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Zusammenfassung

ZUSAMMENFASSUNG

Ergebnisse grol3er Grunland-Biodiversitatsexperiméggen einen positiven Zusammenhang
zwischen Artenvielfalt und Okosystemfunktionen (zBroduktivitat, Ressourcennutzung,
Stabilitat der Gemeinschaften) nahe. Der durch Kliemd Landnutzungswandel andauernde
Artenverlust bedroht die Bereitstellung dieser Rigrlen. Und obschon die Zusammenhénge
zwischen Artenreichtum und Okosystemfunktionen, rden auf Gemeinschaftsebene beob-
achten kann, abhangig von Interaktionen zwischdivituen und Arten sind, sind Informa-

tionen Uber diese Mechanismen rar.

Die vorliegende Dissertation stellt finf Projekter,vdie sich mit Mechanismen der Pflanze-
Pflanze-Interaktion am Beispiel von Grunlandarten gemafigten Breiten befassen, speziell
mit der Leguminose-Nachbar-Interaktion. Auf der Ee/on Individuen und Populationen
wurden Veranderungen der Interaktionen untersuehttang von biotischen Gradienten
(Vielfalt, Zusammensetzung und Identitat der Artemer Gemeinschaft), entlang von
abiotischen Gradienten (ExtremwetterereignisseckStffverfigbarkeit) und in Einheiten
verschiedener raumlicher Abmessungen. Drei Leigfségllungen motivierten die Projekte: Ist
das Testen 6kologische Theorien, die von groRréaemBeobachtungen abgeleitet wurden,
auch in kleinraumigen Einheiten moglich? Gibt eedbrenze, an der positive Leguminosen-
Effekte (N-facilitation) auf den Stickstoffhaushalt der Nachbaecéive), in Konkurrenz um
andere Ressourcen umschlagen? Wie wirken sich Anmah Identitaten der Arten einer
Gemeinschaft auf artspezifische Interaktionen @iis”Beantwortung dieser Fragen habe ich

traditionelle, invasive und nicht-invasive Methodmmutzt.

Die in der Dissertation vorgestellten Studien betedie Moglichkeit, ,Feld-Effekte” auch in
kleineren raumlichen Einheiten zu untersuchen, atdreiche Ubereinstimmungen zwischen
Untersuchungen im Feld und in Mikrokosmen auftrateo konnten wir die Abnahme der
5N Werte mit abnehmender N-Versorgung und zunehnteddtenzahl, die unserem
Wissen nach bisher ausschlief3lich in Feldversuctamimgewiesen wurde, in Mikrokosmen
feststellen. Ebenso konnten wir zum Feld vergleacalpositive Effekte zunehmender Arten-
zahlen und vorhandener iRixierer auf Interaktionen zwischen Pflanzen ingestorten
Gemeinschaften nachweiseN-facilitation finden tber N-Transfer von JNFixierern zu
receiversund Uber Ressourcenumverteilung des BodeNHSp@aring statt.Kurzfristig botN-
sparing den grof3eren Vorteil fureceiver wir haben aber ebenso kurzfristigen N-Transfer
zwischen Arten verschiedener ldentitaten nachgenieBie Artidentitat spielt fur die Nutz-

ung des durch Leguminosen bereitgestellten Extrauid N-facilitation eine wesentliche
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Rolle: Graser nutzten Extra-N aNssparingund N-Transfer effektiver als krautige Arten, so-
wohl im Feld als auch in Mikrokosmen. Darliber hsyéaben wir neue Muster des Einflusses
der Artenzahl auf artspezifische N-Dynamiken intgedsn Gemeinschaften entdeckt. In
Mikrokosmen mit einer Gras-, Kraut- und Leguminogeh stiegt in Folge simulierter Be-
weidung der N-Transfer zwischen Individuen in Moulblren unabhéngig von der Art-
identitat an, nahm in Mischungen hingegen ab. Bih#ig andere applizierte Stérung
(Trockenstress statt Beweidung) resultierte in reiddnlichen Muster bezuglich der N-Para-
meter eines Grases in unterschiedlichen Artgemleaiten im EVENT-Experiment. Die Ab-
nahme vorN-facilitation nach Stérungen konnte eine Erklarung fir die ved®ite Leistung
des Grases in artenreicheren Gemeinschaften agh, vaenn mit nicht-invasiven (und in-
vasiven) Methoden auf Ebene der Gemeinschaft kgiaeierenden negativen Effekte fest-
stellbar waren. Diese Konstanz auf einer héherega@sationsebene legt nahe, dass die
verwendeten nicht-invasive Methoden neue Mdglichkedffnen, dkologische Theorien auf
der Ebene von Artengemeinschafts (azrfBurance hypothesisVersicherungshypothese®) in

unterschiedlichen raumlichen Einheiten zu untersnch

Die Ergebnisse lassen den Rickschluss zu, dassid¥ersunter kontrollierten Umwelt-
bedingungen in kleineren raumlichen Einheiten @eignetes Mittel sind, um Effekte und In-
teraktionen von Faktoren (Vielfalt, Zusammensetzuldgntitdt der Arten einer Gemein-
schaft) detailliert zu untersuchen. Insbesondeeeveérgleichbare N-Dynamik in Feld- und
Mikrokosmosversuchen scheint das Testen manchdogikoher Theorien, z.B. destress
gradient hypothesjsin kleinraumigen Einheiten zu ermdglichen. Dartibaaus wird im
Rahmen der Dissertationsschrift die Nutzbarkeiseliedener invasiver und nicht-invasiver
Methoden zur Untersuchung von Pflanze-Pflanze-dktesnen dargestellt. Diese Ergebnisse
bilden das Fundament fur weiterfihrende Projekie,d&zu beitragen sollen, Zusammen-
hange zwischen Biodiversitatseffekten und Okosyktaktionen zu erhellen und damit z.B.

eine kosteneffektive Renaturierung degradierten@®iete zu erleichtern.
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SUMMARY

Biodiversity and the functioning of communities,bitats or even ecosystems are closely
connected as worldwide large-scale biodiversitysglend experiments reveal. Current
climate and land use changes are often relatedassaof plant species diversity from natural
grassland habitats and as a consequence, the rgetiféecosystem functions” (e.g. pro-

ductivity, stability against disturbance or totaltment use) is endangered. But information
about the underlying mechanisms, which drive refethips between biodiversity and these
functions, is still missing, although all processdxservable at community scale depend on
processes between species or individuwatein communities. The study of plant-plant inter-
actions, with a special focus on legume-neighbateractions, within grassland habitats of

the temperate region is the main focus of thisishes

| investigated legume-neighbour interactions onividdial and population level (i) along
biotic gradients of community composition (speadiestness and species identity), (ii) along
abiotic gradients (extreme weather events, nitrag@eailability) and (iii) at different spatial
scales (from the climate chamber to the field). eBhmain research questions linked
individual projects: Is it possible to test ecolmditheories, which are derived from large-
scale observations, on a much smaller scale? pedgsible to identify a threshold, where
positive effects of nitrogen-fixing legume speci@&facilitation) shift to competition for
above- or belowground resources? How does commdiigrsity modulate species-specific
plant-plant interactions? To answer these questiosed different invasive and non-invasive
methods like the analyses of the isotopic compmsitf N or chlorophylla fluorescence in

different species as well as traditional ecologgaisus techniques.

Results from the five studies presented within thesis (manuscripts 1-4 and Supplementary
Material) provide strong evidence that it is ind@edsible to simulate field-effects at a much
smaller scale because multiple similarities ocaurbetween field studies and studies at
smaller scales. In micro- and mesocosm studiesyave able to confirm the decreaseStiN
natural abundance values with decreasing N-avétiaim the substrate and with increasing
species richness, as it has been reported, tormwlkdge, exclusively from field studies. We
found positive effects of increasing species rigdsnen plant-plant interactions and positive
effects of legume presence (N-facilitation eithgrNssparing or by N-transfer) on N-availa-
bility for neighbouring receiver species in undifed communities, which are comparable to
field observations. In the short-term, receiversfipgd mostly from N-sparing but in addition

a bidirectional N-transfer between functionallyfelient individuals occurred. We were also
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able to simulate differences in the use of extfadh N-facilitation in relation to the identity
of receiver species, which are known from fielddgts: grass species in microcosms showed
a better use of extra N from N-facilitation (bothsNaring and N-transfer) compared to non-
fixing forb species. Furthermore, we found a tgtalbvel pattern of the modulating effect of
species diversity on species-specific N-dynamicratlisturbance: whereas N-transfer
increased in monocultures, it decreased in mixtafésr simulated grazing in microcosm
communities. Although treated with a totally difet disturbance (extreme drought event),
N-parameters of a common grass species in diffedaversity levels in the EVENT-
Experiment indicate a similar pattern. This is agible explanation for a non-invasively
detected performance reduction (via measurementshlofophyll a fluorescence) of this
species, although at community level no negativeces of increased species richness were
observed. Relative constant community fluorescesigeals provide first evidence, that it is
possible to use fluorescence measurements as avesive method to test the insurance

hypothesis.

These findings imply that studies on smaller scaleger controlled environmental conditions
are very useful to test effects of species richraeskidentity as well as ecological theories.
Patterns of N-dynamics in microcosms resemble tbbserved in field experiments and thus,
some theories (e.g. the stress gradient hypothe®shdeed testable on a much smaller scale.
| provide novel insights on changes in plant-plamiéractions within different abiotic and
biotic environments and to what extent differemvaisive and non-invasive methods are useful
to elucidate interaction processes. Further rekeamcplant-plant interactions is needed, e.g.

with regard to the cost-effective restoration ofjideled grassland habitats.




Introduction

INTRODUCTION

BACKGROUND OF THE THESIS

BIODIVERSITY EFFECTS ON ECOSYSTEM FUNCTIONING

Large-scale biodiversity experiments like the JExgeriment in Germany (Roscher et al.
2004; Roscher et al. 2005), the Paneuropean BIOBE®&dperiments (Hector et al. 1999;
Hector et al. 2007) or the Cedar Creek Experimernhe USA (Tilman 1987; Zavaleta et al.
2010) contribute considerably to our understanadihgrassland ecosystems. The experiments
reveal positive relationships between plant spé#ciestional diversity and ecosystem
functions such as (i) productivity, (ii) stabilignd resistance against (alien) species invasion
or environmental disturbances, (iii) recovery aftisturbances and (iv) total resource use.
And although a diversity of four to ten speciesfien enough to maintain a single function,
e.g. productivityor stability (Schwartz et al. 2000; Guo et al. 20@&) Ruijven and Berendse
2009), much higher diversity may be required taansmultifunctionality, e.g. productivity
and stability (Hector and Bagchi 2007; Zavaleta et24110). Additionally, recent investi-
gations highlight the importance of genetic divigréor ecosystem functioning (Hughes et al.
2008; Agashe 2009; Vellend et al. 2010) and theontamce of plant diversity for subsequent
trophic levels like soil organisms, pollinatorsrihigores or predators of herbivores (De Deyn
and van der Putten 2005; Duffy et al. 2007; Evai@82 and also for human well-being (Diaz
et al. 2006; Fuller et al. 2007). Positive biodsrgrecosystem functioning relationships are
summarized in influential ecological theories likee insurance hypothesis (McNaughton
1977; Naeem et al. 1994; Yachi and Loreau 1999}her niche complementary theory
(Berendse 1979; Tilman 1997; Loreau and Hector 2001

The insurance hypothesis predicts that functiomign ecosystem under disturbance will be
better maintained in more diverse communities, aithigher potential for trait redundancy,
than in less diverse communities. For examplepaicges A and B get extinct from a species-
rich community (because they suffer from climatarde induced drought stress), species C,
D, E and F can buffer ecosystem productivity aganmegative effects whereas communities
consisting only of species A and B will totally lagse. The niche complementarity theory
predicts that more diverse communities, consisthgspecies with different spatial and
temporal acquisition strategies, will exploit aahile resources (e.g. belowground water and
nutrients, aboveground light) more complete and emaffective than less diverse
communities. An important issue for the niche campgntarity theory is the interplay

between plants; the equilibrium between positiveeractions (facilitation) and negative

5
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interactions (competition). FacilitatiosensuConnell & Slatyer (1977), is the ability of one
species to modify the environment beneficially doother species, whereby one species has a
positive effect on neighbouring or subsequent ggealthough there is an ongoing discussion
about the exact definition of facilitation (Brookand Callaway 2009). Legume-neighbour
interactions provide an comprehensive example lier équilibrium of interactions: under
nitrogen (N) limited conditions, legume species énav positive effect on neighbours by
providing extra nitrogen from biological nitrogemdtion (BNF) (facilitation for N-nutrition)
but on N-saturated soils they can have negativeceffon neighbours due to their fast growth
and high biomass production (competition for ligi@yitical voices often state that positive
relationships observed in biodiversity experimerts mainly due to the species pool chosen,
which often includes an artificially high preserafekey species (highly productive species or
species otherwise responsible for the ecosystemiceeunder observation) and thidtose
species are the driver of positive diversity effeand not the diversitper se a theory
summarized as “sampling effect” (or selection dffédarssen 1997; Huston 1997). Recent
research indicate, that the importance of the sagpgiffect for the delivery of a certain eco-
system function (productivity) might be high in yamucommunities, but that, in the long-
term, the effect size of complementarity increashesreas the effect size of sampling effects

decreases (Marquard et al. 2009a).

Although lots of energy has been spent during #et PO years to elucidate details of
biodiversity-ecosystem functioning relationshipsg are still lacking knowledge about the
underlying mechanisms, which cause these positifects. Most studies on facilitation,
which provide a more detailed insight into interactprocesses, were inspired by economic-
agricultural questions and thus were performed Vaith species diversity; investigations with
two species in (more or less) eutrophic environsiemeé most common. During my PhD, |
investigated plant-plant interactions, with a speédcus on legume-neighbour interactions,
and how they affect productivity and resource uieiency (light: manuscript 1, manu-
script 2, nitrogen: manuscript 3, manuscript 4) along biotic gradients (diversity/species
composition:manuscript 1, manuscript 2 manuscript 4, supplementary materia) and
abiotic gradients (resource availabilitpganuscript 3, supplementary material disturbance:
manuscript 1, manuscript 2 manuscript 4). My aim was to provide a link between
previous results from large-scale field experimesatsl more mechanistic, physiologically
detailed studies under controlled conditions antk$d the applicability of ecological theories
at different scales.
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LEGUME EFFECTS ON N-DYNAMICS AND PERFORMANCE OF NEIGHBOURS

In 1888, Hellriegel and Wilfarth were the first hats who described the symbiosis between
N,-fixing bacteria and legume species, which is raspme for biological nitrogen fixation
(BNF) of atmospheric Nin legumes (Marschner 2002). Positive legume tSfptay a key
role for agricultural yield production since andi¢imes and are still an important topic in
modern sustainable agriculture. Much effort wasnsme the study of legume-neighbour
interactions, mainly in agricultural research, toderstand and optimize BNF and N-
facilitation. Effects on productivity and N-avaiiity have been reported for agricultural
pasture (McNeill and Wood 1990b; Elgersma et ab@Qand crop cultivation (Fujita et al.
1992; Varvel and Wilhelm 2003; Li et al. 2007) mding context-dependent information
about the relationship between the amount of Nifatton and climatic or edaphic conditions
(Giller and Cadisch 1995, seeanuscript 3). The ability to perform BNF classifies legume
species as ecosystem engineseasuJones et al. (1994) because they alter their iabiot
environment by shifting N form the atmosphere te #oil; an effect, which reaches far

beyond agricultural questions.

In every ecosystem, the presence of legume spedfests the total amount of niches
positively and thus often facilitates increasingopation, community or even ecosystem
processes. Legume species (acting as N-donors)affact N-availability in the soil for
neighbouring or subsequent species (N-receivergctly via the exudation of N-rich
compounds (Ayers and Thornton 1968; Paynel andu€lig003), decomposition of their own
(mostly N-rich) tissue and enhanced total decomipos(Russell and Fillery 1996; Fillery
2001; Scherer-Lorenzen 2008). They also can inerddsavailability for neighbours
indirectly bynot using soil resources, an effect known as N-spang McNeill and Wood
1990a). Furthermore, legume species often intevdthh other trophic levels like soil
microorganisms (Habekost et al. 2008; Kreyling leR@08b), mycorrhizal fungi (Jackson et
al. 2008) or earthworms (Eisenhauer et al. 2008pe0ing their own effects on neighbours

and ecosystems even further.

In biodiversity experiments, legume species ofteunt as key species because of their ability
to sustain their own N-demand by BNF and their rofs@perior productivity; but positive
biodiversity-productivity relationships have alseeb observed without legume species
(summarized in van Ruijven and Berendse 2009). lRtodty had long been the only
response parameter to measure positive legumesefiat since the 1970’s the establishment

of more elaborated analysis methods provides tmotsack the flow of nitrogen through a




Introduction

system or different trophic levels, e.g. the analg$ the isotopic composition of nitrogen in a
sample (see Shearer and Kohl 1986 and referentes)wBiodiversity experiments in mesic
grasslands provide evidence that positive legurfextsf (N-facilitation), reflected in the N-
status and often in the isotopic composition of -figimg receiver species, contribute to
positive biodiversity effects on community produiy and nutrient cycling (Carlsson et al.
2009; Mulder et al. 2002; Spehn et al. 2002; Tenopeet al. 2007). Temperton et al. (2007)
found strong facilitative interactions between #hrdifferent mesic grassland species
(receivers) and neighbouring legume species (dpraleng a gradient of plant species
diversity in a field experiment. They found thatndo presence (but interestingly not
abundance) affects N-concentration and N-contemtedisas the isotopic composition of N in
receivers, but also that an increasing number ofosoding species decreased N-con-
centration and the relative amount BN. Important information is still missing on the
mechanisms of legume-neighbour interactions and they change along biotic and abiotic
gradients. | contribute information to the field gume-neighbour interactions under
different conditions of N-availability in a restéi@n project Manuscript 3) and a microcosm
study 6upplementary material) and how changes in species composition and marege
regime (simulation of grazing) under stable abictnditions affect N-facilitation for func-

tionally different receiversnfanuscript 4).

PLANT-PLANT INTERACTIONS ALONG ENVIRONMENTAL GRADIENTS

Species’ performance and inter-specific interactioepend strongly on the broader
environmental context in which they are measuredcliilet et al. 2006; Cardinale et al.
2009; Ma et al. 2010Within a defined abiotic environment, plant species caeract via
competition or facilitation (Pugnaire and Luque 20Brooker et al. 2008). Since publication
of Darwin’s “The Origin of Species” in 1859, compiein between species had been used as
the main factor explaining community structure thaligh facilitation had been identified as
potentially important in succession theory in tiaglye 20" century (reviewed in Connell and
Slatyer 1977). In 1994, Bertness and Callaway féated the stress gradient hypothesis
(SGH) (Bertness and Callaway 1994) which, for thst ftime, includes facilitation as an
aspect affecting community structure along envirental gradients. Today this is a widely
accepted concept (Bruno et al. 2003; Michalet e2@D6; Brooker et al. 2008; Bulleri 2009)
although competition is still widely consideredi® the main driver of community structure.

The SGH predicts equilibrium between positive andgative interactions along
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environmental gradients: whereas negative intarastprevail at the mesic/favourable end of
an environmental gradient, positive interactionsingan influence with increasing
environmental severity. To revisit an earlier ex&npunder N-saturated conditions,
vigorously growing legume species can have sigmificnegative effects on neighbouring
species due to space and light competition but urdidimited conditions, the same
neighbouring species may profit from a legume sg®edue to N-facilitation. During the last
decades, the SGH has experienced support (Pugairéuque 2001; Arredondo-Nunez et
al. 2009) as well as criticism (Maestre et al. 206&cently, a consensus has been achieved:
the SGH generally holds true if pair-wise specigseffic investigations are evaluated but
might not allow for general predictions of the fuegcy and kind of interactions (Maestre et
al. 2009; le Roux and McGeoch 2010).

Most studies which tested the SGH use facilitatiroterms of nurse plant effects (a resident
plant enables seedlings of a different speciesstabésh and flourish underneath it by
providing shelter or increased resource availahiiit climatically extreme arid or alpine eco-
systems. Only few studies investigate N-facilitatiby legume species and changes in
legume-neighbour interactions along abiotic or ibigiradients in communities of varying
species richness in benign ecosystems, althougle gystems dominate the temperate regions
of Europe. Fertiliser studies in European mesi¢ysas often report productivity preservation
if legume species are present despite severelyceedN-addition or N-removal by harvest
without subsequent fertilisation (e.g. Ledgardle801; Marquard et al. 2009a; Weigelt et
al. 2009). A theoretical link between SGH and fiser studies suggests that N-facilitation
should increase with increasing N-limitation evarldss extreme habitats. These changes in
legume-neighbour interactions should be detectab&e the analysis of the isotopic
composition of nitrogen in non-legume receiver sggeas described in detail manuscript

3. Only few studies strike this path and investigatdacilitation under (semi-)natural
conditions within the temperate regions. Beyscldigl. (2009) investigated N-facilitation of
legume species on receivers in German dry acidissind communities and Temperton et
al. (2007) investigated N-facilitation along a Ilogradient of species richness in mesic
grassland communities within the Jena Experimdmnit-both studies lack an abiotic gradient
in e.g. N-availability in the substrate. | aim ®duce the lack of information on changes in
plant-plant interactions with changing environmém@anditions with the studies presented
within this thesis; effects of extreme weather ésefmanuscript 1, manuscript 2 and
effects of the N-availability, ranging from severdN-limited to mesic rhanuscript 3,

supplementary material) were investigated.
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Furthermore, only few studies explicitly tested tinkerplay between the SGH and the
insurance hypothesis. In combination, these hypethepredict higher stability of more
diverse communities in the face of disturbance wukinctional redundancy of species with
additional effects of higher facilitation under @wmental stress. The combination of both
ecological theories raises the questions how are@se in environmental stress (e.g. due to
ongoing climate change) will affect legume-neighbanteractions within the temperate
regions and how community composition and spediessity will modulate these interaction
processes on individual and population level. Itigations of interactive biodiversity and
legume effects make considerably requirements erexperimental design and only few set
ups meet the demands. The working groups aroun@eRlemans and H. J. de Boeck in
Belgium (e.g. De Boeck et al. 2006; Lemmens e2@D6; De Boeck et al. 2007) and around
A. Jentsch and C. Beierkuhnlein at the EVENT-Expents in Germany (e.g. Jentsch et al.
2007; Kreyling et al. 2008b; Kreyling et al. 2008ceyestigate, amongst others, the effect of
legume species on ecosystem processesaimuscript 1 and manuscript 2, | report about
studies which investigated effects of community position and legume presence on the

performance of a common grass species under ditfgrgevere environmental conditions.

Another aspect of disturbangeer seis the land use regime (grazing, mowing or habitat
restoration) applied to semi-natural grasslandsai\gvery little information is available
about changes in legume-neighbour interactions wittanges in the management.
Performance of receiver species within differeritlated areas in a large-scale restoration
project should provide support for the SGH in teohdl-facilitation (manuscript 3). Effects

of diversity level and species composition on apgeee and changes in small-scale donor-
receiver interactions are highlighted in a studylemcontrolled environmental conditions

disturbed by simulated grazingh@nuscript 4).

PLANT-PLANT INTERACTIONS ALONG SPATIAL GRADIENTS

“Scale is fundamental in ecology because it detersninow we perceive patterns and
processes, and therefore affects our ability tdarpand predict (in Sandel and Smith 2009

from Wiens 1989). Since the late 1980’s, scale-ddprcy of processes received increasing
attention in ecological studies, especially wite Him to scale up from smaller experimental
units to larger, ecosystem relevant units (reviewgdandel and Smith 2009). Problems in
comparing small-scale studies with studies frorargdr scale had been identified soon (first-
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time reviewed by Wiens 1989). Balvanera et al. @ate that effects of plant diversity on
ecosystem processes strongly depend on the ohservigvel and on the degree of
manipulation in an experimental set-up. On ecosydtel manipulations often have only
minor effects but biodiversity itself has strongsjive effects, whereas on population, species
or even individual level manipulations often haweisg effects and biodiversity can have
negative effects. Using the example of productjvitypst studies on larger spatial levels (e.g.
communities of a certain habitat) found a prevgilpositive effect of biodiversity and just a
subordinate negative effect of a manipulation (@gdrought treatment) on productivity
(Tilman and Downing 1994; Grime et al. 2008). Wiasren a smaller spatial level (e.g. a
certain species within a community), the surrougdatant diversity might affect species-
specific biomass production negatively (van Ruijesa Berendse 2003; Roscher et al. 2007;
Marquard et al. 2009b) and the effect of a manipariadepends strongly on plant-plant inter-
actions and the competitive strength of the spegreter investigation (semanuscript 1,
manuscript 2). Thus, investigations at two different spatiahles may result in contrasting
findings and a scientist should always be awarethef scale-dependency of response

parameters.

But nevertheless, is possible to simulate habitat-related processesperimental plots of
severely reduced size in the field (e.g. for mgsasslands see Roscher et al. 2005; Hector et
al. 2007; Kreyling et al. 2008c; Marquard et al028) or even in greenhouse experiments
(Lanta and Leps 2006), although it is widely acedpthat positive biodiversity effects
increase with biotope space (Dimitrakopoulos andn8d 2004). Biological mechanisms
investigated in small-scale studies often havecatdie character for processes at larger
scales (van der Heijden et al. 2006), althoughspiaial and temporal scale of investigations
and the researcher’s control over experimental itiond (species pool, density of comm-
unity, type of substrate, nutrient supply, duratainstudy etc.) often determines observable
patterns and processes (Wiens 1989; Mikola etGfl22Hobbs and Norton 2004; Ejrnaes et
al. 2006).

Biological mechanisms of plant-plant interactioms ®ery hard to identify directly in nature
or in (semi-)natural, large-scale experiments (Whather mimics regional grassland habitats
in relation to species pool and composition or agperimental plots in naturally grown
communities). The determination of small-scaleraxtéon processes, which often form the
basis for observation of large-scale patterns, iregla high degree of researcher’s control

over the system, which is only possible in microd anesocosm studies. Thus, | conducted
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studies under different environmental conditionsl @b different spatial scales to test the
potential to transfer ecological theories deriveaht ecosystem level to smaller units like
community, population or individual level (combimat of insurance and stress gradient
hypothesis: manuscript 1, manuscript 2, stress gradient hypothesisnanuscript 3,

manuscript 4, supplementary materia). The confirmation of ecological theories in micro
and mesocosm experiments could open the gates stotlie outcome of large-scale
manipulations (e.g. for restoration projects orgheduction of biofuels in natural habitats) on

a much smaller scale with positive effects on dmstefit calculations.

METHODS TO INVESTIGATE PLANT-PLANT INTERACTIONS

Shearer & Kohl (1986) reviewed methods to studydegree of biological nitrogen fixation
(BNF) of atmospheric Nin legume species under natural conditions. Theegmate range
of BNF quantifies the potential of a legume spedesact as N-donor for neighbouring
receiver species. In a nutshell, four methods awlable: (i) the nitrogen accumulation
method, a method based on a comparison of N-acasiolin yield between N-fixing and
non-fixing crops, (ii) the acetylene reduction gssamethod which uses nodulated roots to
detect the presence of nitrogenase activity (theyree which is responsible for BNF) and
measures the reduction of acetylene to ethyleneupiertime per unit mass of nodule, (iii)
methods based on the use'df enriched materials (tracer/label studies), whire >N
enriched N-gas, fertilisers, biological materials or solugsowhich are applied to the atmo-
sphere (closed system), the soil (isotope dilutreethod) or directly to the plant (leaf/plant
label methods; details semanuscript 4) and (iv) thed15N natural abundance method, which
uses the ratio of the heavier over the lighter &taépe ¢°N/**N) in a sample and a standard
(air) to gain information about the N-source opades (details seaanuscript 3).

All methods provide advantages and disadvantagesdmpecially the isotope dilution method,
which has the potential to highlight the fate of’M-tracer through a whole system, found
wide-spread application to study legume effects Mrtcansfer in agricultural settings (Chalk
1991; Hogh-Jensen and Schjoerring 1997; GardnerDaimdkwater 2009). Tracers are also
used in grassland systems to study N-dynamics unaterral conditions (Buchmann et al.
1992; Kahmen et al. 2006; Kahmen et al. 2008; Robsbal. 2010) or in relation to

disturbance (semanuscript 4). The 3°N natural abundance value of a sampl@és sea

function of the3™N values of its N-sources (Handley and Raven 198%) acts as an
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integrator of N-dynamics in a system (Robinson 200he method is less often used in
agricultural studies (Bolger et al. 1995; Erikserd &dogh-Jensen 1998; Moyer-Henry et al.
2006) but has some advantages for ecological igatgins. It does not require any
experimental treatments and it can provide inforomatibout the tightness of the N-cycle —
and thus N-limitation (see manuscript 3 and Schefzal. 1994; Nadelhoffer et al. 1996;
Amundson et al. 2003; Pardo et al. 2006). Furtheend°N values can provide evidence for
symbiotic relationships with different types of noychizal fungi or N-fixing organisms as
reviewed by Hogberg (1997) and Dawson (2002). 3% signal can provide information
about N-transfer from donor to receiver specidsiadiversity grassland experiments (Mulder
et al. 2002; Spehn et al. 2002; Temperton et &.72Carlsson et al. 2009) and in natural
settings (Bai et al. 2009), but heterogeneity diure plant communities with often high
legume species presence and lack of adequate tplants, sets some limits to its applica-
bility to study N-transfer in the field (see manigt3 and Handley and Scrimgeour 1997,
Beyschlag et al. 2009).

Analyses of ®N (**N-tracer ord"N natural abundance) in plant and soil samplebpagh
powerful tools to highlight interaction processestween legume donor and non-legume
receiver species, have one major disadvantageréugyre destructive sampling. Thus, every
sampling disturbs the system to a certain degreg;tiee cutting of leaves or even whole
individuals can alter plant-plant interactions éefs of simulated grazing on N-transfer
between different species: s@anuscript 4). The sampling of root and soil material can alter
substrate structures or facilitate subsequent iomdsy creation of empty space (Buckland et
al. 2001; Buckley et al. 2007). Therefore the useam-invasive methods to study ecosystem
processes is desirable, e.g. measurements of Hfealea index (LAI) to extrapolate
(stratified) community productivity can substitubeomass harvest (Daldler et al. 2008;
Vojtech et al. 2008). Information about individuat species response to environmental
stresses can be derived from the measurement offogihlyll a fluorescence of plant leaves
and thus can partly substitute e.g. laborious pigneentent analyses. The quantification of
chlorophyll a fluorescence of photosystem Il by PAM-fluorometgysulse-amplitude
modulated photosynthesis yield analyzers by H. VGizoH, Effeltrich, Germany) is a quick
and non-invasive way of measuring the efficiencyligit reactionsn situ (Schreiber et al.
1986; Maxwell and Johnson 2000). Fluorescence mewrmnts can indicate photosynthetic
constrains due to drought stress (Rascher et @) flooding (Pociecha et al. 2008). Still
unsolved are the questions (i) if it provides afuiséool to detect changes in plant-plant

interactions in the context of varying species mie$s along environmental gradients and (i)
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if it might provide a tool to predict productivitgductions due to environmental stresses. The
studies presented imanuscript 1 and manuscript 2 address questions concerning the
changes in response parameters (chloropylliorescence, individual biomass production
and others) of a common European grass speciedation to community composition and

legume presence under extreme weather stress.
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OBJECTIVE OF THE THESIS

The objective of this doctoral project was to eliate mechanisms involved in positive plant-
plant interactions (facilitation) in relation tovéirsity and identity of species in communities
and to test ecological theories (stress gradiepbtinesis, biodiversity-productivity relation-

ship, insurance hypothesis) at different spatialexc The guiding questions for all studies
conducted during this PhD were: How do interactionange along biotic gradients (species
and functional diversity)? How do they change alalgotic gradients (nutrient status,

disturbances like weather stress or simulated gga2i And how do they change with the
spatial scale (controlled greenhouse or climatentie compared to (semi-)natural field
experiments)? | performed basic ecological reseaesults could be useful for the field of

applied ecology, e.g. for restoration of degradaditats or sustainable biofuel production.
Results should help to bridge the gap between yhaod practice; knowing of this gap and

aiming to reduce its width is a major challengeniodern ecology (Temperton et al. 2004).

| focused on interaction processes between gratssprcies, especially between legume
species (as N-donors) and neighbouring non-legymeeias (as N-receivers). Species from
the functional group of Nfixing legumes often have strong positive effemtsneighbouring

or subsequent species by providing extra-nitrodéifia€ilitation), although mechanisms of
N-facilitation are mostly unclear. Nitrogen is aiting factor in most terrestrial ecosystems
(Chapin 1991; Vitousek and Farrington 1997; Margch®2002), thus interaction processes
between N-donor and N-receiver species play a &kyfor N-dynamics and productivity in
(semi-)natural habitats (e.g. Spehn et al. 2008;dex Heijden et al. 2006; Temperton et al.
2007; Haultier et al. 2009) and in agricultural ®giems (e.g. Giller and Cadisch 1995;
Ledgard et al. 2001; Hogh-Jensen 2006; Moyer-Hatrgl. 2006). N-facilitation is most
important under N-limited conditions (Ledgard et 2001; Weigelt et al. 2009), but legume
presence can easily shift to competitive presduséher resources are limiting (Pugnaire and
Luque 2001; Kikvidze et al. 2006; Haultier et @08). Thus, the identification of a threshold
where facilitation changes to competition ance versais of high interest. Although a vast
amount of information about interaction processsvben legume and non-legume species is
already available, most studies on N-facilitation feceiver species have been conducted in
species-poor, relatively eutrophic agriculturaltisgs. Resulting main research questions,

linking individual projects within this PhD, were:

0] Is it possible to investigate, by the use of shemn, small-scale experiments

under more controlled conditions, the mechanismsinide positive plant-plant
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interactions which are observed in long-term, lesgale studies under (semi-)
natural conditions? Is it possible to simulate ratand to test ecological theories
at (temporal and spatial) small scales and thusigeoa tool to enhance the

predictability of large-scale changes (due to lagsd or climate change)?

(i) Is it possible to identify a threshold where faatiion shifts to competition (testing

the stress gradient hypothesis)?

(i)  How do plant-plant interaction processes changemiore diverse systems
compared to species-poor systems at different scélesting biodiversity-
ecosystem functioning relationships) and how dongka in biodiversity affect
species-specific responses of non-legume recepesies?

| used classical ecological census techniques (cdemass determination) but also more
elaborated methods such as chloroplayfluorescence measurements diN-analyses to
investigate legume effect on neighbouring receisieecies under different environmental

(both biotic and abiotic) conditions.
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SYNOPSIS

OUTLINE OF MANUSCRIPTS

Main topic of this thesis was to elucidate mechasiof positive and negative plant-plant
interactions between grassland species at diffeygatial scales. In particular, | am interested
in legume-neighbour interactions and how they ckawgh diversity, species composition
and identity along gradients of environmental straisd with the spatial scale of the study. |
worked in small-scale microcosm experiments andietd settings to evaluate positive
legume effects (N-facilitation) and to test theroejucibility of ecological theories across
spatial scales. | used different invasive and muasive methods to investigate presence and
strength of N-facilitation. The research had a prtorced focus on neighbours as N-receivers
and not on the legumes themselves, acting as Nrdoiibe first two manuscripts describe
studies that link the fields of biodiversity andnthte change research; investigating which
differences occur between monocultures and morersi&vcommunities under the threat of
altered climatic conditions. The second two mariptsxrdescribe studies about legume-
neighbour interactions that link the fields of oration ecology and agriculture; considering

how land-use changes may affect the interplay betvepecies.

Within the study presented imanuscript 1, we investigated how a single target species
(Holcus lanatu} performed under two environmental stresses (ewrdrought and heavy
rain events) in the context of varying diversitytbé surrounding plant communities (G1-:
monocultures, G2-: 2-species-mixtures, G4-:. 4-gEenixtures without a legume species,
G4+: 4-species-mixtures with the legume spetm@sis corniculatus In 2007, we measured
photochemical efficiency (chlorophyl fluorescence) and individual biomass production
(NPng) of H. lanatuswithin the EVENT-Experiment |, located in the Eagical-Botanical
Garden at the University of Bayreuth. We foundt tifdorophylla fluorescence ofl. lanatus
was only a poor predictor for NP although it was a useful tool to detect droughesst in the
target species whereas it failed to detect cométraelated to the heavy rain treatment, which
led to reductions in NR (but not in the photochemical efficiency). Comyraio our
expectations, drought effects on photochemicatiefiicy and NRy of H. lanatuswere not
detectable for monocultures but increased withaasing functional diversity in mixtures. At
community level, negative effects on the targecssewere ameliorated by the performance
of neighbouring species as reportedrianuscript 1 for the photochemical response and in

Kreyling et al. (2008a) for total biomass productiof communities. Especially the legume
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specied.otus corniculatuswhich used the available light resources vericieffitly, affected
the photochemical community response in G4+ an@@deynificantly to the stability of the
community. Inmanuscript 1 we conclude, that negative effects of extreme ghoon NRyg
and photochemical efficiency were mainly relatec tdecrease in competitive strength-of
lanatus (for soil water resources) in more diverse comriesiwhich led to an earlier
senescence of the target species. Based on thediagB, we performed a second study
(presented inmanuscript 2) to investigate the physiological response Hf lanatus to

extreme drought stress in more detail.

The study presented manuscript 2 took place in the EVENT-Experiment | in 2008. We
focused on the same target species but investigatpdrformance not only in terms of NP
and light- as well as dark-adapted photochemidaiefcy but also by measurements of leaf
water potential (LWP), N-parameters (N-concentratamd &°N natural abundance) and
photosynthetic pigment contents bfolcus lanatusleaveswithin and after the drought
treatment period. It was possible to confirm thgatwe effects of increasing functional
diversity (and especially of legume presence) oat@themical efficiency and N in H.
lanatus which points towards a general mechanism betiedfindings. LWP of the target
species was lowest in 4-species-communities witagame species (G4+) under drought
stress confirming a reduction of competitive sttbnom H. lanatusfor limited soil water
resources. On the other hand, it was not possibdw earlier senescence (accompanied by
photosynthetic pigment degradation) due to drosfpeiss as concluded from the fist study.
No significant differences in total photosynthepigment content occurred fdd. lanatus
along the diversity gradient or between control a@nought treatments although a trend to
decreased total pigment content was observed nfbat species communities under drought
stress. Most impressive was the fast and totaverggwithin one week) of formerly drought
stressedH. lanatusplants in G4+ in the post-drought phase: photdstit efficiency of
light- and dark-adapted leaves showed a fast antplate recovery whereas monocultures,
which were more stablguring drought, still showed significant reductions inopdsynthetic
efficiency. The high degree of recovery comparedltother communities was considered as
a clear sign of facilitation from the legume spedie corniculatus measured by changes in
N-concentration and*°N values, and provides evidence for higher stabilitd resilience in

communities with higher functional diversity andisithe insurance hypothesis.
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The study presented imanuscript 3 was conducted to detect potential facilitative legu
effects on the nitrogen metabolism of neighbounong-legume species (receivers). We used
an environmental N-gradient, provided by a largalesccalcareous grassland restoration
project, to follow changes in donor-receiver intdi@ns. The restoration site with its different
treatments provided an ideal testing ground fordfness gradient hypothesis (related to N-
facilitation): the differently treated areas areyvdistinct in terms of N-availability and N-
forms in the soil solution, thus providing an N-gjent, but nevertheless in direct vicinity to
each other, thus reducing confounding effects gf elimate. We aimed to show positive
legume effects and increasing N-facilitation witftrieasing N-limitation in a (semi-)natural
field site (according to the stress gradient hypsi$) using thed°N natural abundance
method. Théd™N signal in plants acts as an integrator of N-dyiearin a system but has also
been successfully used to resolve N-facilitatiotegiime species for non-legume neighbours
(Mulder et al. 2002; Temperton et al. 2007; Baakt2009). We collected plant pairs and
control plants along the N-gradient:. donor-receipairs (legume species and non-legume
neighbours) and control plants of the receiver igse@nalyses 06N values showed that
all legume species had a constafN value along the N-gradient. Thus, legume species
acted as potential N-donors and we expected hidtidatilitation at the most severe end of
the N-gradient. Non-legume species showed a sigmifiincrease i®™N with decreasing
environmental severity (from ~ -7.5%0 to ~ 0%.) wipecies-specific differences due to life
form and mycorrhizal symbiosis of the species. émagal, we found thai™N values were
mostly under (abiotic and biotic) environmental ttohand provide only weak evidence for
N-transfer from legumes to neighbours. Althoughititegrated signal from soil N-dynamics
seemed to override any facilitative N-donor sigifa, study revealed the potential of &N

natural abundance method to indicate restorationess.

Manuscript 3 showed that tRe°N natural abundance method might not always resut
detectable signal of N-facilitation by legumes. $hwe performed a microcosm study to
investigate, if it is possible to resolve smalliscdifferences in N-transfer with &N-
enriched tracernjanuscript 4). Aim of the study was (i) to compare short-terrréhsfer
within differently composed communities and (ii)test the effect of a common management
regime (grazing) on plant-plant interactions. Wedusommunities of different compositions
(one legume, grass and forb species in three diydesvels) and investigated effects of

simulated grazing (cutting of aboveground biomasthe **N-labelled donor individual) on
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>N-transfer (measured as [%] &iN-tracer transferred front°N-labelled donor to non-
labelled receiver individuals). We found a positaféect of species richness &iN-transfer:

it increased significantly from monocultures tofBsies-mixtures, irrespective of community
composition. A potential legume effect driN-transfer was superimposed by a strong
confounding effect of donor species biomass pradncA significant positive legume effect,
but no diversity effecper se occurred on net biomass production per indiviqidt,q), N-
concentration [%] and N-content (= NPx N [%]). Interestingly, the grass species recgive
significantly more®N from a legume donor than the forb species in ebigs-mixtures
whereas in the 3-species-mixtures the amountMtransferred from the legume was homo-
geneously distributed between grass and forb. Bespé samé®N-enrichment in the grass
and the forb species in 3-species-mixtures, thesgaacumulated more NiPand had a higher
total N-content than the forb, which indicated eethitrogen use efficiency of the grass
species. Additionally, we found a highly interegtimteraction between simulated grazing
and species richness 6iN-transfer: simulated grazing stimulatietra-specificN-transfer in
monocultures whereas it reduceder-specific N-transfer in mixtures. Contrary to our ex-
pectations, simulated grazing had (as a trend)venab negative effect of*N-transfer and
mainly increased internal N-cycling for regrowth thie cut individual. Thus, individuals
seemed to “decide” how to organize their N-dynamidsen grazed depending on the
surrounding community; a finding that support reégamblications about kin recognition and
plant behaviour §ensuKarban 2008) and provide novel insights about ithportance of

community composition for plant behaviour.
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SUMMARIZING CONCLUSIONS AND EMERGING RESEARCH QUESTIONS

The main strengths of this PhD research were twloffitstly, the investigation of N-
facilitation between legume donor and non-leguneeiser species was extended from the
traditional-agricultural two-species-interactiors a@ gradient of plant diversity, where the
diversity of communitiesind theidentity of the interacting specieme crucial points for
facilitative plant-plant interactions. Secondlydividual projects were conducted across a
range of spatial scales and across (both diveesity) environmental gradients. This is
important since main criticism of large-scale buasity field experiments has been that
positive biodiversity effects, which have been fdum such settings, may not be transferrable
to other habitats and ecosystems or even to otfassigands (e.g. Kahmen et al. 2005, Guo
2007). We do not know to what extent effects foum@emi-natural grassland experiments
also apply at other scales; i.e. smaller or nataradscape scales (but see Kahmen et al. 2005,
Kahmen et al. 2006 for rare landscape-scale studiesfind out more about the existence of
biodiversity effects — and especially about positiggume effects (N-facilitation) — across
scales and habitats, it is necessary to conduetarels addressing the same questions in
different habitats with varying environmental carahs and at different scales. Hence, | used
systems from microcosms (pot experiments) up torotasms (field studies) to elucidate
mechanisms of plant-plant interactions (mainly Nyics), and changes in these inter-
actions in relation to the identity of species witldifferently composed communities. The
combination of individual studies within my PhD pct made it possible tcompareeffects

of species composition and identity, legume preseard (to some extent) species richness
betweenexperiments, that represented a large varietyngirenmental conditions. Import-
antly, this allows for one to address the commottictm of large-scale biodiversity
experiments (being only one example or one habiatwell as addressing how biodiversity
effects may differ when investigated at varioudescand across gradients (although therefore
this approach does not, of course, allow for dethistudy of multiple aspects of each
experimental system; see publications of the Jampafiment and the EVENT-Experiments in

Germany or the Cedar Creek Experiment in the USAlébails hereof).

Results from this thesis provide novel insightsoithe ecology of temperate grassland
systems. They are of interest for the field of bredsity research (which has mainly been
investigated by large-scale experimental set ups)the field of facilitation research (which

has mainly been investigated in natural and vetseexe habitats and not in mesic habitats or
experimental set ups) and for the fields of plamggiology and plant behaviour (which has
mainly been investigated using single individuatsl aingle species (i.e. autecology) with
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little relevance for natural grassland systemsjh&following, | outline and discuss the main
findings of this PhD project in relation to the ébrmain questions posed at the end of the

Introduction.

TESTABILITY OF ECOLOGICAL THEORIES AT DIFFERENT SCALES

Ecological theories are derived from observatiomkBich normally include effects of the

biotic and the abiotic environment as well as iatéon effects between organisms. Thus,
testing the applicability of ecological theoriegy.eof the stress gradient hypothesis (SGH) for
N-facilitation or of the insurance hypothesis, dfedlent scales is not an easy task but well-
designed studies have the potential to identifyeganpatterns. Within this thesis | present
studies, which showed that some of the mechanidfestiag plant population and comm-

unity performance at field scale, also apply atrtierocosm scale and thus, that it is indeed

possible to test ecological theories at smallelesca

Results presented withimanuscript 4 and supplementary material provide evidence for
the testability of ecological theories within micosms: we were able to confirm the environ-
mental control over total community productivitygi@inale et al. 2009; Huston et al. 2000)
and the decrease @&"°N values with increasing N-limitation and enviromta severity,
which were found in the field (e.g. Amundson et28l03; Pardo et al. 2006 anthnuscript

3) as well as in a greenhouse experiment (with iffediverse plant communities grown in
substrates of low, medium and high N-availabilitesesupplementary material). Lower or
even negativé'®N values are related to a better N-conservation Nurdcycling in colder,
wetter and stronger N-limited systems, thus to aenobosed N-cycle (e.g. Amundson et al.
2003; Pardo et al. 2006). We were able to show ttieede effects occur irrespective of the

spatial scale of the studies (at least for theistudonducted within this PhD project).

This finding include that it is allowed to test tB&H at different scales within the temperate
regions. There is evidence from either highly fised or unfertilised mesic (semi-)natural
grassland habitats (Ledgard et al. 2001; Marquaal. 2009a; Weigelt et al. 2009), that the
importance of N-facilitation increases with N-liaiion, as predicted by the SGH. Marquard
et al. (2009a) show that positive biodiversity effesuch as complementarity effects increas-
ed over time whereas sampling effects became ftepsrtant during six years of the Jena
Experiment. This is possibly due to the regular temyd thus nutrient) removal after mowing

accompanied by increasing N-limitation, which coaldo relate to an increase in facilitation
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over time. However, we do not yet know how positivediversity effects interact with an
environmental gradient of N-availability. To ourdwledge, experiments with an N-gradient
(from mesic to N-stressed conditions) in field acrmcosm studies are generally rare.

The study presented iaupplementary material suggests increasing N-facilitation with
increasing N-limitation in the substrate and thus/gles some support for increasing positive
plant-plant interactions, according to the SGHoadd small scales. Here, N-facilitation
occurred mainly by N-sparing and not by short-tadsiransfer from donor to receiver
species, indicated by higher N-concentrations iavés of receiver species without
homogeneous changesdhN values. This finding is in accordance with effefiund in the
field: N-facilitation by N-sparing prevails in thehort-term whereas N-transfer gets more
important in the long-term (Hogh-Jensen and Schjogr2000, Temperton et al. 2007). The
study presented imanuscript 3, conducted in a restored calcareous grasslandh (witr
areas, which differ in their environmental N-avhildy), aimed to deliver some evidence for
the SGH in terms of N-facilitation in a field setji within the temperate regions — but it
seems that the integrative character ofdh8l natural abundance method for the overall N-
cycle excludes a detection of facilitative donacaiger interactions under this natural
conditions. On the other hand, increasing N-failiin due to higher environmental stress
might have had happened for donor-receiver pamsgaN-gradients at large and small spatial
scales hanuscript 3, supplementary material) and during extreme weather stress on an
intermediate scalar(anuscript 1, manuscript 2) but we were not able tetectit. Here, the
application of multiple or simple stable isotop&ctrs may provide a more powerful tool than
the 3"°N natural abundance method to investigate changééfacilitation along abiotic or
biotic stress gradients. The study presentednémuscript 4 provides evidence thatN-
enriched substances have the potential to hightighhges in plant-plant interactions due to
species diversity and species composition. Addalign this study provides novel insights,
elucidated by &°N-tracer, on interactions between community contjmsl and disturbance

effects for the young field of plant behaviour adma recognition §ensuKarban 2008).

Concerning the testability of the insurance hypsihéy microcosm studies, the set up of an
adequate design is even more crucial than for stae SGH, because the SGH mainly
predicts the outcome of pair-wise interactions (Meeet al. 2009) whereas the insurance
hypothesis predicts the outcome of whole communiiealthough the community response
depends on species responses (Yachi and Loreay. 1998, the extrapolation from species

responses to higher organisation levels (e.g. camities) must be done with extreme caution

23



Synopsis

because the same factor often affects differeriles@nd organisation levels very differently
(Balvanera et al. 2006). The studies on the stresgonse oHolcus lanatusunder semi-
natural field conditions nfanuscript 1, manuscript 2) clearly showed, that species- and
community-specific responses can differ signifibgnivhereas the applied stresses had
significantly negative effects on species levek #ffects on community level were only
marginal. We were able to show, to our knowledgetle first time, that a non-invasive
method to measure the physiological performancli@phyll a fluorescence) oindividuals
from different grassland species also provides @nging tool to investigateommunity
responsesnfanuscript 1). The question arises, if it might be possiblese a mixture of non-
invasive methods (fluorescence and leaf area indeX) measurements) to substitute
invasive methods (harvest, element analyses ing®sfor the investigation of community
responses to environmental stresses, e.g. to hkestirtsurance hypothesis in natural
communities. The use of non-invasive methods pewithe possibility to study community
responses to a treatment repeatedly and withodbending treatment effects by additional
disturbances of the system due to e.g. harvest.

TESTABILITY OF BIODIVERSITY AND LEGUME EFFECTS AT DIFFERENT SCALES

Asking the question, if it is possible to simulgant-plant interaction effects, which have
been observed in nature or in large-scale, long-&cological experiments (field-effects), at
smaller scales (and alstce versd), no absolute positive or negative answer caprogided
because both seems to be true. Spatial scale irdesputable factor for the outcome of an
observation (Balvanera et al. 2006; Dimitrakopoudosl Schmid 2004; Sandel and Smith
2009) but this fact does not exclude the use ofllemanits (e.g. populations) to predict
biodiversity or legume effects in larger units (ehgbitats). The studies presented within this
thesis led to the conclusion, that the use of enp@ts on a relative small spatial scale under
more controlled conditions can provide importarfoimation for the prediction of species
interactions due to large-scale manipulations. Thues provide additional support for the
view, that small-scale experiments indeed have raticative character for processes
observable at larger scales as stated by van dgteHeet al. (2006), especially related to N-
dynamics. This finding opens a new application spec for studies within controlled envir-
onments (greenhouse, climate chamber) for the m&seaf N-dynamics under changing
abiotic (N-availability, disturbance, managemergimee) and biotic (species diversity, com-

position and identity) conditions. Especially tim¥astigation ointeractions between abiotic
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and biotic factors and their changes with changing environmentaésgvor management
regime, is possible in greenhouse studies, whebbe#ls factors are nearly impossible to
separate in the field. Additionally, a separatidnreal “biodiversity effects” and “com-
positional/sampling effects” is much easier if Higheplicated micro- or mesocosm studies
could be used. For example, patterns of legumehbelgy interactions on N-dynamics can be
elucidatesijf performed under comparable environmental (bothtebamd biotic) conditions

- at least for early successional communities ompfant-plant interactions after disturbance.
Investigations of biodiversity or compositionalexffs at small scales must be clearly focussed
on a certain function or process (e.g. changes -tydling) and generalizations to other

functions or processes (e.g. community biomassymtazh) should be avoided.

We found positivgper sebiodiversity effects on N-parameters in a micrasagudy (hanu-
script 4, supplementary material stronger under mesic than under low N-conditi@rs) in

a mesocosm studyn@nuscript 2; stronger under drought than under ambient candbji
Individual N-concentrations ari°N values decreased with increasing species richofets®
surrounding community as it has been observedrgelacale field experiments (Mulder et al.
2002; Temperton et al. 2007), providing first exypental evidence, that biodiversity effects
on N-dynamics are comparable between small- angklscale experiments, opening the
opportunity to study the mechanisms behind thisypheena under controlled conditions. On
the other hand, we also could confirm the occadlyprsdrong occurrence of key species
effects within microcosm studies; e.g. the sampkfiggct of legume species presence on
community biomass productiom@nuscript 4 and Mikola et al. 2002; Spaekova and Leps
2001). Higher probability for the occurrence of géing effects are related to the fact that
experimental and natural systems generally difteongly in their community assembly
(Ejrnaes et al. 2006; Hobbs and Norton 2004) aatifbtential founder effects can affect the
outcome of a study significantly (Kérner et al. 80®milauerova and Smilauer 2010).
Additionally, higher asymmetric competition occuystween species under controlled than
under field conditions (Ejrnaes et al. 2006; Holalnsl Norton 2004). Due to an increased
importance of the sampling effect in smaller expemtal units, a positive effect of
biodiversityper seon community productivity, which is evident inlfieexperiments (Roscher
et al. 2005; Marquard et al. 2009a; van Ruijven Batendse 2009), could be simulated only
on some occasions in the greenhouse (Lanta and20&)sandsupplementary material). A
kind of sampling effect was also evident for theotoisynthetic efficiency (and biomass
production) ofLotus corniculatusvithin the EVENT-Experiment Indanuscript 1). A highly
interesting future research would be, to identifg tontribution oL. corniculatusto comm-
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unity’s biomass production, photosynthetic effidgrand its potential to act as an N-donor in
microcosms, the EVENT-Experiment Il (which compsisef naturally grown grassland

natural communities) and in natural meadows.

Positive effects of legume presence on N-availgbfbr neighbouring non-legume species
have been found in (semi-)natural grassland hab#atwell as in micro- and mesocosm ex-
periments (Ledgard et al. 2001; Mulder et al. 2002nperton et al. 2007 amadanuscript 2,
manuscript 4, supplementary materia). Especially grass species benefited from an N-
donor in the community both in field and in micreoo experiments. Although N-sparing is
more important than N-transfer in the short-temmauscript 4, supplementary material
and Temperton et al. 2007), N-transfleesoccurs during a 20-30 days periodapuscript 4
and Gylfadottir et al. 2007). Grasses received nibrby direct N-transfer and competed
effectively with forb species for limited soil Ngeurces during two three-month microcosm
studies fanuscript 4, supplementary materia). This short-term observations reflect
processes which occur in (semi-)natural communitidslder et al. 2002; Jumpponen et al.
2005; Oelmann et al. 2007; Temperton et al. 20p7)yiding further evidence for the
testability of biodiversity and legume effects amnAdegume receiver species at small scales.
Different studies already show that patterns ofdtbke vary between different functional
groups and species (Weigelt et al. 2005; Kahmead.2006; von Felten et al. 2008) but it
would be very interesting to elucidate the mechmarisehind this findings, especially
embedded within a biodiversity context, and if me@adbms are the same on different spatial
scales. Furthermore, it would be interesting tadgtthe N-acquisition strategy of stress-
adapted species and if such grasses exhibit the sawantage in N-acquisition over forbs
when growing together with a legume neighbour asichedapted grass species. Until now,
most studies use species, which are adapted toc mesutrophic conditions due to their

relevance for pasture production.

We also could confirm N-transfer from non-legumeaes to neighbours within microcosms
with a natural substraten@nuscript 4); this bi-directional N-transfer has been desaibm

the field as well as for highly artificial lab setys (Hogh-Jensen 2006; Hogh-Jensen and
Schjoerring 2000; Paynel and Cliquet 2003). A rsrp to test biodiversity, compositional
and legume effect in microcosm should be to in@ehs diversity and test more species pairs
and more community compositions for the generatisadf finding; not only across spatial

but also across temporal and environmental grasliditte temporal gradient is highly inter-

26



Synopsis

esting because e.g. Marquard et al. (2009a) fioteasing importance for complementarity

and decreasing importance of sampling effects sixeyears.

BIODIVERSITY AND LEGUME EFFECTS ALONG ENVIRONMENTAL GRADIENTS

Asking the question if it is possible to identifytlreshold in legume-neighbour interactions
where facilitation shifts to competition along abiagic gradient and how the surrounding
species richness modulates the interaction proseaseclear answers could be provided. In
general, legume effects are less pronounced unglemMhconditions but they can replace high
fertiliser application rates in mesic habitats (gadl et al. 2001; Weigelt et al. 2009). Leg-
umes are considered to be relatively poor compstitar soil N-resources because of a less
extensive root system (e.g. Craine et al. 2002)immombination with the fact, that nearly all
natural habitats are N-limited (differing mostlytime degree of N-limitation) legume species
are often forced to rely on biological nitrogendiion (BNF) to sustain their N-demand.
Thus, legume species are generally a potentialudesofor neighbouring species. We were
able to identify some interesting patterns in refatto thresholds under mesic conditions:
firstly, that the diversity of surrounding non-lega species seemed to determine the
legume’s use of soil N-resources and secondly, ttteabenefits for receiver species from N-

facilitation were stronger than short-term effegftspace competition.

Along biotic gradients, more niches are occupiethatmore diverse end of the gradient and
total N-exploitation of a community increases (Oatm et al. 2007; Palmborg et al. 2005); an
effect which is reflected in decreasinii°N values with increasing species richness
irrespectively of legume presence in the field &l s under low and medium N-availability
in a greenhouse study (Mulder et al. 2002; Tempe#db al. 2007 andupplementary
material). Positive legume effects should increase in ndiverse communities because of a
more closed N-cycle. We found some support forangkd N-acquisition strategy in legume
species under medium N-availability with increastigersity of the surrounding community
(supplementary material). Whereas legumes3™°N values were positive (acquisition of N
from soil) when it grew with two neighbours- N values switched to negative (acquisition of
N from BNF) when legumes grew with three neighboilif®e change may reflect increasing
competition for N-resources with increasing specdiesness and also a kind of start-off state
for N-facilitation for neighbouring non-legume spez Additionally, results from a second

microcosm experimentr{anuscript 4) pointed in the direction of interacting effecté o
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diversity and legume presence for N-facilitatioarag a biotic gradient. We did not observed
higher competition for rooting space or light betvwenon-legume and legume species despite
the vigorous growth of the legume species. On thetrary, vigorously growing legume
donors enhanced biomass and N-accumulation inyesecompared to smaller non-legume
donors and thus we detected an increase in Nifmin with diversity but no changes in
competition within this microcosm study in medium-sipplied substrate. This very
interesting interplay between species richness ptdntial N-facilitationwithin a constant
mesic environment still requires more researche@afly because Haultier et al. (2009) iden-
tified space as the main limiting resource undesim& eutrophic conditions. Further work
under controlled and field conditions, with morevefise communities and within systems
which mirror real habitats, e.g. in need of rediorg should help to fully understand

changing donor-receiver interactions along biotedgents.

Concerning abiotic gradients, we could show that&fiN natural abundance method was a
better indicator for soil N-dynamics than for N4faation (manuscript 3). Low 3N signals

in potential receivers indicate a more closed Nieyand thus a potential highexquirement

for N-facilitation). Although we found that th&°N natural abundance method was not
appropriate to investigate N-facilitation in vemytnent depleted calcareous grasslands we did
find highly interesting, that there is the strormemtial to use th&"N signal in non-legume
grassland species to assess N-dynamics in thgesgil in ecological restoration projects).
Thus, thed™N signal in plants may substitute laborious soibhhlyses, whose results are
strongly affected by season and climate. Recenkveog. by Kahmen at al. (2008) cor-
roborate the indicative character of %8N natural abundance method for soil N-processes.
Plans for further work imply a “screening” of nalisystems with different degrees of N-
limitation and the addition ofN-enriched tracers, which may highlight increashhdacili-
tation with increasing N-limitation. Here, collalations with specialists in the field of
mycorrhizal fungi, microbiology or soil chemistrgpwd contribute to separate effects of the
abiotic environment from effects related to intéi@ts between lower and higher biological

organisation forms.

Along abiotic gradients, the identification of tBh®lds where N-facilitation switches to
competition is also important if a second resouresides N limits plant growth. Legume
species often compete with other species for availeesources (water, phosphorus, light,
space) and thus, can have negative effects on mmiging species — but when and how a

switch occurs is, to our knowledge, still mainlykaown. Results from the studies presented
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in manuscript 1 and manuscript 2 indicate that under drought stress, the leguowis
corniculatuswas very effective in competing for soil water desces with neighbouring
species. This affected photosynthetic performamzk mater potential of the neighbouring
grass specieblolcus lanatussignificantly negative during an extreme droughérd. Inter-
estingly, in the rewetting phasdter drought, legume presence had a positive effedhen
recovery ofH. lanatus On the other hand, under persistent undisturbetbient) conditions
we found no explicit facilitative effect of legunspecies presence or higher diversity on
photosynthetic efficiency or pigment content inves ofH. lanatusalthough higher N-con-
centrations and'®N natural abundance values indicate N-facilitatiower ambient con-
ditions (manuscript 2). Thus, we provide first evidence for a switchnfrdN-facilitation to
competition for soil water resources under sharatextreme drought events within a mesic
grassland habitat. This phenomenon is worth a ndetailed investigation, especially in
combination with the higher recovery potentialtbflanatusin the post-drought phase with
than without a legume neighbour. Additionally, thteidy of other species in such a detalil
would result in valuable information about the gahemechanism behind this (mediated)
stress response. Again, the additional applicabiostable isotope tracers to plants or soils
would certainly yield results which help to explénme described patterns.

CONCLUSION

In conclusion, | am confident that the findings gaeted within this thesis help to expand
scientific knowledge on plant-plant interactiongldrow they relate to species identity and
plant diversity. | provide novel insights (i) onetlpotential to use non-invasive methods for
describing individual and community response teesstes, (i) on the potential to use
established methods like tRe°N natural abundance method under a new point of vie
(namely as an indicator than as an integrator)(agdbout plant-plant interactions and plant
behaviour $¢ensuKarban 2008) and performance within differentlyngmsed communities
under undisturbed or disturbed conditions. Resbtsut underlying mechanisms and changes
in these mechanisms with changing community ditergnainly focussed on N-dynamics,
especially between Nixing legume species and non-fixing neighboura)ngd by small-
scale, short-term or medium-term greenhouse studas have considerable implications at
larger spatial and temporal scales and can helxpdain patterns described by ecological
theories. | am convinced that the study of plaanpinteractions and the knowledge of how
such interactions change under different abiotut laiotic environmental conditions can help
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to solve problems in a number of fields such adasuable extensive agriculture (where
legumes as fertilisers will play a larger role wititcreasing mineral fertiliser prices), biofuel

production or the successful restoration of degiddbitats.
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Own contribution

LIST OF MANUSCRIPTS AND DECLARATION OF OWN
CONTRIBUTION

OWN CONTRIBUTION

Different sections of “own contribution” describigetprocess from initialisation of the study
until the completion of the final version of eachamscript. | present only my own
contributions because listing of every author’s tabaotion for multi-author manuscripts

would go far beyond the scope of a short descnptio

Single sections comprise:
concept= idea for the study and development of the expental design

data acquisition = taking care and responsibility for survival oicnocosms and for measure-

ments in the field
data analysis= translation of raw data in digital tables, stiatial analyses

literature research = acquisition of background information for intradions and

discussions

writing = translating all the words concerning a studyrfrine brain to the computer by the

use of my hands and a computer
discussion=integration of results in the context of thee#d scientific state-off-the-art

editing = rewriting after discussion and implementationimproving comments for final

versions of manuscripts
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MANUSCRIPT 1

Title: Holcus lanatusunder climate change stress — impacts of plargrgity and simulated

extreme weather events on photosynthetic performand productivity

Authors: Lea L.A. Matrtin, Vicky M. Temperton, KenrstGrant, Julia Walter, Jirgen Krey-
ling, Carl Beierkuhnlein, Ulrich Schurr, Uwe Rasch&nke Jentsch

Corresponding author: Uwe Rascher, Vicky Temperton
Status: submitted
Journal: Oecologia

Own contribution: concept (10 %), data acquisit{®Q0 %), data analyses (70 %), literature
research (70 %), writing (70 %), discussion (60a¥#d editing (60 %)

MANUSCRIPT 2

Title: Presence of a legume species reduces thphgsimlogical performance dfiolcus

lanatusduring a drought, but speeds up recovery aftanghrostress

Authors: Julia Walter, Uwe Rascher, Lea L.A. Martindré Moersch, Maik Veste, Carl
Beierkuhnlein, Matthias Gehre, Anke Jentsch

Corresponding author: Julia Walter
Status: submitted
Journal: Environmental and Experimental Botany

Own contribution: concept (20 %), data acquisit{0n%), data analyses (20 %), literature
research (5 %), writing (10 %), discussion (20 #g aditing (30 %)
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MANUSCRIPT 3

Title: The use of thed*®N natural abundance method to assess facilitatiwh rastoration

success in calcareous grassland

Authors: Lea L.A. Martin, Kathrin Kiehl, Daniela Bér, Andreas Liicke, Vicky M. Temper-

ton

Corresponding author: Lea Martin
Status: in preparation for re-submission
Journal: Restoration Ecology

Own contribution: concept (50 %), data acquisiti@f0 %), data analyses (95 %), literature
research (95 %), writing (95 %), discussion (70a¥#d editing (90 %)

MANUSCRIPT 4

Title: N-transfer between grassland species: effeaft community composition, species

identity and simulated grazing

Authors: Lea L.A. Martin, Uwe Rascher, Ulrich Schuficky M. Temperton
Corresponding author: Lea Martin

Status: submitted

Journal: Functional Ecology

Own contribution: concept (75 %), data acquisit{d@0 %), data analyses (100 %), literature
research (100 %), writing (90 %), discussion (70a¥d editing (80 %)
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Conferences and trainings

CONFERENCES AND TRAININGS

D

When | Where Theme Talk| presentatidroster| Titel
time [min]
05.- | Wageningen| summer schoolin | x 10+5 Positive and negative dynamic
09.02. | NL Soil Ecology: of plant-plant interaction and
2007 Crossing the frontier their functional role in regulatior
between below- and ecosystem processes - with
above-ground respect to the soil carrying the
population
15.- Leipzig, D GfO-EURECO- X Positive biodiversity and legum
19.09. conference 2008: effects - how relevant are they
2008 Biodiversity in an along a gradient of nutrient
Ecosystem Context availability? (about FCE-
experiments in pots, greenhous
05.12. | Bayreuth, D | Biogeographie- X 30+ 15 Positive and negative dynamic
2008 Lehrstuhlkolloquium of plant-plant interactions and
their functional role in regulating
ecosystem processes (Vorstelld
meines Promotionsthemas)
02.04. | Bayreuth, D | BayCEER Workshop X Plant-plant interactions along
2009 2009 biotic and abiotic gradients
20.- |Aberdeen, |BES Symposium X The use of stable isotope natur
22.04. | UK 2009: abundance to assess facilitatior
2009 Facilitation in Plant and restoration success in a
Communities calcareous grassland (about
Garchinger Heide 15N-data)
29.06. | Minster, D | SER summer sablo | x 7+3 Vorstellung meines
- Species introduction Promotionsthemas: positive and
03.07. and management of negative dynamics of plant-plar
2009 biodiversity in interactions and their functional
restoration projects role in regulating ecosystem
processes - mainly Garchinger
Heide study
14.- Bayreuth, D | GfO-conference X 10+2 The use of d15N natural
18.09. 2009: abundance to assess facilitatior
2009 Dimensions of and restoration success in a
ecology - From calcareous grassland
global change to
molecular ecology
27.11. | Dusseldorf, | “Von der Idee zum
2009 |D Projekt —
Finanzierung von
Forschungsprojektern
durch Drittmittel”
15.04. | Bayreuth, D | BayCEER Workshojpx 10+2 N-transfer between species:
2010 2010 effects of legume presence and

(2]

ng

t

simulated grazing
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ABSTRACT

An increase in extreme precipitation events and lfsbiodiversity associated with global
change demand deeper insights into species peni@enander such disturbances. We
investigated effects of extreme weather event$loltus lanatusin the context of varying

diversity in a field experiment.

We investigated the performancetbflanatusin four diversity levels under extreme drought,
heavy rain and in an ambient control by measurioigrinvasive chlorophylha fluorescence
and compared the results with an invasive biomasgelst. Photosynthetic responses were

also measured for neighbouring species in moresgveommunities.

On species levelH. lanatug, we found strong negative effects of drought oaximum
electron transport rate (ETR) and biomass production per individual (MPas well as a
decrease in NR in the heavy rain treatment. On community levéli§pecies) ETRax were
not affected by weather treatments but stronglydogyime presence. Effects &h lanatus
were most pronounced in more diverse communitigBcating competitive stress and
resource limitation for the target species. Comiyunesponses support our conclusions.
ETRmaxand NRyq of H. lanatuswere not simply correlated but were influencededéntly by
biodiversity and weather manipulations. Our resdlisnot support hypotheses of positive
effects of increasing species richness on the padgnce of a single specidd.(lanatusas a
beneficiary);H. lanatusperformed worse in higher diversity plots undeviemmental stress;
also the overall community response was not affedResults suggest that more species-

specific investigations on interactive effects nfedisity and climate change are needed.

Keywords
chlorophylla fluorescence, disturbance, drought, EVENT-Expenitnehotosynthesis

Abbreviation list

C = ambient control for weather manipulations

R = heavy rain weather manipulation

D = extreme drought weather manipulation

G1- = monoculture dfiolcus lanatus

G2- = 2 species mixture (2 grasses)

G4- = 4 species mixture without a legume spe@eagasses, 2 forbs)
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G4+ = 4 species mixture with a legume speciagd2ses, 1 forb, 1 legume)

PS I = photosystem Il

PFD [umol m?s'] = photon flux density; used here for light withphotosynthetic active
wavelength range of = 380-710 nm

AF/Fy = effective quantum efficiency (yield) of PSnllight-adapted leaves

FJ/Frexpo = extrapolated potential quantum efficienciel@) of PS Il of light-
adapted leaves

ETR = apparent rate of photosynthetic electrandport of PS II

ETRmax = maximum ETR

NPing = net biomass production Hf lanatusindividuals [g/tussock]
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INTRODUCTION

We are living in a world of accelerated global ajp@nincluding climate change and
biodiversity loss, such that it is becoming incregly important to understand the interaction
between effects of diversity loss and climate cleaag the performance of organisms. The
frequency and magnitude of extreme weather evenggadicted to increase during global
climate change (IPCC 2007). Extremeness of eveter than the mean changes in tem-
perature and precipitation are (in some cases) ctageto have the largest effects on
ecosystem functioning (Meehl et al. 2000). Extreneather events, however, have not yet
received much attention in vegetation-related d@nzhange research (Jentsch et al. 2007).
Furthermore, the few existing experimental studesextreme weather events often lack
details on the magnitude or extremeness of theiepphanipulations relative to local mean
conditions (Jentsch 2006) although recent studiesemi-natural grasslands have shown that
indeed local conditions are important for the perfance of plant communities under en-

vironmental stress (e.g. Gilgen and Buchmann 2009).

Drought and heavy rainfall are generally expectedftect plants via modification of soil
moisture which affects nutrient availability andishplant growth. Water shortage leads to a
decline in water potential and to water stressefoess of water in soil pores creates oxygen
deficits and produces a chemically reducing envirent in the soil (Marschner 2002). The
lack of oxygen can cause substantial short-terra fimot mortality, even though species
reactions differ considerably (Crawford and Braent®®96). Both drought and heavy rainfall
can harm individual species or whole communities e effects can vary from productivity
reduction up to a complete collapse of local vegmiaand its accompanying ecosystem
services when exceeding critical magnitudes (Marsc002; IPCC 2007).

Effects of extreme weather events should theolgtibe modulated by the diversity of plant
communities (McNaughton 1977). We know that sped&s communities are often more
productive than less diverse communities, espgcialexperimental grasslands (e.g. Hector
et al. 1999; Balvanera et al. 2006). Furthermocepading to the insurance hypothesis, in the
face of disturbance, high diversity buffers ecosyst against species loss and concomitant
decline in ecosystem functioning: a large numbesp#Ecies (each perhaps redundant under
one set of environmental conditions yet criticat fanctioning under altered conditions)
improves the chances that overall ecosystem fumaiiowill be maintained under fluctuating
environmental conditions (McNaughton 1977; Naeeml.e1994; Naeem and Li 1997; Yachi

and Loreau 1999). Thus, under disturbance, theiegpech community will be better

48



Manuscript 1 Introduction

equipped to resist or be resilient to changes thanspecies-poor community (Tilman and
Downing 1994; Yachi and Loreau 1999).

Two main sets of hypotheses are usually put forwar@xplain the positive relationship
between biodiversity and ecosystem functioninghaicomplementarity and facilitation or
sampling/selection effects. Complementarity throumthe partitioning is considered as a
mechanism whereby the sum of all species in spelwlesommunities with a high variety of
traits are more effectively able to use resourceshe system than fewer species in less
diverse communities (Berendse 1979; Tilman 199&gilfation, the ability of one species to
modify the environment beneficially for another cips (Connell and Slatyer 1977), is often
seen as a sub-category of niche complementarig/spacies has a positive effect on a second
(neighbouring or subsequent) species by enhantimgdalised niche of the second species
(Bruno et al. 2003). The classic facilitation exdenin biodiversity grassland experiments is
the beneficial effect of nitrogen-fixing legume sg@s on the nitrogen dynamics of non-fixing
neighbours with knock-on effects on the producgiat the whole community (e.g. Spehn et
al. 2002; Temperton et al. 2007). Sampling or selrceffects are artefacts of biodiversity
experiments choosing species mixtures at randonth (n@placement) and describe the
increasing likelihood of including very productiee keystone species (or functional groups)

with increasing diversity of mixtures (Huston 1997)

Increased disturbance and physical stress levelttavaght to reduce the intensity of
competition and to increase the importance of itatibn (e.g. Holmgren et al. 1997; Brooker
and Callaghan 1998) as summarized in the streshegtahypothesis (SGH, Bertness and
Callaway 1994)Most research on the SGH has been done in intertidane or extreme arid
or alpine terrestrial habitats (Brooker et al. 20@8udies focussing on mesic grassland habi-
tats within the temperate regions of Europe arecscalthough even under benign environ-
mental conditions extreme weather events mightesse the dependence of individual
species on facilitationCallaway and Walker (1997) reviewed earlier litaraton the balance
between competition and facilitation as driver eihenunity structure and recent studies
support the conclusion that the importance of iatibn increases with decreasing availa-
bility of the limiting resource within European sipine grasslands (Kikvidze et al. 2006;
Gross et al. 2009)In addition, complementary resource use among different spemies
functional groups can ameliorate the stress expeet by plants under harsh conditions
(Pugnaire and Lugque 2001; Gross et al. 200 e facilitative effect of a legume shrub on the
performance of other species under its canopy Wwasger at the more stressful end of an

environmental gradient compared to the more moeezatl (Pugnaire and Luque 2001) but
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little is known about how changes in environmerstaess affect legume-neighbour inter-

actions for herbaceous species within mesic gnadsla

Effects of plant diversity are often different Aetcommunity level compared to effects on
plant population (see Balvanera et al. 2006) oividdal level (Dal3ler et al. 2008; Kreyling
et al. 2008c). Thus, we need to investigate effetuiversity and disturbance on individual,
population as well as on community level, prefegably an easy-to-use, quick and non-
invasive method. In the present study, we focusthen species-specific response of one
speciesHolcus lanatud.. (Yorkshire fog, Poaceae) within a field expegimh We investigate
how i) the simulation of extreme weather eventsidht or heavy rain) and ii) the composit-
ion of surrounding plant communities modulatesrestant measure (non-invasive chlorophyll
a fluorescence) and an integrated measure (hanfestdividual biomass) ofH. lanatus
Additionally, we evaluate the response of the surding species to extreme weather events
non-invasively to gain a community response andoimpare the use of the instant measure
on population vs. community level. The target sg®él. lanatusis common in mesic
grasslands on a wide variety of soils across Eurapeé a good competitor in benign
environments (Beddows 1961; Veresoglou and Fit@&41 Coll et al. 2003; Wurst and van
Beersum 2008). The species is known to be senddisevere drought conditions (Pedrol et
al. 2000) and to flooding (Liem 1980) but is wedlapted to mild physical disturbance (gap
creation, Buckland et al. 200H. lanatusis able to utilize mineral N-forms as well as amin
acids for its N-nutrition (Weigelt et al. 2003; Welt et al. 2005) and can buffer water stress
by utilising moisture from fog (Corbin et al. 2009)hus, H. lanatusshould be an ideal
candidate to test species interactions in relatoothe stress gradient hypothesis (and partly
the insurance hypothesis), because tiagilitative outcome appears to be a function of a
species having both a low tolerance to a particuddiotic stress and a strong competitive
response ability (Liancourt et al. 2005). We are not aware of ailyer studies on mesic
grassland species which investigate populationcamimunity responses within an outdoor,
yet well-directly manipulated, semi-natural fieldperiment. Most results on this topic were
either gained under more controlled greenhouse itonsl (e.g. De Boeck et al. 2006;
Zavalloni et al. 2009) or under natural conditienihout any explicit weather treatments (e.g.
Verheyen et al. 2008). Thus our study can providégortant link between research under

controlled conditions on the one hand and natwatitions on the other hand.

We propose two hypotheses for the instant and riated response dd. lanatusto extreme
weather events and one for the overall communisparse, evaluated by a non-invasive

instant measure:
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Severe weather stress (drought and heavy raingteffen the target speciétlcus
lanatus will be detectable by an instant measure of thetgdynthetic efficiency
(chlorophyll a fluorescence), and reduced photosynthetic effayewill lead to
reduced productivity per individual (integrated m@@) under extreme weather

conditions.

The expected negative responséiofcus lanatusndividuals to extreme drought, the

major threat for this species, will be amelioratedhore diverse communities.

On community level, negative effects of drought aedvy rain on the photosynthetic
response ofHolcus lanatuswill be ameliorated by increased performance of
neighbouring species in functionally more diversenmunities as predicted by the
insurance hypothesis.
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MATERIALS AND METHODS

The study was conducted in summer of 2007 in thegiand plots of the EVENT-Experiment
at the University of Bayreuth, Germany (EVENT-Expent 2005) Holcus lanatuswas
chosen as target species, because of its imporiarfgopean grasslands and its availability
in nearly all factorial combinations in the expesimh The EVENT-Experiment is a field
experiment carried out with a two-factorial desiganipulating (1) weather events (drought,
heavy rain, ambient control) and (2) functionalnpldiversity (Jentsch et al. 2007). It was set
up in 2005 at the Ecological-Botanical Gardens lné University Bayreuth, Germany
(49°55'19”N, 11°34'55”E, 365 m asl). Mean annutgmperature is 7.8°C; mean annual
precipitation is 709 mm, usually distributed bi-natig with the major peak in June/July and a
second peak in December/January (Data: Deutschéekfienst). To prevent confounding
effects by soil properties, a homogenized substratele of loamy sand (82% sand, 13% silt,
5% clay), pH = 4.5 and 6.2 ( measured (1M KCI) pper and lower soil layer), was added to
the site during the set up of the experiment. Tleatther manipulations, each replicated five
times, were applied in a randomly distributed blabésign over the total area of the
experiment with the experimental plant communiteasdomly embedded within these blocks
(see Jentsch et al. 2007 for details). The gradspdots consist of five species typical of
mesic Molinio-Arrhenathereteaneadow communities (Pott 1995) grown at four diitgr
levels (monocultures (G1-), two species mixture2-jGand four species mixtures without
(G4-) and with (G4+) a legume species). The sideth® plots were 1x1 m for the mono-

cultures and 2x2 m for the other diversity levels.

Factor 1: extreme weather events

Manipulations consisted of extreme drought, heay and an ambient control. Magnitude of
manipulations was chosen according to the localyE20 extreme event in each category.
Reference periods were the vegetation periodseofoital climate data set from 1961 to 2000
(March to September for each year; Data: DeutstMetterdienst). For this time period,
Gumbel | distributions were fitted to the annuatremes, and 100-year recurrence events
were calculated (Gumbel 1958). Maximum values i@ hiistorical data set were 33 days
without rain (June and July 1976) and 152 mm raithiwv a period of 14 days (June 1977).
Accordingly, a drought event of 32 days (droughtnipalation = D) and a heavy rainfall

event of 170 mm within a period of 14 days (heaiy manipulation = R) were applied in the
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experiment during the peak growing season in Jumr 2005 to 2007 (Fig. 1). A contr
(ambient natural conditions = C) was used to ewe manipulation effect

35 —{---- Heavy Rain Figure 1 Soil moisture and precipitation in tl
_ —— Drought EVENT-Experiment during manipulation ai
B 30 e Controll\,’\\ A recovery after extreme drought and heavy rait
Loos Pt 'k.‘ R : events. 48 h mean values of hourly measuren
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Drought (D: 32 days without any precipitation) wasulated using ra-out shelters. Rain-
out shelters were constructed with a steel frameé eovered with transparent foil tF
permitted nearly 90% penetration of photosynthéticactive radiation. Potential warmir
effects of shelters were lessened by building th@f at 8( cm height, allowing for winc
through-flow thus neasurface air temperature was not significantly dédfe below thar

outside of the shelters (pairwis«-test with Bonferroni correction: p = 0.2

Heavy rain manipulation (R: total precipitation bf0 nm within a period of 14 days) wi
realized using a manually operated moveable iingasystem. Drop size and rainfall in-
sity resembled natural heavy rainfall events throagplication by Veejet 80100 nozzl
commonly used in erosion research (Ket al. 2005). The application of water was car
out twice every day to ensure constantly high wailer content (SWC) (~ 12.2 mm/d; half

it in the morning and the other half in the evehirignatural precipitation events occurre
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the amount of natural rain was subtracted fromrdspective daily dose of simulated rain
thus, in sum, 170 mm rain in 14 days were not edegeSmall plastic sheet pilings around
each plot and around the manipulation blocks westalled to avoid leaching and lateral
surface flow of water from the heavy rain treatmgsiinulated high SWC) to the drought
treatment (simulated low SWC) or the ambient cdr{tvatural SWC).

SWC (as a proxy for effectiveness of weather treatsy Fig. 1) was measured at 5-10 cm
depth with an ECH20-5 sensor (Decagon, USA), whichducted hourly readings in five

replications in the G4- plots. Due to technicallppems, measurements of SWC started only
five days after the start of the heavy rain treatinbevertheless we gained information about
the most important time period at the end of theathwer manipulations where greatest

differences in soil moisture (due to treatmentsjenexpected and observed.

Factor 2: functional diversity

Plant communities contain up to four species chdsen a five species podHolcus lanatus

L., Arrhenatherum elatiugL.) P.B. ex J. et K. PreslPlantago lanceolatalL., Lotus
corniculatusgroup andGeranium pratensé.. (Oberdorfer 2001). Species were chosen by
their functional group (grass, forb, legume), tHde-span (perennial), their overall import-
ance in nearby and central European grasslandnsystnd their adaptation to the substrate.
In April 2005, 2x2 m plots were planted with 10@iwviduals in a systematic hexagonal grid
with 20 cm distance between neighbours. In autuB0621x1 m plots with 25 individuals
were planted in the same pattern for monocultufabeotwo grass species. Original species
combination was maintained by periodical weedingafi-planted species but spreading and
succession of the planted species was freely atloavel resulted in an averaged cover per
plot of nearly 75% on 26-Jun-2007 (Fig. 2). Midsrcontaining.. corniculatushad an
average cover of 95% whereas the other commuratibgeved nearly 70% cover (data not
shown). The number of functional groups had a &mant impact on total cover of the
communities (one way ANOVA, p < 0.001), but no mtion effect between number of

functional groups and weather manipulation wasdaebde (p = 0.942).

Four different diversity levels were realized ire texperiment: monocultures of the grasses
(G1-), two species mixtures (G2-) and four specmstures without and with the legume
specied.. corniculatus(G4- and G4+, respectively). Community compositias:

G1-: 1x1 m plots; monocultures éfolcuslanatus(or Arrhenatherunrelatiug,
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G2-: 2x2 m plots; two specieHolcus lanatus and Arrhenatherumelatius), one functional

group (grass),

G4-: 2x2 m plots; four speci (Holcuslanatus Arrhenatherumelatius Plantagc lanceolata

Geraniumpratensg, two functional groups (grass, for

G4+ 2x2 m plots; four specieHolcuslanatus Arrhenatherunelatius Plantagc lanceolata

Lotuscorniculatug, three functional groups (grass, forb, legui

Figure 2 Photographs ofdlur representative plots across the diversity gratdin the EVEN-Experiment (20-
Jun-2007)Holcus lanatusn monoculture (G-: A), a two species mixture witH. lanatu: and Arrhenatherum
elatius (G2-: B) and both four species mixtures wH. lanatus A. elatius Plantago lanceolat and Geranium
pratenseas a fourth species (G42) or Lotus corniculatugs a fourth species (G4B).

Light reactions of photosynthesis using the chlbgda fluorescence meths

The quantification of chlorophya fluorescence of photosystem Il (PS 1I) is a -invasive
way of measuring the efficiency of light reactidn situ (Schreiber et al. 1986; Maxwell a
Johnson 2000). Light intensity (PFRniol m? s'] = photon flux density; used here for lic
with a photosyritetic active wavelength rangeA = 380710 nm) changes within the canc
in reaction to diurnal cycles and canopy structtines leaves are exposed to varying li

intensities.

In the field, we measured the fluorescence sigridl two PAM-fluorometes (PAM = pulse-
amplitude modulated photosynthesis yield analyP&iv-2100 and MIN-PAM by H. Walz

55



Materials and Methods Manuscript 1

GmbH, Effeltrich, Germany) with leaf clip holdergstribed byBilger et al. (1995). We
measured the fluorescence signaHolcus lanatusPlantago lanceolataGeranium pratense
andLotus corniculatusArrhenatherum elatiusvas not measured because its leaf lamina was
too narrow for PAM-measurements. Both fluorometeese calibrated against each other via
light intensity and randomly chosen leaf samplasrpgo measurements. The light intensity
was taken automatically as spot measurements bic@aunantum sensor integrated in the
leaf clip holders of both PAM devices. The fluoresce measurements per plot were
conducted as follows: First we measured a fluomsestandard provided by H. Walz GmbH
(for correction of absolute values) and then twavés of five representative individuals per
species (= 10 measurements per species and pletselgcted one individual in every corner
of the inner square meter and one randomly chaséividual for measurements to obtain
non-clustered results. We chose only fully devetbfgaves in the upper half of each plant
and measured them between half-way across angtier third of the leaf (in the direction of
the leaf tip). During the measurements special @ee taken not to change the ambient
conditions, such as the angle of the leaf or ifsosyre to sun or shading. All measurements
were conducted around solar noon (10:00 to 14:8@asurements with two fluorometers
were performed in opposite directions along thdspto ensure maximum randomization of
measured parameters during the diurnal light courdée conducted fluorescence
measurements on three dayshe end of the treatment period (drought wasiegfor nearly
one month and heavy rain for nearly two weeks)eteeal extreme weather effects on plant
performance. We present data from the 20-Jun-20GFieé manuscript because this was the
last day of weather manipulations and thus the witle the most extreme environmental
impact. We provide data from a study in 2006 aspBampentary material.

As a direct response from the fluorometers, theo#iffe quantum vyield of light adapted

leaves AF/Fy,, eq. 1), was obtained for every single leaf meaur

AF _ (F,'-F)
Fm' Fm'

(1)

WhereF is fluorescence yield of the light-adapted leaf &ptis the maximum light-adapted
fluorescence vyield when a saturating light pulsEO® 2000umol m? s*, duration: 0.8 s)
was superimposed on the prevailing ambient lighelke (Genty et al. 1989; Schreiber and
Bilger 1993). The effective quantum yield providaormation on an individual measure-
ment at ambient light conditions and (because watirange with changing light intensity) is

a non-comparable parameter under fluctuating, ahtunditions. Potential quantum yield of
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dark-adapted leaved(F.), a comparable one-value-parameter, could not keasored
experimentally in this study due to technical pesb$. Thus, we developed an alternative
approach and extrapolated the effective quantuid gielight-adapted leaves to estimate the
potential quantum vyield; this parameter will be olexd as extrapolated potential quantum
yield of PS Il £/Frexpo, eq. 2) in the following. For this, light resse curves ofF/Fy

were fitted against PFD using a three-parametxigpeential decay regression.

m

FJ/Frexpo is calculated for= 0, i.e. for extrapolating the fitted functiorrieFD = 0.

To gain the maximum electron transport rate (E&R a further cardinal point of photo-
synthesis (Rascher et al. 2000; Peek et al. 20@3cHer et al. 2004), we used a novel
mathematical approach (eq. 3). It is based on uihetions to calculate the apparent rate of
electron transport from the effective quantum yi@dR =AF/Fm™x*0.5*absorption factor)
and the regression equation to calculate EgkRom ETR vs. PFD light response curves
(ETR = a*(1-é"™)) as described in Rascher et al. (2000).

AF _arfi-e™) 3)
F,'  x[D50077

Here, x is the photosynthetically active radiat{®¥D, A = 380-710 nm). Under high-light
conditions (x— ), the exponential ternf & becomes zero and tlevalue directly reports
the value for ETRax The mathematical calculation of EJR directly from light response
curves of AF/R,’ considers the need for homoscedasticity of th& davhich might be
violated for light response curves of ETR vs. PFI)e factor 0.5 represents the assumption
of equal excitation of both PS Il and PS | and taetor 0.77 is the absorption factor,
measured by an LI-1800-12 integrating sphere (LRCQincoln, NE, USA) on harvested
leaves. The absorption factor reflected the averagbsorption ofH. lanatus and P.
lanceolataleaves over all three weather manipulations bexdhere were no significant
differences between treatments and leaves of diffespecies. The factor was used for the
calculations of ETR for all species measured. WeduSigmaPlot 10.0 for the regression

analyses and the calculation of cardinal poingghaitosynthesis.
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Photosynthetic community response

We used the PAM-measurements of different spetiesaiatus P. lanceolataG. pratense
andL. corniculatu3 and calculated an averaged value from speciesfgpeffective quan-
tum yield measurementdf/Fm’) as a photosynthetic community response. \Aleutated
the maximum electron transport rate of the wholmmuinity (community ETR,y from
communityAF/Fm’ using equation 3. This parameter (communifiRE,) might allow for
the comparison between invasive harvest and namsimg measurements at the community

level.

Aboveground net biomass production of Holcus lamatdividuals

At the end of the weather treatment in July 20@ur findividual plants (tussocks) of.
lanatuswere harvested separately in every plot (to detexmet biomass production of one
individual = NRyg), resulting in 20 individuals per weather manipiola and species richness
level. They were dried for 72 hours at 70°C andgived.

Statistical analysis
Data subsets

Due to the missing of monocultures in the heavyg teeatment, we used two subsets of data
for the analyses of covariance (ANCOVA) of fluoresce data and for the analyses of
variance (ANOVA) of individual biomass di. lanatus Subset 1 consisted of all weather
treatments but excluded the diversity level monical (subset 1: G2-, G4-, G4+ in C, D and
R). Subset 2 consisted only of the weather treatrdesught and control but included all
diversity levels (subset 2: G1-, G2-, G4-, G4+ iar@i D).

Chlorophyll a fluorescence

We applied general linear models to our data amstedeeffects of different factors on
photosynthetic response on species level Kfotanatud with different data sets. We used
ANCOVA with light intensity (PFD) as covariable atite effective quantum yield\E/Fr,')

as dependent variable. First, we tested all availdata for species-specific differences in

AF/Fy measurements (species as factor). Second, wel efféets of weather treatment and
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diversity level (factors) oAF/F,, measurements of the target spet¢iesanatusin subset 1
and 2.

We transformed\F/F,, data exponentially to meet assumptions of norgnalitd of homo-
geneity of variances required by ANCOVA. We usedSPL1.5 for Windows (SPSS Inc.,
USA) for ANCOVA. The level of significance was getp = 0.05.

We conducted pair-wise comparisons for significdifiterences in Chi-square-distribution
(x® with Wald-tests (see eq. 7 and Rascher et &84t specify differences (indicated by
ANCOVA-results for AF/F,’) for the extrapolated potential quantum vyield of M
(FW/Frexpo) and maximum electron transport rate (RfRof H. lanatusand for community
ETRnax under different abiotic and biotic conditions ugiMicrosoft Office Excel 2003
(Microsoft Cooperation, USA).

W - (ai - az) (7)
JISEX(a,) + SEX(a,)]

The Wald-test compared two values with standardrea; anda, (values forF/Fnexpo or

ETRyay are the parameters tested against each othe3lamsithe standard error of the mean
of each parameter. Every factorial combination ehther treatment and diversity level was
tested against each other to obtain informatiorutlstatistical significant differences. The

level of significance was set to= 0.05.

Individual biomass

For the statistical analysis of biomassHoflanatusindividuals (NR) data were separated
into subset 1 and 2. ANOVA combined with linear mksdwere applied to test INF for
significant differences of weather treatment angeity level (factors) while accounting for
the fact that the diversity levels were nested withe weather treatment. The NRlata were
tested for normality and heterogeneity of varianbgsexamining normal qg-plots of the
linear model as well as pp-qqg-plots and residuatsus fitted plots. For subset 1 conditions of
normality of data were not met, thus data werettagsformed before analysis. The level of

significance was set to p = 0.05.

To specify differences (indicated by ANOVA-resuliis)NPq of H. lanatus we used Tukey’s
HSD post-hoc-comparisons. All statistical analyssated to NRyq were performed using R
2.4.1 (R-Development-Core-Team 2006).
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RESULTS

Species identity had a significant effect on thieaive quantum yieldF/Fy’; ANCOVA
over all data: kF1350= 36.212, p < 0.001) at the last day of the exéreveather manipulations
(20-June-2007) as also species-specific fits iruf€ge show. Thus all further results on
species level report only about the target spddidanatuswhich was available in nearly all
diversity levels in three weather treatments andused measurements on the other species

only for the calculation of the community response.

Diversity level and weather treatment had signiftaeffects on the effective quantum yield in
leaves oH. lanatus(Fig. 3) along the gradient of light availability both subsets of data and

strong interactions between diversity and weatleattnents occurred (Table 1 A, B).

Monoculture 2-species 4-species; - Lotus 4-species; + Lotus
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Figure 3 Effects of the different weather and diversityatraents on the effective quantum yield of photaayst
Il (AF/R, of PS 1) of Holcus lanatusplotted against photon flux density (PFD) in tHeofmsynthetic active
range (wavelengthh = 380—710 nm) on the last day of the manipulageriod (20-Jun-2007). Each solid line
indicates regressions fitted as described in equ&ai Weather treatments are shown row-wise, diyelesvels
are shown column-wise from monocultures (G1-) am lgft side to the two-grass-species-communitie®-YG
and the four species mixtures with two functionaups (G4-) up to the functionally most diverse ommities
with Lotus corniculatusncluded (G4+) on the right side of the panel.

Subsequent Wald-tests specified significant difiees between diversity levels within a

weather treatment for the two derived cardinal {oof photosynthesis. Wald-tests revealed
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differences in the maximum electron transport r(@&E&Ry.) (Table 2 A) but not in the

extrapolated potential quantum yield of PSHJ/Eexpo) (Table 2 B).

Table 1 Effect of light intensity (PFD as covariable) afattors weathetreatment (WT) and diversity level
(DL) on effective quantum yieldM~/F,,) of Holcus lanatugested with ANCOVA in two subsets of da{&)
subset 1 consisted of data for 2-species-mixtuBs)( 4-species-mixtures without (G4-) and with {p4dotus
corniculatusgrown in ambient control (C), drought (D) and heazin (R) treatment an(B) subset 2 consisted
of data for all diversity levels (monoculture = GG2-, G4-, G4+) grown in control and drought treants.

(A) Subset 1 AF/Fm’ (B) Subset 2 AF/Fm’

factor df. MSQ F P d.f. MSQ F P
Weather treatment 1 20.850 1059.884< 0.001 1 19.790 1181.199< 0.001
Diversity level 2 0.109 5.554 0.004 1 0.411  24.560 <0.001
WT x DL 2 0.112 5.685 0.004 3 0.187  11.146 <0.001
Residuals 450  0.020 399 0.017

Under ambient conditions (C), diversity level haal significant effect on ETR.x Lowest
ETRywax Values occurred under the impact of drought inhbfoiur species communities,

significant differences are given below for the teada subsets.

Although ANCOVA showed significant effects of batlkperimental factors on the effective
guantum yield #F/F,’; Table 1), diversity and weather treatments hadlear effect on the
extrapolated potential quantum yield of PSH)/Eexpo; Table 2 B) if compared with Wald-
tests. K/Fnexpo ranged from a minimum of 0.727 to a maximur@.886 and thus indicating
good to maximum light quantum utilization (theocatly maximum value for potential
quantum yield = 0.84). Although the standard ermese high at lower light intensity (< 600
umol m? s* PFD; due to curve fitting, see eq. 2), we teshedttvo most extremi,/Fexpo

Table 2 (A) Maximum electron transport rate (EJ&R) and(B) extrapolated potential quantum yield of PS I
(FWF.expo) in leaves aflolcus lanatusrom different diversity levels (columns) and weet treatments (rows)
at the end of the treatment period. Both cardimé@hts of photosynthesis were calculated frAFIFm’ (see eq.
2, 3) and are given with standard error of the n{&&t), n = 50.

(A) G1- S.E. G2- S.E. G4- SE. G4+  SE.
C 9151 632 8534 448 7675 513 9894 10.72
D 86.61 392 8933 857 5454 358  49.84  4.38
R n.a. 7826 541 8111 577 8376  6.41

(B) Gl- _ SE. G2- S.E. G4- SE. G4+  SE.

C 0.822 0.102 0.757 0.153 0.813 0.103 0.727 0.182

D 0.759 0.069 0.748 15.083 0.745 2.119 0.785 0.078

R n.a. 0.751 0.105 0.758 0.070 0.751 0.055
Weather treatments: C = ambient control, R = heairy, D = drought,
Diversity levels: G1- =Holcus lanatus monocultureG2- = H. lanatus+ Arrhenatherum elatiysG4- =H.
lanatus A. elatius Plantago lanceolatandGeranium pratenseG4+ =H. lanatus A. elatius P. lanceolataand
Lotus corniculatus n.a. = not available
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values against each other using the Wald-testeolch significant differences between treat-
ments may have occurred in case of low standacdsedout found no significant effect.

Diversity level and weather treatment both had ifant effects on aboveground net
biomass production dfi. lanatusindividuals (NRg) (Table 3 A, B; Fig. 4, 5). Lowest Ng
was observed in plots exposed to heavy rain. High€gq was achieved in the two species

mixture (G2-) irrespective of weather manipulation.

Table 3 Effect of weathertreatment and diversity level on individual biomassduction ofHolcus lanatus
plants (NR) tested with ANOVA in two subsets of da(&) first subset consisting of data for 2-species-
mixtures (G2-), 4-species-mixtures without (G4-l amth (G4+)Lotus corniculatuggrown in ambient control
(C), drought (D) and heavy rain (R) treatment éBjdthe second subset consisting of data for all ditxefevels
(monoculture = G1- and G2-, G4-, G4+) grown in coh&nd drought treatment.

(A) Subset 1 N (B) Subset 2 NPing

factor df. MSQ F p d.f. MSQ F p
Weather treatment 2 5.93 8.072 <0.001 1 34.34 9.570 0.002
Diversity level 2 8.02 10.917 <0.001 3 33.82 9.424 <0.001
WT x DL 4 2.71 3.684 0.007 3 10.22 2.849 0.040

Link between photosynthetic energy conversion amudss production for H. lanatus

Considering subset 1 to investigate effects ofwahther treatments in three out of four
diversity levels (G2-, G4- and G4+, without monduatgs), we found a severe reduction in
ETRmax for H. lanatusin both four species communities compared to G2araunities under
drought stress. The difference was significant betwG2- and G4+7{ = 4.10,a < 0.05) but
not between G2- and G4&(= 3.75,a = 0.1) (Table 2 A). Comparingithin a diversity level
under environmental stress, we found that EkRvas severely reduced in both four species
communities under drought compared to the sameiegppemmposition under ambient
conditions - also a significant reduction occurcedy in the four species community with a
legume species (G442 = 4.24a = 0.05 but G4-y? = 3.55a = 0.1). Contrary to the ETRax
response to drought, an excess of water due tha&aey rain treatment had no such effect on
ETRmax (2 = -0.56 to 1.22¢ > 0.05) either within the rain treatment (G2- vé-@s. G4+) or
within a given diversity level (C vs. R in G2-, G&4+).

In contrast to ETRax heavy rain decreased averaged productivitid.ofanatusindividuals
significantly (NR.4, Fig. 4) whereas drought stress did not (averagdaeswithin weather
treatments: C vs. R, D vs. R: botk[®.016). Significantly higher averaged NFoccurred at
the lowest species richness level of subset 1 égeer valuesvithin diversity levels: G4- vs.

G2-, G4+ vs. G2-: both p < 0.001). In the four seecommunities, NR of H. lanatuswas
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Results

not affected by community compoon: no significant differences occurred between

presence (G4+) or absence -) of the legume specids corniculatus(G4- vs. G4+: p =

0.978).
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Figure 4 Subset 1: Net biomass production
Holcus lanatusndividuals (NF.g [g]) grown in 2-
species mixtures (G2-), gpecie-mixtures without
(G4-) and 4-speciestixtures with (G4+) th
legume Lotus corniculatu under the weather
treatmentgA) ambient control(B) drought andC)
heavy rain. Data are mean 1 standard error of the
mean (n = 5), diff@nt letters indicate horizont
differences \Within a weather treatment), differe
symbols indicate vertical differenceswithin a
diversity level) from poshoc tests (p < 0.0.

Diversity levels affected biomass accumulatwithin the weather treatrnts significantly

(Fig. 4). Under ambient conditions individuals groim Gz- had significantly higher bioma:

than those grown in the four species communitiethout a legume species (-). This

response was not found under drought. Under droatgbds individuals grown in G- had no

significantly higher NR4 than individuals in G- (p = 0.09) but significantly higher Mg

than individuals grown in G4+. Within the heavyrrareatment, Ni,g was always very lov

and the diversity level had no effect the individual biomass.

Within the drought treatment, the integrated (bisg)and the ncinvasive instant (fluore-

cence) method gave the same direction and signdecaf results. Within the diversity leve

negative effects of drought cH. lanatus compared to the same species under am
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conditions were detected with both methods, butredm the non-invasive method showed
significant differences, the invasive measurementy indicated trends. Heavy rain reduced
NPnq significantly in more diverse communities wheréabad no effect on ETRux of H.

lanatus

Buffering effect of surrounding species richnes$lofanatus under drought stress

A comparison for ETRax and NRyg of H. lanatusacross the whole diversity gradient of the
experiment was possible for subset 2, comparindiedrsity levels in drought treatment and

control, but not between heavy rain and control.

ETRyax Values under ambient conditions (Table 2A) rentdhiredatively stable and without
any significant differences related to diversitydks @ > 0.05) if monocultures were included

in the analysis. No difference in EJR was observed between the monocultures (G1-) and
two species mixtures (G2-) under ambient or drowghessed conditions. Under drought
stress both four species communities (G4- and Gheyed significantly reduced ETE
compared to monocultureg( 6.00,a = 0.05).

Comparing drought and control (subset 2, Fig. Bgraged individual biomass production
decreased significantly under extreme droughtanatusshowed lower average NPwhen
grown together with thé\. elatius P. lanceolataand G. pratense(G4-) in comparison to
individuals which grew in monoculture (G1-) or tdger with A. elatius(G2-). NR,g was
about 1.5 g per individual lower in the four spscimixtures withL. corniculatus(G4+)
compared to the two species mixtures (G2-). Undeught stress, the species richness level
significantly modified the biomass response. Whitgler ambient conditions, individuals in
monocultures had significantly higher biomass ttierse in the four species mixtures without
a legume species (G4-) the effect vanished undrrgtht stress. Furthermore, the significant
difference in NRy between individuals in G2- and individuals in Gdrly occurred under

drought.
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Figure 5 Subset 2: Net biomass production
Holcus lanatusindividuals (NF,g [g]) grown in
monocultures (G1-), 8pecies mixtures (C-), 4-
speciegmixtures without (G-) and 4-species-
mixtures with (G4+) the legurrLotus corniculatus
underthe weather treatmen(A) ambient control
and(B) drought. Data are me + 1 standard error
of the mean (n = 5), different letters indic
horizontal differenceswithin a weather treatment),
different symbols indicate vertical differenc
(within a dversity level) from po-hoc tests (p <
0.05).

No buffering effect of increasing species richness the performance oH. lanatus

individuals occurred under drought stress. Drougfhess resulted in a severe decreas

ETRnwax accompanied by a dease of NRg which was obvious in both four species co-

unities whereas monocultures or pure grass mixtticesot show such a parallel decreas

both parameters.

Photosynthetic community response to extreme weateat:

Community ETRyx (which wasderived from communityAF/Fm’, Fig. 6, averaged froi

species-specificAF/Fm’ in leaves olH. lanatus P. lanceolata G. pratens andL. corni-

culatusby using eq. 3) was relatively stable and showdg litle response to the extrer

weather treatments (Table .
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Figure 6 Effects of the different weather and diversityatraents on the effective quantum yield of commaasiti
(communityAF/Fm’) plotted against photon flux density (PFDtle photosynthetic active range (wavelength:
A = 380-710 nm) on the last day of the manipulagieriod (20-Jun-2007). Weather treatments are shhown
wise, diversity levels are shown column-wise fromnmcultures oHolcus lanatug§G1-) on the left side to the
2-species-communities (G2-; or; lanatuswas measured) and the four species mixtures withftinctional
groups (G4-) up to the functionally most diversenoaunities withLotus corniculatusncluded (G4+) on the
right side of the panel. Community EFR (Table 4) was derived from the regression curvashematically
using eq. 3. Black solid lines indicate communigggonse whereas grey colour indicates a speciegfispe
responseavithin a mixture: grey-solid #. lanatus grey-dashed Plantago lanceolatagrey-dotted Geranium
pratenseand grey-dot-dashedl= corniculatus

Pair-wise comparisons showed no significant difiees except for community ET& in the
four species communities with a legume species JG@dmmunity ETR.x in G4+ in the
control was significantly higher than in the otltemmunities under ambient conditions and
than community ETRax of G4+ in the heavy rain treatmenpt & 5.06,0 < 0.05). Community
ETRyax Of drought treated G4+ was not significantly diffiet to G4+ in the controh{ =
2.57,0 = 0.2). Negative effects of drought on EJ:Rof H. lanatuswere ameliorated by
neighbouring species thus overall community perforoe was not harmed.

Table 4 Maximum electron transport rates of communitiesm{munity ETR,.) calculated from community
AF/Fm’ (see eq. 3) with 1 standard error of the meadifferent diversity levels (columns) and weathe
treatments (rows) at the end of the treatment derio

Gl- S.E. G2- S.E. G4- S.E. G4+ S.E.
C 91.51 6.32 85.34 4.48 85.40 3.76 158.95 12.82
D 86.61 3.92 89.33 8.57 86.48 5.96 113.15 12.34
R n.a. 78.26 541 86.18 4.66 85.96 5.46
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DISCUSSION

Effect of drought stress on photosynthetic effiyeaind biomass production of H. lanatus

Our first hypothesis asked whether we find reductions in photosynthegidormance under
extreme weather stress in the target spddielanatuswhen measuring the chlorophwl
fluorescence signal and consequently whether redydetosynthetic efficiency (instant
measure) results in reduced biomass per indiviflotdgrative measure). Drought can have
negative effects on leaf area and, as a feedbackierluce C@assimilation and thus further
biomass production (Hsiao 1973). €assimilation is correlated to chlorophalfluorescence
under lab conditions and although the relationshipeaker under field conditions, measure-
ments of fluorescence are often indicative for thee of photosynthesis (Maxwell and
Johnson 2000). Thus, we consider this an impodasstion to address as fluorescence can
be measured quickly and non-invasively (whereasbtbmass harvest is highly invasive and
laborious). Fluorescence measurements could prowmeearly screening indication of
potential biomass reduction if the two parameteesenfound to be clearly correlated in the
field.

We found a weak relationship between ELRand NR,y under drought stress and no link at
all between these parameters in the heavy raitntezd. Despite the theoretical link (Hsiao
1973; Maxwell and Johnson 2000), decreases in photoetic efficiency and biomass
production seemed to be driven by different comssa such that fluorescence would not
form a good non-invasive surrogate for measuriraglpetivity invasively. We detected signs
of drought stress iHl. lanatusunder field conditions in most diverse communi{iéd-, G4+)
when measuring ETR but not forF,/Frexpo (Table 2 A, B). Negative effects of drought on
electron transport rates were confirmed by rediicdididual biomass production (Ng, Fig.

5), although significantly only in four species amomities with a legume species (G4+). The
negative effect of severe drought on the photostitiperformance (ETR,) of H. lanatus

in four species communities was consistent overdamsecutive years (in 2006: Kreyling et
al., Table S1; Fig. S1 in Supplementary materiaf) thus does not represent a single-year
exception. Interestingly, it was not possible ttededrought stress via the fluorescence signal
in species poor communities (G1-, G2-), containamdy one functional group (grasses),
although there was a trend to lower;§fh monocultures and two species mixtures, too.(Fig
5).

A possible explanation for reduced EfRcould be an earlier senescenceHoflanatus

Senescent or older leaves usually have a lowerophemical efficiency (Figueroa et al.
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1997; Waldhoff et al. 2002). Drought is known tduice early senescence in a wide variety of
plant species, e.g. iBalvia officinalisL. (sage, forbXMunne-Bosch et al. 2001]riticum
aestivumL. (wheat, grass) (Shah and Paulsen 200®)icer arietinumL. (chickpea, legume)
(Macar and Ekmekci 2008). Maize plants have beenddo respond to an artificial drought
(root detachment) with a significant reduction iMRg.x that is stronger in younger than in
older leaves (Xu et al. 2008), indicating a strangeaction to drought of not naturally
senescent leaves. A study in the EVENT-Experimenthe response of flowering phenology
to extreme weather events revealed earlier flowesumd a reduction in flowering lengthkh
lanatusunder drought stress (although no effect of ditetevels) (Jentsch et al. 2009). This
phenological shift suggests thdt lanatusmay have experienced early senescence in the
EVENT-Experiment under drought stress. Data on gaywithetic pigment content, on the

other hand, did not confirm an earlier senescepees¢nal communication Julia Walter).

Effect of heavy rain events on photosyntheticieffey and biomass production of H. lanatus

Negative effects of heavy rain treatment ldn lanatuswere not found for chlorophyth
fluorescence (Table 1, 2) albeit strong reduction®NP,4 (Fig. 4). Pociecha et al. (2008)
found that an excess of soil water constrained lgodwth as well as the photosynthetic
apparatus in field beanvicia faba L. minor, legume), but that the strength of impact
depended strongly on leaf age. The heavy rainnreattin the EVENT-Experiment increased
the soil water content and waterlogged the soilnfmre than one week (Fig. 1). Thus, we
expected a reduction in the photosynthetic capdumitlyit was not observed in our study
whereas we found a reduction in individual biomafhl. lanatus(NP,q ) in the heavy rain
treatment, in agreement with Pociecha et al. (200@¢y related negative effects of flooding
on biomass production to a disturbed hormonal dxgiim and restrictions of metabolic
processes due to root anoxia. Shi et al. (2008 dthat it is mainly a lack of oxygen what
leads to biomass reductions under root limited tmws in Lycopersion esculentuomato,
forb). Thus, short-term root anoxia may have haegéR,4 in H. lanatusbut was possibly

not severe enough to negatively affect the photibeyit light use efficiency.

Buffering effect of surrounding species richnesslotanatus under drought stress

Contrary to our expectationd, lanatusperformed worse under drought stress combined with
higher surrounding species richness both in terfimeduced ETRax (Table 2 A) and NRy

(Fig. 4, 5). Thus, we cannot confirm osecond hypothesiswhich predicted a better
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performance oM. lanatusin more diverse communities under severe drougkess For
temperate grass species, the process of facihtatia function of a species having both a low
tolerance to a particular abiotic stress and angtcompetitive-response ability (Liancourt et
al. 2005).H. lanatuswas expected to fulfill these conditions, becaitise severely affected
by drought and a strong competitor in benign emritents (Beddows 1961) . However, we
found no sign thaH. lanatus profited from facilitative effects linked to highepecies

richness or compositional changes.

The negative effect of increasing diversity on EIRand the reductions in NRin drought
stressedH. lanatusmay be related to an increase in belowground catrgretn species-rich
communities. Aboveground biomass per plot (represehy a significantly higher cover per
plot in G4+ communities; data not shown) did narsdo determine all of the stress response
to drought, as a negative effect was found in lotln species communities (not just in the
four species communities with a legume speciesyeidé studies have shown higher
complementarity between species in more diversaroamties and that this can lead to more
efficient total resource use as published by Beser{d979), Loreau & Hector (2001) and by
De Boecket al. (2006) for higher water use efficiency (WUE). Veyen et al. (2008) found

in the Swedish BIODEPTH biodiversity field experimiehat more diverse communities
showed a higher WUE under mild drought stress thmit they were more swiftly negatively
affected when the drought stress increased. Congplrty under environmental stress is
suggested to be most important, if species richdegss below a critical level of ten species
for grasslands (Schwartz et al. 2000; Kahmen e2@)5; De Boeck et al. 2007). Thus, the
four-species-systems fall in the range of maximuesource complementarity at the
community level (hence stronger belowground agtjvtnd this might in turn affect single
species performance negatively. Indeed data owigetmnd processes in grassland and heath
communities in the EVENT-Experiment (Kreyling et 2008b) showed an increase in root
accumulation and enzyme activity with increasingctional diversity irrespective of weather

treatment, which indicates a better niche occupamtlye more diverse communities.

FurthermoreH. lanatusis known to be drought sensitive and is an indicaf medium to
high soil moisture with an Ellenberg F-value = &hereas the neighbouring species in the
four species communities have lower Ellenberg keslof 5, x = indifferent, 5 and 4 for
Arrhenatherum elatiysPlantago lanceolata Geranium pratenseand Lotus corniculatus

respectively (FloraWeb, BfN 2008) (Ellenberg indaravalues; ranging from 1 (= avoiding)
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to 9 (= loving) for different environmental paramet as for soil moisture (F, from German
“Feuchte”)). Overall our data suggest that the cetitipe strength oH. lanatuswas reduced
in the more diverse communities (G4- and G4+) witesaffered more than the other species

from extreme drought (Fig. 6).

Community response to extreme weather events

As Balvanera et al. (2006) emphasise, biodiversifgcts often depend on the level of
abstraction focussed on: individual and populaéifiacts are often very different from effects
at community level. According to the insurance higgsis (Naeem and Li 1997; Yachi and
Loreau 1999) - which predicts higher stability aredilience of more diverse communities in
the face of disturbance - negative effects on @eeies can be ameliorated by an increased
performance of another species in species (or gpioytrich communities. This effect was
indeed observed for the photosynthetic respongheotommunity in our experiment: only
the performance oH. lanatuswas reduced under drought stress while the neigirmp
species did not perform worse (Fig. 6). Thus, ommanity level, no negative effects of
extreme weather events were observed (communitygJ Rable 4), confirming outhird
hypothesis Alike, the overall productivity in the plots wa®t reduced due to the weather
manipulations in 2007 (Kreyling et al. 2008a) whinticates that other species profited from
the photosynthetic limitations &f. lanatusunder drought stress. Our results confirming those
from a greenhouse study where the community regp@weraged potential quantum yield of
PS Il, R/F,) was also not affected by species richness orgitostress under ambient
temperatures. The community’s effective quantumdy{@F/F, 2 ®pg)) decreased in the
course of the drought period (24 d), although atehd no significant differences between
monocultures and communities with ~4.5 species haen detected (Zavalloni et al. 2009).
Results from that study and our own indicate thatrmeasurement of chlorophwgllfluores-
cence provide a useful tool to evaluate communégistance to drought stress under

controlled and semi-natural conditions.

In conclusion we can state that the non-invasivasuement of chlorophy# fluorescence
under semi-natural field conditions is a helpfubltto assess reductions in performance of
plant populations related to drought stress buferoteactions to waterlogged soil conditions.
Thus, a correlation of effects detected by theamis(non-invasive chlorophyd fluorescence)

and the integrated (invasive biomass harvest) ndetias not possible for both environmental
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stresses applied. Under severe drought stressnalxenum electron transport rate (EJXR
reflected the worse performancetbflanatusin the more diverse communities and low;JyP
confirmed this finding. We found no evidence forsjpioe biodiversity effects on the
performance of the target specibls lanatus either under ambient or extreme weather
conditions. Increasing diversity affected integdatend instant measures éf. lanatus
negatively whereas no such effect was found fone&ant community response. Functional
diversity, acting as a buffer against disturbanoetlte community level, is important for
insuring ecosystem stability at the community lev@ensu insurance hypothesis,
McNaughton 1977; Naeem and Li 1997; Yachi and Lor#399) but it had negative effects
on the population of the grass species we invdstigarhe sensitivity oH. lanatusto
extreme drought (as a result of climate change) naag substantial ecological effects on the
distribution of this wide spread species in grassleommunities in Germany and Europe and
could affect grassland systems in a non-predictaldg where this species is relatively

abundant.
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SUPPLEMENTARY MATERIAL

Table S1Parameters of the instant light response curveHolcus lanatusmeasured at the end of the weal
manipulation period in 2006separated by diversity level for each weather maations. Note that no
significant difference between any diversity lewehs found within any weather manipulation. Michs-
Menthen equations (ETRa&* PAR / (b + PAR)) were fitted using quantile regression. Sigance obtained b
a pair-wise permutain procedure with 1000 permutatit (data kindly provided by Jirgen Kreylir.

Roof Heavy

parameter Drough Control P Rainfall Control p

a GZ 160. 2195 0.024 109.9 1355 0.097
G4  141.¢ 206.2 0.007 136.4 1195 0.125
G4 131.¢ NA 97.5 91.8 0.220

b GZ 524.¢ 747.9 0.025 336.5 4101 0.176
G4 434 694.3 0.007 427.7 351.4 0.092
G4" 4285  NA 290 2743  0.287

G2- = two species communities, - = four species communities without a legume spe@ds- = four specie
communities with a legume species
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Figure S1Apparent electron transport raETR) in leaves oHolcus lanatusn different weather treatments a
diversity levels in 2006. The study was conductgdKoeyling et al. in 2006 in the EVEMExperiment.
Drought resulted in sigficant reductions of ET,, (parametersa) and ascending slope of light respo
characteristics (parametey described by the light response curveHolcus lanatusompared to roof artefa
control over all functional diversity levels (seable S3'

Light response characteristics ldblcus lanatu. MichaelisMenthen equations are fitted by quantile regres
on the electron transport rate (ETR in pmi? s?) against photosynthetically active radiation (Pi#sRtmol n
sY: ETR =a * PAR / (b + PAR). Solid curves: fits over all communities, dashmdves: communitie
containing two species of one growth form -), dotted curves: communities containing four speaf two
growth forms (G4-), dottashed: communities containing four species of gvowth forms, one legume (G4
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ABSTRACT

Current climate change increases the likelihoodx@feme weather events and consequently
the abiotic stress exerted on plants in many regadrthe world. An increase in stress levels
can induce shifts in plant-plant interactions rasglin more facilitation and less competition.
Studying facilitation in communities with differedtversity levels under extreme conditions
is an emerging topic in ecology. We investigateddprctivity and the ecophysiological
performance of the gradsolcus lanatusgrowing in communities with different diversity
levels through a period of extreme drought andhi@ tecovery phase after drought. We
measured leaf water potential, chloropha/fluorescence, leaf pigment content, total protein
and nitrogen concentration>N, the productivity oH. lanatusindividuals and community
productivity in all diversity levels. Drought treaent significantly reduced the water
availability for H. lanatusin every plant community, with the greatest reducbccurring in
communities that included a legume species. Comiesnwvith a legume species were most
productive, irrespective of weather manipulatiorot&in content, N-concentrations asiaN
values in leaves dfl. lanatusunder ambient conditions indicated a facilitateféect of the
legume species on N-supply of the grass specigs. fabilitative effect did not show up in
drought stressed legume communitibls.lanatusthat grew in communities with a legume
species showed the significantly lowest maximumntuwa efficiency (F/Fy) during the
drought period, but, by contrast, also showed akguirecovery of f#F, after the drought
period compared to individuals that were growingmonoculturesH. lanatusgrowing in
monocultures and two-species communities producerk hiomass per individual than in
both four-species communities. The biomass prodnat four-species communities with a
legume species was higher than in four-species aonti@s without a legume. The findings
suggest that the presence of a legume speciese®dbe performance of neighbouring
species under extreme drought conditions. High ymtdty in these communities might
enhance inter-specific competition due to incregsasource limitation. In the recovery phase
after drought, presence of the legume species spagdecovery, an effect that might be
related to higher nitrogen availability in thesemtounities. The increase in facilitation in the
recovery phase could be one reason for improvelierese and recovery in functionally more

diverse communities.
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Keywords

Chlorophylla fluorescence, recovery, climate change, EVENT-grpts, extreme weather
event, Lotus corniculatus

Abbreviation list

C = ambient control

D = drought treatment

Doy = day of the year

Fm = maximum fluorescence vyield of the dark adapted le
Fmn’ = maximum fluorescence vyield of the light acapkeaf
Fo = steady state fluorescence yield of the dark adhleiaf
F = steady state fluorescence yield of the light éethpeaf
F = variable fluorescence yield of the dark adapézd |
F/Fm = potential maximum quantum yield of photosystem I
LWP [MPa] = leaf water potential

NPing = aboveground net biomass production of individ{gisissock]
PPFD [umol rifs’] = photosynthetically active photon flux density

W = weekly average precipitation
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INTRODUCTION

Extreme weather events such as drought are likelgdrease in frequency and magnitude in
the near future in many parts of the world due labagl climate change (Trenberth et al.,
2003; Schar et al., 2004). Drought is one of thgomianitations for plant growth, affecting
vegetation structure, plant productivity and intdians between plants (Chaves et al., 2004).
Plants can interact via competition (negative) axilitation (positive) and it has been ob-
served, that facilitation becomes the dominatingdenof plant interaction under adverse
conditions, while competition is the more importdnt/er of community organization under
more favourable conditions. The balance betweenpetiion and facilitation along an
environmental gradient is summarized as the sgesdient hypothesis (SGH, Bertness and
Callaway, 1994). The hypothesis has been suppdyedifferent studies (Eckstein, 2005;
Kikvidze et al., 2006; Sthultz et al., 2007; Eramtral., 2008; le Roux et al., 2008). However,
recent studies have shown that the outcome ofactiens is highly context-dependent (site
condition, species, type of stressor) thereby dusiy the generality of the stress gradient
hypothesis (Armas et al., 2005; Weedon et al., 200&stre et al., 2009). In many cases, an
increase in stress by a reduction of the limitiagtdr, e.g. water in arid environments, has
even been found to lead to increased competitisteaa of facilitation (Tielborger et al.,
2000; Ludwig et al., 2004; Maestre et al. 2004).

The study of plant-plant interactions is linked ‘®ome of the most important current

ecological issues, including the relationship betwbiodiversity and ecosystem function, and
the impacts of global change” (Brooker et al., 20@8wever, most studies focus on pair-
wise plant-plant interactions (Fotelli et al., 20@titton et al., 2003; Fernandez et al., 2007;
Cavieres et al., 2008) and only a few studies iiyate the effect of a varying number of
neighbouring species or functional groups on théop@ance of an individual target species.
Ecological theories such as the insurance hypah@&chi and Loreau, 1999) state that
higher diversity increases the probability of maining the functioning and stability of an

ecosystem in a fluctuating environment. This iglpaxplained by a higher trait asynchrony
and redundancy and partly by increased positiverastions in more diverse communities
(Tilman and Downing, 1994; Yachi and Loreau, 199B)e positive relationship between

ecosystem functioning and biodiversity is related (f niche complementarity (higher

performance through facilitation or resource piaring) and (ii) the selection effect (higher
probability of including a good performer in morvetse communities) both of which are

explained comprehensively by Loreau et al. (200Legumes are often key species for

82



Manuscript 2 Introduction

enhanced stability in plant communities, as theyaacfacilitators (enhance productivity and
N-nutrition of neighbouring species) in plant commities under non-stress conditions (Spehn
et al., 2002; Hector et al., 2007; Temperton et2007; Dybzinski et al., 2008). However,

their role on the performance of neighbours undeote stress conditions has rarely been
studied.

Cardinale et al. (2002) stated that “facilitatioaynbe a key mechanism by which biodiversity
enhances the performance of ecosystems” thus gnfacilitation research to community
ecology. Maestre et al. (2009) and Brooker et 2008) highlighted the need for extending
research on plant interactions from the individieaiel up to the community level. In plant
communities with higher diversity levels, non-lineaffects and the indirect effects of
facilitation also become apparent (Michalet, 200&)t instance, Mulder et al. (2001) found
an increase in positive interactions in more digdssyophyte communities during drought.
Furthermore, both species- and genetic-diversigedpp the recovery of plant communities
and therefore enhance resilience as has been foutite few existing studies investigating

post-stress community recovery (Tilman et al., 19&usch et al., 2005).

This study addresses effects of neighbouring spebkness and composition on productivity
and on the ecophysiological performanceHoicus lanatuqYorkshire fog, Poaceae) under
extreme drought and in the post-drought recovelspi. lanatusis a widely distributed
perennial grass with a wide ecological range, nyamaicurring in moist habitats on relatively
fertile and moderate acidic soils (pH 5-6) (Grimhale, 1988). Our aim was to link facilitation
and biodiversity research by measuring the resparisene species within differently
composed communities varying in species and funatidrait number. We measured
physiological parameters (chlorophyd fluorescence, leaf water potential, content of
photosynthetic pigments) as well as biomass praglugter individual to quantify sensitivity
to stress and the course of recovery. To invegtigatmmunity response and a possible
facilitative effect of legume presence, we assesseununity productivity and nitrogen data.

Our study was based on three hypotheses:

0] Community diversity buffers the negative effectslodught stress oH. lanatus
due to an enhancement of facilitative effects, sagbhading or hydraulic lift.

(i) The presence of a legume species further enhanedmsitfering capacity of
community diversity, as legumes are known to adtifative under non-stress

conditions.

83



Introduction Manuscript 2

(i)

The recovery oH. lanatusafter drought is speeded up in more diverse
communities, due to a better overall performanakiarmproved resilience of more

diverse communities.
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MATERIAL AND METHODS

Experimental design

Our study was conducted as part of the EVENT-erpamis, which investigate the effects of
simulated extreme weather events and species twersecosystem functions (Jentsch et al.,
2007). The EVENT-experiments are located in thel&gioal Botanical Garden of the Uni-
versity of Bayreuth, Germany (49°55°19"'N,11°3485365 m asl). The experimental design
consists of two factors: 1) extreme weather maafpuh: drought (D), weekly average
precipitation amounts (W), and ambient conditiomsdontrol (C), and 2) community diver-
sity: Holcus lanatus(L.) monocultures (1-)H. lanatus growing together with one grass
species (2-), with one grass species and two f@d)or with one grass species and two forbs,
with a legume species (4+) (Table 1). The setugsists of five replicates of each factorial
combination. Communities were planted in 2 m x Plots except for the monocultures that
were grown in 1 m x 1 m plots. The factors were liggpin a split-plot design, with
community diversity nested within weather treatmsemthe species composition that had been
planted was maintained by periodical weeding. Catquisition was carried out within or

close to the inner square meter of each plot tunivent any edge effects.

Factor 1: Extreme drought event

Extreme drought (D) was induced using transparami-out shelters. Extreme greenhouse
effects were avoided by starting the roof from alhieof 80 cm, allowing air exchange near
to the surface. The intensity of the drought waseldaon the local 1000-year extreme drought.
Vegetation periods (March to September) from tharyel961-2000 acted as a reference
period. Gumbel | distribution was fitted to the anhextreme, and a 1000-year recurrence
was calculated (Gumbel, 1958). Drought was defaeethe number of consecutive days with
a daily amount of less than 1 mm precipitation.sTiesulted in a drought period with a length
of 42 days that started on May"22008 (day of the year (doy) 141 ) and ended ore Bdfi
2008 (doy 182). To end the drought treatment, wegated one third of the long-term weekly
average amount of precipitation (see below) onetli@ys in the week after drought, starting

directly on the day after drought if no naturalg@p&ation occurred (rewetting period).

The ambient control treatment (C) remained undeurah conditions without any mani-
pulation. To obtain an additional comparison witind-term mean conditions, we installed
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regularly watered plots (Weekly Average, W). Hehe, long-term weekly average amount of
precipitation (vegetation periods 1961-2000 as fareace) minus the naturally occurring

precipitation during that particular week was iatigd once per week, to ensure continuous
water availability. Figure 1 provides data on subisture, precipitation and temperature at

the time that measurements were taken.
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Figure 1 Natural precipitation (a), midday temperature &d soil moisture (b) data within the EVENT-
experiment over the measuring period (last weerotight treatment and first week of post-drouglkbvery
phase). Vertical black line shows the end of trmught treatment on the day of the year (doy) 18d.r8oisture
was measured in four-species communities withogtitee species at a depth of 5 cm using FD-sendugs, t
means of hourly readings for each day are givenbiant Control (C) sensors stopped on doy 183 (due t
technical problems).

Factor 2: Plant communities

All mixed plant communities consist of 100 indivads per 2 m x 2 m plot. All individuals
were planted in a regular grid 20 cm apart fronghkouring individuals. All plants were pre-
grown from seeds in autumn 2004 and planted outsidgril 2005. Monocultures (1 m x 1

m plots, 25 individuals) were installed in autun®08 with plants that were planted outside
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since April 2005. Thus, individuals were three geald during the measurements. The target
speciedH. lanatusgrew in four community compositions, differing the number of species
(one to four) and the number of functional groupse(to three) (Table 1).

Table 1 Community composition and diversity levels for commities with the target specie®lcus lanatus

community name functional groups species
monoculture 1- one grass Holcus lanatus
Two-species community  2- two grasses Holcus lanatus

Arrhenatherum elatius

Four-species community4- two grasses Holcus lanatus

without a legume two forbs Arrhenatherum elatius
Plantago lanzeolata
Geranium pratense

Four-species community 4+ two grasses Holcus lanatus.
with a legume one forb Arrhenatherum elatius
one legume Plantago lanzeolata.

Lotus corniculatus

Response parameters
Leaf water potential

Leaf water potential (LWP) was determined using MSP600 pressure bomb (PMS
Instrument Company, Albany, USA). It was measurefbfe dawn on June 98July 3% and

July 8" (doy 180, 185 and 187), treatment ended on Jufi€®fy 182). We also performed
midday measurements on Jund'28oy 177) and July'3(doy 185). Leaves were cut with a
razor blade, transported to the pressure bomb irmalaminium foil bag and measured
immediately. LWP was the negative applied pressutdPa when xylem-sap was visible at

the cut end of the leaf.

Chlorophyllafluorescence

Non-invasive chlorophylé fluorescence measurements were used to measu@sphimetic
performance, namely the quantum efficiency of piggtem Il as described by Rascher et al.
(2000). We measured predawn fluorescence of daagtad leaves between 0130 hrs and
0400 hrs during the last week of the drought tremtnon June 26(doy 178) and on three
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days during the recovery phase after drought (Bfh@loy 185) three days after rewetting;
June §' (doy 187) five days after rewetting and Juffe(@oy 189) 7 days after rewetting).
The maximum quantum efficiency of photosystem |[/KF) was derived from the maximum
fluorescence of the dark-adapted leaf after apglyansaturating light pulse {F and the
variable fluorescence yield of the dark adapted (Ea= Fn, - Fo) with iy being the steady
state fluorescence vyield of the dark adapted Igkix{vell & Johnson, 2000). Chlorophydl
fluorescence was obtained using a pulse-amplituoéuhated photosynthesis yield analyzer
(PAM 2000 by H. Walz GmbH, Effeltrich, Germany) via leaf clip holder as described by
Bilger et al. (1995).

As we wanted to obtain the species responded. danatuswithin the community, measured
individuals were chosen randomly on each day medsuhus representing the overall
performance of the species within the communityl aot the performance of one individual.
A fluorescence standard was measured prior to pethwhich was then used to normalize
the fluorescence values that were obtained. We umea@only fully expanded leaves in the
upper third of each plant individual and used #w®ves of four plant individuals per plot. To
determine F/F,, the median of all data within one plot was takenanalysis to avoid pseudo-
replication. We measured the chlorophglfluorescence ofH. lanatusunder drought con-
ditions in all communities. Under ambient condisofC) we only conducted fluorescence
measurements in monocultures (&ndin communities with a legume species (4+). Under
conditions with a weekly average precipitation (W@ carried out measurements in two-
species communities (2-) and four-species comnasitwithout a legume species (4-).

(Neither monocultures nor four-species communitigh a legume species were available).

For statistical analysis, C (ambient conditionsyl & (weekly average precipitation) were
treated as two different manipulations. Howevegngicant differences in Jf, between the
ambient control (C) and the long-term control (Wgekverage precipitation, W) only
occurred on July'3(doy 185, 3 days after rewetting). On doy 185 ifdlials growing under
ambient conditions in monocultures showed signifigahigher K/F, than for those growing
in the controls of all other communities, and weken higher than in communities which
regularly received weekly average amounts of pretipn. There were no further differences
between the ambient control (C) and the long-teomtrol (W) in different communities at
any other time of measurement, therefore, both amtionditions (C) and weekly average

precipitation (W) are referred to as “control” hetfollowing.
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Pigment analysis

Leaf samples for pigment analysis were taken onasieday of the drought treatment (June
30", doy 182). 3 cm2 of leaf material from one leaf plt were cut and stored immediately
in liquid nitrogen until they could be transferred-80°C. Leaf discs were ground in a mortar
in liquid nitrogen with Krytobalit to improve celysis, and pigments were extracted using
100% ice-cold acetone. The content of chloroplaylchlorophyll b and carotenoids were
determined photometrically at three different waweiths (470 nm, 645 nm, 662 nm)
(Lichtenthaler, 1987).

Nitrogen concentrations ar&t°N natural abundance in 2007 and protein content00&

To determine5™N natural abundance [%o] and total nitrogen conegiumn [%)] of leaves of
H. lanatus leaf material was sampled in 2007 at the endhef drought treatment. To
determine isotope ratios and N concentrations,l1tmg of dried and finely ground plant
material was weighed into tin capsules and analys#ng an elemental analyser (EA 3000,
EuroVector, Italy). Resulting gases out of DumasnBostion were dried and separated using
a GC-column coupled online to a ConFlo Il intedgdhermo Electron, Bremen, Germany)
connected to an isotope-ratio mass spectrometerT(MB3, Thermo Electron, Bremen,
Germany) (Gehret al.1994).

We used the ratio dPN/**N in the sample and a standard (atmosphegjctdNdetermine the
8N natural abundance value of plant leaves (Marid®i83, Shearer & Kohl, 1986). The

51°N values were calculated as follows:
5N [%0] = (RsampIéRstandard'1)*1000,

where R represents the ratio '8KN/**N isotopes. The N concentration of samples was cal-
culated in comparison to a reference material Witbwn N-concentration. The experimental
design did not differ between 2007 and 2008, buR@®7 the treatments were applied
according to the 100-year-extreme event, so drolagked only for 32 days.

In 2008, leaf material was sampled on the lastafadrought treatment, to determine protein-
bound amino acids. Mixed samples of all plots wieseen in liquid nitrogen until transfer to
-80°C and freeze-dried. Amino acids of the profeaction were extracted. Amino acid con-

centrations were measured with an ion exchangendagraph (Biotronik, amino acid

89



Materials and Methods Manuscript 2

analyser LC 3000) and protein content was calcdlaiepooling the content of each amino

acid in the protein fraction. Weiner et al. (208Q)nmarize the applied method in detail.

Net productivity per individual and community pratuity

Four plant individuals in the inner square metertted 2-, 4- and 4+ communities were
marked at the beginning of the vegetation periooin@lete aboveground biomass of these
individuals was harvested one week after the drotrgiatment had ended, on July™®
calculate the mean aboveground net productivity ipeividual (NR.g [g/tussock]). In
monocultures, all individuals were harvested andnted to calculate N@. To determine
community productivity, all plant material of thener square meter of each plot was cut.
Harvested plant material was dried for 48 hourd04C and weighed.

Statistical analysis

We examined residuals versus fitted plots and nbggaplots prior to each analysis to test
whether the assumptions for ANOVA, homogeneity afiances and normality could be met

(Faraway, 2006). If this was not the case, dat@wewer- or log-transformed.

To test for significant differences in INfPand LWP, we performed a two-factorial ANOVA.
We corrected for the split-plot-design by specifyithe nesting of community composition
within the treatment in the Error-Term of the mixesdel. Fixed factors were community
composition and weather manipulation. To more ¢josgamine the community effects on
H. lanatusindividuals during drought, multiple comparisonere performed for linear mixed

effect models with Tukey correction.

Fluorescence data and pigment data were analy#&ateditly: Although control (C) and

regular watering (W) did not show significant difaces on four out of five days of
measurements, the effect of weather manipulationcammunity composition were analyzed
separately here. The effects of community compmsitwithin drought treatments were
examined using multiple comparisons for linear rdixeéfect models with Tukey correction
and the effects of weather manipulation within eoenmunity composition were analyzed in

a multiple one-way ANOVA using linear models.
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All statistical analyses were performed using RD@elopment Core Team 2006). For mixed
effect models we used the software packalpee (Pinheiro et al., 2008), and for multiple
Tukey comparisons with mixed models we used thevsoé packagenultcomp(Hothornet

al., 2008).

91



Results Manuscript 2

RESULTS

PERFORMANCE OF H. LANATUS DURING THE DROUGHT

Leaf water potential

Both the midday leaf water potential (LWP), meaduse June 28 (doy 177, Fig. 2a) after
37 days without precipitation, and the predawn watgential, measured on June"2@loy
180, Fig. 2b) after 40 days without precipitatishpwed highly significant differences bet-
ween drought treated and control plants (doy 1750.6065; doy 180: P=0.0001). The
drought effect was consistent for all plant commiari(Fig. 2a, b).

Community composition affected predawn LWP on d8 {Fig. 2b):H. lanatusgrowing in
four-species communities with a legume species &howed a significantly more negative
LWP thanH. lanatusgrowing in four-species communities without a leguspecies (4-)
(Tukey test: P<0.001) and monocultures (Tukey tE€st0.001). LWP inH. lanatuswas
significantly lower in two-species communities thanmonocultures (Tukey test: P<0.001)
and marginally lower than in the four-species comities without a legume (Tukey test:
P=0.055).

Maximum quantum efficiency

Species composition significantly affected the maxin quantum efficiency (F,) of dark-
adapted leaves ¢f. lanatusafter 38 days of simulated drought (doy 178: P&010) Fig. 2c).
F./Fn in four-species communities with a legume spe@le3 was significantly lower than at
the other three diversity levels (Tukey test, P@0X) Fig. 2c) whereas no differences
occurred between all other communities without thgume species (1-, 2- and 4-).
Accordingly, treatment effects were tested sepbrater every community with cor-
responding controld. lanatusindividuals growing in monoculture (1-) and in fegpecies
communities with and without a legume species (@d d+) showed significant drought
effects on EF, compared to controls on doy 178 (1-: P=0.001P20.175; 4-: P=0.011; 4+:
P=0.007, Fig. 2c).
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Leaf pigment content

Visual inspection revealed severe signs of pignaglt chlorophyll degradation id. lanatus
growing in the communities that included a legumecses under drought stress, as leaves
appeared yellowish and wilted. This could not beficmed by a pigment analysis, as neither
drought, nor community composition during droughtl fa significant effect on the content of
chlorophyll a, chlorophyll b, the overall carotenoids or the total photosyntheigment
content (Fig. 2d) in leaves éf. lanatus Albeit a trend to lower total pigment contentst&d

in leaves ofH. lanatusgrowing in both four-species communities in theudyht treatment

(Fig. 2d), no statistically significant differencescurred.
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Figure 2 Performance oHolcus lanatusn control treatments (dark-grey bars) and drougiatments (light-
grey bars) characterized by four different paranset@) midday leaf water potential (LWP) (day bétyear
(doy) 177) and (b) predawn LWP (doy 180) — bothabiich showed a significant overall drought effgc)
maximum quantum efficiency (f,) and (d), total pigment content. Error bars intich standard error of the
mean. Asterisks indicate significant differendestweendrought and the corresponding control (P<0.05).
Different letters indicate significant differencegtween the species compositionghin drought treatment
(P<0.05).
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Nitrogen concentratior§*°N and protein content

In 2007, N concentration [%] was significantly demsed in drought plots compared to
ambient control (P<0.0001) ardl lanatusfrom different communities revealed different N
concentrations (P<0.0001HL. lanatusfrom monocultures and two-species communities had
significantly higher N concentrations in its leasue thanH. lanatusfrom four-species
communities without a legume species (Table 2). iSb®pic composition of N3N, Table

2) did neither differ between treatments (ANOVA: (P3), nor between communities
(ANOVA: P=0.1).

Table 2 Nitrogen concentrations ad®N values in leaves dfolcus lanatusat the end of the 100-year extreme

drought in 2007 measured under ambient conditioost(ol = C) and in the drought treatment (D). Meat- 1
standard error of the mean are given (n =5).

community
1- 2- 4- 4+
N [%] C 2.1 +/-0.027 2.0 +/- 0.001 1.7 +/- 0.009 4/:80.000
D 1.6 +/- 0.003 1.6 +/- 0.006 1.2 +/- 0.001 4/30.003
815N [%o] C -2.09 +/- 0.24 -1.98 +/- 0.2 -2.69 +/-0.41 1.82 +/-0.06
D -2.03 +/- 0.04 -1.02 +/- 0.24 -2.52 +/-0.50 -2.58 +/- 0.39

Drought significantly decreased the protein coniean2008. Protein content was lowest in
four-species communities without a legume speamshaghest in two-species-communities
(Fig. 3). Protein content differed significantlyr fid. lanatusbetween plants from four-species
communities without a legume species compared datplfrom monocultures and two-spe-
cies communities (Tukey test: 4-vs.2-, P<0.001s4~ P=0.048) and between plants from
four-species communities with a legume species @adts from two-species communities
(P=0.003).
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Figure 3 Total protein content in leaves biblcus
lanatus at the last day of drought period in the
control (dark-grey bars) and drought treatment
(light-grey bars). Error bars indicate 1 standard
- error of the mean. Asterisk indicate significant
differences between drought and control (P<0.05),
different letters indicate significant differences
overall community response.
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RECOVERY OF H. LANATUS AFTER THE DROUGHT

Leaf water potential

On the third day of recovery after the drought (d8%), predawn LWP dfi. lanatuswas still
significantly reduced compared to the control (R30.Fig. 4a). LWP during recovery was
generally not affected by species composition,tbatmagnitude of the LWP reduction still
tended to be more negative in four-species commesnitith a legume species (4+) as well as
in the two-species communities (2-) for predawn soeament on doy 185 (Fig. 4a). For
midday measurements on doy 185 and 187 neitheatnent effect nor a composition effect
occurred (Fig. 4b, c).

= _ 14 Figure 4 Leaf water potential (LWP) of three
= g measurements in the post-drought recovery phase in
L Holcus lanatusmeasured in the control (C, dark-
[T I grey bars) and drought treatments (D, light-grey
R | bars). (a) Predawn LWP three days after rewetting
E ' showed a significant overall drought effect. (b)
L Midday LWP three days after rewetting, and (c)
8wl predawn LWP five days after rewetting showed no
S 9- 2 4- 4+ more significant effects. Error bars indicate 1
L standard error of the mean.
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Maximum quantum efficiency

The drought treatment had a prolonged effect @R FAn leaves oH. lanatusindividuals
within monocultures in the first week of the recovphase, taking into account treatment
differences in the communities separately (1-: Bsus C: July %/doy 185: P=0.004; July
5"doy 187: P=0.025; July™doy 189: P=0.043; Fig. 5a, b, c). In two-speci@smunities
(2-) as well as in both four-species communitiesaffd 4+), we found significant drought
effects onF,/Fy, in H. lanatusonly up to five days after rewetting, which waplagxd at June
30" doy 182 (2-: D vs. W on July8 P=0.040 and on July"5P=0.0113; 4-: D vs. W on July
39 P<0.001 and on July 5th P=0.003; 4+: D vs. C dn 3t P=0.038 and on July's
P=0.008; Fig. 5a, b). Thus, treatment effects disaped in all communities except for in the

monocultures one week after the drought treatmadtadmded (Fig. 5c¢).

Figure 5 Maximum quantum efficiency (HF,)
(a) measured in the control (dark-grey bars) and

drought treatments (light-grey bars) in the post-
drought recovery phase three (a), five (b) and
seven days (c) after rewetting. Error bars indidate
standard error of the mean. Asterisks indicate
significant differences between drought and the
corresponding control (P<0.05).
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Individual net productivity and community produitiv

Previous drought had no effect on biomass prodagber individual (NRg, Fig. 6a), but
community composition affected R, independent of the treatment ( P<0.0001): Indiald
of H. lanatusgrowing in monocultures (1-) and two-species comities (2-) showed signifi-
cantly larger NRq than individuals growing in both four-species coumities (Tukey test 4-
vs. 1- and vs. 2-: P<0.001; 4+ vs. 1-: P=0.021,vd4+2-: P=0.002). NR of H. lanatusin
four-species communities with a legume species &S significantly larger than Ng of H.
lanatusin four-species communities without a legume sgeci(4-) (Tukey test: 4- vs. 4+,
P=0.0145).

Figure 6 Biomass production (a) d¢folcus lanatus

(a) (b individuals (NR,g) in different communities and (b)
& . E i of whole communities. Different letters indicate
‘ﬁ : significant differences between communities which
‘g T % a = | ae t are monoculture (1-), two-species mixture (2-) and
& = B ‘P four-spemes_mlxtures without (4-) or with (4+) a
g o b E {— legume species.
£ =T ggl||e
; e | I E u
3 2.
3 - Ny
£ E
T &
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Drought had no effect on community productivity dF6b), but community productivity
differed significantly between the different compioss (P<0.0001). Most biomass was
produced in four-species communities with a leguspecies, and least in four-species

communities without a legume species.
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DISCUSSION

The stress gradient hypothesis (Bertness and Calla®94) states, that facilitation becomes
more important during stress. Furthermore, ecoldgiteories predict that facilitation is one
of the key mechanisms that ensure ecosystem s$yalilimore diverse communities. We
attempted to integrate both approaches by linkpecies-specific performance and comm-
unity ecology. Therefore we investigated the vetimtaresponse of one species growing in
communities which differ in their composition angesies number. We hypothesized that
community diversity, the number of species and fional traits within a community, should
have a positive effect on ecophysiological perfarogaof the target speciélcus lanatus
Some studies have shown a facilitative effect amwwnity diversity on single species
performance (Callaway et al., 1997; Cardinale e28i02).

Buffering capacity of diversity during extreme stre

We observed reductions in predawn leaf water piatetWP; Fig. 2b) in two-species

communities and four-species communities with aurheg species when compared to
monocultures. The more negative the LWP is, theelois the water availability a plant
experiences (Larcher, 1994). Thus, predawn LWPItesndicate that monocultures ex-
perienced the least water stress during the drowgatment which is also confirmed by the
nearly unchanged midday LWP (Fig. 2a) fdr lanatusin monoculture. However, the

maximum quantum efficiency of dark-adapted lea¥g&,; Fig. 2c) was reduced in mono-

cultures, indicating minor photoinhibition (Maxwelhd Johnson, 2000).

The highest performance reductions during the drbpegriod, revealed by strong negative
effects on predawn LWP and/F, (Fig. 2b, c), were found foH. lanatus growing in
communities with a legume species (4+). The outhteyty low values for FF, are most
likely due to wilting or early senescence ldf lanatusin 4+ communities although the
pigment data (Fig. 2d) only show a trend towardwelo chlorophyll content (and no
significant differences). However, visual inspentiprovided signs of severe pigment and
chlorophyll degradation. The discrepancy betweesuali appearance and results from
pigment analyses might be related to the samplvigereas we “see” the overall species
performance, we sampled only one leaf per plottf@ pigment analysis (n = 5), which
nonetheless only provides a snapshot of the ovepalties performance. Thereforg/Hs (n

= 20) may provides a more representative measine validity of the non-invasive F, is

99



Discussion Manuscript 2

further corroborated by chlorophydl fluorescence measurements in light-adapted lealves
H. lanatusin 2008 (data not shown) and in two previous ye&ars2006 and 2007, the
maximum electron transport rate (EJR, a parameter derived from the quantum yield of
light-adapted leaves, iH. lanatusin 4+ communities exposed to 100-year drought &ven
were significantly lower than in plants from montiates fnanuscript 1; personal communi-
cation Lea Martin). Overall, our ecophysiologicabkults do not support the stress-gradient
hypothesis: no increase in facilitation — but ratae increase in stress — occurred under an
extreme drought event in the communities with ehignumber of species and functional
traits as it has been reported from studies in ¥$arid habitats (see Maestre et al. 2004 and

references within).

The role of Lotus corniculatus for facilitation dog stress

The extreme drought effects &h lanatusin 4+ communities with a legume speciést(is
corniculatug are not in line with other studies that indicatéacilitative role of legumes for
plant interactions in semi-natural mesic grasslhabitats (Gosling, 2005; Palmborg et al.,
2005; Temperton et al., 2007; Fornara et al., 2008is result is also not in accordance with
a greenhouse pot experiment conducted by Wurstr&Beersum (2009), wheltd. lanatus
has outcompetel. corniculatusover a drought period. However, most studies shgwhe
facilitative role of legumes focus on community gwaetivity, a long-term parameter. Comm-
unity productivity is also facilitated by the prese ofL. corniculatusin our study (Fig. 6b);
mainly due to the highly productive legume its@kisonal communication Kerstin Grant) but
also due to higher individual biomass productioredj. H. lanatus(Fig. 6a). The positive
effect of legume presence on community biomass. (Bl is likely to lead to higher
competition for water under extreme drought st@sgeported for experimental grassland
communities exposed to a naturally occurring drowglent (Verheyen et al. 2008) and from
controlled out-door heat/drought pot experimentwitesic grassland species (van Peer et al.,
2004; Zavalloni et al. 2009). The combination ok IbWP for drought treate#li. lanatusin
communities with a legume species (Fig. 2a, b)taechigh community productivity of these
communities (Fig. 6b) suggests that this mechamilsm determines plant interactions during
drought within this well-controlled field experimer®©ur findings support studies which also
show an increase of competition instead of fatiita under extreme water shortage
(Tielborger and Kadmon 2000; Ludwig et al. 2004rtlsoand Turkington 2008).
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Under non-stress conditions, on the other handptesence of the legume species may have
a positive effect on the N availability for neighlsimg species as trends towards higher pro-
tein content (Fig. 4), higher individual biomassg(F6a), higher N concentration adiN
values (Table 2) foH. lanatusplants in communities with a legume species (#fgared to
four-species communities without a legume specie} guggest. Lowd™N values often
indicate low N availability for plants and changes3™N values of non-legume species
towards zero can indicate facilitative interactitvetween a legume and a non-legume species
by N transfer or N sparing (Hogberg, 1997; Tempegbal. 2007). Drought stress does not
only reduce water availability but can have profduegative effects on the,Nixing ability

of legumes (Serraj et al., 1999; Galvez et al.,5200hus, there might be additional negative
effects in 4+ communities during drought. Additibpadata for protein contents in our study
partly support these findings. Protein contentofanatusin all communities declined under
drought (Fig. 4), but the drop in four-species camites with a legume species was larger
(40%) then the decline in four-species communitrglout a legume species (20%). Further-
more,3'°N values (Table 2), which were 33% higher in comities with a legume species
(4+) compared to four-species communities withodegume species (4-) under ambient
conditions (control), were even more reduced Horlanatusin 4+ compared to 4- under
drought. This indicates a loss of facilitative natetions (N transfer or N sparing) between the
legume species and neighbouring plants. The unégbesirong decline in A, for H.
lanatusin 4+ could thus possibly be due to the lack offiXation under drought, which
might have caused a shortage in N-supply, partigalaitrate. CQ andnitrate are possible
electron-acceptors for reduction equivalents frdrotpchemistry. A sudden lack of nitrogen
and nitrate availability together with a lack of £@aused by closure of stomata in response
to drought) could cause an over-energetizationgradodamage to photosystem Il in leaves
of H. lanatus A reduction in FF, can therefore be a sign of persistent photodamagye,
individuals are severely stressed and not abled¢over over night. Additionally, a lack of

nitrogen can prevent the rapid repair of photosgtittproteins.

The role of species and functional diversity fostpdrought recovery

Not only the magnitude of the effect during thees$;, but also the speed of recovery after the
stress period determine resilience and stress mespand are thus important for facilitation
research. Here, despite of showing extreme sigr&tress compared to other communities

during the drought treatment (Fig. 2J, lanatusgrowing in communities with a legume
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species (4+) made an unexpected rapid recoveryrealek/F, of H. lanatusin 4+ was
lowest at the end of the drought treatment, ityfuicovered within the following week and
deviated no longer from those in the other comnmesi(Fig. 5). One week after rewetting
only the monocultures still showed negative effeftthe applied drought treatment oyiFr,
(Fig. 5), although LWP was highest during the tresit period (Fig. 2b), which suggests the
lowest level of recovery. Data from chlorophglfluorescence measurements in light-adapted
leaves (data not shown) confirmed the results fdark-adapted leaves and corroborate the
high potential for recovery oH. lanatusin communities with the highest diversity of
functional traits. The effect could be partly ddtried to resprouting and the quick growth of
new leaves and partly to a higher potential foilitation and niche complementarity which
increase the recovery of existing plant materide et productivity of individuals (NR)
also supported these findings: lanatusindividuals in communities with a legume species
(4+) were more productive (although being subjettedgreater stress levels; Fig. 2b, c) than

in four-species communities without a legume spe@le).

Increased biodiversity often leads to an improvameecosystem productivity and resilience
(e.g. Tilman and Downing, 1994; Isbell et al. 2008) our study, species number had a
positive effect on the recovery of individuals framH. lanatuspopulation (Fig. 5c), but
effects of the presence bbtus corniculatusn four-species communities were stronger than
those of biodiversity. Van Ruijven et al. (2010pshin legume-free experimental grassland
communities exposed to a naturally occurring exérelrought that diversitger seenhanced
community recovery after drought, but not resistan©ur findings further emphasize the
facilitative role that biodiversity, but in firstrder, legumes play under non-stress conditions
in plant communities and also corroborate the odl@itrogen for complementarity effects
(Fargione et al., 2007). Higher nitrogen availapilihrough the presence of an-fiking
legume species after the drought period can addnore efficient recovery and performance
of photosystem II, because nitrate can be usedeisas/ CQ for reduction through reduction

equivalents out of the photosynthetic light reattio

CONCLUSIONS

To summarize, our measurements during the droughtment neither directly support the
stress gradient hypothesis nor the insurance hgpthwe did not found better performance
and increased facilitation in more diverse commesior communities with a legume species

during an extreme drought event. These findingpsustudies which also show an enhance-
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ment of competition instead of facilitation undedtreme water shortage (Tielborger et al.,
2000; Ludwig et al., 2004). However, presence lgfgame species did facilitate recovelriy:

lanatusgrowing in communities with a legume species slibwejuick recovery after severe
drought stress where&t lanatusgrowing in monocultures showed reduced photosyiathe

efficiency for the longest time period.

Our results indicate that functional diversity camhance ecosystem stability and resilience
and is more important for ecosystem functioninghtidaversity in terms of species richness
(Scherer-Lorenzen, 2008). Our study therefore ples/ia link between community ecology
and facilitation research: it is likely that bettesilience and overall performance (due to
legume presence and better resource availabilittheowhole community helped to speed up
recovery of the widespread grass spetletanatus Thus, our results also indicate that two
prominent ecological hypotheses, namely the insgrdmypothesis and the stress gradient
hypothesis, albeit making predictions on differerganisation levels (species vs. community
performance), can be brought together. Thereforerendetailed studies that focus on
isolating direct and indirect facilitation, and gaimg or complementarity effects (Fridley,
2001; Loreau et al., 2001) are needed to investiga role of community diversity and in

particular that of legume presence for facilitation
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ABSTRACT

Facilitation, in the form of extra nitrogen inpuate® ecosystems by nitrogen-fixing plants, has
received very little attention in degraded systamseed of restoration. We investigated
whether positive interactions between plants wontitease with the severity of the abiotic
environment in a calcareous grassland restoratiojeg on ex-arable land. The restoration

treatments consisted of topsoil removal and haytea (from a reference grassland site).

We used thé™N natural abundance method to assess facilitatiterdactions between pairs
of species across an environmental nutrient an@ématailability gradient. Plant pairs,>N
fixing legume species and their non-fixing neigtfowere either adapted to calcareous
grasslands (target species) or mesic grasslandsténget species). We found that restoration
treatments were reflected in thEN signal of the non-legume species: increasingraton
effort led to significantly decreasirijN values. Functional group identity as well as sec
identity affected the&'N signal. We found only weak evidence for N-faeiiion (using the
5N method), with abiotic soil N dynamics overridiagy potential facilitative signal from
neighboring legume species. Although &\ method could not be used in this calcareous
grassland to clearly assess facilitation, this wloals highlighted the potential of using the
integrative character of th&°N signal in plants to provide a useful tool for kening

restoration success (transformation from eutrophiigotrophic systems).

Keywords

chalk grassland, facilitation, legumes, positivanpplant interactions, restoration, stable

isotopes

N-parameters

3"N: ratio of the heavier'{N) over the lighter'(N) stable isotope of nitrogen in plant or soil
samples (see eq. 1A"N: foliar 3*°N values standardized by background bulk $6iN
values (see eq. 2YpNdfa: percent nitrogen derived from atmosphere infiking species
(see eq. 3)Nmin: mineralized N-forms in soil solution, both niga(NG;) and ammonium
(NH4") together
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INTRODUCTION

Low-productive grasslands with a highly specialized of species, such as calcareous or dry
acidic grasslands, form important cultural landsesapf high conservation value in Europe
(Riecken et al., 1997; Isselstein et al., 2005hK& Pfadenhauer, 2007). Due to agricultural
intensification and land-use changes, the restwratof low-productive, species-rich
calcareous (or species-poor acidic) grasslanddbéesme an important tool in conservation
and ecological restoration in Central Europe. Sptfee role of facilitation in the successful
restoration of semi-natural species-rich grassldmas rarely been studied in Europe (e.g.
Ryser, 1993). Facilitation is defined as the abilit one species to modify the environment
beneficially for another species (Connell & SlafyE377), whereby one species has a positive
effect onneighboringor subsequenspecies. The most prominent example for facilitai®
that of nurse-plant effects on neighbors, wherelbgsadent plant (mostly a shrub or cushion
plant) enables a seedling of a different speciesstablish underneath it, thereby providing
shelter (against grazing or climatic effects), s or water. Positive nurse-plant effects
have generally been found in environmentally exgesnosystems such as arid (Pugnaire et
al., 1996) or alpine/arctic environments (Arredoidlmez et al., 2009), but also in more
mesic habitats (Ryser, 1993; Smit et al., 2007).

Equally important but less studied in either ndtorasemi-natural ecosystems, is facilitation
by nitrogen-fixing legume species, which can hawveng effects on nitrogen dynamics and
productivity of non-fixing neighbors or subsequspécies. For economic reasons two-species
interactions (betweenNixing and neighboring species) have often beedist in intensive
agriculture. Enhanced productivity and N-availdpilhas been reported for pasture farming
(McNeill & Wood, 1990b; Elgersma et al., 2000), grmotation (Varvel & Wilhelm, 2003)
and intercropping systems (Fujita et al., 1992etial., 2007), including information about the
relationship between the amount of N transferratithe distance between species or climatic
and edaphic conditions (e.g. Giller & Cadisch, 19@mly little is known, however, about N-
dynamics and positive interactions between N-fixamgl non-fixing species in more diverse
plant communities. We know from biodiversity expeents in mesic grasslands that N-
facilitation often contributes to positive biodigéy effects on community productivity and
nutrient cycling. This is reflected in the N-statsd often in the™>N value of non-fixing
neighbors (Mulder et al., 2002; Spehn et al., 200&nperton et al., 2007; Carlsson et al.,
2009). Temperton et al. (2007) found strong faatiite interactions between three different

mesic grassland species (phytometers) and leguigkhoes along a gradient of plant species
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diversity in a field experiment. They found thaglene species presence (but interestingly not
abundance) affected plant N-concentration, N-cdrgsnwell asd*°N signals in neighbors,
but also that an increasing number of surroundpegies decreased N-concentration and the

5N signal.

The beneficial effect of legume species on neighb®mrelated to two overall mechanisms:
transfer of nitrogen from legumes to neighborshg@itvia exudation, rhizodeposition and/or
decomposition) and sharing of soil N-pools (an aflenown as N-sparing (e.g. McNeill &
Wood, 1990a): the legume species relies more omsgheric N, thus increasing soil N-
availability for the neighbors). Separating thes® mechanisms requires one to be able to
trace the movement of fixed atmospherigcfifdm the benefactor to beneficiary plant during
facilitation and to assess soil N pools. The pathfixed nitrogen from benefactor to
beneficiary plant can be followed using the staBié isotope of nitrogen, which is heavier
than the much more abundafifl isotope. Thed'°N natural abundance signal in plantpés
sea function of thed'°N values of the N-sources of the plant (Handley &é&n, 1992) and

thus functions as an integrator of N-dynamics system (Robinson, 2001).

Hogberg (1997) reviewed the topic 8f°N natural abundance in plants and soils com-
prehensively and describes a variety of factorscéifig the3™N signal in soil-plant systems
(e.g. species identity, mycorrhiza, soil moistyskl, N-status etc.). Th&"°N natural abun-
dance method (established by Amarger et al., 18@8)be used for estimating the percent of
N derived from atmosphere (%Ndfa) in abovegrourahipparts of MHixing species (Shearer
& Kohl, 1986). Despite its effectiveness for assesd derived from atmosphere, few studies
so far have used th&°N natural abundance method to study facilitativgutae-neighbor
interactions; most studies applied an enrichecetraxthe system (called the isotope dilution
method). Thed'™N natural abundance method (comparedh® isotope dilution method),
however, enables species to be identified as Nsj@"°N signal around zero) or non-fixers
(3N significantly different to zero) using the natuf®N signal (Virginia & Delwiche,
1982; Hogberg, 1997). Equally, legume presencerasgand plant communities can affect
the 8N signal of neighbors (Mulder et al., 2002; Spehale 2002; Temperton et al., 2007;
Carlsson et al., 2009) such that non-legume neighimothe vicinity of legumes have lower
5N signals (closer to zero) than plants of the sapecies growing without legume

influence, allowing an estimate of N-transfer friagumes to neighbors.
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Very few studies have investigated the role of bititmtion by legumes in grassland
environments with extreme conditions (e.g. low mmtr and water availability) and higher
species diversity than in mesic grasslands (elgae@us grasslands). The stress gradient
hypothesis predicts an increase in positive interas with increasing environmental stress
(Bertness & Callaway, 1994). N-facilitation along gradient of N-availability should
therefore be strongest in a substrate, where Nhguppowest and weaker than under more

mesic conditions.

Restoration of low productivity habitats (e.g. @kous grassland in Europe) on ex-arable
land often requires the removal of nutrient-rictpdoil to recreate the appropriate soil
nutrient-dynamics for the target communities (Kiehhl., 2006; Kiehl & Pfadenhauer, 2007)
Restoration sites, which include a gradient of abienvironments, for example on sites with
and without topsoil removal, have the potentigbtovide an ideal testing ground (Bradshaw,
1993) for the stress gradient hypothesis. In thiglys we investigated the role of N-
facilitation by legumes on their neighbors in spseiich, calcareous grasslands across a
gradient of N (and water) availability in a restoya experiment near Munich, including
restoration fields with and without topsoil remoaald sites with and without hay transfer for
the introduction of target species. Our aim wadest the following hypotheses within a

restoration setting:

i.  The 3N natural abundance method can be used to sholitdon by legume
species on non-fixing neighbors in a species-ralareous grassland (as is possible

in experimental mesic grasslands).

ii.  As predicted by the stress gradient hypothesisitipesnteractions between legume
and neighboring non-legume species (reflectedB) values and N-concentrations
in leaves), will increase along a gradient of dbiadtress, i.e. with strongest

facilitation found on topsoil removal sites withveee N-limitation.

To test these hypotheses we sampled pairs (legantesieighbors) of stress-tolerant target
species as well as mesic non-target species iriotiredifferent restoration treatments and
measured the N-concentration and & value in leaves of these species, as well asdtie

nutrient availability and th&"N signal in the bulk soil.
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MATERIALS AND METHODS

Restoration study area and experimental design

The study area consists of ex-arable fields invib@ity of the nature reserve “Garchinger
Heide” (48°18’'N, 11°39’E, 469 m asl) north of MuhjcGermany, which were converted in
1993 in the course of a large-scale restoratiofeptdo reestablish nutrient-poor, species-rich
calcareous grasslands. It is located in the Mugievel plain on pararendzina soil evolved
from melt water sediments from the Wirm glacialigar which had been used as arable
fields since the beginning of the®8entury (Pfadenhauer et al., 2000; Kiehl & Pfadersr,
2007). Water-holding capacity of the nutrient-pamils is low. The climate is humid-
temperate with a mean annual temperature of 7.8A@,total annual precipitation of ~865
mm (data by Deutscher Wetterdienst for Obersch&@ifihand Haimhausen-Ottershausen,
time period 1961-1990, DWD, 2009).

Restoration treatments (topsoil removal, hay tremsiere performed full-factorial on a large
scale on two different restoration fields in 1998of/iding two experimental blocks: block 1
= field 506/508 and block 2 = field 519/520). Toppsemoval, to achieve nutrient reduction
of the substrate, consisted of removal of 40 cnicatjural topsoil down to the calcareous
gravel. Topsoil removal resulted in a strong remuncof the total N-content and the content of
exchangeable P and K in the soil (Table 1a), wisetlea fertile humus layer stayed intact on
sites without soil removal. Hay transfer (of diasgdch undried hay from the nearby nature
reserve "Garchinger Heide") was performed to oveealispersal limitation of calcareous
grassland species (Kiehl et al., 2006). On sitekaut hay transfer the number and cover of
calcareous grassland species (including many legpeeies) was much lower than on hay-
transfer sites, even 13 years after start of thioration (Table 1b).

Both restoration treatments (abiotic factor: topsemoval, biotic factor: hay transfer) were
applied in a full-factorial design giving four difently treated areas per block (sorted by
decreasing restoration effort): topsoil removakarwith hay transfer (+r+h) and without hay
transfer (+r-h); no topsoil removal areas with t@nsfer (-r+h) and without hay transfer (-r-
h). The -r-h areas thus represent the natural samrefrom old field to grassland and hence
form a restoration control (i.e. no restoratioratneent carried out). Since 1995, the -r areas
were either grazed by sheep or mown annually igfAlugust and the +r areas were mown

only occasionally to remove woody species as mowiag usually not possible due to low
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biomass production (Pfadenhauer et al., 2000; Rfaaleer & Kiehl, 2003). Different
management types showed only minor effects on feord fauna compared to the major
treatments topsoil removal and hay transfer and dam be neglected in this study as stated
by Kiehl & Wagner (2006). The biotic environmentpexienced by plants sampled for this

study is summarized in Table 1b.

Table 1 Abiotic and biotic characteristics of the “Garolpgm Heide” restoration project with (a) values for
abiotic soil properties (0-10 cm, summarized frofad@nhauer & Kiehl, 2003; Kiehl, 2005) and (b) spsc
cover and species richness (assessed at two diffsmales: permanent plots and total area perret&io
treatment; summarized from Hummitzsch, 2007). Valaee means with standard deviations, n = 10-2@ fro
permanent plots (4 m?) for all parameters excepécges richness per restoration treatment” where2nfrom
the 2 blocks/restoration fields.

(a) With topsoil removal Without topsoil removal
Skeletal content (fraction 69.9+0.3
>2 mm) [% dry weight] 84558
P,0Os [mg/100g] 41+18 43.8+5.7
K,0O [mg/100g] 9.1+4.2 58.1+7.6
Niotal [%0] 0.2+0.1 0.43+0.04
Corg [%0] 0.9+0.6 46+0.5
C:N 10.1 10.6
pH 7.2+0.1 6.9+0.1
With topsoil removal Without topsoil removal
(b) With hay Without hay With hay Without hay
(tr+h) (+r-h) (-r+h) (-r-h)
Vegetation height [cm] 11.4+5.0 14.1+5.2 52.8.3 58.3+£9.0
Cover [%]
Litter 28+1.3 24+1.2 43.8+24.1 30.0%
Bare soil 242 +13.6 74.8+11.0 1.1+23 5413
Vascular plants 48.4+12.0 20.0+14.2 85972 84.8+5.8
Sum of cover 50.8 + 13.7 26.7+115 13150 1185+12.3
Target GL species 50.0 +14.0 22.2+129 99515.1 35.5+23.6
Mesic GL species 05+0.4 3.3+4.2 34814 77.4 +26.5
Ruderal species 0.3+0.5 1.3+1.6 1.3+1.3 5.6 £+3.7
Legume species 18.5+6.8 59181 19.6+6. 12.4+10.1
Forb species 30.7+9.6 179+4.6 46.0812. 40.7+10.6
Grass species 16+1.6 23+19 66.2+10.5 65.3+11.4
Species richness
Total 23.1+4.2 20.3+6.9 279+51 2486
Target GL species 21.1+3.8 15.2+4.0 19511 95+3.3
Mesic GL species 15+1.6 27126 7541 11.6+1.8
Ruderal species 0.6 £0.6 24+26 1.26+ 0. 29+1.0
Species richness per
restoration treatment
Total 69.5+4.9 85.0+12.1 71.3+1.8 7828
Target GL species 525+27 51.0+22 43178 343+39
Mesic GL species 6.5+0.6 95+3.8 177& 22.0+15
Ruderal species 10.5+2.7 23.5+4.9 10206+ 22.7+2.7

Restoration treatments: with (+) or without (-) $opf removal (r) and hay transfer (h)
Target species = calcareous grassland species (@asuco-Brometea), GL = grassland
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Sampling design

We collected samples in both restoration fieldec¢kl1l and 2) which both contain all four
restoration treatment combinations of topsoil read@nd hay transfer (+r+h, +r-h, -r+h, -r-h).
Plant and soil material were sampled along a 20mg transect in the middle of each area to

obtain representative samples for a given treatment

In August 2007, we sampled plant material (1-2 vitiials) at eight measuring points
(equally distributed along the 20 m transects) dthiw a distance of maximum 2 m
perpendicular to the transect if species did neauoed close by the transect line. We used
every individual plant sample as a replicate (Téhla = (2) 6-16 per species and restoration
treatment). The study was conducted at landscage sa large restoration fields of several
hectares and thus, according to Oksanen (2001jcaBpns per area can be considered as
independent samples in statistical analyses andspseudoreplicatsgnsuHurlbert (1984).
Due to the large-scale restoration approach, natnoate of restoration sites was undisturbed
by edge-effects, which often occur on small platd andesired between-treatment dispersal
(Pakeman et al., 2002) of introduced plants coeld\wided (Pfadenhauer & Kiehl 2007).

Table 2 Overview of the number of plant pairs (non-leguspecies and their legume neighbor), control plants
(non-legume species without legume neighbor) agdrfes species without non-legume neighbor samplaaal
transects in different restoration treatments.

Mesic grassland species Target species
tri lot ant dor
Block Transect Treat- + + gal lot + + hel ant
ment gal gal hel hel
Tl -r-h 8 8 6 6
T2 -r+h 9 9
Block 1 T3 +r+h 8 8 5
T4 +r-h 8 8 2 8
T5 -r-h 8 8 6
T6 -r+h 8 8
Block 2 T7 +r+h 8 8 6
T8 +r-h 8 8 8 8

Restoration treatments: with (+) or without (-) $op) removal (r) and hay transfer (h)

Target species = calcareous grasslands species: Amthyllis vulneraria(legume species), dor Borycnium
germanicuni{legume species), hellelianthemum nummulariufmon-legume species) and mesic species: lot =
Lotus corniculatuglegume species), tri Frifolium pratense(legume species), gal €alium mollugo(non-
legume species)

We collected leaves of legume - non-legume pait® (@ distance between each other) and
control plants of the non-legume species (>30 cstadce to the next legume species) - so
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non-legume species were obtained from differengh®rhoods. As far as possible we
collected pairs (legume/non-legume) of stress-tmietarget species (typical for calcareous
grasslands of the class Festuco-Brometea) as weglhas of non-target species (typical for
mesic grasslands of the class Molinio-Arrhenatleaetn the vicinity of the transect in all

restoration treatments. The vegetation cover in+thé areas in both blocks was so low

(Table 1b) that leaf samples had to be collectetherwhole area and not along transects.

In practice in the field, since legume species dauoe was high, control plants with an
adequate distance to any legume species were agedytd find and were mostly sampled in
larger distance from the transect. If it was nosgdole to collect plant pairs because of a

missing non-legume partner, we sampled the legyreeiss alone (Table 2).

Stress-tolerant target species sampled wenéhyllis vulnerarial., Dorycnium germanicum
(Gremli) Rikli (two legume species) andelianthemum nummulariungL.) Mill. (small
shrub); mesic, non-target species sampled wenéolium pratenseL., Lotus corniculatus
group (two legume species) and the fG&&lium mollugo(Oberdorfer, 2001). Thus, both non-
legume species were sampled in three different hbeidioods: non-legume species as
neighbor of “legume A”, as neighbor of “legume Bidaas “control plant (without legume
neighbor)”. Although collection of control plantsaffected by legume vicinity was difficult,
we nonetheless sampled control plantsilohummulariumandG. mollugo(>30 cm distance
to any legume individual) and analyzed them sepbrdbr effects of legume neighborhood

on their N status (see Table 2 for neighborhoodlipations of species).

In November 2008, mixed soil samples from the ufp&b cm were taken at four positions
along each transect for analysisdbiN and other abiotic parameters in the bulk soileAth
position soil material from five corings within ax22 m square was used for one mixed soil
sample. Together with the soil, we collected roamples randomly (without species
identification) to obtain approximat®™N and N [%] values for the belowground
compartment of the vegetation and for mycorrhizngtg for estimation of mycorrhizal
colonization (soil and root: n = 2 per restoratibeatment). Legume roots, identified by

detection of visible nodules, were present in eveog sample.
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Sample analysis

Plant samples were oven dried for 60 hours at &dflCground to fine powder using a Retsch
ball mill MM 301 (Retsch GmbH, Haan, Germany) watlainless steel devices. Soil samples
were sieved with a Retsch sieve with a pore siz2 ofm to homogenize the substrate and
exclude large organic compounds and stones. Analigf the sieved soil was oven dried at
30°C for 72 hours and ground to fine powder witRetsch ball mill using tungsten carbide
devices. Ground samples were used for N-concemtrands™N (both plant and soil) and for

P-concentration analysis (soil only). An aliquot foésh soil was used for analysis of

mineralized soil N (INin: plant available N and NQ).

For analyses a§*°N natural abundance signal [%.] and N-concentraf¥éh ground plant or
soil material was packed in tin capsules and medsusing an element analyzer coupled with
an isotope ratio mass spectrometer (EA-IRMS; EAURD-EA 3000 by HEKAtech GmbH,
Wegberg, Germany, IRMS = IsoPrime by Micromass Ukited, Manchester, UK). For
analyses of P-concentration in soil, 50 mg matevizde dissolved for 30 minutes with 0.25 g
of a lithium-boron-mixture at 1000°C than solukeslizin 30 ml 5% HN® and filled to a
volume of 50 ml with deionisized water. P-concetidra[%] was determined with ICP-OES
(inductively coupled plasma with optical emissigrestroscopy, Thermo Fisher Scientific,
Waltham, USA). Nin [ppm] was analyzed in the soil solution of 5 gshresoil, shaken with
50 ml of 1 M KCI for 0.5 hours. Determination of amanium (NH") and nitrate (N@);
concentration was done with an IC system (ion clatography: Dionex ICS 3000 SP with
ICS 3000 DC conductivity detector, AD 25 UV-VIS detor, by Dionex Corporation,
Sunnyvale, USA).

5°N-methods

We used thé™N natural abundance method (Amarger et al., 197%udy positive effects
of N fixed by legumes on neighboring plants, which wdapted from the method of Shearer
& Kohl (1986) for estimating percent N derived fromtmosphere (%Ndfa) in MNixing
species. Thé™N natural abundance signal denotes the ratio oh#wvier over the lighter
stable isotope of nitroge®N over“N) in a sample in relation to a standard (atmosphér
for nitrogen as described by Mariotti (1983)):
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8N = [(RsampiéRstandar) - 1] * 1000 [%o). 1)

Where RampleOr Retandardis the ratio of°N over“N for sample or standard, respectively.

To achieve a higher comparability between plantigsegrowing in different soils, we also
standardized plar™N values with the bulk soil signal as recommendgd\mundson et al.
(2003) and Kahmen et al. (2008). We subtractedf¢ value of the bulk soildNsi) from
the plant signald°Ni.iar) to obtain a so-called big delta signabt°N):

AN = 8" Nyojiar - 8" Nsoil [%o]. 2)

We estimated percentage of plant nitrogen derivech fatmosphere (%Ndfa) in the legume
species according to Shearer & Kohl (1986):

%Ndfa = (6"°Nref - 3°Nix)/(3"*Nrer - B))*100 [%)]. @)

Where 3N,s and 3°Nsi are the stable isotope ratios measured in thefirimy reference
(ref) and N-fixing species (fix). B refers to th#°N signal of the nodulated Mixing species
growing in a media totally lacking in mineral N atlus solely dependent on N from
atmosphere. Instead of using a legume, which sdighends on Ndfa, to gain the B value, we

used the lowest value of the field-grown legumecsseas B (as recommended by

Eriksen & Hogh-Jensen (1998)). To use %Ndfa-metfioel3°N,r should be higher (more
positive) than the™Nsy (3"°Ner > 3°Nsi), thus we used the mean value fr&n mollugo
from the -r-h areas as té°N,¢s Species to gain a rough estimate for %Ndfa fosathpled

legume species in all restoration treatments (Taple

Mycorrhizal fungi-staining

For randomly chosen roots from every transect, ideadrypan blue root staining (Phillips &
Hayman, 1970) to assess if an infection with mywael fungi (MF) had occurred. We
checked for MF hyphae in- and outside the rootesoand for the formation of vesicles and
arbuscules inside the tissue by microscopic observéut did not determine percentage of
infected root length, as we did not know which spethe roots belonged to.
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Table 3 Estimation of the percent of nitrogen derived fratmosphere (%Ndfa) from,Mixation in four legume
species in four areas/restoration treatments waittrésults for percent N derived from atmospherdl@f4a) for
the legume species and (b) B valugSN value [%o] of a legume that depends predominamilyN,-fixation for
its N source, see eq. 3) which was the lows&¥ values of each field-grown legume species instudy 6ensu
Eriksen & Hogh-Jensen (1998)®alium mollugofrom control areas (-r-h3"°N = -0.94 %o) was used as a
reference plant{°N,¢;) for all calculations.

(a) %Ndfa +r+h +r-h -r+h -r-h
ant 76.38 73.31 75.77 85.72
dor 155.01 85.37 n.a. n.a.
lot n.a. 71.98 63.16 73.39
tri n.a. n.a. n.a. 63.45
(b) B value [%o]

ant -2.80 -2.90 -2.60 -2.80
dor -2.66 -2.70 n.a. n.a.
lot n.a. -2.80 -3.00 -3.00
tri n.a. n.a. n.a. -1.90

Restoration treatments: with (+) or without (-) $op removal (r) and hay transfer (h)

Target legume species: an#dnthyllis vulneraria dor =Dorycnium germanicurand mesic legume species: lot
= Lotus corniculatustri = Trifolium pratense

n.a. = species not available in this treatment

Statistical analysis

The restoration project has a two factor, full-taiEl design: an abiotic factor, topsoil
removal (r) with two levels (removal and no remgQyaind a biotic factor, hay transfer (h)
with two levels (hay transfer and no hay transfgiying four restoration treatments (+r+h,
+r-h, -r+h and -r-h). The block effect was negllgibor most subsets of data. We used all data
together only for one analysis (for all speciesroatt restoration treatments), all other
analyses were performed using subsets of dataatedaeither by functional identity (FI),
species identity (Sl), neighborhood (NH) or redioratreatment.

Before statistical analyses, all data were testechbmogeneity of variance (Levene’s test)
and normality (Kolmogorov-Smirnov test, Q-Q-Plotapd log transformed if assumptions
were not met. An overall ANOVA (Type Ill Sum of alble 4) was performed with topsoil
removal (r), and hay transfer (h) as fixed factté® performed one ANOVA for the whole
dataset (all species in all restoration treatmérgether, n of all samples = 293, Table 4a),
two separate ANOVA for effects of topsoil removaldahay transfer on legume species (n =
126) and non-legume species (n = 167), respect{Velgle 4b) and one separate ANOVA for
each speciesA( vulneraria n = 46,D. germanicumn = 18,H. nummulariumn = 85, L.

corniculatus n = 47,T. pratensen = 15,G. mollugo n = 82; Table 4c).

Four separate ANOVA (sequential Type | Sum of Sgsiarto test effects of single factors
which were interrelated with each other) were pentd to testwithin a single restoration
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treatment) for effects of functional (FI) or specidentity (SI) as well as the neighborhood
effect (NH; only for non-legume species). We uséd3t and NH as fixed factors in the
analyses for each of the four restoration treatmémth: n = 79, -r+h: n = 59, +r-h: n = 82,
+r+h: n = 73; Table 5). We used least-significaiffiedence test (LSD) as a post-hoc test

when significant differences were found betweeattnents.

Soil and root data (unlike the single plant dategre pooled per transect (one transect of the
same restoration treatment per block, giving n =VEZhen significant differences between

treatments were found, we used LSD post-hoc testsstinguish where the differences were.
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RESULTS

Restoration treatment effects on soil

Hay transfer had no effect on soil nutrient pararsetexcept for N:NOs-ratios: p =
0.014) but topsoil removal was very effective idueing plant available nutrients (Table 1a,
Fig. 1): topsoil removal reduced both mineral Nafisr(Nnin: NH;~ and NQ), total N- and P-
concentrations strongly by 60-70%, respectivgdy<(0.020). The NN [%]-ratios were
relatively stable over the different treatmemis=(0.162; Fig. 1) but the ratio of ammonium to
nitrate (NH": NO3) was significantly higher in topsoil removal arghan in non-removal
areas [p < 0.001) and this corresponded to extremely lotnateé concentrations after topsoil
removal (Fig. 1). Topsoil removal reduc&t’N values in bulk soil on average by 1.28 %o

compared to non-removal areas (+r: 3.23 %o < -1r1 45 p = 0.005).

0.8 |7+ [54] [reh] G Figure 1 S_oil properties of the four restoration
< os treatments in 2008 (see also Table 1a); parameters
= 0:4 . 7 include Nya and Rya (concentrations [%]
2 02 measured in bulk soil; fraction <2 mm) and mineral

[ rza N-forms (ammonium (N), nitrate (NQ) and
T i L & both together (N.,) measured in soil solution).
= s [ Values are means + 1 standard deviation.
e 2 Restoration treatments are: with topsoil removal
1 and hay transfer (+r+h, white bars), with topsoil
T removal and without hay transfer (+r-h, white
g fg o striped bars), without topsoil removal and with hay
Yo q0. % transfer (-r+h, gray bars), without topsoil removal
z 5 o and without hay transfer (-r-h, gray striped bars).
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Restoration treatment effects on roots

All unspecific root samples contained some noddldégume roots. Root samples did not
vary in their N-concentration between restoratiogatments f = 0.368; Fig. 2) but the
5"Nioot Values were significantly lowep (= 0.016) in topsoil removal areas than in non-
removal areas. After standardizi®yN.o against bulk soib*Nsoi (A3*°*Noe: right-hand
column in Fig. 2), this significant difference digeeared § = 0.069). All root samples were
heavily infected with mycorrhizal fungi (50 - 95% the root tissue per sample, data not
shown). We found vesicles, arbuscules, internal exikrnal hyphae, which are typical
structures denoting vesicular-arbuscular mycorrifizaM). Other kinds of fungal material
were also visible; some of the significantly thickerownish stained material may have been
ectomycorrhizial fungi components which often ocanr symbiosis withHelianthemum

nummularium(Harley & Harley, 1987).

Restoration treatment effects on leaves

Restoration treatments affected N-concentrationvef as 3*°N and A3™N values very
significantly in leaf tissues of the six plant sipscsampled (Table 4a, Figs. 2 & 3). A
significant interaction of topsoil removal and h#&wnsfer (r*h) was detected for N-

concentration and fakd™N (standardized with™Nsqi) but not for3*N values (Table 4a).

When data were split into subsets based on furaltimtentity (FI; legume or non-legume
species) and then tested for effects of restorateaments, we also found very significant
effects of topsoil removal and hay transfer on Maiwpics (Table 4b), but no interaction
(r*h).

When data were split into subsets based on spateesity (Sl), topsoil removal and hay
transfer affected N-parameters of most speciesifeigntly (Table 4c, Fig. 2). N-concen-
tration increased with decreasing restoration efter decreasing environmental severity;
from topsoil removal with hay transfer areas (+rtghjhon-removal and no hay transfer areas
(-r-h)) for Anthyllis vulneraria H. nummulariumand even stronger for the mesic f@hlium
molluga In both non-legume speciesl.(nummularium G. mollugg the increase in N-
concentration was accompanied by an increase s (values get less negative, Fig. 2).

Changes ir615Nnon.|egumeswere even more pronounced than changes in N-ctratien and
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reflected restoration effort very well. The difface in3°N and N-concentration values bet-

ween +r and -r areas were bigger ®rmollugothan forH. nummularium
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Figure 2 N-concentration [%]5"N [%.] and AS™N [%o] values in plant leaves of all six speciesr¢th target
calcareous grassland and three mesic specieshandtisamples (species not identified) in the f@storation
treatments. Values are means = 1 standard devifpiamt: n = 6 — 42, except fd. germanicumin +r-h
treatment: n = 2; root: n = 2). Data (and thus b&ys some species in some treatments are missisdhe
species was not growing in that treatment (see€l2plRestoration treatments are: with topsoil reathand hay
transfer (+r+h, white bars), with topsoil removaldawithout hay transfer (+r-h, white striped bans)thout
topsoil removal and with hay transfer (-r+h, grard), without topsoil removal and without hay tfeng-r-h,
gray striped bars). Target species: antAathyllis vulneraria dor = Dorycnium germanicumhel =
Helianthemum nummulariurfiwo legume and one non-legume species, respggtimad mesic species: lot =
Lotus corniculatustri = Trifolium pratenseand gal =Galium mollugo(two legume and one non-legume species,
respectively).
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Table 4 ANOVA results (Type Ill Sum of Squares) for effedf topsoil removal (r), hay transfer (h) and thei
interaction effect (r*h) on N-parameters (N-concation [%)], 3N andAS™N [%o]) in plant leaves for (a) all
data analyzed together, (b) data split into fumaladentities (legumes versus non-legumes) and thsted for
restoration treatment effects and (c) data analpeedpecies and tested for effects of restorateatments.

N [%] 5N AS“N
Factor d.f. F P F P F P
(a) All species
r 1 65.025 <0.001 194.035 <0.001 66.938 <0.001
h 1 61.378 <0.001 17.477 <0.001 25.295 <0.001
r*h 1 15.664 < 0.001 0.018 0.892 6.105 0.014
(b) Functional identity
non- r 1 34.737 <0.001 783.733 <0.001 443.693 <0.001
leg. h 1 57.936 <0.001 77.090 <0.001 96.111 <0.001
r*h 1 25.901 < 0.001 0.110 0.740 9.907 0.002
leg. r 1 57.228 <0.001 12.082 0.001 180.230 <0.001
h 1 29.693 <0.001 4.028 0.047 20.275 <0.001
r*h 1 0.631 0.428 0.113 0.737 51.863 < 0.001
(c) Species identity
ant r 1 16.379 <0.001 0.001 0.976 172.441 <0.001
h 1 8.646 0.005 3.320 0.076 0.015 0.904
r*h 1 0.434 0.514 2.746 0.105 49.048 <0.001
dor r 0
h 1 0.391 0.541 0.383 0.544 7.133 0.017
r*h 0
hel r 1 4.501 0.037 74.492 <0.001 44.033 < 0.001
h 1 15.994 < 0.001 32.447 < 0.001 74.982 <0.001
r*h 0
lot r 1 2.192 0.146 1.944 0.170 250.837 < 0.001
h 1 0.800 0.376 2.974 0.092 19.570 <0.001
r*h 0
tri only in n.a.
-r-h
gal r 1 40.278 <0.001 203.595 <0.001 70.726 <0.001
h 1 49.685 <0.001 11.124 0.001 4.214 0.043
r*h 0

Target species: ant Anthyllis vulneraria dor =Dorycnium germanicumhel =Helianthemum nummularium
and mesic species: lotl=otus corniculatustri = Trifolium pratensg(not tested because it only occurred in one
treatment), gal ©alium mollugo

Standardization 08" Ntgjiar With 8N (A™Nyoiiar) for single species (Fig. 2, right-hand
column) revealed a pronounced increasA3I’N (values got less negative) with decreasing
restoration effort for the non-legume species waereAd™ N value decreased (got more
negative) for all legume species. Me&d™N values were in the same range for all
herbaceous species (-5 to -7.5 %) whetdasummulariuma small shrub, showed higher

deviations from®°Naoi.
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When data were tested for effects of functionahiig (FI) or species identity (SWithin
each restoration treatment (data split into folrsgts; see Table 5) both FI and Sl affected all
foliar N-parameters. Effects were stronger in thgsoil removal areas than in non-removal

areas.

Table 5: ANOVA (sequential Type 1) results for effe of functional (FI) and species identity (SI)vesll as
effect of neighborhood (NH; legume-neighbor or riot non-legume species) on N-parameters for each
restoration treatment separately (with (+) or withg@) topsoil removal (r) and hay transfer (h)).

N [%)] 3N ASSN
Factor d.f. F P F P F P
-r-h FI 1 14.944  <0.001 52.241 <0.001 52.241 <0.001
S 2 8.169 0.001 7.556 0.001 7.556 0.001
NH 2 0.200 0.819 1.416 0.249 1.416 0.249
-r+h FI 1 80.073  <0.001 1.257 0.267 1.257 0.267
S 2 2.542 0.088 27.872 <0.001 27.872 <0.001
NH 1 5.755 0.020 0.484 0.490 0.484 0.490
+r-h FI 1 79.097  <0.001 465.050 < 0.001 465.050 < 0.001
Sl 3 8.431 <0.001 6.559 0.001 6.559 0.001
NH 4 4.745 0.002 2.334 0.064 2.334 0.064
+r+h FI 1 37.154  <0.001 687.014  <0.001 687.014  <0.001
Sl 1 5.650 0.020 0.954 0.332 0.954 0.332
NH 2 8.225 0.001 2.497 0.090 2.497 0.090

Nitrogen-fixation in legumes and N-facilitation atpan environmental stress gradient

The legume species derived on average approxim&@dy of their N from atmosphere
(Ndfa, Table 3), which corresponds well with theanstant3*°N values in all restoration
treatments (around -2%., Fig. 2 & 3). These valumhcate high levels of Nfixation with
low amounts of N derived from the soil, thus thgulme species studied would be able to
provide a source of atmospherically fixed N for #egume neighbors. In our study°N
values in both non-legume species growing in tdpsonoval treatments were much more

negative than th&"N signals of the legumes.
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Figure 3 The relationship betweedN values and Nsoncentration [%] in leaves of the six plant spe
separated into panels for each restoration tredtniestoration treatments are: with topsoil removal &iag
transfer (+r+h), with topsoil removal and withouyhtransfer (+-h), without topsoil removal and with hi
transfer (k+h), without topsoil removal and without hay trars(-r-h). Legume species he closed symbols,
nondegume species have open symbols; target speciss lack symbols:Anthyllis vulneraric (o) and
Dorycnium germanicuni¥ ), Helianthemum nummularit (black-open:o) and mesic, nc-target species have
gray symbols:Lotus corniculatus(e), Trifolium pratense(V) and Galium mollugo(gray-open:c). Every
symbol represents one replicate per sp and restoration treatment (for mean values perispeee Fig. 2
Neighborhood effects of legumes on -legume species are shown in Figure 4.

The nonlegume control plants seldom differed from the hag-neighbor plants ii3*°N and a
little more freqently in N-concentration values but never in both-parameters
simultaneously (Table 5, Fig. 4). The-concentration was higher in control plants
significant differences occurred. It was possildecompare legume neighbor effects G.
mollugo (but not onH. nummulariun between topsoil removal and r-removal areas. In
control areas (-h) no differences occurred betweG. mollugo as control plant or &
neighbor ofL. corniculatuswhereas in topsoil removal areas-h) G. mollugc as neighbor of
L. corniculatushad higherd™N values (closer to that of the legume speciesh ttentrol

plants (Fig. 4). The Moncentration was noffected by the legume neighb
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Figure 4 The relationship betwee3t®N and N-concentration [%] in leaves of the two negume species (hel:
Helianthemum nummulariurand gal:Galium mollugd as affected by the presence of two different fegu
species in the neighborhood. The restoration treatipanels are the same as in Figure 4; valuesi@aas with
standard error of the meaH. nummularium(black type and symbols) was collected as a neigldb the
legumesAnthyllis vulneraria(e) or Dorycnium germanicurG¥) and as a controbj without legume neighbors.
Similarly, G. mollugo(gray type and symbols) was collected as a neigbbthe legumesotus corniculatuge)
or Trifolium pratensg V) and as controlo() without legume neighbors. The number of sampsspecies (see
Table 2) varied with species and treatment buteinegal n = 8 - 16, (onlid. nummulariumas neighbor ob.
germanicunin +r-h had n = 2). Significant effects of legumeighborhood 0@**N and N-concentratiowithin
each restoration treatment are showp &s0.05 = *,p < 0.001 = **, n.s. = not significanp-values from LSD-
tests.

Relationship between environmental factors an@fdfiN-parameters

There were strong relationships betweéaN-parameters in leaves of non-legume species
(5" Nnon-egumes and A8 Nnoniequmey @and biotic (see Table 1b) and abiotic (see Fip. 1
parameters from the restoration sites (Fig. 5). Mealues of-°N-paramters folG. mollugo
and H. nummulariumshowed a close link to target species richneshr{ess of species
adapted to calcareous grasslands) but not withdp&ies richness per restoration treatment.
Also, ®N-paramters showed close links to soil NiNIOs-ratios whereas th&°N signal of

the soil was well reflected only ifPN-parameters ofs. mollugobut not in those of.
nummularium Standardization of"Nijiar With 3Nsoi (AS™°N) did not ameliorate the

differences i™N values of non-legume species along the envirotahentrient gradient.
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Figure 5 Relationship between foliad*N (left-hand column) an@&™N (5"Nigjar Minus 3 °Ngg;; right-hand
column) values and biotic and abiotic parameterthefrestoration areas. Biotic parameters inclotk species
richness and total target species richness (addptedicareous grasslands) per restoration treafrabiotic
parameters (bulk soil) include N-concentratid™Ns.; values and Nii:NO;-ratios for all four restoration
treatments. Values are means = 1 standard devjali@ck symbols «) representH. nummularium gray
symbols ¢) G. mollugg each symbol is for the folia?N andA3™N value of a species (without separation in
different neighborhoods) in a given biotic or alm@nvironment in one restoration treatment.
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DISCUSSION

Applicability of thed™N natural abundance method to study N-facilitatiomutrient-poor

grasslands

Although thed™N natural abundance method has been successfelijtasassess facilitation
between legumes and their neighbors in mesic teatgexperimental grasslands (Mulder et
al., 2002; Temperton et al., 2007), it has beeelpdested in nutrient-poor grasslands, such

as calcareous grasslands in Central Europe.

Facilitation studies that have successfully useddtfiN method generally also had legume-
free control communities, but such conditions aey\hard to find in semi-natural grasslands.
However, Jacot et al. (2005) found that neighbotegume species generally affected the
5N signals of non-legume neighbors in different seatural grasslands in the Alps. Bai et
al. (2009) found clear convergence &N signals of non-legume shrubs towards that of
neighboring N-fixing species with decreasing distance betweenfnong and fixing species

in natural subtropical savannah communities.

All these studies have in common, that & values of non-legume species are higher than
those of their legume neighbors, whereas in oufystwe generally found th&t°N signals in

the non-legumes were much more depleted®i (had more negative values) than in the
legumes. Decreases in foliar N-parameters are oflated to decreasing N-availability in the
substrate, lower nitrification and mineralizati@tas and thus an overall more closed N-cycle
(e.g. Pardo et al., 2006; Kahmen et al., 2008kré&stingly,5°N values of the non-fixing
target species at our calcareous grassland rastosate corresponded well with values found
for non-legume species in other (acidic) low-nutrieecosystems:Helianthemum
nummulariumranged from -9.6 to -3.2%., which corresponds weth negatived™N values

found in Dutch sand dunes (van der Heijden e28Dg).

Beyschlag et al. (2009) studied N-facilitation wotdifferent successional states (as surroga-
tes for environmental severity) of an acidic drgggland and found no clear positive legume
effects on neighboring non-legume species (withatieg 3°N values), either in natural
communities or in an additional legume removal expent (although data showed a trend
for positive legume effects on biomass ataN values). The3 N method (although not
explicitly so-stated by Shearer & Kohl (1986) orbdRwon (2001)), may require that toeN

signal of the non-legume neighbor be more posiinaan that of the Mfixing legume (with
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control plants having the most positit? signals). Our work indicates that further work on
N-facilitation by legumes is needed to assess, uwHat range of soil nutrient conditions the
5N natural abundance method can be effectively usestudy this kind of plant-plant

interaction in N-limited systems.

Testing the stress gradient hypothesis: Facilitatabong an environmental stress gradient as
provided by four different restoration treatments

In accordance with Schulze et al. (1994), who fotivat differences id™N values between
different plant life forms disappear with increagiN-availability in the substrate, we found a
gradual convergence &°N signals in non-legume and legume species wheringdvom
the most restoration intensive sites (topsoil reah@nd hay transfer, +r+h) to control sites (-
r-h, Fig. 3). Decreasing™N values with increasing environmental severity éhalso been
found in grasslands in the Alps where &8N value in plants decreased with increasing
altitude (Huber et al. (2007) and Jacot et al. 8p0Jacot et al. (2005) found an increase in
the difference betwesd!°N values of legume species and non-legume spedilesnereasing
altitude and thus evidence for the applicabilitytiod 3*°N natural abundance method to test
the stress gradient hypothesis in this habitatt(less & Callaway, 1994). In our lowland
calcareous grassland restoration site and in aadigic grassland (Beyschlag et al. 2009),
however, abiotic conditions, as well as specieshily, seem to have had a much stronger
effect on N-characteristics of the plant speciemntthe biotic interactions with neighboring

legumes.

It was not possible to clearly assess the streofythcilitative interactions at our site maybe
due to very depleted (negati@N values in non-legume species but also due tgé¢neral
lack of control non-legume plants at a large enadigtance (>1 m) from a legume species at
this restoration site. For this reason, the onbackevidence for legume facilitation was found
in G. mollugo,which had an increased amount of leaf nitrogegimaking from neighboring
Lotus corniculatus(identified using thedN signal) when N-limitation in the substrate
increased (areas without hay transfer in Fig. 4er€ was no clear evidence for N derived
from legume neighbors, however, in the other nguee speciesl. nummulariumwhich
possibly profited more from N-sources provided bycorrhizal fungi (see below for

discussion).
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Impact of edaphic and biotic factors &Nsyjiar

Soil N-availability, mycorrhizal status, plant spesc identity and the surrounding species
richness, N-source as well as the life-form of $pecies under investigation strongly affect
N-concentration andd™N signal in non-fixing plant species (e.g. Schukteal., 1994;
Hogberg, 1997; Pardo et al., 2006; Temperton e2807). These factors seem to have been
more important for determining th&™N signal of non-legume plants than effects of
neighboring legume species in our calcareous grnadsdite. Differentiating mechanistically
between the exact role of different factors in affeg thed™N signal of plants is usually not
possible in natural communities, and requires stuéither under controlled conditions (e.g.
Paynel & Cliquet, 2003) or with enriched stabletogpe tracers in the field (Hogh-Jensen,
2006; Gylfadottir et al., 2007; Kahmen et al., 2008 number of studies using thHE"N
natural abundance method (alone or combined witiclead tracers), however, provide some
key pointers which help to interpret how our resu@N signals on calcareous grassland

restoration sites) correlated with soil nutrieritss.

Low foliar 3"°N values generally correspond to low N-availabiliggg. Pardo et al., 2006;
Kahmen et al., 2008). Our results confirm this gaheelationship: we found lowest mean
5N values inH. nummularium(-7.7 %) andG. mollugo(-5.3 %o, Fig. 2 & 3) in topsoil
removal areas and significantly higher values in-removal areas. The most deplefétN
values were in the same range as in nutrient-policagrasslands on sea or inland dunes
(van der Heijden et al., 2006; Beyschlag et alQQ0but significantly lower than results
reported from mesic (natural and experimental) gfeal systems which normally report
positive 3N values (+2 to +6 %o) for non-legume herbaceousispe(Mulder et al., 2002;
Spehn et al., 2002; Temperton et al.,, 2007; Kaheteal.,, 2008). Kahmen et al. (2008)
investigated planfd™N (i.e. plant values standardized by s6M background values) in
relation to N-uptake preferences from the soil &ouhd decreasing\d"°Nigjiar Values with
increasing proportion of NA uptake (i.e. high Ni: NOs-ratios). Our results confirmed this
trend for the two non-legume species studied, amdour case relationships between
NH,":NO3 and foliard'°N values were even stronger than with the standeddi™N values

in both species (Fig. 5)). The opposite relatiopstiowever, was found by Miller and
Bowman (2002) - probably because the analysis ibNsg, provides only a snapshot of saill
N-dynamics such that correlations betweeNi,jar and soil Nun need testing over longer

periods of the growing season.
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DecreasingdNijiar in G. mollugoreflected increasing NftNOs-ratios in the soil at the
restoration sites (and to a lesser extertdimummulariumtoo; Fig. 5), which suggests that
these species either preferably took up largerqtiams of severely’N-depleted ammonium
or that, with a decreasing amount of nitrate in sidstrate (Fig. 1), other N-acquisition
strategies (e.g. via mycorrhizal symbiosis) becamwe important. Weak links between
abiotic/biotic parameters artN-parameters (Fig. 5) as well as lows¥"°N values (Fig. 2) in

H. nummulariumthan in all other species suggest effects of othetors additional to the
impact of the abiotic soil environment. We hypotheghat the differences found between the
two non-legume species may be attributable to thégrent mycorrhizal symbioses and life-
histories.H. nummulariurrhas two features normally connected to BN values: (a) it is a
perennial shrub with woody parts and (b) forms mlsgpsis with ectomycorrhizal fungi
(ECM); whereas the forlisalium mollugois associated with arbuscular mycorrhiza fungi
(AM) (Harley & Harley, 1987). It is known th&"N values of non-fixing plants decline with
longevity and woodiness of the species (Virgini®&wiche, 1982), and that ECM normally
decrease®"Nijiar Values more strongly than AM (Michelsen et al.989Spriggs et al.,
2003).

Conclusions: The potential for using°N signals in plants as indicators of restoration

success in nutrient-poor grassland systems

Both *N-parametersd>N andA3™N values) in leaves of calcareous grassland spatiesr
restoration site did not provide clear information the strength of facilitation but rather
seemed to provide important integrative informatdaout the N-dynamics in the soil (as well
as potential effects of mycorrhizal symbioses). Tiest depleted values were found in the
topsoil removal treatments and the most enrichdaegan the control treatments without soil
removal and hay transfer, thus™N values became more depleted with increasing
environmental severity and higher restoration ¢ffother studies in a range of habitats have
also shown thad™N in plants can be a useful overall integrator lwreging N-dynamics in
the soil, and in our restoration experiment it seehat the™>N signal derived from soil N-
dynamics was much stronger than that for N-fatibtafrom legume neighbors. This finding
can be useful for the assessment of restoratiocesadn formerly eutrophic habitats in need
of nutrient reduction (with high/positiv&°N values) to restore them to high-diversity, low

nutrient systems (with low/negatii@°N values). Thus usingd™N signals of plants that
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integrate N-dynamics over time in combination witaditional soil nutrient analyses could
provide a relatively simple indicator of N-dynamiaSthe system. The congruence between

target species richness adidN values in non-legume species corroborate thislasion.

High atmospheric N deposition and overloading dlss@ith N and P fertilisers are common
problems related to degradation and species lo€entral and Northern European habitats
(Verhagen et al., 2001; Walker et al., 2004; Vedm@ van Diggelen, 2006). As such,
analyzingd™N in plants (in combination with assessing vegetatihanges after restoration),
could provide a relatively simple tool to assesstamtion success (reducing soil N) in

systems that are stuck in an undesirable altematable state (Hobbs & Norton, 2004).

“IMPLICATIONS FOR PRACTICE”-BOX

* Increasing restoration effort (and thus environrakmseverity) in this calcareous
grassland restoration project resulted in increasaltareous grassland species
richness, which corresponded to decreadiily values of different non-legume

species.

« Negative foliard"N values of non-legume species provided evidencénfireasing
N-limitation with increasing restoration effort our study and hence can be used for
the evaluation of restoration success during teatmn of low-productive grasslands.
Generally, higher N-limitation is related to a matesed N-cycle which corresponds

to more negativé™N values.

« Foliar3™N values of non-legume species (in combination wiglgetation relevés)
could be used as an indicator of relative restomasuccess: folia5™N values in such
calcareous grasslands could provide integratedrrdton about the N-status of the
soil, and hence, in this case, restoration suqeessn restoring a system back from a

“high N with medium diversity system” to a “low Nithr high diversity system”).
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ABSTRACT

Long-term biodiversity field experiments and stgdie mesic pastures have revealed positive
effects of species richness on productivity andouwese use efficiency but detailed
information about mechanisms of interaction proessare rare. Thus, we performedi-
enriched tracer study (three months in a climataxdter) to investigate N-dynamics between
individuals within differently composed communitied mesic grassland species. We
investigated how species richness and identityréssy forb and legume species) affect N-
dynamics and if it is possible to simulate fielfieets within a microcosm study. We treated
half of the microcosms with “simulated grazing”itbwestigate how grazing, a common grass-

land management regime, affects plant-plant intenas.

Higher species richness, but not legume presenceedsed short-term N-transfer foffN-
labelled donor to non-labelled receiver individudlegume presence increased productivity
(NPng) and nitrogen use efficiency (NUE) of receiver iinduals. Results indicate N-
facilitation via N-sparing but also the occurrenaie short-term bi-directional N-transfer.
Species identity had significant effects on thecomte of interactions: the grass profited more
from a legume neighbour (higher NP NUE) than the forb, confirming a superior N-
acquisition strategy of grasses, which has beendfani field experiments. Simulated grazing
affected N-transfer differently depending on comitwumomposition: N-transfer between

individuals increased in monocultures but decre@s@aixtures.

In conclusion, we were able to reproduce field-@fan short-term microcosm experiments,
which are thus useful to investigate and predidyeaiccessional plant-plant interactions in
grassland habitats. Effects of simulated grazingNedynamics within the communities were
unexpected and are worth further investigationgheremerging field of plant behaviour and

kin recognition.

Keywords

Biodiversity, species composition, herbivory, 15MNiehed tracer, mesic grasslafdifolium

pratense, Achillea millefolium, Phleum pratense
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INTRODUCTION

Diversity of primary producers plays a major rotr fcosystem functions like stability,
productivity or resource use efficiency (also ofher trophic levels) (Hooper et al. 2005;
Balvanera et al. 2006; van Ruijven and Berendse9R0OHowever, we are still lacking
knowledge about the mechanisms how plants intenaaér different biotic (species richness,
composition and assembly) or abiotic (edaphic dimdatic conditions, management effects)
conditions. Large-scale grassland biodiversity expents revealed positive relationships bet-
ween species richness and productivity, resoureeetfficiency and stability (Tilman et al.
1996; Hector et al. 1999; Roscher et al. 2005;llsiteal. 2009) although the strength of
relationships depends on the abiotic conditionsn@rl998; Tylianakis et al. 2008; Ma et al.
2010). The insurance hypothesis (McNaughton 19%&&e et al. 1994; Yachi and Loreau
1999) summarizes effects of species diversity @abiky against disturbances or species
invasion and the niche complementarity theory (Bdse 1979; Tilman 1997; Loreau and
Hector 2001) summarizes the major explanationgHerrelationships between biodiversity
and ecosystem functioning. Higher spatial and tealp@source complementarity between
species for belowground or aboveground resourcdsiéo more effective exploitation and
thus higher productivity and stability of more dise communities. Additionally, facilitation
(positive plant-plant interactions) can have strefigcts on community performance under
resource limited conditions by expanding the realiniche of each species, thus enhancing
biodiversity effects even farther (Bruno et al. 20Michalet et al. 2006; Brooker et al. 2008).
But critical voices also exist, which question piesi effects of biodiversityper se. They
relate the occurrence of such relationships toitictusion of ecosystem drivers, such as
highly productive species, within artificially asskled species pools in experiments; an
effect, which is called sampling (or selection)eetf(Aarssen 1997; Huston 1997; Leps et al.
2001). Importance of manipulation treatments, idirig the sampling effect, often increases
with decreasing spatial scale (Balvanera et al6200he presence of legume species is often
considered as a major component of the samplingcteliecause legumes can satisfy their
own N-demand by biological nitrogen fixation of atspheric N (BNF) and they often
exhibit early, fast and tall growth with high biossaaccumulation. On the other hand, legume
species can act facilitative on productivity andragen accumulation of neighbouring or
subsequent species (N-facilitation) if nitrogemthis main limiting resource. N-facilitation can
occur as N-sparing (McNeill and Wood 1990), N-tfansor rhizodeposition of N-rich
compounds (Mulder et al. 2002; Spehn et al. 20@gnel and Cliquet 2003; Temperton et al.
2007), decomposition of N-rich legume litter (Waangd Bakken 1997; Varvel and Wilhelm
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2003) or, as if the legume acts a nurse plant,rbyiging a better microclimate for saplings
of other species (Pugnaire and Luque 2001). Bstithportant to remark that N-transfer is a
bidirectional process which can occur from gnfiMing donor to a non-fixing receiver and, to
a much lower extent, also in the opposite direcfrom a non-fixing donor to an MNixing
receiver (Hogh-Jensen and Schjoerring 2000; Gytfadet al. 2007). Although the transfer
from a non-fixing donor might be strongly reducedseven totally absent under severe N-
limitation (Paynel and Cliquet 2003).

Mulder et al. (2002) and Temperton et al. (2007§ceasfully used the>N natural
abundance method to highlight effects of legumecisgseon neighbouring non-legume
species. Th&™N natural abundance method uses the ratio of tlwidreover the lighter
stable isotope of nitroge™®N/**N) of a sample and a standard (air) to gain infaimnaabout
the N-source of a plant and the N-dynamics in sesygShearer and Kohl 1986; Handley and
Raven 1992). Thé"N natural abundance signal acts as an integrattreoN-dynamics in a
system (Robinson 2001) and because of its integratharacter, a separation of different
nitrogen sources is nearly impossible (except floohogical nitrogen fixation of atmospheric
N,). **N-tracer studies, which use an exterfial-enriched nitrogen component to follow the
path of nitrogen through a system (McNeill et &8197; Hertenberger and Wanek 2004), allow
assessing different N contributions to the N-statia plant species. The usedf-tracers,
applied to the soil, reveal uptake preferencesNdbrms) in different grassland species
(Weigelt et al. 2005; Kahmen et al. 2008) or adtizal species (Nasholm et al. 2006\-
tracers, applied directly to the plant, providedevice for N-transfer between species (Hogh-
Jensen and Schjoerring 2000; Gylfadottir et al.7Z20Blowever, little information is available
about interaction processes, N-transfer and thepetitive outcome between legume (N-
donor) and different non-legume species (N-recgivesystems with more than two species
and under different management regimes. In respebe management regime, we know that
defoliation, e.g. via grazing, can enhance totalrzss production and N-concentration in
different grassland species (Sanford et al. 1996p# et al. 2007), change the competitive
outcome between species (Barbosa et al. 2009; Ros¢. 2009) and affect community
assembly (Olofsson and Shams 2007).

With this study, we aim to resolve effects of conmityy composition (species richness and
species identity) on plant-plant interactions, esgdly on belowground N-transfer between
individuals, and how these interactions are affédig a common grassland management

(simulated grazing). In addition, we explore théegptial to scale up from microcosms to field
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experiments. To do this, we conducted a three nsomniltrocosm experiment with three
different species richness levels, different comityucompositions and a simulated grazing
treatment under controlled environmental conditiona climate chamber. We used a pulse-
chase stable isotope label approach, wherebiN-@nriched tracer (the pulse) was added to
one individual in the system, which was then trackehased) in neighbouring individuals.
This enabled us to investigate N-transfer from acddo one or more receiver species, with
either a legume, a non-legume foobp a grass species as donor, and varying receiverespe
composition. We investigated the effects of théedéint treatments mainly on individual level

to answer the following hypotheses:

0] N-transfer will be higher from an N-fixing donor # non-fixing receiver than
between a non-fixing donor-receiver pair.

(i) N-transfer will be higher in mixtures than in moaotiares because of higher niche
complementarity between different species (as obsan the field).

(i)  Species-specific uptake of transferred N will be doated by the species
composition of the community.

(iv)  N-transfer will increase in response to simulatedziopg because of enhanced

rhizodeposition following simulated grazing.
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MATERIALS AND METHODS

Experimental design

The experiment was conducted from June to Augu€i82@ a climate chamber under
simulated Central European summer conditions astédathree month (Fig. 1). Light regime
was 16/8 hours (light/dark) with twilight-phases & minutes each in the morning and
evening. Mean light intensity (measured as photibstically active photon flux density,

PPFD) above the vegetation canopy was 676 + 36 jm#iel (+ 1 SE); recorded once with a
LI-1400 Datalogger and light sensor (LI-COR Bioswe, Lincoln, USA). Temperature

regime of 25/15°C (day/night) and air humidity (6%) were constant during the course of

the experiment.

As substrate, we used a mixture of washed san@gucultural soil from a nearby field (1:1,
vIv), sieved with a Retsch sieve (pore size of mrR) to homogenize the substrate and ex-
clude large organic compounds and stones (RetschHziHaan, Germany). The substrate
had pore sizes < 2 mm and total element concemiaidf N [%] 0.064 % + 0.002, C [%]
0.547 + 0.034 (mean values = 1 SE) and thus a @tid-of ~ 8.6. We used 1.5 | square pots
for experimental plant communities (= microcosniMjcrocosms were placed in a random
distribution on six movable tables — microcosms t@hles) and tables (in the chamber) were
rotated weekly to prevent confounding block/chamtieedge effects. Plants were watered
manually with a mixture of rain and tap water eveegond day.

Main focus of the experiment was to follow the pathnitrogen from donor to receiver
individuals and how species composition, speciestity and an applied treatment (simulated
grazing) affect N-transfer from donor to receivadividuals. For the experimental plant
communities, we used three species from three ifuradt groups and grew them in three
species richness level (Fig. 1). Species used Weifelium pratensel. (tri; N,-fixing forb,
hereafter: legume)chillea millefoliumL. (ach; non-fixing forb, hereafter: forb) afhleum
pratenseL. (phl; grass) (Oberdorfer 2001); to avoid comdasbetween the legume and the
grass species, we will refer to the genus namhbarfdllowing. Species richness levels were:
monocultures (mono), 2-species-mixtures (2-mix) 8rngpecies-mixtures (3-mix); Figure 1
gives some examples of community compositions.e&igg-mixtures were available with and
without the legume species as donor; whereas 3Jespauxtures always contained the
legume species as donor. For each community weplamted 5-6 seedlings of approximately
2-4 cm height at the beginning of the experimena istar-like fashion: 1 individual in the
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centre of the microcosnt°N labelled donor) and 4-5 individuals (unlabellegighbouring
receivers) at the same distance to the centravicheal and to every neighbour around the
donor individual (Fig. 1).

monocultures 2-sp.-mixtures 2-sp.-mixtures 3-sp.-mixture
-legume donor Hegume donor +legume donor
ach phi phl ach
ach ach ach phl tri phi tri ach
ach ach tri tri
ach, ach phl phl phl phl phl phl
species-identity in monos. 2-mi¥x -L: 2-mix +L. 3-mix +L.
donor, 1strec.:tri ach phi ach phl tri  tri tri  tri
receiver 1tri ach phi phl ach phl ach ach phi
receiver itri ach phl phl ach phl ach phl ach
replicates per treatment and composition:
+C: 6 6 6 g8 B g8 B 10 10
-C: 6 6 6 8 8 8 8 10 10

position of individuals and time schedule:

1.-6. wk: 6. wk: 15N-tracer 6.9, wk: dis- 9. wk: cut of donor
Establishment on doner tribution of tracer 9.-12. wk: distribution

R R R +cnan )
Rl R R@R R.\!’.R V4 ouc *
R/\R \c'":

R R R R

B e

individual
analysis-of 15N

Figure 1 Experimental design of the microcosm study; intdidaare examples for community compositions in
three species richness levels (monoculture, 2-epauixture without and with a legume donor and Sesgs-
mixture with a legume donor), species identity ohdr and receiver individuals in the communiti€sfblium
pratenselL. (tri; legume),Achillea millefoliumL. (ach; forb) andPhleum pratensé.. (phl; grass)) with the
number of replications and the time schedule ferdkperiment. It started in early June (03.06.2@0®) ended
with the harvest in the end of August (26.08.2083):labelling procedure on donor individuals (D) toplce
during the & weeks (09.-16.07.2008), followed by 3 weeks oteradistribution from donor to receiver
individuals (R) until application of simulated ghag of donor individuals in the™week (01.08.2008; with
simulated grazing/cutting = +C, without = -C) anghim a three-weeks time span to allow for an impsct
simulated grazing offN-transfer.

To identify N-transfer from donor to receiver initiuals, we applied 1 ml of BN enriched
label-solution (0.5 % (v/v) of 99 atom®N-enriched urea (Campro Scientific GmbH, Berlin,
Germany) diluted in 2 ml Eppendorf vidlin deionised water) via the leaf to the donor
individual based on the method described by McNatilal. (1998). Leaf labelling was done
during the & week of the experiment (Fig. 1). To facilitate ake of the label-solution into
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leaves of the donor, leaf tips (of one leaf Toifolium and Achillea and of two leaves for
Phleun) were cut and the upper 2-3 cm of the leaf/leave® submerged for one week in the
solution. Loss of the enriched solution by evapgorabr transfer to non-target compartments
(receivers, substrate) as well as dilution by atign water was prevented by carefully sealing
the opening with the leaf/lleaves in with a putielipressure-sensitive adhesive substance
(Blue tack). Receiver individuals were not labelled. Remaifshe label-solution together
with the labelled leaves were removed after onekwee

We applied the simulated grazing treatment in fhev8ek (Fig. 1) by cutting the whole shoot
biomass of the donor individual 0.5-1 cm abovedthlestrate. Simulated grazing was applied
to half of the microcosms; this treatment will lendted ‘+C’ in the following. The remaining

pots were not cut (control) and will be denoted.’-C

Response parameters

To gain information on individual productivity, allarvesting activities were done separately
for every individual per species per pot. Donorividbials from the simulated grazing
treatment (+C) were cut and then oven-dried (a€80t 60 h) during the"™®week. Regrowth

of the cut donor individuals was followed by measgiiength and ground cover of regrown
parts weekly, which were then removed and overddid! parts of donor individuals were
stored until final harvest, which took place at #rel of August 2008 (Fig. 1). During the
final harvest, remaining donor individuals from t@h communities (-C) and all receiver
individuals were cut above the substrate and ovetdAt the final harvest, we took an
unspecific root sample (and oven-dried it) fromrguaicrocosm, because separation of roots
on species level was not possible. Dry weight petividual was determined to gain
aboveground net production of individuals {NfPg]). NP4 of the donor (including regrown
parts for +C communities) and normally harvestezeirger individuals was summed up for

total community biomass per microcosm.

For determination of N-dynamics between donors esakivers, the measurement of N-
parameters in samples was done separately forn$ygeuific root sample, the donor species
and for eaclreceiver specieper microcosm. Receiver individuals were pooled gpecies
per microcosm to obtain one samples per receivetciag; we validated this way to conduct
analyses of N-parameters by measuring individuas fa subset of microcosms separately
(Table 1).
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Table 1 Within species variation of separately measureziver individuals per microcosm in a subset of
communities; we measured these unpooled individioalslidate the use of pooled receiver individualgain
information about N-dynamics in populations. Indézh are N-concentration [%], enrichment &N
[atom%excess] and transfer 6N from donor to receivers [%]'\-transfer) for species richness levels
monoculture, 2-species-mixture and 3-species-nmextfrthe specie3rifolium pratense Achillea millefolium
andPhleum pratenseV/alues are means (from n individuals per microt@®r mixture) + 1 standard deviation
of the mean (SD).

receiver n N [%] SD N SD *N- SD
species [atom% transfer
excess] [%0]
monoculture
Trifolium 5 2.83 0.35 0.0025 0.0006 3.08 0.76
Achillea 5 1.04 0.15 0.1010 0.0034 3.03 1.01
Phleum 5 0.57 0.06 0.0181 0.0014 0.57 0.04
2-species-mixture
Trifolium 1 2.74 0.0021 0.50
Achilea 4090 009 00110 00012 266 029
Trifolium 1 2.81 0.0022 0.55
_Phleum 4093 010 00256 _ 00146 642 367
Achillea 1 0.95 0.1451 0.47
_Phleum 4077 004 00733 00267 024 009
Phleum 1 1.07 0.0799 2.52
Achillea 0 0.92 0.02 0.0354 0.0153 1.12 0.48
3-species-mixture
Trifolium 1 2.80 0.0029 1.25
Achillea 2 1.03 0.27 0.0144 0.0005 6.27 0.21
Phleum 2 131 007 00266 00042 1163 185
Trifolium 1 2.99 0.0173 0.97
Phleum 2 1.21 0.08 0.0267 0.0071 1.50 0.40
Achillea 2 1.06 0.02 0.0130 0.0053 0.73 0.30

For measurement of N-parameters, shoot and rogblsamere ground to fine powder using
a Retsch ball mill MM 301 (Retsch GmbH, Haan, Gerpawith stainless steel devices.
Analyses of N-concentration [%] and BN-enrichment [atom % excess] was done with an
ANCA-SL 2020 EA-IRMS (element analyser — isotoptoranass spectrometer; SerCon Ltd.
(formerly Europa & PDZ Ltd.), Crewe, UK}°N-enrichment [atom % excess] was calculated
from the isotopic compositio®N and**N) in a sample: the occurrence’dfl-isotopes [atom
%] in a sample minus the natural occurrencébfisotopes [atom %] in the atmosphere,
which is 0.3663 %, resulted in the value fa-enrichment [atom % excess]. For readability
of results, we will use the shortened [at%ex] a fom ®N-enrichment. We calculated the
amount of°N-transfer [%] from donors to receivers using thilt'°N-enrichment [at%ex] of
the donor (as 100 %) and tf-enrichment [at%ex] of receivers (as x % of enmeimt of
the donor) at the time of harvest. THil transfer [%)] value was used to determine how much
of N from label was transferred to receivers durirg¢burse of the experiment.
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We inserted a decomposition standard near the eflgevery pot to test if community
composition or presence of a certain functionalugrdhad an effect on belowground
decomposition. The standard consisted of a strig BL.cm, made from normal laboratory
cellulose filter paper) which was fixed in a stass steel grid to facilitate recovery at the end
of the experiment. We estimated degradation ofddéeomposition standard [%] as a rough

estimate for belowground turnover.

We stained a subsample of randomly chosen fredl famm 18 microcosms (6 from mono, 8
from 2-mix and 4 from 3-mix) with a trypan blue tataining (Phillips and Hayman 1970) to
assess the infection with mycorrhizal fungi (MF)e\hecked for MF hyphae in- and outside
the root cortex and for the formation of vesiclesd aarbuscules inside the tissue by
microscopic observation but did not determine paiage of infected root length, as root
subsamples could not be ascribed to species.

Statistics

We analysed the data on community level and oniespeseparated in donors and receivers,
to gain information about the overall functioning @cmmunities as well as about the
interactions between different individuals withit@mmunity. Prior to statistical analyses, all
data and data subsets were tested for homogerfergriance (Levene’s test) and normality
(Kolmogorov-Smirnov test, Q-Q-Plots) and transfodmié assumptions were not met. Then,
data were analysed by the use of general lineaetso@enerally, we used ANCOVA (type |
sum of squares); only for the analysis of total pamity biomass, we used an ANOVA
without a covariable. ANCOVA (type | sum of squaress conducted with biomass of donor
individual (NRyono) as covariable, different response parametersofi¢entration, N-content,
>N-transfer) as dependent variable and experimergatments as fixed factors (Table 2).
The fitting order of factors was changed to idgmivhich factor had most impact on response
parameters. We conducted ANCOVA for all data togeitover all species richness levels)
and for every species richness level separately. Usk least-significant-difference test
(LSD) as a post-hoc test when significant diffeemsnevere found between treatments. All
statistical analyses were conducted in SPSS 1PIBF3nc., USA.

We tested for effects of the experimental treatsédfeactors) species richness level (SR: 3
levels; mono, 2-mix, 3-mix), legume presence (Lewels; without and withrifolium) and

simulated grazing (C: 2 levels; without and withtitig of donor individual) and additionally
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species identity of donor and receiver individug®: 3 levels, one for each species).
Individual response parameters (dependent varipiese: dry weight for net biomass
production of individuals (NRy [g], square root transformation), N-concentratifn]

(data+1, logarithmic transformation, 14§ N-content [mg] (NRs X N [%], data+1,

logarithmic transformation, lg) and *N-transfer from donor to receiver individuals [%]
(data+5, inverse transformation). Community respopsrameters (dependent variables)
were: degradation of decomposition standards [¥6k{ae transformation), dry weight for net
biomass production of communities [g] (no transfation) and total N-content [mg] (square
root transformation). Data of mycorrhizal fungieocfion of communities were not analyzed

statistically because it was a pure descriptivamater.
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RESULTS

Individual and population response
Donors

Biomass production (NB.) and N-concentration of donor individuals were thosot
significantly different from receiver individualsittough donors were generally slightly
smaller and had a higher N-concentration in thesue than receivers (data not shown). Total
>N-enrichment of donor individuals varied stronglgrii 0.0089 to 36.6155 [at%ex]. Enrich-
ment was 16.81 + 2.09N at%ex forAchillea (0.2306 to 36.6155 at%ex, n = 28) and 4.75 +
0.78"°N at%ex forPhleum(0.7697 to 20.7490 at%ex, n = 28). Enrichmeritrifblium donor
individuals was 0.75 + 0.11°N at%ex (0.0089 to 4.7726 at%ex, n = 84). Spegiesific
values for enrichment were mean values + 1 staneiacd of the mean and, in brackets, the
minima and maxima per species with indication @& ttumber of donors over all species
richness levels. A kind of dilution effect occurradd lower*°N-enrichment [at%ex] in donor
individuals correlated with higher individual biossa(NRono) (Pearson correlation coeffi-
cient rhop = 0.612,p < 0.001), which could be described with an invéesgoonential decay)

regression (r2 = 0.709,< 0.001; variables were square root transformethdth analyses).

Receivers
Effects of legume presence and species composition

H1: N-transfer will be higher from an N-fixing donto a non-fixing receiver than between a

non-fixing donor-receiver pair.

Direct comparison betweeniN-transfer from a legume vs. a non-legume donoividdal
was possible for different species compositiong-species-mixtures. We used ANCOVA
models (type | sum of squares) to investigate fifieceof species identity (forb, grass or
legume species) of the donor individual46sd) and of receiver individuals (Seive), fitted
with the effect of donor individual’s biomass (NR) as covariable (Table 2a). We found
that effects of receiver species identity weretemng as effects of N for *°N-transfer and
for the other response parameters whereas effédpeanies identity of donor individuals
were less strong (lower F-values). Species idemdftylonor individuals affected biomass
production of receivers (NB), N [%] and N-content significantly but noiN-transfer. In
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general, **N-transfer was highest frofrifolium as a donor and lowest frofchillea as a
donor but this trend was not statistically sigrah¢ (LSD Trifolium > Phleump = 0.843 and
Phleum> Achillea p= 0.495).

H2: N-transfer will be higher in mixtures than inonocultures because of higher niche

complementarity between different species (as obsan the field).

Transfer of*°N from donors to receivers increased from monocesito 3-species-mixtures
(Fig. 2) whereas net biomass production of recaivdividuals (NR.g), N [%] and N-content

[mg] were higher in monocultures and 3-species-umed than in 2-species mixtures (data not

shown).
O non-legume donor Figure 2 Effect of species richness level and
10 |@ legume donor legume presencéN,-fixing donor species) offN-
transfer* to receivers, averaged over all speaies i
°\E 8 - the species richness levels monocultures (1), 2-
5 species-mixtures (2) and 3-species-mixtures (3)
3 6L without (o/open circles) or with «/closed circles)
s é presence ofTrifolium pratenseas donor species.
= 4k Due to the experimental design, 3-species-mixtures
22 always containedrifolium as donor species.
2rd O " 15N-transfer [%] was measured &8l-enrichment
@ ' . [atom%excess] in  non-labelled neighbouring

receiver individuals in relation t&°N-enrichment
[atom%excess] in*N-labelled donor individual

Species richness after the harvest.

Analyses over all species richness levels togesihenved strong effects of net biomass
production of donor individuals (NR.,) on all four individual response parameters (Table
2b). Most variation inN-transfer was explained by MR.r and thespecies richness level
(Table 2b, Fig. 2) whereas most variation inijlAN [%] and N-content was explained by
NPgonor and legume presence (higher F-values fogoNPand L than for SR, Table 2b).
Across all species richness levels, legume presemeased NRy, N [%] and N-content
[mg] in receivers (data not shown) but fid¥-transfer from donors to receivers. Significant
interactions between species richness level angimegpresence showed that the effect of
Trifolium increased with increasing diversityithin species richness levels (Fig. 3), strong
effects of donor individual biomass (NR»,) on all four response parameters of receivers
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remained but effects of receiver's species identigre often even stronger (Table 2c).
Especially®N-transfer in monocultures and 2-species-mixturegedded more on the iden-
tity of the receiver than on NRo, Whereas in the 3-species-mixtures no effect af,NFoc-
curred becauserifolium was always the donor, which produced comparalgk NiRjonor in
all microcosms. Although figure 3 suggested a pumeed positive legume effect, especially
on N-transfer from donor to receiver individuals, thigume effect was possibly cancelled

out by the strong impact of N&Rox

Achillea Phleum Trifolium
millefolium pratense pratense
O non-legume donor |Y/ non-legume donor H legume donor
E 20 |@® legume donor ¥ legume donor sl
g 15+t -
5 1o di .
8 L L
lnz 5 = § . ? 1 r *
Q OI 1 vl 1 1 1 1
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Figure 3 Effect of species richness level aledjume presencgN,-fixing donor species) on species-specific
response parametersN-transfer, N [%], N [mg] and NR) in receiver individuals in the species richnesgls
monocultures (1), 2-species-mixtures (2) and 3-isgemixtures (3) withoutd/open circles) or with«/closed
circles) presence dfrifolium pratenseas donor. Response parameters Weietransfer [%] from™N-labelled
donor to non-labelled receiver individuals*, N-centration [%], N-content [mg] and net biomass piitun of
receiver individuals (NRy) [g], dry weight. *details see Fig. 2
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H3: Species-specific uptake of transferred N walrbodulated by the species composition of

the community.

Species identity of receiver individuals had siguaint effects on response parameters in all
species richness levels (Table ZB)ifolium always received the leaSN, irrespectively of
the species richness level (Fig. 3). In monocusuneost°™N was transferred between donor
and receiver individuals ofchillea In 2-species-mixture?hleumreceived significantly
more N from donor individuals (no separation in legunmed anon-legume donors) than
Achillea (LSD p = 0.038). In direct competition between forb amdsg individuals in 3-
species-mixturesPhleumreceived non-significantly moreN from donor individuals than
Achillea (LSD p = 0.449) but used this N more effectively for lregiNR.q, N [%] and N-
content (LSDp < 0.038) (Fig. 3).
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Effect of simulated grazing

H4: N-transfer will increase in response to simedatgrazing because of enhanced

rhizodeposition following simulated grazing.

Simulated grazing affectedN-transfer from donor to receiver individuals witrand across
species richness levels. Analyses of regrown dpads showed, that moSN was used for
internal N-remobilization to sustain regrowth oétbut donor individual, ca. 56 % of donor

individual N at%ex was recycled internally (Fig. 4).

Receiver individuals Regrowth of donor individuals
O donor not cut @ mean over all species @ A. millefolium
140 + r
10 @ donor cut V¥ P. pratense
—_ W T. pratense
T 120 r
=] 8 .
S
o 100 + r
= 80 r + r
Z 4 ®
- 60 b .
i R
e) 40 r F m
1 2 3 1 2 3 1 2 3
Species richness Species richness

Figure 4 Effect of species richness level asichulated grazing (cutting of donor) on overalfN-transfer [%)]
from donor to receiver individuals (mean valuesraalé species per diversity level) and internal oditization
of N to regrown parts of the cut donor individual fretspecies richness levels monocultures (1), 2ispec
mixtures (2) and 3-species-mixtures (3) withaubpen circles) or with«/closed circles) cutting of donors.

Simulated grazing stimulatet’N-transfer in monocultures but decreased the temnisf
mixtures; an effect that was detected across divituals (Fig. 4, LSD —C vs. +Qx = 0.038,
0.662 and 0.035 in mono, 2-mix and 3-mix, respetyivand separately for the three species
(Fig. 5). Across all species richness levels, ffeceof simulated grazing ohiN-transfer was
only minor (Table 2d) compared to effects of nainlss production of donor individuals
(NPgonop, Species identity of receivers {&dive) and species richness levelsr se(Table 2a-

c), as F-values of factors in relation to the rigtiorder of the factors in ANCOVA models
(type | sum of squares) showed. This is reflectethe finding, that significant differences in
>N-transfer occurred only fokchillea (LSD p < 0.05 in mono and 3-mix) but not fBhleum

or Trifolium (Fig. 5). Generally, simulated grazing had no @ffen NR,q, N-concentration
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and N-content, except for a significantly decreas&y of Phleumreceivers after cutting of

donor individuals in 3-species-mixtures.
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Figure 5 Effect of species richness level agichulated grazing (cutting of donor) on species-specific response
parameters ‘{N-transfer, N [%], N [mg] and NR) in receiver individuals in the species richnessels
monocultures (1), 2-species-mixtures (2) and 3-isgemixtures (3) withoutd/open circles) or with«/closed
circles) cutting of donors. Response parametere Whrtransfer [%] from™N-labelled donor to non-labelled
receiver individuals*, N-concentration [%], N-contdmg] and net biomass production of receiver\dlials
(NPyg) [g], dry weight. *details see Fig. 2
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Table 2 Results from ANCOVA (type | sum of squares) forpmsse parameters of receiver individuals (net
biomass production, NR [g]; N-concentration [%)], N-content [mg] artdN-transfer from donors to receivers
[%]) tested with net biomass production of donatividuals (NRn.) as covariable and factors: species richness
level (SR), legume presence (L), species identftyeaeiver individuals (Qlceive) Or of donor individuals
(Slaonoy @and simulated grazing/cutting (C). Fitting orathin the model determined the degree of freedadh a
for some factors, resulted in loss of testabilitynpt available, n.a.). We used separate subsetstdor the
different hypotheses; hypotheses and the corresépgradibset of data are indicated in the headeheftable

sectionsa-d.

hypothesis: (i) N-transfer will be higher from legume than from non-legume donors
(i) species-specific uptakeillwary with community composition
a) test group: 2-species-mixtures

NPig N [%] N [mg] *N-transfer
factor d.f. F p F p F p F p
NPgonor 1 120.39 <0.001 427.21 <0.001 30790 <0.001 27.13 <0.001
Slreceiver 2 169.73 <0.001 466.38 <0.001 301.254 <0.001 29.99 <0.001
Slgonor 2 3.34 0.039 6.29 0.003 10.35 < 0.001 1.75 0.178
Sleceiver X 2 1.43 0.244 11.44 <0.001 4.28 0.016 3.32 0.039
SIdonor
Slgonor 2 31.26 <0.001 86.28 <0.001 6551 <0.001 0.90 0.408
Sleceiver 2 141.80 <0.001 386.39 <0.001 246.09 <0.001 30.83 <0.001
Slieceiver X 2 1.43 0.244 11.44 <0.001 4.28 0.016 3.32 0.039
SIdonor
Slieceiver X 6 58.17 <0.001 161.37 <0.001 10530 <0.001 11.69 <0.001
SIdonor
Sleceiver and 0 n.a
SIdonor

hypothesis: (i) N-transfer will be higher from legume than from non-legume donors
(ii) N-transfer will be highelin mixtures than in monocultures
b) test group: all species richness levels togethell species together

NPig N [%] N [mg] *N-transfer

factor d.f. F p F p F p F p

NPyonor 1 31.72 <0.001 57.13 <0.001 5408 <0.001 30.02 <o0.001

SR 2 0.40 0.674 1.71 0.184 1.45 0.236 6.14 0.002

L 1 30.57 <0.001 67.18 <0.001 49.62 <0.001 0.09 0.769
SRxL 1008 0772 1061 0001 128 0259 356 0.060

L 1 2856 <0.001 48.23 <0.001 40.28 <0.001 1.21 0.273

SR 2 1.40 0.248 11.18 <0.001 6.12 0.003 5.58 0.004
SRxL 1008 0772 1061 0001 128 0259 356 _ 0.060

SRxL 4 786 <0.001 2030 <0.001 1345 <0.0010 3.98 0.004

L and SR 0 n.a.

hypothesis: (ii) N-transfer will be higher in mixtures than in monocultures

(i) species-specific uptakeillwary with community composition
c) test group: within species richness levels, alpecies together
monocultures:

NPig N [%] N [mg] *N-transfer
factor d.f. F p F p F p F p
NPgonor 1 184.27 <0.001 38842 <0.001 71589 <0.001 0.375 0.545
Slieceiver 2 62.32 <0.001 166.58 <0.001 223.16 <0.001 5.61 0.008
L and L x O n.a.
SIreceiver
2-species-mixtures:
NPgonor 1 117.871 <0.001 377.94 <0.001 284.24 <0.001 26.44 <0.001
L 1 57.95 <0.001 15185 <0.001 112.17 <0.001 0.91 0.342
Slieceiver 2 138.83 <0.001 341.83 <0.001 227.14 <0.001 30.05 <0.001

LXSheeaver 1 159 0210 520 0024 555 0020 231 0131

Slieceiver 2 166.18 <0.001 41259 <0.001 278.10 <0.001 29.23 <0.001
L 1 3.25 0.210 10.33 0.010 10.24 0.002 2.55 0.113
L X Slreceiver 1 1.59 0.210 5.20 0.024 5.55 0.020 2.31 0.131
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L X Slieceiver 4 84.30 <0.001 210.18 <0.001 143.00 <0.001 15.83 <0.001

L and Sl,eceiver 0 n.a.

3-species-mixtures:

NPgonor 1 251 0.116 <0.01 0.957 0.283 0.596 0.154 0.696
Slreceiver 2 387.09 <0.001 511.86 <0.001 968.88 <0.001 28.08 <0.001

L and 0 n.a.

SIreceiver xL

hypothesis: (iv) Simulated grazing will enhance Nransfer

d) test group: all species richness levels togetheatll species together

(covariable: fitted first; interactions: fitted in the same order at the end of each model — both weomly
given once because of reasons of readability)

NPig N [%)] N [mg] N-transfer
factor d.f. F p F p F p F p
NPgonor 1 15650 <0.001 43359 <0001 45552 <0.001 43.69 <0.001
SR 2 1.95 0.144 1294 <0.001 12.22 <0.001 8.93 <0.001
L 1 150.77 <0.001 509.88 <0.001 41797 <0.001 0.13 0.723
Sleceiver 2 52508 <0.001 93420 <0.001 101513 <0.001 62.82 <0.001

c 1001 0912 <00l 0971 006 0809 064 0426

C 8.39 0.004 20.38 <0.001 17.13 <0.001 0.08 0.784

1

Slreceiver 2 581.78 <0.001 1182.22 <0.001 1216.57 <0.001 59.48 <0.001
1 2.65 0.105 17.06 <0.001 15.82 <0.001 2466 <0.001
2

SR 2 1512 <0001 113 | 0324 333 0037 028 | 0.752
L 1 7714086 <0.001 366.03 <0001 339.29 <0001 1.75 0.187
C 1 0.05 0.830 0.26 0.613 0.49 0.483 0.41 0.521
SR 2 692  0.001 8491 <0001 5156 <0.001 811 <0.001
_Sheceiver 2 52506 <0.001 934.02 <0.001 101491 <0.001 62.94 <0.001
Slreceiver 2  585.83 <0001 1191.72 <0.001 1224.85 <0.001 59.41 <0.001
C 1 0.29 0.593 1.38 0.241 0.56 0.455 0.26 0.636
SR 2 1611 <0.001 1.39 0.250 861 <0.001 4.34 0014
L 1 0.67 0.412 1654 <0001 525 0023 1653 <0.001
SRx L 17774564 <0001 1.03 0.311 2558 <0001 0.07 0.790
SR X Sleceiver 3 2.47 0.063  13.70 <0.001 7.25 <0.001 1.88 0.133
SRxC 2 0.18 0.837 1.48 0.229 0.02 0.985 3.87 0.022
L X Slyeceiver 1 1.91 0.168 5.16 0.024 797 0005  1.99 0.160
LxC 1 <00l  0.964 1.92 0.167 0.11 0.737 0.14 0.710
Slieceiver X C 2 0.12 0.887 1.97 0.141 0.33 0.723 0.91 0.402
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Microcosms and communities

Total biomass [g] and nitrogen content [mg] per putreased with increasing species
richness, which is mainly due to presenceTafolium (Fig. 6). Individuals ofTrifolium
produced always most biomass and had highest Neatrations (Fig. 3), thus, their relative
contribution to community biomass and N-content Wwigh. We analysed data with ANOVA
models (type | sum of squares) and found that bp#ties richness levels (SR) and legume
presence (L) had highly significant effectg-§fr34> 100, p < 0.001) on community biomass
and N-content, if fitted first in the model. Butldgume presence (L1 k34 = 1230.376, p <
0.001) was fitted before SR, the effect of SR waslanger significant (k134 < 0.600, p >
0.500). Simulated grazing (fitted in the model tfir third) reduced total biomass of
communities (C: F134> 6, p < 0.02, data not shown).

a) Figure 6 Effect of species richness level and
legume presence in communities on (a) total
biomass, dry weight [g] and (b) total N-content
[mg] of communities per microcosm in different
species richness levels (monocultures, 2-species-
and 3-species-mixtures). White bars indicate values
4%\ for whole communities (sum of all individuals, no
separation in donor and receiver), grey bars itidica
the relative contribution of highly productive
Trifolium pratenseindividuals (donor and receiver
individuals) within these communities for comm.-
unity responses. Values are means + 1 standard
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We found vesicles, arbuscules, internal and exté&yhae of mycorrhizal fungi (MF), which
are typical structures denoting vesicular-arbuscuoigcorrhiza (VAM), in 17 out of 18 root

samples. We found infection with MF in 40.8 % +26SD) of stained roots per sample.
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Species richness level, legume presence and sedulgtazing had no effect on the

degradation of decomposition standards acrosspaities richness levels. Within species
richness level, analyses showed a significantlyhéigdegradation in monocultures of

Trifolium pratenseéhan in monocultures of the other two speciasdE 4.9,p = 0.034) (Fig.

7). No statistically significant interaction betweé&gume presence and simulated grazing
occurred. We thus assumed that below ground turn@ates were not affected by species
richness levels and no correction for differenhtaer rates had to be applied.

a) - O mean-L | b) (O mean -cut
100 F @ mean+L | @ mean +cut
S
c I o I
§ 80
=
©
T
@
Y
o
)
(a]

3
—(O—

—(O—
—@—
—@—

—(O—
—(O—
—@—

N
o
T
T

1 2 3 1 2 3

Species richness

Figure 7 Effect of legume presence and simulated grazingdegradation of decomposition standard in
communities along the species richness levels (owhoes, 2-species- and 3-species-mixtures), giaen
mean values (+ 1 standard error of the mean, @pkicare given in Fig. 1) for (a) degradation [%] i
communities without ¢/open circles) or with«/closed circles)rifolium pratenseand (b) degradation [%)] in
untreated communitie® { open circles) and in communities treated withudated grazing«, closed circles) of
donor individuals.
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DISCUSSION

Individual level
Effects of legume presence and species composition

H1: N-transfer will be higher from an N-fixing donto a non-fixing receiver than between a

non-fixing donor-receiver pair.

The first hypothesis, thdfN-transfer will be higher from a legume than froman-legume
donor individual, was not found to be true becaapart from a pronounced positive legume
effect in Figs 2, 3). Statistical analyses reveadatiy minor effects of donor individual’s
species identity fol>N-transfer, because effects were overruled by &ffet the biomass of
donor individuals (effects of NBwor and Skeeives S€€ Table 2a). Although significant
interactions, if fitted first in the type | sum efjuares ANCOVA models, between species
richness level and legume presence (SR x L; Tab)e lietween receiver’'s species identity
and legume presence (L X.&dive; Table 2c) and between receiver's and donor’s ispec
identity (SleceiverX Shiono Table 2a) suggested that the presence of thespegiesTrifolium
pratenseacross and within the species richness levelsedltél-transfer between species.
Legume presence affected individual net biomasdymtion (NR,g), N-concentration and N-
content in receiver individuals positively; thisosted an apparent short-term facilitative
effect of legume presence. Positive legume effeatbiomass and N-accumulation have been
observed frequently in experimental grassland conities in the field (Lee et al. 2003;
Temperton et al. 2007). Facilitative legume effents related to two processes: (i) N-transfer
from legume to neighbour and (ii) N-sparing (in@@&é amount of soil-N for non-legumes if a
resident legume species relies more on atmospNeritran on soil N-resources). Legume
effects often increase with time because of anraatation of N-rich legume litter (Hogh-
Jensen and Schjoerring 1997; Mulder et al. 2002)ottrer factors, which increase
complementarity effects (Marquard et al. 2009).&;le¢he facilitative legume effect is most
likely related to short-term N-sparing and not drivby increased N-transfer as Temperton et
al. (2007) also report from a study within a semiunal grassland field experiment. We were
able to show that N-transfer, from legume and remwine donors, occurred during a 12 week
pot experiment and that is nmer sea slow process as stated by Ledgard & Steele §1892
that N can be transferred between species of diffdunctional identities within time periods
of 20-30 days in accordance to the field-study frGylfadottir et al. (2007). Short-term
positive legume effects were not only related tsparing; we found a trend for higheN-
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transfer from legume donor individuals; but thefatiénce in size of non-legume vs. legume
donors did not allow for a comparison of difference N-transfer between legume and non-
legume donors of approximately the same biomadsmithis study.

H2: N-transfer will be higher in mixtures than inonocultures because of higher niche

complementarity between different species (as obsan the field).

We found highef°N-transfer from donor to receiver individuals in maliverse communities
(Table 2b) confirming the second hypothesis. Thiglihg is in accordance with the
hypothesis that an early species saturation (38iep) occurs, if only one function (here, the
response parametEiN-transfer) is investigated (Schwartz et al. 20D8;Boeck et al. 2007);
although recent studies emphasise the importancenigiier species richness for the
maintenance of multifunctionality of communitiesdagcosystems (Hector and Bagchi 2007,
Marquard et al. 2009; Zavaleta et al. 2010). Higdpecies richness, although here in a very
small range, probably leder seto higher niche complementarity as it has beemdoun
large-scale, long-term field experiments (e.g. &ihret al. 2001; Roscher et al. 2005; Hector
et al. 2007; Marquard et al. 2009; van Ruijven Bedendse 2009). The beneficial effect of
higher species richness was not overruled by thatiah effect of higher net biomass
production of donor individuals (NBe) on *>N-enrichment [at%ex] in donors, which had a
feedback orf°N-transfer [%)] to receivers. Whereas effects ofidNoverruled positive effect
of legume donors, which onlgokedstrong in graphical data presentation (Figs Zu@)were

not statistically significant (Table 2b, c).

H3: Species-specific uptake of transferred N walrbodulated by the species composition of

the community.

Species composition had strong effects on interastibetween different species (Fig. 3,
Table 2a, c) as predicted by the third hypoth&#§is.were able to show, that the grass species
Phleum competed more effectively for soil N-resources &md™N released from donor
individuals thanAchillea The effect was consistent in 2- and 3-speciesures. Grass
species are more effective in capturing extra N mamed to forb species as found in long-
term grassland field experiments (Oelmann et ab720emperton et al. 2007). This is in

accordance with the finding that grasses havee,fimore dense root systems (Craine et al.
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2002) and exploit resources faster and more effegti(Smilauerova and Smilauer 2010)
than forb species. We showed that also in the gbort the grass species benefited more
from Trifolium than the forb, if all three species grew togethvejch indicate a better
nitrogen use efficiency (NUE; because with nednly $ame amount 6N [%)] transferred, a

stronger positive biomass and N accumulation [nfigcewas achieved).

Although Achillea receivers competed successfully for releaSddwith the grass species,
they could not implement this surplus N into ina@é growth during the time span of this
experiment. It should be noted that the overalirgnoof AchilleaandPhleumwas lower than
that of Trifolium (Fig. 3). Nevertheless we found positive legunfeas$. Especially the forb
produced very little biomass per individual comgiate other studies (Kowal and Pic 1979;
Johnston and Pickering 2007) and its normal pradticin nature where it grows up to 100
cm (Oberdorfer 2001).

Effect of simulated grazing

H4: N-transfer will increase in response to sinedatgrazing because of enhanced
rhizodeposition following simulated grazing.

We could neither clearly confirm nor reject the thuhypothesis which predicted higher N-
transfer after simulated grazing due to higheratigposition from belowground parts of cut
donor individuals. Simulated grazing resulted igHeir °N-transfer [%] from cut donors to
neighbouring receivers in monocultures but to aekse of transfer in mixtures compared to
control communities (donors not cut; Figs 4, 5).résyet al. (2007) found a pronounced
increase in°N-transfer from clover to roots of ryegrass aftefoliation (but no significant
effect in shoots of the grass species) whereasdeatet al. (2005) found decreased exudation
of isotopic C-tracers frorfrestuca rubraroots 2-4 days after defoliation. Ayres et al.q2D
relate the immediate strong increase in N-transfehigher N-releases from the defoliated
clover plant via direct pathways (exudation, myh@a) although they do not exclude higher
indirect effects (decomposition) because they oleskrhigher microbial biomass after
defoliation. Although we did not investigate spsespecific root samples or microbial
biomass in this study, we found a contrary pattfrlecreased inter-specifféN-transfer
after simulated grazing. Evidence for higher rhioakition with subsequent increased
decomposition due to simulated grazing was ratheakwor even negative (Fig. 7). We

conclude that®N- transfer during the last month of our experimens waainly via exudation
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of N-rich compounds or rhizodeposition and not teelato decomposition of belowground

donor roots (and thus under control of the labetledor individual).

The heterogeneous pattern‘dfl-transfer between monocultures and mixtures indiaakind

of plant behavioursensu Karban (2008). Especially°N-transfer patterns ofAchillea
suggested self/non-self discrimination (Falik et2803; Karban and Shiojiri 2009) or even
kin recognition (Biedrzycki et al. 2010), with remhd belowground competitiowithin the
same species and enhanced resource compdidiareerdifferent species. In monocultures a
kind of altruistic behaviour was observed: resosiroéd a cut (and thus less fit) donor
individual were distributed to neighbouring receiwedividuals of the same species; maybe
via enhanced root decomposition (although no cdioreavas found to the degradation of
decomposition standards). A contrary effect wasnkesl in mixtures**N-transfer from cut
donors to neighbouring receivers was reduced fosdcies in 2- and 3-species-mixtures,
although effects were only sometimes significane Buggest that in cut donor individuals,
the available N-resources within roots were usedetwild itself instead of strengthening
neighbouring individuals. This is in accordance ttee finding of stimulated biomass
production after defoliation via grazing or clipgiffSanford et al. 1995; Ayres et al. 2007),
which seems to enhance internal N-remobilizationoffiton and Millard 1993) and overall
nitrogen use efficiency (NUE). We identified highlgteresting patterns, especially the
interacting effects of species composition and udisince on N-dynamics between
functionally different individuals, which still ndemore investigation e.g. in relation to the
mediating effect of grazing animals, which affectiling not only by grazing but also by
trampling and dropping of excrements (Vinther 19%pller Hansen et al. 2002).
Additionally, simulated and real herbivory can alpdant responses differently as has been
shown for metabolic processes and root growth dycefiHummel et al. 2007; Henkes et al.
2008).

Microcosms and communities

We found higher community productivity and nitrogagcumulation in mixtures with
Trifolium which was driven by the legume itself (Fig. 6) @hds was due to the sampling
effect (Huston 1997)Trifolium produced most biomass per individual in mixturdsemw it
was released from intra-specific competition fooads or belowground space (which is a

resource of itself, see Schenk et al. 1999) inumned (Fig. 3). Vigorous growth of the legume
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species mainly proved an effective use of the smadilable soil volume and not as such an
ecological response. Johnston & Pickering (200ndb a similar pattern foAchillea
millefolium in a greenhouse experiment but no such effect Gloaspecies. We neither
observed high intra-specific competition for spacéhe forb nor in the grass species used in
our study. Most communities were infected with wakir-arbuscular mycorrhizal fungi
(VAM), which indicated a high degree of belowgroucwhnectivity. Mycorrhizal fungi can
have an important effect on overall plant-planefattions (e.g. Hamel and Smith 1991,
Moyer-Henry et al. 2006; van der Heijden and Hortd@09) and are capable of
decomposition and transfer of organic compoundsi{jdcet al. 2001). We cannot distinguish
between transfer dfN-labelled nitrogen compounds via excretion andspart through the
soil solution and a transport via hyphae of VAM.eTlrend to higher degradation of
decomposition standards in communities wittifolium pratense(Fig. 7) indicated higher
belowground activity, which also has been foundKbgyling et al. (2008) for communities
with legume species within a field experiment. Behoound activity can have significant
effects on biomass and nitrogen accumulation (vanHeijden et al. 2008) and can affect

plant performance via multiple pathways (De Deyale2003; Sanon et al. 2009).

CONCLUSION

Within this short-term microcosm experiment we walde to confirm positive effects of
increasing species richness and legume presenderar-receiver interactions as has been
found in long-term field experiments (Spehn et28l02; Hector et al. 2007; Temperton et al.
2007; Marquard et al. 2009). We measured an inergeiSN-transfer from monocultures to
mixtures which was probably related to higher nicbemplementarity in mixtures.
Additionally, we were able to elucidate some of tiiechanisms of the role of species identity
vS. species richness on donor-receiver interactibhe outcome depended strongly on the
competitive ability and the resource use efficierdyreceiver species. Both non-legume
receivers Achillea millefolium Phleum pratengeprofited from a legume donor in terms of
biomass and nitrogen accumulation but if they grewdirect competition, the grass took
significantly more advantage from N releasedTwifolium pratensedonors than the forb;
confirming the better N-acquisition of grasses,chihas been reported from field studies. We
analyzed the effect of simulated grazing withinethspecies richness levels and found that,
while grazing had (as a trend) a positive effectrira-specific'°N-transfer from cut donors

to shoots of receivers of the same species, i{&sad trend) a negative effectinter-specific
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transfer between cut donors and neighbouring recgibelonging to different species in
mixtures. This is in line with the emerging knowdedabout self/non-self and kin recognition
in plants (Karban and Shiojiri 2009; Biedrzyckiadt 2010). The finding indicates a kind of
intra-specific altruistic behaviour in responsegytazing in monocultures whereas in mixtures,
the available N-resources were remobilized intéyn@al sustain the competitive strength of
each species against the neighbouring other sped®ldés now need more detailed
investigations under (semi)-natural conditions, tipalarly related to the question how

management regimes affect plant-plant interactiosni established sward.
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SUPPLEMENTARY MATERIAL

SPECIES INTERACTIONS ALONG AN N-AVAILABILITY GRADIENT IN A 3-
MONTH GREENHOUSE STUDY

Lea L.A. Martin? A. Licke, V.M. Tempertoh

! Forschungszentrum Jilich GmbH, ICG-3 (Phytosphefe)University of Bayreuth,
Biogeography?® Forschungszentrum Jillich GmbH, ICG-4 (Agrosphere)

HYPOTHESES

1. The positive effect of legume presence on neighhguspecies (N-facilitation for
receivers) will increase with decreasing N-avallgbin the substrate as predicted by the
stress gradient hypothesis.

2. N-facilitation of legume species will change to qmetition because of reduced biological
No-fixation (BNF) under high N-availability conditign

3. Species from the functional group of grasses wilfip more from N-facilitation than
species from the functional group of forbs as is baen observed in (semi-)natural

grassland habitats.

CONCLUSIONS

1. We found a slight increase in facilitation with degsing N-availability in the substrate as
predicted by the stress gradient hypothesis. Tfecteivas most pronounced for the N-
concentration in leaves but not detectable via &® natural abundance value,
indicating, that N-facilitation occurred mainly Mitsparing in this short-term greenhouse
study.

2. Strength and direction of the legume effect depeénaie the response parameter under
investigation but it seemed (concluded from therrtetation of differences in legume
parameters between low, medium and high N-avaitgbithat legume species indeed
used more soil N-resources under medium and higupply which implied higher
competition especially in more diverse communitiEspecially under medium N this
seemed to have a negative effect on the N-condmmiren forbs and grasses and led to

decreasing 3"°N values. Lower 3°N values indicate a more closed N-cycle.
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3. Grasses profited more than forbs from a legume hibeigr and increasing species
richness, especially when soil N-resources werdédum reflecting superior N-capturing

and N use efficiency as it has been observed lich &eperiments.

RESULTS AND DISCUSSION

ALL N-LEVELS TOGETHER

« Most variation in productivity, N-concentration [%P™°N and C:N ratios was
explained by the number of individuals per commuiiiig. 1, covariable: fg9 =
161-308, p < 0.001) and by N-availability in thebstrate (Table 1, F1g0 = 11.56
(NPng), 31-35 (N%,0"N, C:N), p < 0.001). Effect of N-availability renmed always
highly significant irrespective of its fitting orden the model. Communities under
medium N were most productive (Fig. 2). Biomassdpation under high N-avail-
ability might be limited because of low pH valuagedo fertiliser application (Table
1). N-concentrations and°N values in plant leaves increased with increasihg
supply (Fig. 3).

- Species performance within habitats which difigngicantly in the N-availability in the

substrate is predominantly under environmental robrand not determined by positive or
negative species interactions (Cardinale et al92Ma et al. 2010; Michalet et al. 2006). The
same effect was found within this microcosms stuwdwifirming that this general mechanism

holds true at very different spatial scales.
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Figure 1 Effect of number per individuals on individual biass (NRy) in N-level low (A), medium (B) or high
(C). Most individuals grew in communities with IoM~availability in the soil, whereas only few indilials
grew (< 10) with high N-availability.

Table 1 Soil properties from the analyses of subsamplestibstrates in all three N-levels: A = low N, B =
medium N, C = high N. Indicated are mean value$ &tandard deviation of the mean) for the N-conegion

of the total soil N-pool (mineral and organic N+fws together), th&"N values for the same N-pool, pH values
and the C:N ratios (both total soil C- and N-poatineral and organic forms together).

n N% SD 3N SD pH SD C:N SD
soil A_start 2 0,052 0,03 -4,8 0,73 6,8 0,06 31,6 6,46
soil A_end 9 0,054 0,02 -2,8 0,64 6,4 0,59 31,06,38
soil B/C_start without fert. 2 0,189 0,08 -1,4 0,58 6,5 0,02 33,12,76
soil B_bare at end 2 0,229 0,07 1,1 3,05 4,6 0,05 17,912,85
soil B_end 5 0,092 0,05 -2,3 0,97 5,0 0,46 26,0 8,13
soil B/C_start without fert. 2 0,189 0,08 -1,4 0,58 6,5 0,02 33,12,76
soil C_bare at end 2 0,493 0,48 2,02,76 4,5 0,33 9,58,84
soil C_end 3 0417 0,22 2,11,13 4,6 0,08 9,3 3,10
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Figure 2 Effect of legume presence for community biomass (ot) and mean values over all individuals per
community for N-concentration anil°N values in plant leaves. Open symbols indicate manities without
legume presence with a dashed linear regressieralong the three N-levels, filled circles indicatanmunities

with legume presence with a solid linear regresiimmalong the three N-level.

» Effects of the other factors besides the N-avditghbin the substrate (species

richness, functional group richness, functionalnidg and legume presence in

communities) were mostly only significant €p0.05) if they were fitted first after

the covariable in the model"®@order). Effects of legume presence {§ 16-84, p

< 0.001) or functional identity ¢heo = 6-58, p < 0.001) had more explanatory

power than functional group richness (k= 3-15, p < 0.014) or species richness

(Fs160= 4-5, p < 0.005) on response parameters if fidie#® order. The effect of

functional identity vanished for N9&"N and C:N, but not for NR, if it was

fitted after legume presence. The same held tnuthéoeffect of species richness if

it was fitted after functional group richness. Thiusther analyses were conducted

separately for the three N-levels and functionalugrwere displayed as separate

entities.
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Within the three functional groups (forbs, grassesl legumes) number of
individuals per community (Fig. 1) and N-supplydF8) had the strongest effects
on all response parameters confirming results feoralyses across all data to-
gether. All functional group-specific response pagters were mainly under

environmental control but additional legume effemtsurred.

—-> Biodiversity experiments in the greenhouse arevweoy common and only few studies

provide evidence of positive biodiversity effegsr seon community biomass production

(e.g. Lanta and Leps 2006). More often a predonia#act of legume species presence has

been found (Mikola et al. 2002; Spaekova and LéislP The importance of the sampling

effect should increase with decreasing spatiaksgedm field to greenhouse, Balvanera et al.

2006), thus, it was not surprising that the preseasiclegume species had stronger effect on

response parameters than functional identity, fanat group or species richness if tested at

2" order over all N-levels.

Legume presence had in general positive effectdNaroncentration and C:N
ratios for forbs and grasses (Fig. 3). Signifiadifferences due to legume presence
occurred in the low N-level for N-concentrations forbs (p = 0.022) and in
grasses (p = 0.004) and for the C:N ratio in gmg¢se= 0.001) (Fig. 3).

The increase in N-concentrations in leaf tissuea@ueed as per cent increase
between forbs/grasses grew without and with leglimsgsigher in the low N-level
than in the medium N-level (low, medium (and high)evels: ~ 33 > 28 (> 6) and
27 > 23 (> 20) % increase in forbs and grassepentisely, Fig. 3).

Legume presence had no significant effec®5iN values (mean over all species

richness levels) in both forbs and grasses (Fig. 3)

- N-facilitation increased slightly with increasiiNgstress for receiver species, especially in

terms of N-concentration in leaf tissue: whereassitive legume effect was detectable under

low N-availability, it vanished under medium or hity-availability.
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Figure 3 Effect of legume presenedong the N-gradienton response parameters (mean values over allespeci
richness levels within an N-level for individualbiass: NRy, N-concentrationd™®N values and C:N ratios in
leaf tissue) of the three functional groups fogpssses and legumes along. Open symbols represamt over
all individuals without a legume neighbour, clossanbols represent mean over all individuals witlegume
neighbour, given are mean values of all speciealliapecies richness levels per functional group standard
error of the mean, n = number of individuals withémch group without/with legume as neighbour in
communities).

N-LEVELS SEPARATED

* Along the gradient of species richness in thredediht N-levels (low = Fig. 4,
medium = Fig. 5 and high = Fig. 6), response pataraechanged differently with
increasing N-supply in the substrate.

» Under low N-availability (Fig. 4), species richndssd a positive effect on N-concent-
ration (increased) and C:N ratios (decreased) asggs whereas the effect was nega-

tive under medium N-supply (Fig. 5) and indifferemder high N-supply (Fig. 6).

- Under low N-availability, higher species richng®s seincreased facilitation; maybe due
to an increase in rhizodeposition and enhancedsoiioorganism community with strongest
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effects on the best competitors (grasses). WhemNsasources increased (medium N-level),
the effect of increasing species richness changed facilitation to competition: an increase
in diversity led to decreasing N-concentrations &1l values and increasing C:N ratios in
forbs and grasses. The combination of these resudlisates higher competition for N. In the
four species mixtures, the legume species seematctease BNF due to higher resource
competition: the increase in N-concentration witbezrease in C:N ratio was accompanied
by a decrease id*°N values. Under high N-availability, competitiorr fd-resources seemed

to play only a minor role although even the legwspecies used soil N as indicated by high

5N values.
Forbs Grasses Legumes
0,18 + L
0.16 * L
0,14 - ‘ - 6- +
T 012¢ | -
£ 0710 L) [ w L 4 -
S oosl 1 e ? - ; o .
006+ @ | o o e . O 2. ®
0,04 - O e |
o2, , . L L P, A
. 25¢ - e 28-
£ 20+ - o | 28 + e
§ 151 (T‘> ¢ é I (* ('+ O. 24T #
© 10T O O ® Ol T 22r
= - L
05| I 2,0
1 1 1 1 1 1 1 1 1 1 1'8 r 1 1 1 1 1
2+ - 2-
1= (o - 1-
: 84
Folo - teel L N I
e} T 1 (1.
1k L 5t 4k
1 SI Js . "o o o o °
2k L ® 2L
24 -
wrl 0 o o
2 3rl - o 27
® T 1 @) @
S 30+ + - 20 -
5. :
G 25+ - L] 18 -
20 L + @]
- [ J
1 L L} L} 1 L 1 1 L , 16 ? 1 L L L
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
n= 14 14/8 12/717/32 7112 & 10/6 6/3 7/18 3/2 6 20 5 17 3

Species richness

Species richness

Figure 4 Effect of legume presence in tloav N-treatment on response parameters (individual biomass;(NP
N-concentrationd™N values and C:N ratios in leaf tissue) of indivathiof the three functional groups forbs,
grasses and legumes along the species richnessmgradpen symbols represent individuals witholggume
neighbour, closed symbols represent individualf wifegume neighbour, given are mean values cfpalties
per functional group + 1 standard error of the mean number of individuals within each group witivith
legume legume as neighbour in communities).
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Figure 5 Effect of legume presence in theedium N-treatment on response parameters (individual biomass:
NP,.¢, N-concentrationy™N values and C:N ratios in leaf tissue) of indivathiof the three functional groups
forbs, grasses and legumes along the species sighgradient. Open symbols represent individualbowit a
legume neighbour, closed symbols represent indaldwith a legume neighbour, given are mean vatdies!
species per functional group + 1 standard errothef mean, n = number of individuals within eachugro
without/with legume legume as neighbour in commiasjt

* Legume presence enhanced N-concentration and Idv@ié ratios in leaves of forbs
and grasses in all three N-levels (Figs 4-6) bigot$ were stronger in grasses than in

forbs. It had no consistent effect 81N values.

- The increase in N-concentration accompanied wibrehsing C:N ratios (especially in
grasses) indicated a higher nitrogen use efficightyE) when legumes were present in the

communities.

- Better NUE without similar homogeneous changeXiN values showed, that the positive
legume effect wamainly attributed to N-sparing and not to N-transfer from legumes (as

N-donors) to neighbouring species (as N-receivéNs3paring means, that soil N-resources
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could be used more complete by non-fixing spediemniN-fixing speciegdoes not use it
because it sustained itself via biological nitrogeation (McNeill and Wood 1990a). Short-
term N-transfer occurs as a field study with™s-enriched tracer showed (Gylfadottir et al.
2007) but the effect might not be strong enougbh@nged™°N values in receivers. A reason
might be that thé&"N value isper sean integrator of the N-cycle (Robinson 2001) anty o
severe treatments like the application of cattieauaffect thed'>N natural abundance in the

short term (Eriksen and Hogh-Jensen 1998).
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Figure 6 Effect of legume presence in thigh N-treatment on response parameters (individual biomassg;iNP
N-concentrationp™N values and C:N ratios in leaf tissue) of indivatkiof the three functional groups forbs,
grasses and legumes along the species richnesergradpen symbols represent individuals witholggume
neighbour, closed symbols represent individual§ wifegume neighbour, given are mean values cfpalties
per functional group + 1 standard error of the mean number of individuals within each group witihvith
legume legume as neighbour in communities).
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» Grasses respond stronger than forbs to the presériegume species within comm.-
unities. Especially N-concentrations and C:N rati@se consistently positive affected
by a legume neighbour (Figs 4, 5).

* The changes in N-concentrations and C:N ratios wetemirrored in homogeneous

changes "N values.

- C:N ratios in grasses compared to forbs showet graesses had a higher competitive
strength for capturing available soil-N resources @&xploit the soil volume quicker than
forbs species especially in more diverse commumnitie it could be observed in field
experiments. It is a kind of founder effect; a tali confounding factor for greenhouse
experiments where the researcher determine tinspexies arrival and not e.g. phenology of

different species.
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MATERIALS AND METHODS

Biotic environment:

* Monocultures and mixtures, grown from seeds inntih@ocosms, of species from the
functional group of N-fixing legumes, grasses ambfo (without separation in small
and tall forbs) in three N-availability levels inet soll

e Communities grew ~90 days in the greenhouse dwstingmer 2007

* Species were: 2 legumes, 3 grasses and 8 forbs

Trifolium pratense L.

Lotus corniculatus agg.

Anthoxanthum odoratum agg.

Festuca pratensis Huds. s. I.

Phleum pratense agg.

Geranium pratense L.

Achillea millefolium L.

Matricaria inodora L. , nom. illeg. (nom. superfl Tripleurospermum
perforatum (Mérat) Lainz

Chrysanthemum leucanthemum L. = Leucanthemum wellgam. s. str.
Prunella vulgaris L.

Hieracium pilosella L.

Leontodon autumnalis L.

Plantago lanceolata L.

O O0OO0OO0OO0OO0OO0OO0o

O O0OO0OO0Oo

Abiotic environment:

* N-level were low, medium or high (~0.007, ~0.066d af0.206 % My in the
substrate), realized by the 1:1 (v/v) mixture dEf@e-Sand (low N), ED73-Sand with
low or high addition of slow-release/long-term fieser (NH;NO3) in medium and
high N-levels

* We used 4 | pots, each N-level should contain 94 po

* Pots were randomized on tables once per week t@predge effects

» lrrigation with tab water was performed automaticahd manually if necessary

* We determine individuals, cover, height of highiestividual and biomass per species
during the experiment and at the time point of batv

* Plant material were oven dried (60°C/> 60h), groimdtainless steel devices in a
Retsch ball mill, packed in tin capsules and aredywith an EA-IRMS (element
analyzer-isotope ratio mass spectrometer) to déterid-concentration [%] and™N
natural abundance [%o] per sample and with an EAedi@rmine C-concentration per

sample
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Statistics:

* We used ANCOVA (type | sum of squares) to deterngffects of different factors,
order of factors within the model were changedind the most important factor for
each response parameter, the covariable was atestgsl first

o Covariable: number of individuals per community ger pot), square root
transformed

o Independent variables (factor): N-level (N), speaiehness (SR), functional
group richness (FG), legume presence in commuriit®; (L), functional
identity of species (FG-ID)

o Dependent variables (response parameter): individiomass (NRq) [g], N-
concentration [%]3"N value [%o], C:N ratio

0 NPnq and N [%] were square root transformed, C:N ré&glO-transformed
and 3N values were not transformed to met the assumptafnnormality
(Kologorov-Smirnov Test) and of homogeneity of eaies (Levene’s Test)

*  We used ANCOVA (type Il sum of squares) to testdmnificant effects of N-level

and legume presence within the functional groupsare to Fig. 3)

Confounding effects:

» germination rate of seeds were rather l&wuse of individuals/pot as covariate in all
ANOVAs

« additional planting of seedlings during tH¥ ®eek of experiment was not successful

» problems with the automatic irrigation caused dhdugtress and high seedling
mortality especially in the high N-treatmer® (no higher diversity level)

* N-levels had different pH values due to fertilisgplication: low: ~5.5, medium: 4.5-
5.0, high: 4.0-4.5 pH in substrate
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