standard (SILS) with similarNCfatio as the respective sample
material (fine ground wheat flour) was run as atic@nThe SILS were calibrated against
an international standard (IAEA-CHG6). The precisionsample repeats was better than
0.1%0 (SD of 57 SILS replications) for the analysighe Control (U) samples. For the
samples studied for the analysis of nutrient esf@control (L), PK, Low N Low N+PK
High N+PK], the precision for sample repeats was better thafh%. (SD of 190 SILS
replications).

It was tested if the change of the harvesting ntethdl960 had an effect on the
d13C of the vegetation samples. This analysis wasilplesas samples for the first cut in
1992, 1993 and 1994 had been obtained with botvekng methods. The comparison
revealed tha**C of the samples taken from plotizis hay were less negative by 0.18%o
(x0.06 SD). This phenomenon was probably relatedhtger losses of leaf material
during hay making before 1960. To correct for tl@isl8%. were subtracted from the
o1C of the first cut samples collected before 1966 fhe @' subplots used for the
analysis of the nutrient effect, only tl®ntrol (L) (plot 3), theLow N+PKand theHigh
N+PK treatment had been harvested with both methodeercomparative sampling.
Differences between'C in forage and hay samples varied between y&aiSigage —
0"3Chay. Control (L) -0.3%o, -0.2%o, 0.02%0low N+PK: -0.2%o, -0.6%o0, 0.1%0High
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N+PK: -0.5%o, -0.6%0, 0.03%0; in 1992, 1993, 1994 resphus a general correction
factor could not be derived. As both negative aositive differences were observed, it
was assumed that>C values prior to 1960 were not systematically éibby sampling
as hay and in this case | used the original datth®analyses.

Statistical Analysis

All statistical analysis was done wifR (R Development Core Team, 2012).
Long-term trends of°A over time (and accordingly with increasing atmeasjth CG
concentration) were analysed using simple and pieltinear regression. Thraultcomp
package (Hothorret al, 2008) inR was used for multiple comparisons of model
parameters.
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3. Results

Trends in carbon isotope discrimination (3A) and water-use
efficiency of a semi-natural, unfertilized grassland since 1857

On the unlimed and unfertilize@ontrol (U) treatment,513Cp values have
declined by approximately 2%o during the last centdrhis reflects the decline in the
sourced™C of atmospheric CO(0™C,) (see Figs. 2a and 2d in Kohlet al, 2010).
0C, has decreased during the last century (Friedhal, 1986) due to the burning of
fossil fuels that are depleted’itC (this is also known as ‘Suess effect’).

%A was derived frond**C, andé™*C, using Eqn. 4. For the analysis of long-term
trends over time on th@ontrol (U) treatment the simple linear regression model

BA = Bo+ Byr e %)

was used, whergr is the yearp, andp; are fitting parameters to be estimated amsl
random error. It was tested ff differed significantly from zero (i.e. ditfA change
significantly with time?). The analysis was carriedt for both cuts. During spring
growth (first cut),"*A averaged 21.0%o (+0.5%0 SD) and did not show a kemgy trend

(P = 0.5) since 185%3A of the summer/autumn growth (second cut) howewereased
from 21.3%0 to 22.0% KR < 0.001) between 1875 and 2007 (see Figs. 2b anuh 2
Kohler et al, 2010). Part of the variation in tHéA data could be explained by
interannually changing weather conditions (see d4hbin Kohleret al, 2010). The best
relationship was found with PA\WY which explained 51% resp. 40% of the variation in
137 (first resp. second cut, June resp. July — Septeraberage of PAVM used for
calculation; see Fig. 4 in Kéhlet al, 2010). The relationship betwe& and PAW;;
could only be established for the 1947 — 2007 pkefto this dataset as wind speed data
— which are needed for calculation of potential pteanspiration (PET) with the
Penman-Montheith model (Allegt al, 1998) — were not available for the period before
1947 at the time of the data analysis.
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W was derived fromA using Eqgn. 7. For the spring growth (first cut) an
increase ofW, by +33% since 1857 was estimatddl. of summer/autumn growth
(second cut) increased less, by only +18% sincé 18&e Figs. 2c and 2f in Kohlet
al., 2010). VPD data were available since 1915. VRIOng spring growth (March —
June) has not changed since 1915, thus leading ittceease in instantaneous water-use
efficiency W) from 14.8 to 19.6 mmol mdlin spring. Conversely, VPD in the months
between the first and second cut has increasedly7+Pa since 1915, offsetting the
effect of increasedV on W; during summer and early autumn. Consequently,
remained constant at 13.9 mm th¢see Figs. 3a and 3b in Kéhktral, 2010). For the
detailed results see Kohlet al (2010).

Interannual variation of 13A and its effect on the estimation of
long-term trends

The long-term™A trends on theControl (U) treatment during the 1857 resp.
1875 to 2007 periods revealed large interannuabtiran in the data, which could be
partly explained by environmental parameters (s#ael'l in Kohleret al, 2010). The
nature of the interannuafA variation in the long-term data sets was studiedhbre
detail for the extended first cut dataset from @entrol (U andL), PK, Low N Low
N+PK andHigh N+PK treatments covering the 1915 — 2009 period.

13A values, as calculated with Eqn. 4, showed largerannual variation in the
range of 2.8%. for the first cut on all treatmerResiduals 'EAgesi9 of the simple linear
regression ofA values against CQare shown in Fig. 6. Where replicate plots were
available they are shown separately. A similarguatiwas revealed on all plots and
correspondingly, correlation coefficients betweére tplots were high and positive
(between 0.6 and 0.9). This result strongly suggeshat interannual variation 1A
resp PAgesiqwas not random, but influenced by a factor thiecaéd all treatments in the
same way within the spring season.

Therefore, relationships betweBgesiqOf the first cut and the monthly averages
(March to June) of several environmental factoesnfierature, rainfall, VPD, PAWY)
for the 1915 — 2009 period were tested for thetspatments. For this analysis the
PAW, dataset was extended back until 1915 as necessady speed data could be
derived from wind force data (Beaufort scale) foe 11915 — 1947 period. Temperature
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could not explain the observed variation, the sudmanfall in May explained only
between 8% and 22% of the variation and average ¥PBay and June explained
between 10% and 23% resp. 8% and 28% of the \@miafiverages calculated for other
months explained less variation. The percentagamnes accounted for was highest for
PAW,; averaged for June (between 39 to 55%). | usedyaitbmic transformation of
PAW,, as the increase iffA with increasing PAW followed closely a logarithmic
relationship in the observed range. Details of rikgression statistics for the different
treatments, environmental factors and months aseishn Table 3. Only cases where
the explained variance was > 8% are shown.
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Table 3: Summary of regression statistics for the simpledirregressions betweEng.qqof the first cut and the average In(PAWIn mm, average VPD in
kPa and the rain sum in mm. Roman numerals irelieg months for which the daily data values ofiremmental parameters were averaged or summed up.
The regressions were calculated for the 1915 —20680d.

Control (U) Control (L) PK Low N Low N+PK High N+PK

df =90 df=184 df =183 df =90 df =92 df =87

B SE rz B SE rz B SE r2 B1 SE rz B SE rz B SE r2
D In(PAW,ey)

v 061" 0.13 020 0.76 0.08 029 0.74 0.08 0.29 0.55 0.15 0.12 0.64 0.11 027 087 0.14 0.27
vl 0.58" 0.06 052 056 0.04 052 059 0.04 055 0.56 0.07 039 05T 0.05 049 0.63 0.08 0.44
@ VPD

v 261" o064 015 -261 043 016 -335 041 023 -235 070 010 -26% 055 019 -267 0.76 0.11
vi 231" 038 028 -185 027 020 -1.77 028 017 -204 044 019 -1435 037 013 -145 051 0.08
> Rain

V 0.006" 0.00 013 0.006 000 0.16 0008 000 022 0.005 000 008 0006 000 015 0.007 0.00 0.13

1915 — 2007 fo€ontrol (U)
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Results

It was tested if the intercepts and slope parameitithe regressions between
BAgesic and PAWer in June differed significantly between the treattse As no
significant difference was found data were pooled & global analysis of the
relationship (Fig. 7). PAW in June explained 49% of the total variation ia t\gesiq
dataset.

|
0 50 100
PAW,, June (mm)

Figure 7: Relationship betweehAgresiq and PAW, in June for all plots
of the first cut (pooled data from all treatmerit815 — 2009 period). The
black line is the fitted regression linEAgresiq= 0.57048 In(PAWunD —
2.2937,P > 0.001, adjrz = 0.49,df = 736).
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Based on these findings, a multiple linear regogssnodel for the subsequent
analysis of"®A long-term trends on the limed treatments with irarynutrient supply
was developed. Atmospheric @@oncentration [Cg) and the natural logarithm of
PAW,; as explanatory variable were included in the moetithermore, treatment was
included as a factor. The model

BA = B, + B, TreatmeniCO,] + 8, In(PAW,, )+ & (10)

ref

was fitted to the™A data of the limed treatmentg,, f1 and g, are fitting
parameters to be estimated arid random error. The model can be used to askE®s |
changed significantly with increasing @@y testing ifp; differed significantly from
zero. It was also tested/f differed significantly between treatments.

High-frequency variation can mask long-term treridsis not accounted for. It
was checked if adjusting for PAWaffected the outcomes of the model paramgter
(i.e. the change dfA with changing atmospheric GOfor the 1915 — 2009 period. For
this test, the unlime@ontrol (U) was also included in the analysis. Omission of RAW
from the model did not change the slopes signifiga(Table 4), however, without
PAW,¢ included it was not possible to detect the diffiees in the trends between the
limed Control (L) and thePK, Low NandLow N+PKtreatments (Table 5).

For the given time period (1915 — 2009) | estidat®w big the maximum
standard deviation dfA could be, in order to still detect a certain ldegn change in
137 as significantly different from zero at a givegrsficance level. This was done by
rearranging and solving the following test statigreyszig, 1979)

t, =s,/(n-1)(n-2) b (11)
\/(n—l)(s§ ~b2s?)

of the test ofp1 = 0 against the alternatiyg > 0 fors, wheres, is the standard deviation
of they variable £?A) ands, the standard deviation of thevariable (atmospheric GO
concentration)n is the number of observations amds the slope estimate gf. t, was
replaced by the criticatvalue for a significance level of 5% and £ 2) degrees of
freedom (one-sidedtest).

The standard deviation dfA in the 1915 — 2009 period averaged over all
treatments at the PGE was 0.5%0. With Eqn. 11 itmshown thas, can be more than
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twice as big (1.1%o) to still detect an increas@®09%. (1mol mol)™ as observed on
the Control (L) in the 1915 — 2009 period. The slope of the chamd#& with increasing
atmospheric C®(f;) following the response scenario (3) (‘constent’, cf. Fig. 1a)
depends on the value afc, in the beginning year of the observation. With ¢hserved
ci/cy ratio of 0.7 at the PGE in 1918, for response scenario (3) was calculated to be
0.017%0 (imol mol™)™. For comparison with results from studies withfetiént ci/c, |
calculated the maximum standard deviatiogg 6f **A for decreasing slopes from
0.029%o {tmol mol*)™? (the resulting slope for response scenario 3 wittic, ratio of
0.5) to 0.001%o {mol mol*)™* [in steps of 0.001 %ol mol)™] and for time periods
consecutively shortened by increasing the stagaey 1915 in one year steps. Table 6
summarizes the results for the PGE and shows thenum starting years required to
detect a specific slope as statistically signiftckiom zero (fors, = 0.5%. andci/c, in
1915 = 0.7). The full analysis is attached in Apgig |. Calculations were only done for
positivef;, as responses with negative slopes (cf. scenBrfegnstanty’, Fig. 1a) were
hardly observed in long-term studies (Table 1).themmore, for equivalent values of
negative slopes, the results reported in Appendiguld be the same.
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Table 4: Summary of regression statistics for the 1915 -92@®@riod for the
relationship betweert®A of the first cut and C§ with and without PAW;
included in the linear regression modeivalues < 0.05 are in bold.

Model BA =g+ gy Treatment [CG A =

+ B IN(PAW,¢) + & Pot f1Treatment [CQ + ¢

adj.r2=0.55,d=725 adjrz=0.12,df=726

b1 SE P b1 SE P
Control (U) 0.001 0.001 n.s. 0.001 0.002 n.s.
Control (L) 0.009 0.001 <0.001 0.009 0.001 <0.001
PK 0.004 0.001 <0.001 0.004 0.001 <0.01
Low N 0.003 0.001 n.s. 0.003 0.002 n.s.

Low N+PK  0.003 0.001 n.s. 0.004 0.002 n.s.

High N+PK 0.000 0.001 n.s. 0.001 0.002 n.s.
71915 — 2007 foControl (U)

Table 5: AdjustedP-values of the differences between the slopesehihltiple
and simple linear regression models for the fitgtdata. Results of comparisons
of the multiple linear regressiof4 = f, + 1 Treatment [CG + S, IN(PAW,) +

¢) are shown in the right upper-half, results fa gimple linear regressiofi4 =
So+ B Treatment [CQ + ¢) are shown in the left lower-half of the tablev{ded
by the diagonal black linelR-values < 0.05 are in bold.

Control Control PK LowN  Low High
(8)) (L) N+PK N+PK
Control (U) <0001 0443 0873 0787 1

Control(L) 0.014 \ 0005 0006 0012  <0.001
K 0839  0.094 \ 0993 0999 0274
Low N 0987 0097  0.997 \ 1 0.758
Low N+PK 0.963 0151 1 1 \ 0.645

High N+PK 1 0003 0625 0933  0.870
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Table 6: Overview of the minimum start years of the simjibear regression which would be necessary to dateettain slope parameter (changé®af
with 1 pmol mol* CG; increase) as statistically significant from zexo=(5%) under the assumption that the standard dewmiaf the™A values is 0.5%o
as observed on the PGE. End year for all regressi@s 2009, the minimum start year was 1915. Oi€1ffe value of, if the *A response followed

scenario (3) (‘constamt-c).

it 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.01 9.00.008 0.007 0.006 0.005 0.004 0.003 0.002 0.001

gﬂtg‘r't”;‘é;”r 1988 1987 1986 1984 1983 1981 1979 1977 1975 1971 1967 1960 1950 1929 na nha  na
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Trends in A and intrinsic water-use efficiency (Wi) of
grasslands with varying nutrient supply (1915 — 2009)

On the studied limed treatmen&antrol (L), PK, Low N Low N+PK and the
High N+PK), 6'%C, values have declined during the last centuryectifig also the
decline ind*3C, (see Fig. 1 in Kohleet al, 2012). The multiple linear regression model
(Eqgn. 10) with average PAWin June showed thadfA increased significantly( <
0.001) on theControl (L) (0.9%. per 10Qumol moi* CO; increase). This trend differed
significantly ( < 0.01) from those observed on the fertilizedttrests PK: 0.4%o per
100 pmol mol* CO; increase,P < 0.001;Low N Low N+PK and High N+PK: no
significant increase; see Fig. 2a in Kohedral, 2012). The'®A trends on fertilized
treatments did not differ significantly from eadher.

MeanW on the limed treatments in 1915 (derived from nilede*A) was 53.1
umol mol* (+0.8 SD) and increased between +13% onGbatrol (L) to +28% on the
High N+PK treatment. Other treatments lay in-betwePK:(+22%, Low N andLow
N+PK: +23%). The changes W per 1umol mol* CQ; increase ranged between +0.08
[Control (L)] and +0.17 iigh N+PK). Responses were close to the ‘constafat
scenario (2) except for tHéontrol (L), which showed a considerably lower increase in
W (Fig. 8).

The effect of nutrient supply was first studiedhinttreatments with similar soil
pH [Control (L), PK, Low N Low N+PK, High N+PK]. N status, assessed as N fertilizer
supply plus an estimate of biologically fixed N, svaegatively related{ = 0.88;P <
0.02) to the trend fot®A against C@ on these limed treatments. Other indices of N
status were also tested: The nitrogen nutritioeXn@NI) and the Ellenberg N indicator
value both exhibited similar relationships, but &venly significant on the 10%-level
(see Fig. 3 in Kohleet al, 2012). The NNI is an ecophysiologically basedigator of
canopy N status (Lemaire & Gastal, 1997) derivexinfractual plant N concentrations
and an estimate of the critical plant N value. Hikenberg N value is an ecological
indicator value derived from observations of thewoence of plant species along
gradients of soil N availability or solil fertilitfEllenberget al, 1992; Hillet al, 1999;
Diekmann, 2003).

39



Results

40

30

20

AW 1 W (%)

10

| | |
320 340 360
atm. CO, (umol mol™)

1
380

Control (U)

e Control (L)

PK

Low N

Low N+PK

High N+PK

Scenario (1) ¢ constant
Scenario (2) c/c, constant
Scenario (3) c,-¢ constant

Figure 8: Change inV; (AW,/W, in %) on the studied treatments during spring ghoseglative
to W, in 1915 (equivalent to 30@mol mol* atmospheric C¢) and comparison to the response
scenarios by Sauret al. (2004) with ac/c, ratio of 0.7 in 1915.

The relationship with N status, NNI and the Ellergo®&l value suggested an

effect of nutrient supply on tHéA response. Accordingly, the increaséiinon theHigh

N+PK treatment was twice that of ti@ontrol (L) treatment (+28% resp. +13% relative

to 1915; see Fig. 2b in Kohlet al, 2012). For the detailed results see Koleeal

(2012). However, the unlime@ontrol (U) treatment did not fit with the relationships
between thé®A response and nutrient measures!#sresponse matched the response

of the High N+PK treatment and differed significantly from the lidn€ontrol (L). As

botanical composition differed between the treatsiehwas tested if thEA responses
were related to the percentage of functional groirpghe swards. A significant
relationship between thE®A response and percentage contribution of grasséstab
biomass of the swards was observed when all tredgnwenere considered (see Fig. 4 in

Kohleret al, 2012).
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4. Summarising Discussion

Increasing Wi caused by decreased stomatal conductance?

Trends inW; of spring growth on the six studied treatmefsrjtrol (U), Control
(L), PK, Low N Low N+PK High N+PK] revealed general increasesW (Kohler et
al., 2010, 2012):A trends followed closely the ‘constagtc, response scenario (2)
(Fig. 8) with the exception of the limed unfertda Control (L). For the observed
increases o¥\; under increasing atmospheric £@ must increase less strongly than
(Fig. 1c). This requires an increaseNiand / or a decrease ga(McCarrollet al, 2009).
Possible combinations of the underlying percentdmages irA andgs are illustrated in
Fig. 9. Against the background of the general tesubm short-term studies (Ainsworth
& Rogers, 2007), the situation whekalecreases argl increases is not considered here.
If gs remained constanfy would have had to increase by between +13% to +28%
remained constant, thggwould have had to decrease by between —22% art—12

Using yield as a proxy for stand-scale the observed increases W then
strongly suggest that grassland vegetation on BE Ras adjusted physiologically to
elevated C@mainly by decreasings. An analysis by Jenkinscet al. (1994) indicates
that yields (harvested aboveground biomass) havénageased at the PGE, at least not
on the unlimed plots. Belowground biomass has m@nbmeasured, but data on soil
organic C (SOC) at the PGE suggests that incre@€&dhas not led to increased C
accumulation in the PGE soil through changes inalh@cation of C to the roots: No
increases of SOC on limed or unlimed subplots vadrgerved (Hopkingt al, 2009;
Fornaraet al, 2011). This supports the assumption that abovegt yield can serve as a
proxy for A at stand-scale on the PGE. Increase5 jper unit leaf area during the study
period would then have been minor or have not weduat all, provided that leaf area
index (LAI) stayed constant. According to Loagal (2004), LAl under elevated GO
seems to remain unchanged in the long-term.
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and gs for the observed changes VM (= A/ g5) between 1915
and 2009 on the studied treatments

The indication of unchangedl at Park Grass contrasts with results fgmp@ants
from short-termFACE studies (Ainsworth & Rogers, 2007), wheresaagal increase in
A (+31%) was observed alongside a decreasg (22%). In these experimentgwas
increased from 366 to 5G#mol mol* on average, but even in experiments where CO
concentration was varied between pre-industrial taddy’s levels, strong increases of
W and the above-ground biomass per plant were f@Ralleyet al., 1993).

However, results fromlong-term studies in different (agro)ecosystems are
consistent with the observations at Park Grasswkmat, Zhacet al (2001) observed
increases N\ for the 1845 — 1965 period, but not afterwards.iiNoeases in yields
were observed and they concluded that N limitatimmstrained the increase of C
assimilation under rising GOPefiuelagt al (2011) found that increasét during the
20" century has not led to an overall increased tresvt. Independent of the biome
type, half of the study sites showed enhanced drotite other half negative or no
trends. They suggested that environmental facilaesdrought or nutrient limitation may
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Summarising Discussion

have limited the growth response. At the same tideereases igs were observed by
Lammertsmeet al (2011), who analysed leaf material of ningSpecies from 1880 to
present and found a —34% (x12%) reduction in maringy per 100pmol moi* CG;
increase. Using subfossil leaf measurements ofatfndensity and geometry, Gagen
al. (2011) demonstrated that the maximgym Betula nanadeclined by —15% between
1850 and 2000.

The results from the PGE thus indicate that thecefdf rising atmospheric GO
on C uptake by plants may also be overestimatedrassland ecosystems, when
predictions are based on short-term results. Thesn® that both in forests and in
grassland ecosystems, the proposed increases eguedration (Melillcet al, 1993;
Friedlingsteinet al, 2006) may not be realized. Instead, the redudtiogs can affect
hydrological cycles, as has already been shownhier2d' century (Bettset al, 2007)
and is predicted to continue throughout th& @dntury (de Boeet al, 2011).

Increases in Wi are not directly related to varying nitrogen
supply

For the limed Park Grass treatments it was shdanhthe changes A under
increasing atmospheric Gvere negatively correlated with N input (Fig. 3akidhler
et al, 2012).W thus increased more strongly with higher N inpidwever, when the
unlimed Control (U) was included in the analysis the relationship wWitimput was no
longer apparent as the response of the unli@mutrol (U) treatment was similar to the
response of théligh N+PK treatment. This is in contrast to results from rsterm
experiments with grassland species under eleva@d &p et al. (1998) reported that
WUE (in g drymass per dm?3 total water use) was dsghunder high N supply and
elevated CQ@ They found stronger increases in biomass withhdrigN supply in
comparison to low N supply. This was also obsetwedReichet al (200&) and Daepp
et al (2000), however, they did not analyse water @&#l, the stronger increases in
biomass indicate increases Anand thus probably also in WUE. On the contrarg, th
results from the unlime@ontrol (U) and theHigh N+PK treatment show that increases
in W, at Park Grass were not generally lower in N lichigrassland swards. This
indicated that other factors in addition to nuttisapply play a role for the long-tervig
response in (semi)natural grassland ecosystems.
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As shown in Fig. 4 of Kéhleet al (2012), the C@response of*A correlated
with the proportion of grasses in the swards. Fieign 3 it becomes apparent that
botanical composition on the unlimedontrol (U) and High N+PK treatment is
characterized by a high contribution of grassescantrast to the limecontrol (L).
Under the assumption of unchang&dthe similar CQ response of°A on the unlimed
Control (U) and the limeddigh N+PK treatment indicates thgt decreased strongly on
both treatments while thgg decrease on the limébntrol (L) was lower (cf. Fig. 9). To
my knowledge, direct effects of nutrient supplygnhave not been measured in short-
term FACE studies. However, it has been shownttieatesponsiveness gfto elevated
CQO, differed between functional groups. Ainsworth &dgees (2007) reported that the
response ofys was greater in £grasses (approx. —36%) than in forbs and legumes
(approx. —21%) when, was increased from 366 to 5ol mo™.

The observed effect of N supply on the O@ponse (Fig. 3a, Kohlest al,
2012) may thus have been due to indirect effects stipply on botanical composition.
Other factors that influence botanical compositilke e.g. soil pH, may also play a
role, as was indicated by the different respondeth® limed and unlimedontrol
treatmentsControl (U) and Control (L). While both the unlimecontrol (U) and the
limed Control (L) received no fertilization, they differed in the @t of applied chalk,
soil pH and in botanical composition. For mixegl/GC, plant communities, it has been
shown that N addition can lead to shifts in planteunity composition, suppressing
the CQ growth response (Langley & Megonigal, 2010). Tésuits from the PGE show
that this may also be true in purg grassland ecosystems, which can rapidly undergo
changes in species composition following changesutrient availability. Effects of
shifts in botanical composition will thus have te lbonsidered in models for the
estimation of N effects.

High-frequency variation of environmental parameters and its
effects on the detection of long-term trends of Wi

The analysis of long-term trends of stable C igetohas been widely used to
assess gas exchange responses of plants to imgredsiospheric COconcentration.
However, the**A signal is not only influenced by responsesAddr gs to atmospheric
CO, concentrations, but also by effects of other emrimental parameters (Farghuer
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al., 198%) on A and gs. Long-term changes in these environmental parasean
interfere with the effect of COon the long-term response @ but environmental
parameters which affected the high-frequency vianiatf **A of spring growth (Table 3)
showed no significant long-term trends at the P&geamental site (Fig. 4). The effect
of the high frequency variation of environmentaigraeters ort°A variation, however,
can impede the detection of long-term trends and tlinder comparison of responses
and classification according to the theoreticaposse scenarios.

A review of reported standard deviations*¥f in long-term studies (including
the PGE data) showed that they varied between B#%01.0%0, with a mean of 0.6%o
(Saureret al, 2004; Arnethet al, 2002; derived from SE: Pefiuelas & Azcon-Bieto,
1992; calculated from own data: Barb@tal, 2010; Kohleret al, 2010; Kdhleret al,
2012). It was shown that with a standard deviatib®.6%. of the**A values, it would be
possible to detect trends as small as 0.005% pemdl mol* CQO, increase as
significantly different from zero in the studieant period 1915 — 2009 (Appendix 1),
even without adjusting for high frequency variatidtionetheless, adjusting for high
frequency variation can facilitate the detectionlasfg-term trends, in particular when
time-periods are short. It is therefore recommentthed, whenever possible, the high-
frequency variation should be accounted for. Thet bariables to explain scatter caused
by inter-annually changing weather conditions séeive integrative values that account
for a variety of environmental parameters, as shtawrPAW, in grasslands (Table 3;
Schnyderet al, 2006; Kohleret al, 2010). This parameter is derived from precimtat
and PET, which integrates temperature, wind speapour pressure deficit and solar
radiation. For forests, Betsost al (2007) tested a fire hazard index (FHI) which
integrated temperature, wind speed, relative huynaid precipitation and also found
that this integrative parameter could explain \taa better than single climatic
parameters.

The Wiresponse of grasslands and forests in comparison

The comparison of thé/ long-term response of grassland vegetation wihlte
from tree-ring studies (Table 1) showed no systenditference. This suggests that,
irrespective of the structural and functional diéfleces between short-lived herbaceous
vegetation and long-lived woody plants, both hasponded in a similar way during the

45



Summarising Discussion

increase of atmospheric G@oncentrations in the last century. Some studssgénet

al., 2011; Waterhouset al, 2004) reported a lower G@esponsiveness of trees and
concurrently reduced increasesWif since about 1970. When the time series from the
PGE were analysed for the 1970 — 2009 period sigyificant increases dfA [ranging
from 0.008 to 0.015 %qfnol mol*)™] were found on all treatments, reducing the rate of
increase oW\,. Grassland ecosystems with short-lived speciegelated fast generation
changes should be able to adapt quicker to envieotehchanges by genetic adaptations
or changes in species compositions in addition lastic responses. Rapid genetic
adaptation under the different nutrient regimeshat PGE have been shown e.g. for
Anthoxanthum odoraturfirreelandet al, 2010). Yet, the results of long-term responses
at stand-scale (grassland ecosystem) show no detiffiemence to results at single
individual scale, i.e. trees, which are limitedptastic adaptations. As yet, the observed
increase in atmospheric G@as likely not lead to a selection of more Qd@sponsive
species or genotypes at the PGE.

Conclusions and Outlook

The responses & andgs cannot be separated by analysis of stable C isstop
alone. Yet, for estimation of feedback effects omr@ water cycles it is necessary to
understand how andgs were regulated. In this study, yield data was wsed proxy for
A. Another option is the analysis of stable oxygestapes f0), which can be used to
disentangle the responses A&fand gs (Scheideggert al, 2000). Future additional
analysis of®0 in plant biomass at the PGE will help to confitme reaction oA andgs
and contribute to our understanding hgwand transpiration have already been affected
in grasslands under rising atmospheric,CO

The results of this study showed that fia and W long-term responses of
(semi)natural grassland ecosystems under risingpsgheric CQ resembled that of
trees. The varying responses of grassland swagedsdifier in nutrient supply and in
botanical composition indicated that the shortemteesponses of single species under
controlled environments cannot be directly upscaledstand-scale responses under
gradually increasing COFor predictions of future atmospheric £€&ncentrations it is
therefore necessary to consider the effect of Nnfjdteet al, 2003) and recent models
are taking this into account (Sokoleval, 2008; Thorntoret al., 2009).
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However, it has to be considered that effects dditemhal environmental
parameters on other components of the system cah tle responses not directly
connected to the initially changed parameter (#hg.effect of nutrients on botanical
composition). In addition, large amounts of N mayneeded to support an increaséin
under rising atmospheric GOFor Lolium perennet was shown that an excess input of
N (yearly average: +83 kg Hawas needed for an increased yield response under
elevated C@ (Daeppet al, 2000). In forests, Oregt al (2001) observed no difference
between a nutritionally poor and moderate sitemaiss increased only after additional
N fertilization (+112 kg hdyr™). The apparent lack of an increaseion the PGE may
be due to a growth limiting N availability as indted by moderate NNI (Kohlet al,
2012) on all treatments despite different levelshofrient supply. Thus, the ability of
(semi)natural ecosystems to sequester additionedd@r elevated atmospheric C@ay
be strongly limited unless a deliberate eutroplocatvas accepted.
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Appendix | : Maximum allowed standard deviations of *A in order to detect a certain slope [in the range of 0.001 to 0.029%o (umol mol™)™] as
significantly different from zero within a certain period of time, calculated for periods prior to 2009 and extending back until 1915. The gray-shaded area
marks the timeperiods where a detection of significant trends is not possible if the standard deviation is> 0.5%o.

Start C, n .029 .028 .027 .026 .025 .024 .023 .022 .021 .020 .019 .018 .017 .016 .015 .014 .013 .012 .011 .010 .009 .008 .007 .006 .005 .004 .003 .002 .001
(umol

mol™)

1915 304 9% 36 35 34 33 31 30 29 28 26 25 24 23 21 20 19 18 16 15 14 13 11 10 09 08 06 05 04 03 01
1916 304 94 36 35 34 32 31 30 29 27 26 25 24 22 21 20 19 17 16 15 14 12 11 10 09 07 06 05 04 02 01

continued on next page
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Appendix | continued

Start Ca n .029 .028 .027 .026 .025 .024 .023 .022 .021 .020 .019 .018 .017 .016 .015 .014 .013 .012 .011 .010 .009 .008 .007 .006 .005 .004 .003 .002 .001

year

1959 320 51 23 22 21 20 20 19 18 17 16 16 15 14 13 13 12 11 10 09 09 08 07 06 05 05 04 03 02 02 01
1960 320 50 22 21 21 20 19 18 18 17 16 15 15 14 13 12 11 11 10 09 08 08 07 06 05 05 04 03 02 02 01
1961 321 49 22 21 20 19 19 18 17 16 16 15 14 13 13 12 11 10 10 09 08 07 07 06 05 04 04 03 02 01 01
1962 322 48 21 21 20 19 18 18 17 16 15 15 14 13 12 12 11 10 10 09 08 07 07 06 05 04 04 03 02 01 01
1963 323 47 21 20 19 19 18 17 16 16 15 14 14 13 12 11 11 10 09 09 08 07 06 06 05 04 04 03 02 01 01
1964 323 46 20 20 19 18 17 17 16 15 15 14 13 13 12 11 10 10 09 08 08 07 06 06 05 04 03 03 02 01 01
1965 324 45 20 19 18 18 17 16 16 15 14 14 13 12 12 11 10 10 09 08 08 07 06 05 05 04 03 03 02 01 01
1966 325 44 19 19 18 17 17 16 15 15 14 13 13 12 11 11 10 09 09 08 O7 O7 06 05 05 04 03 03 02 01 01
1967 326 43 19 18 17 17 16 16 15 14 14 13 12 12 11 10 10 09 08 08 07 06 06 05 05 04 03 03 02 01 01
1968 327 42 18 18 17 16 16 15 14 14 13 13 12 11 11 10 09 09 08 08 07 06 06 05 04 04 03 03 02 01 01
1969 328 41 8 17 17 16 15 15 14 13 13 12 12 11 10 10 09 09 08 O7 07 06 06 05 04 04 03 02 02 01 01
1970 329 40 17 17 16 15 15 14 14 13 12 12 11 11 10 09 09 08 08 07 07 06 05 05 04 04 03 02 02 01 01
1971 330 39 17 16 16 15 14 14 13 13 12 12 11 10 10 09 09 o08 07 O7 O6 06 05 05 04 03 03 02 02 01 01
1972 331 38 16 16 15 14 14 13 13 12 12 11 11 10 09 09 08 08 07 O7 O6 06 05 04 04 03 03 02 02 01 01
1973 333 37 16 15 15 14 13 13 12 12 11 11 10 10 O9 O9 oO08 08 07 O6 O6 05 05 04 04 03 03 02 02 01 O1
1974 334 36 15 15 14 14 13 12 12 11 11 10 10 O9 09 O8 08 07 O7 O6 O6 05 05 04 04 03 03 02 02 01 O1
1975 335 35 15 14 14 13 13 12 12 11 11 10 10 O9 09 O8 08 07 O7 O6 O6 05 05 04 04 03 03 02 02 01 01
1976 336 34 14 14 13 13 12 12 11 11 10 10 O9 09 O8 08 O7 07 O6 O6 0O5 05 04 04 03 03 02 02 01 01 00
1977 338 33 3 13 13 12 12 11 11 10 10 O9 O9 O8 08 O7 O7 O7 O6 O6 0O5 05 04 04 03 03 02 02 01 01 00
1978 339 32 3 12 12 12 11 11 10 10 09 09 O8 0O8 08 O7 O7 O6 06 0O5 05 04 04 04 03 03 02 02 01 01 00
1979 340 31 12 12 12 11 11 10 10 09 09 09 08 08 O7 O7 O6 06 06 0O5 05 04 04 03 03 03 02 02 01 01 00
1980 342 30 12 11 11 11 10 10 09 09 09 08 08 07 O7 O7 O6 06 05 05 04 04 04 03 03 02 02 02 01 01 00
1981 343 29 11 11 11 10 10 09 09 09 08 08 07 0O7 O7 O6 06 0O5 05 05 04 04 04 03 03 02 02 02 01 01 00
1982 345 28 11 10 10 10 09 09 09 08 08 07 07 07 06 06 06 05 05 04 04 04 03 03 03 02 02 01 01 01 00
1983 346 27 10 10 10 09 09 08 08 08 07 07 O7 06 06 06 05 05 05 04 04 04 03 03 02 02 02 01 01 01 00
1984 348 26 10 09 09 09 08 08 08 07 07 O7 06 06 06 05 05 05 04 04 04 03 03 03 02 02 02 01 01 01 00
1985 349 25 09 09 09 08 08 08 07 07 07 O6 06 06 05 05 05 04 04 04 03 03 03 03 02 02 02 01 01 01 00
1986 351 24 09 08 08 08 08 07 07 07 06 06 06 05 05 05 05 04 04 04 03 03 03 02 02 02 02 01 01 01 00
1987 352 23 08 08 08 07 07 07 07 06 06 06 05 05 05 05 04 04 04 03 03 03 03 02 02 02 01 01 01 01 00
1988 354 22 08 07 07 07 07 06 06 06 06 05 05 05 05 04 04 04 03 03 03 03 02 02 02 02 01 01 01 01 00
1989 355 21 07 07 07 06 06 06 06 05 05 05 05 04 04 04 04 03 03 03 03 02 02 02 02 01 01 01 01 00 OO0
1990 357 20 07 06 06 06 06 06 05 05 05 05 04 04 04 04 03 03 03 03 03 02 02 02 02 01 01 01 01 00 OO0
1991 359 19 06 06 06 06 05 05 05 05 05 04 04 04 04 03 03 03 03 03 02 02 02 02 02 01 01 01 01 00 OO0
1992 360 18 06 06 05 05 05 05 05 04 04 04 04 04 03 03 03 03 03 02 02 02 02 02 01 01 01 01 01 00 OO0
1993 362 17 05 05 05 05 05 04 04 04 04 04 03 03 03 03 03 03 02 02 02 02 02 01 01 01 01 01 01 0O OO0
1994 364 16 05 05 05 04 04 04 04 04 04 03 03 03 03 03 03 02 02 02 02 02 02 01 01 01 01 O1 01 0O OO0
1995 365 15 04 04 04 04 04 04 04 03 03 03 03 03 03 02 02 02 02 02 02 02 01 01 O1 O0O1 O0O1 O1 OO OO OO0
1996 367 14 04 04 04 04 03 03 03 03 03 03 03 02 02 02 02 02 02 02 02 01 01 O1 O1 O1 O1 O1 OO OO OO0
1997 369 13 o4 03 03 03 03 03 03 03 03 02 02 02 02 02 02 02 02 01 01 01 O1 O1 O1 O1 O1 OO OO OO OO0
1998 370 12 03 03 03 03 03 03 03 02 02 02 02 02 02 02 02 02 01 01 O1 O1 O1 O1 O1 O1 01 OO OO OO OO0
1999 372 11 03 03 03 03 02 02 02 02 02 02 02 02 02 02 01 O0O1 O1 O1 O1 O1 O1 O1 O1 O1 0O OO OO OO OO0
2000 374 10 02 02 02 02 02 02 02 02 02 02 02 02 01 O1 O1 O1 O1 O1 O1 O1 O1 O1 O1 O1 0O OO OO0 0.0 O0.0
2001 376 9

2002 377 8

2003 379 7 L L L L L L L L L L L L L L L L L L L I I I I I I I I I
2004 381 6 1 01 01 012 012 01 01 01 01 O1 O1 O1 O1 O1 O1 O1 O1 OO OO OO OO OO OO OO OO OO OO0 0.0 o00
2005 383 5

2006 385 4

2007 386 3
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Summaries of own publications and candidate’s individual contribution

Summary of Publication “Kd&hler et al. (2010)”

Kohler IH , Paul RP, Auerswald K, Schnyder H (2010) Intringater-use efficiency
of temperate seminatural grassland has increased 4857: an analysis of carbon
isotope discrimination of herbage from the ParksSaxperiment.

Global Change Biologyl6, 1531-1541

Abstract

A 150 years-long record of intrinsic water-use aéncy (W) was derived from
community-level carbon isotope discriminatiod®A) in the herbage of the
unfertilized, unlimed control treatment (plot 3) tife Park Grass Experiment at
Rothamsted (England) between 1857 and 26@W during spring growth (first cut
harvested in June) averaged 21.0%o (£0.5%0 SD) amdchbashown a long-term trend
(P = 0.5) since 18573A of summer / autumn growth (second cut harvestédesn
September and November) increased from 21.3%. t0%32P < 0.001) between
1875 and 2007W; during spring growth has therefore increased % 3ice the
beginning of the experiment, aMi of summer / autumn growth has increased by
18%. The variation if°A was mainly related to weather conditions. Plartilable
soil water explained 51% and 40% of the variatiospring growth>A and summer

/ autumn growth™A, respectively. In the 1857-2007 period vyields hawat
increased, suggesting that community-level photit®gis has not increased either.
Therefore, the increasedV probably resulted from a decreased stomatal
conductance. Vapour pressure deficit (VPD) duripgng growth (March to June)
has not changed since 1915, meaning that instasuangater-use efficiency\{) in
spring time has increased and transpiration hababtg decreased, provided that
leaf temperature followed air temperature. Conugr3&PD in the months between
the first and second cut has increased by 0.07skiRa 1915, offsetting the effect of
increasedW, on W, during summer and early autumn. Our results sugtieg
vegetation has adjusted physiologically to eleva®d by decreasing stomatal
conductance in this nutrient limited grassland.

The candidate’s contribution

The candidate conducted the sampling, sample @gparand measurements. She
analysed the data, discussed the results, compbseegtaphs and tables, developed
the story of the paper, wrote the first draft oé fraper and revised the paper. The
overall contribution of the candidate to the fipaper was 85%.
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Summary of Publication “Ko&hler et al. (2012)”

Kohler IH , Macdonald A, Schnyder H (2012) Nutrient supplip&mced the increase
in intrinsic water-use efficiency of a temperatens@atural grassland in the last
century.

Global Change Biologyl8, 3367-3376

Abstract

Under the increase in atmospheric fring the last century, variable increases in
the intrinsic water-use efficiency\{), i.e. the ratio between carbon assimilation rate
(A) and stomatal conductanag)( of C; vegetation have been observed. Here we ask
if long-term nutrient status and especially nitnogeipply have an effect on the €O
response ofM in a temperate semi-natura @rassland. This analysis draws on the
long-term trends (1915-2009) ik, derived from carbon isotope analysis, of
archived hay and herbage from the Park Grass Hwrpatiat Rothamsted (South-
East England). Plant samples came from five feetilireatments, each with different
annual nitrogen (N; 0, 48 or 96 kg Haphosphorus (P; 35 kg frand potassium
(K: 225 kg h&) applications, with lime as required to maintawil PH near 7.
Carbon isotope discrimination34) increased significantlyR < 0.001) on the
Control (0.9%0 per 100 ppm CfQncrease). This trend differed significantly
0.01) from those observed on the fertilized treatt®igPK only: 0.4%. per 100 ppm
CQO; increase,P < 0.001;Low N only, Low N+PK High N+PK: no significant
difference). The"A trends on fertilized treatments did not differrsfigantly from
each other. However, N status, assessed as Nzirtdupplyplus an estimate of
biologically-fixed N, was negatively related & 0.88;P < 0.02) to the trend forA
against CQ@ Other indices of N status exhibited similar relaships. Accordingly,
the increase o¥\i at High N+PK was twice that of th€ontrol (+28% resp. +13%
relative to 1915). In addition, the G@sponsiveness 6fA was related to the grass
content of the plant community. This may have beee to the greater GO
responsiveness @ in grasses relative to forbs. Thus, the greates I€§ponse of
grass-rich fertilized swards may be related toa$f@f nutrient supply on botanical
composition.

The candidate’s contribution

The candidate developed the project plan and cdeduthe sampling. She
developed the statistical models and conductedtatistical analyses. She analysed
and interpreted the results. All graphs and tablese created by her. She discussed
the results, developed the story of the paper, evtio¢ first draft of the paper and
revised the paper. The overall contribution of damdidate to the final paper was
90%.
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