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Summary & Zusammenfassung

SUMMARY

The competitiveness of young beedtagus sylvatichand spruce plantgicea abiey was
analysed in a process-based, mechanistic way. 8weceompetitive success of the individual
plant basically depends on the ability to acquesources from external pools which are
attractive also to neighbouring plants, and sineehspools are intrinsically represented by
spatial dimensions, competitiveness was quantifieterms of costs (resource investments)
and benefits (resource gains) associated with tsireE (i.e. leaves, axes, roots) that are
involved in a sustained above- and belowground estgation and exploitation of space.
Three kinds of cost/benefit ratios (efficiency oa)i were defined for measuring
competitiveness: (1) Efficiency ratio of space ssjration (i.e. occupied aboveground space
per unit of resource investment, e.g. biomass), efigiency ratio of resource gain (i.e.
resource acquisition per unit of resource investroemmccupied above or belowground space)
and, (3) efficiency ratio of “running costs” in tes of respiration and transpiration per unit of
sequestered above and belowground space for sogttue structural functionality related to
competition. The major aims of this study were t@mjify the resource budgets that occur
along structures and within occupied space of egleg for competition, and then to examine
to what extent the proposed efficiency ratios mayapplicable to expressimgpmpetitiveness

of plants in quantitative terms.

Competition between beech and spruce saplings mestigated in a two-year phytotron
study. In 1998, two and three-year-old beech andicgp individuals of same height,
respectively, were planted in mixed and monocudture containers that were filled with
forest soil. Although each container (32 in totafrboured 20 trees, measurements were
concentrated on the six central plants (prevertiag by edge effects). In the year preceding
the phytotron study (i.e. 1998), the containersenlept in the greenhouse at ambient and
elevated CQ@ concentration (ambient + 300 ppm £0n the following two growing seasons
(1999 and 2000), the containers were placed irggtiytotrons at ambient and elevated,CO
concentrations in combination with ambient (3x@nd twice-ambient (2x§) ozone levels,
resulting in four CQO; gaseous regimes: Ambient gOxO; (gaseous control regime),
ambient CQ2x0; (+03), elevated CQI1xO; (+CO,) and elevated CLRXO; (+CO,/+0g3).
Elevated levels of COand Q were used as disturbants to provoke changes intgrand
resource allocation in order to more readily dgtish and derive underlying mechanisms of

relevance for competitiveness from plant respomis®ur hypotheses were tested: (1) the
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competitiveness of beech rather than spruce istafieby the elevated;Qegime, whereas (2)
spruce profits from the increase in resource aviliifa(CO5) in mixed culture. However, (3)
tree responses to G@nd Q depend on the type of competition (i.e. intranbenspecific). (4)
The competitive ability of plants can be charagedti and quantified in terms of the

introduced efficiency ratios of competitiveness.

In the studied plant systems, spruce was a bett@petitor than beech. After two growing
seasons in the phytotrons, beech plants in mixadtaggion showed significant reduction in
above- and belowground biomass, seasonal biomaseniants and crown volume as
compared with beech in monoculture. In contrastsp tended to increase its total biomass
in the presence of beech, especially under ;A@e results confirmed hypothesis 1: Beech
was more sensitive to the enhanced ©gime than spruce. In 1999, beech plants in
monoculture increased the number of leaves andg®liarea under elevated, Qvhile no
changes were observed in mixed plantation. One lg¢ar, beech plants under +@duced
most growth parameters (mean leaf area, shoot @otd hiomass, foliage area and crown
volume) as compared with individuals in the gaseoastrol regime. The reductions were
larger in mixed than in monoculture. These ressdiggest a higher susceptibility to ozone of
beech in mixed culture, confirming hypothesis 3.ntCasting with beech, spruce did not
respond to the enhanced f@gimes. Similar to the findings under st@esponses of beech to
enhanced C@varied depending on the plantation type (confignitypothesis 3). In 1999,
the number of leaves, foliage area and shoot bismbBbeech were stimulated under +00©
mono but not so in mixed culture. In 2000, elevai&€y led to reduced beech growth in both
plantation typeshowever, reductions were larger in mixed cult@e.the other hand, spruce
profited from the enhanced Gy increasing its total biomass in mixed plantatiavhich
was supportive of hypothesis 2. Also the countérgceffect of elevated COrelative to
adverse ozone impact on beech varied between ptanttypes (counteraction only in
monoculture). One major outcome was that compatitmdified tree responses to £énd

Os; and that, vice-versa, these two gases influenbhedcompetitive ability of the trees. In
addition, the extent of tree responses varied adwglly substantiated during the course of the
two experimental years: Effects of gaseous regiames competition required more than one

growing season to become statistically significant.

In the presence of the gaseous regimes, the maiorfalriving changes in resource
partitioning was the plantation type (i.e. the kiotl competition). The extent of biomass
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production in plants of mono and mixed culture wamnsistent with the respective
photosynthetic performance. In 2000, beech plahtaved, e.g., lower instantaneous £O
assimilation rates in mixed as compared with mottoce; especially under +Gand +CQ.
The lower photosynthetic rates of beech in mixeltuoel were not caused by light limitation,
leaf nitrogen content, ozone injury (necroses) bgrthe electron transport rate of the
photosynthetic light reactions, but was associatéti lowered stomatal conductance. In
addition to the lower stomatal conductance, reddogage area and crown volume, and the
delay in shoot development of beech plants in mpladtation as compared with those plants
in monoculture also contributed to the lower seab@ gain of beech under interspecific
competition. Regarding stem respiration, the rate€0O, release strongly varied at a given
temperature throughout the year. Elevated respiratites occurred between mid-June and
the end of July, in parallel with the radial sterowth. The reduced stem respiration of beech
in mixed plantation as compared with plants in neuliore related to the lowered
aboveground increment in biomass (in particularenrie;) and perhaps to an increased,CO
refixation in the cortex cells, as photosynthetmion flux density (PPFD) was enhanced in
the shade canopy of mixed cultures. In spruce, sempiration rates did not differ between
plantation patterns.

The efficiency ratios proved to be adequate forrattarizing competitiveness (confirming
hypothesis 4). Under the given experimental scesathe competitive disadvantage of beech
in mixed culture was not related to the C gaincifficy (i.e. C gain per unit of occupied
aboveground volume), as higher seasonal performahtkis efficiency ratio was found in
mixed rather than monoculture. The lower competitass of beech in the presence of spruce
was rather related to a reduced efficiency in agomend space sequestration. In 2000, beech
displayed smaller crown volumes per unit of shaotriass in mixed as compared with plants
in monoculture, and the “running costs” for sustgnoccupied crown volume in terms of
foliage respiration and transpiration were, in geheslightly higher in mixed plantation.
Spruce, in contrast, showed similar efficienciesdngain and “running costs” in both
plantation types and tended to enlarge its spagpeesération in mixed plantation. Regarding
belowground structures, beech plants respondekletinterspecific competition by enhancing
specific fine-root length (SRL). In contrast, spFudid not show significant differences in
SRL between plantation types. Despite the higheL SR beech in mixed culture, its
capability to sequester and retain nutrients (¢aled as whole-plant content of N and P per

unit of root biomass) was in general lower in mixéwn in monoculture. Apparently,
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morphological changes at the leaf (SLA) and finetr(SRL) level were not related to the
competitive performance of the studied plants. émalusion, the decisive parameter in
determining competitive success is, at least ienile beech of this case study, related to the
ability of enlarging the crown volume at low strucl costs. Spruce profited from the
declining space sequestration of beech, asndreowing crown shape of the latter species
tended to allow enhanced light penetration into thiked-stand canopy. The favoured
production of spruce appeared, in addition, to exzate the belowground competition for
nutrients at the expense of beech.

The decline in the efficiency of aboveground spsequestration in beech in mixed culture
was based on reduced investments into leaf formaigy unit of shoot axes biomass, and into
current-year axes growth per unit of older shootsakiomass, in particular under O
Contrasting with changes in the root/shoot and @/gjagoot biomass ratios, which merely
were a function of plant size (i.e. allometry), 8feft in biomass partitioning between foliage
and shoot axes was size-independent. In conclusewere stress as imposed by exacerbating
competition and @ impact apparently overrules the ontogenetic céntrahe whole-plant
resource allocation of beech.

ZUSAMMENFASSUNG

In der vorliegenden Arbeit wurde das Konkurrenzaédm junger Buchenfagus sylvatica
und FichtenindividuenRicea abiey funktionell und mechanistisch analysiert. Dercyfder
einzelnen Pflanze ist grundsatzlich abhangig von Fdeigkeit limitierende Ressourcen von
der Umwelt - in Konkurrenz mit den Nachbarpflanzeraufzunehmen. Da Ressourcen in
dreidimensionaler, raumlicher Verteilung vorliegemurde die Konkurrenzstarke eines
Individuums durch Bestimmung der Kosten (Ressoumgestition) und Nutzen
(Ressourcengewinne) quantifiziert und in Verbindgegsetzt mit der Struktur, die in der
ober- und unterirdischen Raumbesetzung und Raumatusiy aktiv ist. Drei Arten dieser
Kosten/Nutzen-Bilanzen (Effizienzen) wurden zur Qufzieren der Konkurrenzstarke
definiert: (1) Effizienz der Raumbesetzung (d.h.sdieter oberirdischer Raum pro
Ressourceninvestition, z.B. von Biomasse), (2) zlEfiz des Ressourcengewinns (d.h.
Ressourcenaufnahmen pro Ressourceninvestition oper besetztem ober- oder

unterirdischem Raum) und (3) Effizienz der laufendésten im Sinne von Atmung und
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Transpiration, die zum Strukturunterhalt aufgewénderden pro besetztem ober- oder
unterirdischem Raum. Die Hauptziele dieser Arbaitem den Ressourcenumsatz entlang der
Strukturen und innerhalb der besetzten Raume, wdilghdie Konkurrenzprozesse bedeutend
sind, zu quantifizieren. Ferner solite ergrindenrdea in welchem Ausmall die
vorgeschlagenen Effizienzen Anwendung finden konnem die Konkurrenzkraft der

Pflanzen quantitativ auszudrucken.

Die Konkurrenz zwischen jungen Buchen und Fichtarde wahrend eines zweijhrigen
Phytotronexperiments untersucht. Im Jahr 1998 wumleei- bzw. dreijahrige Buchen- und
Fichtenindividuen gleicher Grof3e in Mono- und Misakur in Container mit Waldboden
gepflanzt. In jeden Container (insgesamt 32) wurd@n5 Reihen a 4) Baume eingebracht,
die Messungen aber auf die sechs zentralen Pflarkmmzentriert, um Randeffekt
abzumindern. Im ersten Jahr (1998) wurden die Bflanm Gewéchshaus unter ambientem
und erhohtem C@ (ambient + 300 ppm Cf vorakklimatisiert. In den folgenden zwei
Vegetationsperioden (1999 und 2000) wurden sie liytd®ron weiterhin unter den beiden
CO,-Konzentrationen, in Kombination mit ambientem (3x@nd doppelt-ambientem (2xP
Ozon behandelt. Dadurch entstanden insgesamt ¥iefOg-Gasregime: ambient GQAXOs
(Kontrollbegasung), ambient GQ@x0Os; (+0s), erhdoht CQ1x0O; (+CO;) und erhoht
CO/2x0Os (+CO/+03). Das Wachstum und die Ressourcenallokation diem&n sollten
durch die eingebrachten G/Os-Regime gestort werden, um Anderungen hervorzuyufen
das Studium der zugrundeliegenden Mechanismen aekufrenz erleichtern. Insgesamt
wurden vier Hypothesen geprift: (1) Die Konkurreéédse der Buche im Gegensatz zur
Fichte wird von erhdhtem {Obeeinflusst, wahrend (2) die Fichte von der Zuralaer
Ressourcenverfiigbarkeit (GQin der Mischkultur profitiert. (3) Die Antworteder Baume
auf CQ und Q hangen von der Art der Konkurrenz (d.h. intra-roideerspezifisch) ab. (4)
Das Konkurrenzverhalten der Pflanzen kann mit Hilér vorgesteliten Effizienzen sinnvoll

charakterisiert und quantifiziert werden.

Unter den Versuchsbedingungen zeigte sich die ¢-ial#t der bessere Konkurrent gegentber
der Buche. Nach zwei Vegetationsperioden zeigiadet in Mischpflanzung niedrigere ober-
und unterirdische Biomasse, jahrlichen Biomasseazbw und Kronenvolumen im Vergleich
zur Monokultur. Im Gegensatz hierzu zeigte die feédbei interspezifischer Konkurrenz eine
tendenziell erhdhte Biomasse, insbesondere unteO,+@ie Ergebnisse bestatigten
Hypothese 1: Die Buche reagierte empfindlicher diaferhthten @Regime als die Fichte.
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Im Jahr 1999 hatten Buchenindividuen in Monokuldie Anzahl der Blatter und die
Laubflache unter erhohtem zQuergroRert, wahrend keine Anderung in der Misdikul
beobachtet wurde. Ein Jahr spater waren die mei$tlachstumsparameter (mittlere
Blattflache, Spross- und Wurzelbiomasse, Laubfliched Kronenvolumen) von
Buchenindividuen in Mono- und Mischkultur unter gQ@erringert (im Vergleich zur
Kontrollbegasung). Die Reduktionen waren in Misdhku grof3er als in Monokultur.
Entsprechend Hypothese 3 deuten diese Ergebnidseirsu hbhere Empfindlichkeit der
Buche auf @ in der Mischkultur hin. Im Gegensatz zur Buchegrede die Fichte nicht auf
die Erh6hung von © Ahnlich zu den Befunden unter +@ar die Reaktion der Buche auf
erhohtes C@ abhéngig vom Pflanzmuster (Bestatigung von Hyps®h8). Im Jahr 1999
wurden die Anzahl der Blatter, die Laubflache ume Sprossbiomasse der Buchen in Mono-
(aber nicht in Mischkultur) unter + GGstimuliert. Im Jahr 2000 fuhrte erhdhtes £
verringertem Wachstum der Buche in beidem Pflareatypedoch war die Reduktion in der
Mischkultur groRer. Entsprechend Hypothese 2 pectié die Fichte vom erhdhten @ der
Mischkultur (groRere Gesamtbiomasse). Auch deiS€haden kompensierende Effekt von
erhohtem C@ bei Buche ist durch den Pflanztypen beeinflusetr{ensierende Wirkung nur
in Monokultur). Ein Hauptergebnis war, dass die kiomenz die Reaktion der Baume auf
CO, und Q modifizierte und, vice-versa, dass diese zwei Gasederum die
Konkurrenzstarke der Baume beeinflussten. Darulmub zeigte sich, dass die Pflanzen im
Verlauf der beiden Versuchsjahre zunehmend auf Behandlungen reagierten: Die
Wirkungen der Gasregime und der Konkurrenzeffekteauthten mehr als eine

Vegetationsperiode um statistisch signifikant zn.se

Die primare treibende Kraft fiir die Anderungen &erssourcenallokation war der Pflanztyp
(d.h. die Art der Konkurrenz). Die Photosynthestleig spiegelte die Biomasseproduktion
der Pflanzen in Mono- und Mischkultur wider. Im d&000 zeigte die Buche z.B. niedrigere
CO»-Assimilationsraten in Misch- im Vergleich zur Mdadtur, besonders unter +3;Qnd

+CQO,. Diese niedrigeren Raten der Buche in Mischkultturden nicht vom Lichtklima,

Blattstickstoffgehalt, Nekrosen gEffekt) oder einer reduzierten Elektrontranspdérder

photosynthetischen Lichtreaktion verursacht, samddéeruhten auf einer reduzierten
stomataren Leitfahigkeit. Neben der niedrigen sténes Leitfahigkeit haben eine verringerte
Laubflache, ein reduziertes Kronenvolumen und qgitese Austrieb der Buchen in der
Mischpflanzung zum niedrigeren jahrlichen C-Gewidar Buche unter interspezifischer
Konkurrenz beigetragen. Der temperaturkorrigiert@,-®@erlust durch Atmung von Stamm
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und Achsen anderte sich stark wéahrend des JahlasgerDie héchsten Atmungsraten
wurden zwischen Mitte Juni und Ende Juli (paral@n Stammdickenwachstum) gemessen.
Die verringerte Stammatmung der Buche in MischViengleich zur Monokultur scheint auf
das reduzierte oberirdische Wachstum (vor alleneruat;) und eventuell auch auf eine
Erhohung der C®Refixierung in den Rindenzellen zurickzufihren gein. In der
Mischkultur war die photosynthetische Photonflusistl{PPFD) in der Schattenkrone hdher
als in der Monokultur. Dagegen waren die Stammagswaien der Fichte nicht vom
Pflanztyp beeinflusst.

Die oben eingefihrten Effizienzen sind zur Chanagigrung des Konkurrenzverhaltens der
jungen Buchen und Fichten gut geeignet (Bestatigumg Hypothese 4). Der unter den
experimentellen Szenarien aufgetretene Konkurrerted der Buche in der Mischkultur
konnte nicht durch eine niedrigere Effizienz de&&winns (d.h. C-Gewinn pro besetztem
oberirdischen Volumen) erklart werden, da eine héheffizienz in der Misch- und nicht in
der Monokultur gefunden wurde. Die reduzierte Kamn&nzstarke der Buche in Anwesenheit
von Fichte war dagegen mit einer verringerten [ffiz in der oberirdischen Raumbesetzung
verbunden. Im Jahr 2000 zeigte Buche ein kleinEresienvolumen pro investierte Biomasse
in Misch- im Vergleich zur Monokultur, und die lamden Kosten (Atmung und
Transpiration) zum Strukturunterhalt des besetXemmenvolumens waren im Allgemeinen
in der Mischkultur erhéht. Im Gegensatz hierzu teeigie Fichte &hnliche Effizienzen des C-
Gewinn und der laufenden Kosten in beiden Pflareztypnd zeigte tendenziell eine erhohte

Effizienz der oberirdischen Raumbesetzung in deschpflanzung.

Bezlglich der unterirdischen Strukturen antworteie Buche auf die interspezifische
Konkurrenz durch eine Erhdhung der spezifischemviAgizellange (SRL). Im Gegensatz
hierzu zeigte die Fichte keine bedeutsamen Untiexdehn SRL zwischen den Pflanztypen.
Die Fahigkeit der Buche Nahrstoffe aufzunehmen mmdehalten (kalkuliert als N- und P-
Gehalt eines Individuums pro Wurzelbiomasse) wantztrder SRL-Erhéhung in der
Mischkultur niedriger als in der Monokultur. Die nphologischen Anderungen auf Blatt
(SLA) und Wurzelebene (SRL) scheinen also keinerfldss auf die Konkurrenzstarke der
untersuchten Pflanzen zu haben. Zusammenfassend kasagt werden, dass der
entscheidende Parameter zur Bestimmung des Komkemelges, die Fahigkeit das
Kronenvolumen bei niedrigen strukturellen Kosten argrof3ern, zu sein scheint. Fichte

profitierte von der reduzierten Raumbesetzung derhB, da die kleineren Kronen der Buche
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die Lichtdurchdringung in der Mischkultur erhdohiisatzlich scheint das bessere Wachstum

der Fichte die unterirdische Konkurrenz um Néahfstafif Kosten der Buche zu entscheiden.

Die Abnahme der Effizienz der oberirdischen Raumetmsg der Buche in der Mischkultur
basierte auf einer verringerten Investition in Blavduktion pro Achsenbiomasse und in
geringerem diesjahrigem Achsenwachstum pro &lterlesénbiomasse, vor allem unter 5+O
Im Gegensatz zu den Anderungen in den Wurzel/Spnass C-Gewinn/Sprossbiomasse-
Verhaltnissen, die im Wesentlichen eine Funktionr d&lanzengrofRe sind, war die
Verschiebung der Stoffverteilung (,Partitioning”) wschen Laub und nicht-grinen
Sprossteilen unabhangig von der PflanzengrofRe.r$taekem Stress (hier: Konkurrenz und
0Os;) scheint die Ressourceallokation der Buche alslot mhehr der ontogenetischen Steuerung

zu folgen.



Introduction

COMPETITIVENESS OF YOUNG BEECH (FAGUS SYLVATICA AND SPRUCE (PICEA ABIES) TREES
UNDER AMBIENT AND ELEVATED CO3; AND O3 REGIMES.

1 INTRODUCTION

The processes involved in the plant’s life cycletocaiously influence and are influenced by
the physical environment and by the activity ofestlindividuals of the same or different
species (e.g. competitors, parasites, symbiontcangumers). The way an individual plant is
linked into these biotic interactions, especialiffmother plants and parasites, is the subject of
an interdisciplinary research program which is emtly conducted in the Munich area
(Sonderforschungsbereich (SFB) 607: “Growth andaster Defence — Competition for
Resources in Economic Plants from Agronomy and $tore Matysseket al, 2002a). Any
response of plants to a stimulus inherently reguae internal adjustment of the resource
allocation between the different organs. The aimthef SFB program is to identify the
mechanisms underlying the control of resource afioo at different organizational levels
(cell, organ and plant) and in a broad range aitgite forms, ontogenetic stages and growth
conditions. It is to be clarified to what extentngeal principles in the regulation of resource
allocation exist in plants.

In this context, the present work was carried aubrider to analyse plant-plant interactions,
namely, the responses of plants to intmad interspecific competition. Contributing to
understanding competition in a more mechanistic Y&y Gramset al. 2002; Berntson &
Wayne, 2000; Schwinning & Weiner, 1998), the contpetability of plants was analysed in
terms of costs and benefits of resource allocatibimn the plant. BeechiFagus sylvaticd..)
and spruce Ricea abies(L.) Karst.), two species of major economic ingtrén Central-
European forestry, were chosen for this study ag thpresent functional groups (evergreen
conifer versus deciduous angiosperm tree) with distinct growthadgics and canopy
morphology (Yokozaweet al, 1996). Although natural mixed stands of bothce&=e are
restricted to high elevation in Central Europe, m@md mixed plantations are widely spread
over a large range of soil types and regional ¢sdrom northern Sweden to central Italy
(Bauer, 1997, Ellenberg, 1996). During the lastades, the area of mixed beech-spruce
plantations has continuously increased in Germahlyisglein, 1993), however, the
mechanisms underlying their competitiveness arelpooderstood (Gramst al, 2002). The
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increasing need in understanding the mechanismeowpipetition has raised the attention
towards appropriate ways of assessment. As pomiedy Freckleton & Watkinson (2000),
the way of assessment may result in different pmetations of processes in competition.
Thus, the choice of parameters to be analyseddierdo unravel the determining mechanisms
of above and belowground competition must be atijicconsidered when deciding upon the
experimental design (Connolt al. 2001; Weigelt, 2001) — so that this issue needbeto
raised first in the following.

According to Begoret al. (1996): ‘tcompetition is an interaction between individudisyught
about by a shared requirement for a resource intéchsupply, and leading to a reduction in
the survivorship, growth and/or reproduction of laast some of the competing individuals
concernell Thus, it is clear that the success of the imtlial plant basically depends on the
ability to acquire resources from external poolaretl with neighbours. In order to ensure
this, plants must invest into those plant organghvhre involved in the process of resource
acquisition. As plants compete primarily for lightutrients and water, main investments
should be assigned to the morphology and physddgictivity of leaves and fine roots, but
also supporting structures are required. The sk achitecture of these latter structures
determine the positioning of leaves and roots én@hove and belowground space, improving
the individual's ability to explore the environmefadr resource availability (Suzuki, 2002;
Lemaire & Millard, 1999; Umeki, 1995; Kuppers, 198®n the other hand, plants also have
demands other than growth and space sequestrdii@n,running costs (transpiration,
respiration), storage, reproduction and defenceusThhe competitive success of plants
depends on an efficient allocation of nutrients asdimilates to the different resource sinks
(Bazzaz & Grace, 1997). Plants must balance thesources between growth and
maintenance of structures that are responsiblsgace sequestration within the canopy and
the soil. The gained space should ensure the igHeatquisition of new resources (Tremmel
& Bazzaz, 1995; Matyssek & Schulze, 1987; Schuiteal, 1986; Kippers, 1985).
Consequently, to understand competitiveness oftglait is necessary to assess the
relationships between resource investments (castd) resource gains (benefit). On these
grounds, three types of cost/benefit ratios (cafieificiency ratios”) are suggested which
appear to be of relevance for quantifying the cditipeness of plants (Granet al, 2002) —
considering the competitive success to begin withdccupation of space and, through this,
perhaps even exclusion of neighbours.

10



Introduction

The efficiency ratios defined in this study are:

» Efficiency ratio of space sequestration: occupiedva or belowground space per
unit of resource investment (e.g. biomass)

» Efficiency ratio of resource gain: resource acdoisi(gain) per unit of resource
investment (or occupied above or belowground space)

» Efficiency ratio of “running costs”: respiration értranspiration for sustaining

occupied above and belowground space (i.e. peoi@isgquestered volume)

One major aim of this study was to quantify theotese budgets that occalong structures
and within occupied space of relevance for competitand then to examine to what extent
the proposed efficiency ratios may be applicablexpress competitiveness of young beech

and spruce plants in quantitative terms.

Plants were grown in mixed and monoculture undebiam and/or elevated GGand Q
regimes throughout two growing seasons. Elevateeldeof these two gases were used as
disturbants to provoke changes in growth and dilocan order to more readily distinguish
and derive underlying mechanisms from plant respdMatysseket al, 2002a). In general,
plants growing under elevated gicrease their primary production (unless otheoueces
are limiting) and shift their allocation of resoasctowards the roots, whereas @minishes
net carbon uptake and reduces root rather thart glowth (Matyssek & Sandermann, 2003;
Andersen, 2003; Karnoslat al, 2001). Moreover, elevated @@nd Q regimes may change
crown architecture due to modification of branchipgtterns (angles, bud activity, leaf
positioning, and internode lengths; Pritchatdal. 1999, Dicksoret al, 2001, Matyssekt al,
1993). In birch for example, branch formation aedflexpansion were suppressed under
enhanced © (Maurer & Matyssek, 1997; Matyssek al, 1992). It can be expected that
changes in net carbon uptake, allocation pattandsceown architecture alter the competitive
ability of plants to acquire above and belowgrouesburces (Dicksoat al, 2001, Pritchard

et al., 1999; Tremel & Bazzaz, 1995; Matyssdkal, 1993; Matyssek & Schulze, 1987;
Kuppers, 1985), especially in species like beedtichvis believed to be rather responsive to
CO; and Q (Skarbyet al, 1998; Eproret al, 1996). However, the responses to these gases
can vary strongly depending on species, organkeptant, ontogeny and growth conditions
(see reviews about different species and respdns€&y: Poorter & Navas, 2003; Tingey}

al., 2000; Koérner, 2000; Pritcharet al, 1999; Ward & Strain, 1999; Medlyet al, 1999;

11
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Curtis & Wang, 1998; Saxet al, 1998; reviews about responses tg Olatyssek &
Sandermann, 2003; Andersen, 2003; Petleaal, 2000; Matyssek & Innes, 1999; Paludan-
Muller et al,, 1999; Skarbet al, 1998; Langebartelst al, 1997). For beech and spruce most
studies in recent years concentrated on the efte#fcSO, and/or Q on leaf gas exchange
(Wieseret al, 2002a; Liozoret al, 2000; Lutzet al, 2000; Maureret al, 1999; Grams &
Matyssek, 1999; Granet al, 1999). However, increasing information has beaneyl about
the effects of these two gases on growth and bismasditioning (Hattenschwiler & Korner,
2000, 1998; Bruhet al, 2000; Landolit al, 2000; Paludan-Mulleet al, 1999; Egliet al,
1998; Epronet al, 1996; Lippertet al, 1996a), phenology, visual injury and antioxigant
(Nunn et al, 2002; Wieseret al, 2002a,b; Tegischeet al, 2002; Bortieret al, 2000;
Baumgarteret al, 2000; Lippertet al, 1996b), carbohydrate levels (Lakal, 1997; Barnes
et al, 1995), root respiration (Dyckmans & Flessa, 300&ycorrhizae (Blaschke & Weiss,
1990) as well as genetic diversity (Longaegral, 2001). However, none of these studies
were carried out including interactions with neigbhling plants, while submitting plants to
elevated C@and Q regimes in parallel and for more than one groveegson. It has been
demonstrated that plants can show different regsons the same stimulus, depending on
growth in isolation or in competition with otherapt individuals (Fuhreet al, 2003; Navas
et al, 1999; Ward & Strain, 1999; Lemaire & Millard, 9% Tremmel & Bazzaz, 1995;
Klppers, 1985), and that responses observed in-wron experiments can differ from
findings obtained from prolonged observation pesi@pronet al, 1996; Heatlet al, 1997;
Gramset al, 1999). Another issue is the effect of combined, @@d Q exposure on plant
functions. The main question here is whether erd@rii©Q does counteract adverse effects
of elevated @ (Karnoskyet al, 2001). The few studies on beech and spruce ggownder
combined CQ and Q regimes presented conflicting evidence (Létal, 2000; Gramet al,
1999; Grams & Matyssek, 1999; Barretsal, 1995; Polleet al,, 1993).

In the present study, it was suggested that pnetsble to adjust their resource allocation in
response to competition and gaseous regimes inyathed promotes competitive success.
Thus, the proposed cost/benefit ratios (efficiematios) were to be examined for their
capacity to integrate plants responses to neiglMgpundividuals, CQ and Q. Although
internal, functional or structural ratios are conmigoused to describe responses of plants to
environmental stimuli (Mdlleet al, 2000), they may sometimes lead to misinterpicetadf
results (Jasienski & Bazzaz, 1999). Pearsall (192 several other authors (Troughton,
1955; Weiner & Fishman, 1994; Gedroet al, 1996) reported that the proportional
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distribution of biomass across the different plargans changes with plant size (i.e. biomass)
rather than with chronological (i.e. calendarigaljnt age. In some herbaceous plants, for
example, the ratio of root:shoot biomass decliagadty within the first few weeks of growth
(Bazzazet al, 1989). In response to different environmentaiditions (e.g. experimental
treatments), plants may adjust their growth ratekjch results in different sizes and
developmental stages at the same chronologicall@gésedrocet al, 1996). If plants of
different treatments have achieved different siaesl/or ontogenetic stages at a given
chronological age, they probably will show differgratterns of biomass partitioning between
plant organs. However, when comparing plants ofesae in the different treatments, often
no differences in allocation and biomass partitignare found, regardless of the treatment
(Mller et al, 2000; Gedroet al, 1996; Weiner, 1988). In order to analyse if ibon and
biomass partitioning are determined by treatmemtplant size, several authors suggest to
perform an allometric analysis (Osaglaal, 2002; Mulleret al, 2000; Gedroet al, 1996).

In the present study, the approach by Mud#éral. (2000) was pursued to distinguish in
biomass partitioningpetween effects by the gaseous regimes, compegitidrontogeny.

The following hypotheses were tested

» that(1) the competitiveness of beech rather than sprua#iected by the elevated
O3 regime,

* whereas (2) spruce profits from the increase cduese availability (CQ) in the
mixed culture;

» that (3) the responses of plants to,Gdd Q depend on the type of competition
(i.e. intra or interspecific), and

* that (4) the competitive ability of plants can teacterized and quantified by the
efficiency ratios defined above.

13
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2 MATERIALS AND METHODS

2.1  Plants and treatments

The investigation was conducted in the phytotranghe “GSF National Research Center for
Environment and Health” in Munich/Germany (Thetlal, 1996; Payeet al, 1993), where
young individuals of beecfFagus sylvaticaseed source 810-24 Freising) apiuce(Picea
abies,seed source 840-27 Altdtting), were analysed — 2ayaar study — for mechanisms of
plant competitiveness (dBramset al 2002).

The GSF phytotrons system allows a field-relevasaglistic simulation of environmental
conditions, including diurnal and seasonal fludars in climate conditions and air pollution
regimes. The phytotron system consists of four siralenvironmental chambers (area § m
each, Fig. 2.1), which are subdivided into four-shbmbers with temperature-controlled root
compartments. Parameters as air (-20 °C to 40 A@)sall (-15 °C to 25 °C) temperature,
relative humidity (25% to 95%), soil moisture, wiadd exposure to gaseous pollutants can
be controlled separately in each of these sub-chesniA combination of different lamps,
glass and water filters can reproduce the lighttspen (PAR, UV-A and UV-B) with high
precision (Thielet al, 1996). Photosynthetically active radiation (PABD-700 nm) at plant
canopy can reach up to 1000 pmd st.

In spring 1998, two- and three-year-old individuafsbeech and spruce, respectively, were
planted into the containers (0.084 each, 20 trees per container, arranged by rowisxo
individuals, Fig. 2.1, and Fig. 2.2b,c), which haeen filled with natural soil from a beech
stand (mixed brown-earth, Ah-B horizon, “HoglwaldBavaria/Germany, 540 m a.s.l; see
Kreutzeret al, 1991). The plantations of the total of 32 camtes consisted of either mixed
or monocultures (16 with mixed, and 8 containechesith monocultures of spruce or beech;
replacement series). Analysis carried out in thentaoers by Dr. Argerer (personal
communication) confirmed intense mycorrhizatiom beech and spruce plants. In order to
avoid edge effect, the investigations were conegetr on the six central individuals of each
container. Plants had been kept during the summel968 (i.e. one year prior to the
phytotron study), in a climate-controlled greent®ysogrammed to track outside climate
conditions under ambient and elevated,@®els (ambient +300 ppm).

14



Ambient CO,

A3~

—

I

w

;ruc¢

A3~

Elevated CG,

— ™
g || beech
S E| |spruce

] ]
S S| | beech
Spruce
sprucef | | sch beeclh
'___;Ebeeck""' | ‘ ; spruce

@ individual of Fagus sylvatica

individual of Picea abies

Figure 2.1. Placement of the containers with mono and mixdtuies of beechF.<) and spruceP.g) in the phytoton chambers 1 to 4. Each phytot
contains four sub-chambers where two plant contaiwere located each. The elevated, @&gime (ambient CO+ 300 ppm) was employed in the chamb
and 2, whereas the ambient £x@gime was conducted in the chambers 3 and 4dditian to the C@regime, the two subhambers on the left of et

phytotron received the 1x@egime, and the two on the right, the 3x@gime. The circles represent plant individualshie joint soil volume of containe

Investigations were conducted on the six centrahisl (shadowed area).

U < - N
@ beech
Q| spruce
CEU spruce
= e
©| |beech be:,(if

|spruce
beech beech
spruce
beech

spruc
spruce I

I
[1x0, | [2x0;

Ambient CO,




Figure 2.2 Plant containers in sub-chambers of one phytd@apncontainer with mixed culture (b, c), and opep-chambers of GSResearc

Center.



Material and Methods

During the following two summers, the containergeviransferred into the GSF phytotrons,
where in addition to the GQreatments, plants were exposed to either an amii&G;) or
twice-ambient @ regime (i.e. 2x@ levels, restricted to < 150 ppb, Figure 2.1 angufe
2.2a). Four C@O; regimes were established in this way (Table 20)ring the winter
months of 1998/99 and 1999/2000, plants were plam®dopen-top chambers in the open

field while maintaining the corresponding gf@gimes (Figure 2.2d).

Table 2.1 Plants grew under four different gaseous regiavesrding to the combination of ambient and

elevated C@and Qconcentrations.

CO, Os gaseous regimes
Ambient Ambient (1xGQ) Gaseous control regime
Ambient Twice-ambient (2x€) +03

Elevated (ambient + 300 ppm) Ambient (BXO +CO

Elevated (ambient + 300 ppm) Twice-ambient (2xO +CGO)/+05

During cultivation in the phytotrons, the climatenditions and @ regime measured during
the previous year at the study site “Kranzberg stneear Freising (Bavaria/Germany, 490 m
a.s.l.; see Pretzsch, 2002) were reproduced owwaytbasis throughout the seasonal courses
(with the ambient @regime of the field site providing the basis o texperimental “2xgJ
regime). In this way, the climate conditions of Kzherger Forest occurring during 1998 and
1999 were simulated in the phytotrons during 198® 2000, respectively. Monthly means of
irradiance, air temperature, relative humidity, G®d Q concentrations during daylight and
night time in the phytotrons are given in Table.22 1999, plants stayed in the climate
chambers from May 15 until September 30, and in02@Om May 12 until August 31The
AOT40 was calculated according to Fuhrer (1994)tles sum of 1-hourly mean ;0
concentrations over 40 nlsa™" air during daylight hours. AOT40 from May 15 thgbu
September 27 (in 1999) and August 31 (in 2000)ther 1xQ and 2xQ regimes were 10.4
and 62.8 plt hin 1999 and 9.2 and 60.6 fl h in 2000 (monthly means are given in the
Table 2.2). In 1999, the highest AOT40 calculatdtfie 1xQ and 2xQ regimes were found
in August. In 2000, the highest AOT40 was founduly at the 1x@regime, and in June and
July at the 2x@ regime. In general, plants received lower irrackam the second growing
season (2000), and about by 1 to 7 % lower, €C@nhcentration than did plants in 1999. In
2000, mean RH was higher in May and August, ancetow June and July than during the
same months in 1999. Soil moisture of each comtamas monitored continuously by
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tensiometers (Model T5, UMS, Munich), triggeringgation whenever soil water tension had
reached 350 hPa. Plants were irrigated with desdniwater ensuring non-limiting supply
throughout the entire experiment. Fertilization égtand solution, Hoagland & Arnon , 1950)
was regularly applied in order to maintain nutriviels similar to that found in natural soils
of Bavarian forests. This means that plants did gaoiw under non-limiting resource
availability. Fertilization occurred four, six aregght times during the growing seasons of
1998, 1999 and 2000, respectively.

Table 2.2 Monthly mean photosynthetic active radiation (RARr temperature (T), relative humidity (RH),
ambient and elevated G@nd Q concentrations as well as AOT40 (only during @il hours, according to
Fuhrer, 1994) as occurring in the phytotrons thhamug the growing seasons of 1999 and 2000.

Year PAR T RH Amb. CG Elevated 1x0Os; 2x0;  AOT40 AOT40
Month Day/Night [umol m?s?] [°C] [%] [ppm] (6{0 [ppb] [ppb] 1xOs 2x03
[ppm] (W h] Wl 1 h]
May Day 1999 531.8 17,5 55.0 406 701 39.0 729 1.7 10.1
2000 427.0 18.3 57.0 381 665 37.2 76.5 1.3 10.4
Night-1999 0 127 726 417 716 24.2 405
2000 0 13.0 77.0 410 675 23.1 456
Jun Day - 1999 526.0 19.8 61.2 408 702 36.0 70.8 2.8 17.8
2000 482.6 18.4 60.3 380 673 354 729 1.9 18.1
Night-1999 0 14.8 82.0 430 725 159 33.0
2000 0 134 817 421 716 199 384
Jul Day -1999 458.0 19.7 65.6 399 690 342 67.6 2.0 15.2
2000 4522 20.7 62.2 385 683 40.3 715 3.9 18.0
Night-1999 0 15.3 834 431 724 154 30.3
2000 0 155 814 411 707 21.2 33.8
Aug Day - 1999 473.3 19.7 58.7 405 703 41.0 851 3.9 19.8
2000 447.2 20.1 63.2 391 688 35.0 65.0 2.1 14.1
Night-1999 0 13.7 80.4 432 728 152 31.2
2000 0 15.1 84.4 440 736 194 36.2
Sep Day - 1999 408.1 154 67.1 418 714 21.3 47.0 0.1 4.8
Night -1999 0 115 856 449 746 8.6 234
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2.2  Assessment of climatic conditions

Air temperature and relative humidity were measumedthe phytotrons as described
elsewhere (Payeet al, 1993). Photosynthetic photon flux density (PPRZs registered
above and inside the canopy of the plantationsigusne photodiode at a light-exposed, and
two photodiodes at shaded positions in each cartéirype G1118, Hamamatsu Ltd, Japan).
All 96 photodiodes had been calibratpdor to installation with a LI-189 unit (LI-190SA
guantum sensor, LI-COR Inc., Lincoln, Nebraska, YSA

2.3  Assessment of plant biomass and relative bionsascrement

Biomass abovegroundNon-green aboveground biomass of the six cemdaliduals of each
container was assessed in March 1999 and 2000 etieally by measuring diameters and
lengths of the shoot axes. Biomass to volume oglaineasured on comparable plants) was
used to convert measured volumetric data into shimmbass (g DW). At the end of 2000, the
biomass of five individuals (randomly chosen) ofleapecies was calculated in this way and
trees were subsequently harvested for the detetiomnaf the actual dry mass. Figure 2.3
shows the relationship between volumetrically dalad and measured biomass of these
trees. The aboveground biomass assessed in Maesdtbfyear is considered to represent the
final biomass of the previous year. Hence, the bssrdetermined in March 1999 and March
2000 are regarded as the biomass at the end ofrgy@®ason 1998 and 1999, respectively.

At the end of August 2000, the six central indiatiuwere harvested in each container.
During harvest, temperature and relative humidigrevset to 21°C and 55 %, respectively,
while PPFD was kept at about 700 pmol® rs®. The biomass (fresh weight) of
leaves/needles, new and old branches and the stésndetermined in each tree. Beech leaves
were separated according to sun, shade and selashdidliage, and in spruce, current-year
twigs were separated from older twigs. Aliquotseath plant organ were frozen immediately
and ground in liquid nitrogen for subsequent armlyd carbohydrates and amino acids
(processed by Prof. Dr. Rennenberg, Freibukgitional aliquots were used for determining
the fresh/dry weight ratio as a basis for the dassnassessment of plant organs and for the

analysis of macro and micronutrients (processelrby. Dr. Gottlein, Freising).
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Figure 2.3 Relationship between volumetrically calculated
and actually harvested non-green aboveground bmmfas

five beech (circles) and five spruce (triangleglividuals.

Relative aboveground biomass increm@RBl): the biomass increment aboveground during

1999 and 2000 was calculated according to:

RBI = (Bioy) — Bigx1)) *100 %
Bigx-1)
Where:
Bio(: non-green aboveground biomass (g DW) at the épd@growing season

Biox.1): non-green aboveground biomass (g DW) at the étlteqoreceding growing season

Biomass belowgroundht the harvest in August 2000, root biomass a {nrandomly chosen)
out of the six central plants was determined qtetitely. A square-shaped ground area of
0,0134 M was assigned to each tree, and a soil volume G8f40n? underneath that area
(down to the bottom of the container) was excavaiitld a customized metal cutter. This soil
volume was regarded to contain the entire root rdss plant, assuming amounts of roots
extending from this volume to be similar to amoumntsuding from neighbouring plants of
the same species (Bengougihal, 2000). Beech and spruce roots were separated demm
other. Soil particles were removed by washing @Mavet al, 2000), while separating fine

from coarse roots. Root sampling for biochemicadlysis and dry mass assessment was
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performed according to the same rationale as appbethe procedures on aboveground

material.

In March 1999, the initial fine root biomass wadedmined in two cores (2 cm in diameter,
volume 75,8 cri) per container. Additional cores were taken ineJand October 1999 and
March and August 2000, always at same positiors,tlae biomass of fine roots that had re-
grown into the cores until each sampling date weterthined. These data were also used to
assess the efficiency of belowground space seatiesir (see efficiency parameters of

competitiveness, section 2.12).

2.4  Foliage area

At the end of July of 1999 and 2000, the total nembf beech leaves (separated into sun,
shade and second-flush foliage) was counted on iealohdual tree. The maximum width
was measured of all leaves in three individualgneer treatment using a ruler. Five leaves of
each leaf type per plant were excised, scanned trendnaximum width and leaf area were
determined using a DT-Scan Program. High correiatiwere found between leaf width and
leaf area (Fig. 2.4). Therefore, the foliage ardaeach individual was calculated by
multiplying the mean leaf area by the total numbgteaves. For spruce, the length of all
current-year and older twigs per plant was measurédarch/April of 1999 and 2000. The
mean number of needles per unit of axis lengthir theeight and projected area were
determined. Foliage area of each individual wasutaled, multiplying the total axes length
of a tree by the mean needle area per unit oflexgth. At the end of August 2000, the total
foliage area was determined directly by harvestalg current-year and older needles.
Comparing the actual foliage area harvested atetite of August 2000 with the calculated
area (axes length x mean needle area per unit isflemgth) of five randomly chosen
individuals, an overestimation of about 26 and 32f&6 current-year and older twigs,
respectively, was found (Figure 2.5). Thus, thecudated foliage area of spruce in March
1999 and 2000 was corrected using the equationkeolinear correlations for current-year

and older needles in the Fig. 2.5.
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2.5  Crown volume

The crown volume of individual beech trees was mheiteed at the end of July 1999 and 2000
(when axis growth was completed) through approxonatby cuboid volumes enclosing the
foliage shoots (Figure 2.6). In this way, the voduwf all branches were summed up per
beech individual. For spruce, a “cylinder + coneddal was applied that enclosed the entire,

densely branched crown. The approaches in brantitranwvn volume assessment accounted
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for the specific growth patterns due to tree onbhygand growth conditions in each species
(Kuppers, 1994). While the crown architecture oédse plants does not develop into any
fixed geometrical form, spruce grows in a regulaywesulting in a “cylinder + cone” crown

shape. Both approaches used to measure crown valonsder the empty space between
leaves of a branch (as in beech) or between twag(spruce) as occupied crown volume. In
this latter respect, the kind of assessment is eoalfe and consistent between the two

species.

(@) (b)

Figure 2.6 Determination of crown volume of beech (a) thiougpproximations by cuboid volumes
enclosing the foliage shoots, and of spruce (lplyapy a “cylinder + cone” model that enclosed émtire

crown.

2.6 Phenology and visual @induced damage

The phenology of the leaves and twigs was regulatigerved to assess the seasonal
development of the plants. As suggested by Hal§g€e5), we classified beech leaves into
six developmental stages: (0) buds closed, (1) lswddlen, (2) first leaf visible, folded (3)
leaves unfolded but hanging, (4) leaves horizongadisitioned, advanced length growth, axes
still hanging, and (5) leaf and shoot developmempleted. We included a new class (6) for
the appearance of second-flush leaves. For spmecased the following classification: (0)
buds closed, (1) bud break, (2) new axis shortan th cm, (3) beginning of axis length
growth, new axis < 3 cm, (4) advanced length growdw axis longer than 3 cm, (5) needles
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of new shoots slightlgpread, and (6) length growth completed. Leaf abgn was assessed
only in 1999 by counting the number of attacheddsaevery two weeks, beginning at the
end of July (when 100 % of the formed leaves walleatached to the tree). From the end of
August throughout the end of September the numbeattached leaves were counted by

weekly intervals.

Trees were also checked regularly during the twowgrg seasons for the appearance of
visual symptoms on leaves and needles. Injury iedury Q establishes on beech as bronze-
green leaf discoloration, chlorotic and necrotid¢sdor small areas of necrosis that occur as
isolated areas or spread across the whole leahdarRilants were classified according to the
percentage of foliage area (<1%, 1 to 5%, 6 to 10%40 20% and 21 to 40%) showing such
symptoms. On spruce, injury caused by ozone ocasirshlorotic mottling and banding. In

spruce the symptoms were not quantified, howewamtplwere assigned into two classes: no

symptoms (0) or appearance of chlorotic mottling (1

2.7  Assessment of leaf gas exchange

2.7.1 Porometry:Measurements of the net €Qptake rate b)) were conducted with a
stead-state diffusion porometer (CQP130 — Walzltifth, Germany) by three to four-week
intervals throughout the vegetation periods of 138 2000. The measurements were
performed under ambient (phytotron) light, air temgture, air humidity and GO
concentration on sun (n=12), shade (n=6) and setflosl-leaves (sun, n=6) of beech, and
current-year (sun, n=12) and older twigs (shade6)nef spruce. Leaves and twigs
representing the mean phenological status of thetplunder a treatment were chosen for
repeated measurements. All leaf gas exchange dodophyll fluorescence measurements
were done using the same leaves and twigs duritly g@wing season. The G@ssimilation
and transpiration rates were based on the one-suddce area of the beech leaves and the
projected area of the spruce needles. At the enthefgrowing seasons, the needles of
assessed twigs sections in spruce were harvestednesl for the determination of the
projected needle area, and dried at 65 °C for fi2 dry mass determination.

2.7.2 Modelling of gas exchange (performed by Dr. Winkler — GSF) Light and CQ

response curves of the net Cptake rate of leaves were measured in beechpmndesby
means of programmable gas exchange equipment (HEM-CQ/H,O diffusion porometer,
H. Walz, Effeltrich, Germany). SubsequentlyaJand Vimax were calculated from the GO
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response curves according to von Caemmerer andiffi@arqd1981), while quantum yield of
CO, gas exchangedcoz) was derived from the initial slope of the liglesponse curves (at
saturating C@ concentration).shx Vemax and®co2 were determined separately in the sun and
shade crowns, and during early and late summecdouat for potential seasonal effects. The
parameters as derived for beech and spruce werk tasparameterise — for each species
separately — a leaf gas exchange model for trealgglet al., 1996). Based on the time
courses of irradiance, relative humidity and aimperature, the model was employed for
calculating the area-based seasonal net carbonagaintranspiratory water loss of beech
leaves and spruce needles. By relating the C daomi and transpiration rates to the foliage
area, whole-tree carbon gain and transpiratory mlats were calculated. Since the canopy
closure was high in 2000, suppressing evaporatmm the soil, the compensatory irrigation
reflected transpiration. In 2000, amounts of waagplied to the containers were used,
therefore, for validating modelled water loss tlglbaranspiration (Fig. 2.7).

10

y = 0.9486x
r* = 0.9238

modelled transpiration per container (I wk™?)

irrigation per container (I wk®)

Figure 2.7. Validation of the modelled transpiration rate an
container with the amounts of irrigation water digipper week.
Transpiration rate per container (n = 5) was caleal using the
PSN6-modell for one week in July’f2o 9") and August (18 to
22" 2000 (pooled data set). Each container comprizéd
individuals ofFagus sylvatica

During 2000, leaf area of beech in mixed culture weary small. Just few sun-leaves were big
enough to allow gas exchange measurements. UndgrneOmeasurement could be done.

The Vemax and Jax in monoculture varied strongly within treatmentithadugh the few Vmax
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and Jax data from plants in mixed plantation tended toldveer than in monoculture, they
were within the range found in monoculture (data sbown, J. B. Winkler, personal
communication). In addition, no differences in spetnameters between plantation types were
found in 1999, and under +GAOs; in 2000. Thus, it was decided to use one mearevalu
both plantation types together. Except for +G3Q@;, this procedure was estimated to result in
over and underestimations of the seasonal C gdinnvi0 % relative to beech plants in

mixed, and monoculture, respectively.

2.8  Chlorophyll fluorescence

Measurements of Chlorophyl fluorescence of PSIl were conducted using a plertablse-
amplitude modulation fluorometer (Mini-PAM, Walz, ff@trich, Germany). The
measurements were performed by three to four-wetgtvals in 1999 from May through
September, and in 2000, from May through Augusthensame leaves each year which were
used for porometry. Leaves were maintained irr theiual position and inclination, and the
fibore optics were kept at a constant angle (609 distance (1 cm) from the adaxial leaf
surface. Care was taken to not shade the investigaaf during measurements. One light
flash of a duration of 0.8 s and photon flux dengRPFD) of more than 2000 pmol’ns®
was employed to obtain the maximum fluorescendeenight-adapted state (F'm). Effective
electron quantum yield of non-cyclic electron tam$ (@ps))) was calculated according to
Gentyet al (1989):

Opg) = (Fr-F)
Fin

Where,
F'm = maximum fluorescence in the light-adapted state
F: = steady-state fluorescence in the light

The apparent electron transport rate (ETR) wasilzaéd as:

ETR =®pg * PPFD * 0.5 * 0.84
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with PPFD measured directly at the surface exposeathlorophyll fluorescence analysis; 0.5
is a factor accounting for the partitioning of epetbetween PSI and PSII, and 0.84 is a
standard factor corresponding to the fraction oifient light absorbed by a leaf.

2.9  Assessment of stem respiration

Stem respiration was measured in a total of 16tbaad 16 spruce individuals, i.e. two plants
in a species per treatment. Clamp-on chambers miateo half-cylinders of a transparent,
hard plastic (Plexiglas) were attached to the steMay 2000, and respiration was measured
during the entire growing season throughouf 28gust. Chambers were 10 cm long and five
cm in diameter (see Fig. 2.8b). The two halveshef¢thambers were pressed together using
ring-shape metal clamps. To seal the horizontalswatl the upper and lower ends of the
chamber to the stem, we used 1-cm-thick silicosesdiith an opening similar in diameter to
that of the stem. Sealing was tested by breatlurtpe joints and checking for leaks by means
of changes in IRGA signals. Stem respiration wassueed with an open gas exchange
system using an IRGA (Binos 100 4P, Rosemount).oAstant flow rate of 0.65 | miin
through the chambers was sucked continuously riassof pumps (Fig. 2.8a Sketch). The
equipment was programmed to take samples of thetel respiration chambers and of the
two control chambers (chambers without stem) ineseiSince each measurement required
about 3.3 minutes, stem respiration was recordextye®4 min for each chamber. The
respiration rate of 8 beech and 8 spruce indivkElwals measured under ambient or elevated
CO, concentration by two-week intervals.

The total radial area (and volume) increment of shem enclosed in the chamber was
calculated by comparing the diameters measured ay M and August 28. The diameter

increase was considered to be linear throughougtbeing season. On these grounds, stem
volume enclosed in the chamber and used to cadctdspiration rate (Lmol GOn* s') was

corrected for growth on a daily basis.
The net CQrelease rate was calculated according to von Caeenrand Farquhar (1981):

JCO=ACO *flow * To*P;  [umol n? s?]
fCQ*A*T1* Py
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where:

ACO;: Difference in CQ concentration between reference and measurinfugas mol]

flow: flow rate of air through the chambém® s¥]

To: air temperature under standard conditions [278]13

T,: air temperature in the chamber [K]

Po: pressure under standard conditions [101.325 kPa]

P1: pressure of the flowing gas [kPa]. We used thammecal pressure (96 kPa) measured at
the GSF site

fCO.: correction factor of the BINOS dependence o €@hcentration of the reference gas

A: stem volume enclosed in the chambef][m

Stem respiration was related to the stem temperdthich was assumed equal to the air
temperature), resulting in strong linear correlagioDifferent temperature response curves
were found during the growing season (cf. Resttbon balance, Figures 3.3.2 and 3.3.3).
We used the apparent linear correlation between stspiration rate and the temperature to
calculate the total carbon released per unit ohstelume during the growing season of 2000.
Multiplying by the total volume of the non-green oabground structures, seasonal
aboveground respiration gshoot) was calculated of each individual.

2.10 Nutrient analysis in the biomass

As mentioned above, aliquots of each plant orgamelséed at the end of August 2000 were
transferred to the analysis of macro and microentsi (including carbon). The material was
dried at 65 °C for one week, milled, digested WwitNO3; and analysed by ICP-AES (Perkin
Elmer, USA). Nitrogen concentration was determinsthg a CHN analyser (Leco, USA).
Analyses were processed by Prof. Dr. Gottlein aaddam. The concentrations of N, P, Mg
and Fe in each organ were used to calculate tla ét@ment content per plant as well as an
parameter related to belowground resource gain EB&ency ratios of competitiveness,
2.12.2h).
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2.11 Seasonal carbon balance
The seasonal carbon balance of tree individualsoatsilated for the second growing season in the

phytotrons (2000), as based on the net C gain,restiration of non-green structures and C

investment into biomass increment;

Cygain = (CGegshoot + GioShoy + (Gesgoot + Gyoroot + Geyug
\_ \ J

C invested aboveground + C investedviogiound

Where,

Cgain @annual net C assimilated per individual [g C]

Cresshoot: annual net C respired by stem and axes [g C]

Cresgoot: annual C respired by roots [g C]

Cuicshoot: C invested in biomass increment abovegr¢aii)

Cuioroot: C invested in biomass increment belowgroun@]

Cexud C release by the roots as exudates [g C]

Since root respiration rate, root biomass increnaagmt root exudates were not assessed through
measurements, the total belowground C investmestoateulated as follows:

C invested belowground = C gain — C invested abamwegl

2.12 Efficiency ratios of competitiveness

The following efficiency ratios were defined aséd on resource gain per resource investment:

2.12.1 Efficiency ratio of space sequestration

a) Aboveground:

occupied aboveground (crown) volufne® g”]

standing shoot biomass
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This efficiency ratio is calculated accounting fble biomass investments (costs) into stem, axes

and foliage which determine the space sequestrafitdme crown (gain).

b) Belowground:

fine root length [cm ]

fine root biomass

In a consistent way, this efficiency ratio relatée fine root length (as a measure of gain in
belowground space sequestration) to the biomasstied into fine roots (structural costs), resulting
in a ratio typically named specific fine root lendiSRL). SRL was determined in March, June and
October 1999, and in March and August 2000. At dawf, two in-growth cores per container (2
cm in diameter, 75.8 chwere taken from the soil. The root material thad re-grown into the
cores since the preceding sampling date was washelully, separated into beech and spruce
roots, and scanned for determination of root lengtsing WinRhizo software, version 4.1 a,
Reagent Instruments Inc., Quebec, Canada; datassed by Dr. H. Blaschke, Freising).

2.12.2 Efficiency ratio of resource gain

a) Aboveground: C gain [g C ni’]

occupied aboveground (crpwoeiume

While the efficiency parameter of space sequestig2.12.1) accounts to the costs of gain in space
(measured as crown volume), the present ratio ateduthe efficiency of this sequestrated space in
gaining new resources, namely carbon. SeasonainCvgadelled for the growing seasons 1999 and

2000 was related to crown volume of the plants oneakat the end of July in both years.

b) Belowground: whole-plant nutrient incorporatigmg g']

root biomass
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For methodological reasons it was not feasible thatcurrent status of this ongoing SFB study — to
relate the process of nutrient uptake to a dis@eilevolume that surrounds the root system. Hence,
the belowground efficiency in resource sequestnatiould not be expressed in a way conceptually
consistent with the aboveground efficiency in reseusequestration. As a substitute for the time
being, whole-plant nutrition (i.e. the amount oftnrents eventually incorporated into whole-plant
biomass by the time of harvest) was expressedrrathéhe basis of the root biomass, as the latter —
as a whole — represents an investment into belawgirspace and, at least in part, is involved in
nutrient uptake. By this approach, the nutriticstakus of the whole plant is regarded as an outcome
of resource investment into the root system. Thalygis was done at the end of the experiment
(August 2000).

2.12.3 Efficiency ratio of “running costs”

a) occupied aboveground (crown) volunjen? mol”]

transpiration

b) occupied aboveground (crown) volume[m® g C!]

foliage respiration

The ratios represent the “running costs” in terrhgranspiration and respiration as related to the
sequestered space. Seasonal foliage transpiratdrrespiration were calculated with the PSN6
model (Falgeet al, 1996) for the period of May 15 through AugustiB11999 and 2000. At the
present status of this ongoing SFB study, stemireggm was measured only on two individuals
per species, plantation type and gaseous regine tadogistic reasons. In addition, variation in
response between the two individuals each couldigie Therefore, it was refrained at this stage
from calculating the efficiency of "running costsissociated with shoot axes respiration in
sustaining the crown volume. Rather, this kind fiitiency ratio was restricted to the nightly
foliage respiration within the occupied crown vokinNevertheless, stem respiration was integrated
into the calculation of the whole-tree carbon bedacf. section 2.11).
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2.13 Statistical analysis

Differences between treatments and main effects

Data are presented as means * standard error TBE)SE gives an interval of confidence to the
mean with 67% of probability. Differences betweeeams and treatment main effects were tested
with the general linear model approach (GLM) foalgses of variance (ANOVA) using the SPSS-
statistic package (Buhl & Zo6fel, 2000).

Allometric analysis
Allometric relationships between plant componemtggos or between crown volume and shoot

biomass were analysed by the general model:
Iny = bg + bilnx

as derived from allometric relationship

y = bo X b1

wherex andy are any two components of plant structure, andstbyeeb; represents the relative
change in allocation between components with treaten To test whether plantation types and
gaseous regimes directly influenced patterns ainb&s partitioning between plant components or
whether the differences observed reflect size-diégman shifts in allocation, an analysis of
covariance (ANCOVA) was performed. Natural log-sfammed estimates of one component
(dependent variable) were plotted against natogitiansformed estimates of another component
(covariate), and shifts in biomass partitioning evedentified by significantly different slopes
and/or intercepts between treatments (Migieal, 2000).
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3 RESULTS

3.1 BIOMASS AND CROWN VOLUME

3.1.1 Total biomass

After two growing seasons under the different Q¥ regimes, beech appeared to have a
disadvantage under interspecific competition, shgwless total biomass in mixed than in
monocultures, independent of the gaseous treatnhentontrast, spruce tended to enhance its
biomass in the mixed plantations. Significant défeces of beech between plantation types were
found for shoots under all gaseous regimes, butrdots only under elevated G@gimes (Fig.
3.1.1 arrows). Spruce enhanced significantly itsostand root biomass in the mixed as compared
with the monoculture only under +GQOverall, no significant differences were foundveen the
biomasses of beech in the monocultures. Compaseeghin mixed cultures, the enhanced ozone
regime slightly reduced the above as well as belowgd biomass under ambient £0
concentration (not significant), whereas no changeie found under elevated €@ levated CQ
concentration increased the total biomass of spirutee mono as well as in the mixed cultures. In
general, the main factors causing changes in bemase plantation types in beech and,CO

regimes in spruce (ANOVA).

Ambient CO , Elevated CO,
§ 40 - V/ IF / N % V%
%5 20 % %
RELLLALLLII g Il o
40 Mono Mixed Mono Mixed Mono Mixed Mono Mixed 40
1x0O 2x0 1xO 2x0

3 3 3 3

Figure 3.1.1 Shoot and root biomass of beech and spruce gaditnthe end of the experiment (August 2000),
growing under (a) control, (b) #0(c) +CQ and (d) +C@+0s. Open and solid bars denote beech, and bars
with wide and narrow hatching represent spruce amarand mixed cultures, respectively (means + stahd
error, n= 3 to 12). Arrows indicate significantfdiences between treatment$«0.05.
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3.1.2 Root/shoot biomass ratio

Overall beech showed higher root/shoot biomassogath the mixed as compared to the
monocultures, but a significant difference was fbwonly under the +@and +CQ treatments
(Table 3.1.1). In spruce, higher investments imdots were found in the mixed cultures under
elevated CQ in particular under +C£

Table 3.1.1 Root/shoot biomass ratios of beech and sprues ae
the end of August 2000 under different Cd Q regimes.

Treatments beech Spruce

Control
monoculture 0.69 +0.10 0.52+0.10
Mixed culture 0.89+0.12 0.52+0.11

+ O3
monoculture *0.54 + 0.07 0.59 + 0.05
Mixed culture 0.90 +0.06 0.57 +0.17

+CO
monoculture *0.63+0.01 *0.49+0.03
Mixed culture 0.87 £0.03 0.68 £ 0.05

+COy/+05
monoculture 0.75+0.11 0.53+0.10
Mixed culture 0.96 £ 0.15 0.68+0.12

* indicates significant difference between mono

and mixed cultures @k0.05.

3.1.3 Development of the non-green aboveground bi@ss

At the end of the growing season 2000, beech ualiiegreatments showed a significantly higher
biomass of stem and branch axes in the mono thaheimmixed plantations, in particular under
elevated CQ (Fig. 3.1.2). The monocultures under control,z+®&C0O, and +CQ/+O3 conditions
had 1.73, 2.60, 2.45 and 3.65 times more biomaspectively, than had, accordingly, the mixed
cultures. Slight but significant differences in miass between mono and mixed cultures were also
found in the previous year (1999) under elevated,.A® 2000, the enhanced ozone regime
diminished the biomass of beech in the mixed celumnder amb. C£ however such an effect was
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absent under elevated &QHere, enhanced ozone tended to increase the $soaiebeech in the
monoculture. Differences in the biomass of spruesvben plantation types occurred for the first
time in 2000, with the mixed cultures showing mbm@mass than the monocultures. However, the
differences were not significant, except for plantgler +CQ. At the beginning of the phytotron
study in 1998, spruce had four times more biomaas beech, however, by the end of 2000, beech

had reached a biomass similar to that of sprutieeirmonocultures.

Ambient CO, Elevated CO,
30 [ beech 130
25 F 125
’g‘ 20 -4 20
()]
2 15 115
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| 0 ‘ i i i —10
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o
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Figure 3.1.2 Biomass of stem and axes of beech (a and b) pmutes (c and d) growing under
ambient (a and c) and elevated {gB®and d). Monocultures are given as solid, andechcultures
as open symbols. Circles denote control, triangf@g squares +Cg and rhomboid symbols are
+CQO,/+0; (means * standard error, n=5 to 12). Measuremeats conducted in March of 1999
and 2000, and at the end of August 2000, represgmiie biomass achieved during the growing
seasons 1998, 1999 and 2000, respectively.
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3.1.4 Relative aboveground biomass increment

In 1999, beech plants in the monocultures (Fig.33.4olid symbols) tended to have higher relative
aboveground growth increment as compared with lemthe mixed cultures (open symbols), and
the opposite trend was found for spruce. Howevignifeant differences did occur only under
+CQO; in beech, and under control and +Z¥D; conditions in spruce. In 2000, differences between
mono and mixed plantations of beech and spruceniesignificantly larger under all treatments.
Beech showed higher proportional biomass incrementie mono as compared to the mixed
cultures, whereas spruce appeared to have an adeaimt the latter plantation type, enhancing its
relative increment at the expense of beech. Thiwast evident in the mixed culture under ;+O
(open triangle), where beech displayed the lowedtspruce the highest relative increment in 2000.
In 1999, beech had higher and more variable biormesements as compared with spruce. In
2000, both beech and spruce displayed reducedmeats relative to 1999: The highest reductions
occurred in the mixed cultures under enhancetbObeech. In contrast, enhanced ozone stimulated
the growth of spruce in 2000, independent of the EQime.

1999 2000
310 ﬁ/ T T T T T T T T T T T T /; 310
mixed culture mixed culture © @ control
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Figure 3.1.3 Growth (non-green aboveground biomass) of beeehxi§) and spruce (y-axis) relative to the
corresponding initial biomass at the beginning afre growing season under the different,Gdd Q regimes.
Monocultures are given as solid, and mixed cult@®®pen symbols. Circles denote control, triangles squares
+CQO; and rhomboid symbols are +@®0; (means * standard error, n=5 to 12).
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3.1.5 Foliage area

In 1999, beech showed no differences in the foliagea between plants in mono and mixed
cultures under amb. GQ(Fig. 3.1.4). Under elevated GObeech displayed significantly lower
foliage area in the mixed cultures. Differenceswaein plantation types became larger and
significant under all gaseous treatments in 200th the lowest foliage area being found in mixed
culture under +@ Ozone appeared to have no effect on the foliddgeech under elevated GO
The foliage area of spruce did not differ betwetamtation types and gaseous regimes in 1999. In
2000, the mixed cultures showed a higher area mpaceed with the monocultures, but a significant
difference was found only under +G@OThe foliage area of spruce was hardly affectedthsy

gaseous regimes. Overall, differences in foliaga avere determined mainly by plantation types.
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Figure 3.1.4 Foliage area of beech and spruce in 1999 an@ @8@er (a) control, (b) +0(c) +CQ

and (d) +CQ+0;. Bars without hatching represent the foliage @ameb999, and bars with horizontal
hatching denote area in 2000. White and black tepsesent mono and mixed cultures, respectively
(means * standard error, n=5 to 12). Arrows indicagnificant differences between treatments<at
0.05.
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3.1.6 Crown volume

During the first growing season in the phytotrod999), similar crown volumes of beech were
found in all plantation types and gaseous regirhesyever, except for +C£H+Oz;, where crown

volume in the mixed culture was smaller than in thenoculture (Fig. 3.1.5). In 2000, beech
showed significantly lower crown volumes in the edxthan in the monocultures under all
treatments. The smallest volume was found undey. f@nts in monocultures under elevated,CO
concentration were not capable to enlarge the cnaume in the following growing season. In the
mixed cultures, crown volumes were even smallen tiharing the first growing season. In general,
spruce in both growing seasons showed slightly dnigttown volumes in the mixed than in the
monocultures. However, a significant difference vieasd only under +C@ The gaseous regimes
did not influence the crown volume of the sprucantd. It were the plantation types that mainly

determined changes in crown volume.

Ambient CO, Elevated CO,
16 beech a b” C d’ 16
14 1 14
12 1 12
10
— 8 [
™
E 6f
=)
d. 4 L
(o))
L T
E 2 m
_ 0 ||
o
S 16 | spruce a T c
c L | |
% 14 . T = l a 14
12 + - - 112
3 ] ] ] ] ]
10 ¢ [ ] [ ] L H 10
[ ] [ | [ ] L [ |
8r [ ] [ [ ] L H 8
[ ] [ | [ ] L [ |
6r ] | ] L W 6
[ ] [ | [ ] L H |
4r [ ] [ | [ ] L m 4
ol [ ] [ | [ ] L ",
[ ] [ | [ ] L [ |
0 ] — ] |,
99 00 99 00 99 00 99 00 99 00 99 00 99 00 99 00
Mono Mixed Mono Mixed Mono Mixed Mono Mixed
1xO3 2xO3 1xO3 2xO3

Figure 3.1.5 Crown volume (cr¥) of beech and spruce in 1999 and 2000 under (ajalo(b) +Q, (c)
+CQO; and (d) +CQ@+0;. Bars without hatching represent the foliage dned999, and bars with

horizontal hatching denote area in 2000. White blagk bars represent mono and mixed cultures,

respectively (means * standard error, n= 5 to A2)ows indicate significant differences between

treatments ap< 0.05.
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3.1.7 Fine and coarse root hiomass

At the end of August 2000, beech presented a betmngl biomass investment that was 1.79 to
4.39 times higher in coarse than in fine roots.(Bid..6). On the other hand, spruce maintained a
rather constant and proportional biomass distaoubietween fine and coarse roots, except for the
mixed cultures under ambient @CHere, spruce diminished the relative biomasssimaent into

the fine roots. Beech displayed under all treatsyx@nthigher coarse/fine biomass root ratio in the
mixed compared to the monocultures (not significafte highest ratio was found underz+O
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Figure 3.1.6 Fine (narrow bars) and coarse root biomass (Wats) of beech and spruce in August 2000 under
different CQ and Q regimes. Open and solid bars denote beech, amsdwitr wide and narrow hatching represent
spruce in mono and mixed cultures, respectivelyafmset standard error, n= 2).

3.1.8 Regeneration of fine root growth

The fine root biomass (Fig. 3.1.7) sampled in bedidhnot differ between plantation types, except
under the control and +GQonditions during 2000, where the monthly biomasgeneration was
higher in the mono than in the mixed cultures (&sis). Regeneration in beech did not differ
between spring and summer of 1999. Comparing sgr88p with the growing season of 2000,
regeneration was significantly higher during 200@he monoculture at the gaseous control regime,
and in the mixed cultures under the +Cé&hd +CQ/+0O; regimes. Differences between monthly
regeneration in summer 1999 and 2000 were foungiorthe gaseous control in the monoculture,
and under +Cg+0O3 regime in the mixed plantation. Winter inhibitdte tbiomass regeneration. In
summer 2000, +© reduced the biomass regeneration of beech in tbeoaulture (arrow).
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Comparing the mixed cultures, beech plants unde©#D; presented the highest fine root
regeneration. In spruce, no differences betweentatian types were found at each sampling date.
In contrast to beech, spruce in general showedfisattly higher regenerations in summer 1999
and 2000 compared to early summer in 1999. Diffsgenn regeneration between later summer
1999 and summer 2000 were found only in the mixellues at the control and +G@0;
regimes. Overall, the fine root regeneration dutimg winter was significantly lower as compared
with all other sampling dates. Differences betwemseous regimes were found in the mixed
cultures in later summer 1999, were regeneratiadeurCQ was higher than under control and

+CQO,/+0O3 conditions (arrows).
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Figure 3.1.7 Monthly regeneration of fine-root biomass pertusfi soil volume (g dri) from
March through June (spring) and from June througtoli@r (summer) 1999, from October 1999
through March 2000 (winter), and from March througigust 2000 (growing season). Open bars,
and bars with coarse, medium and fine diagonalhiragcare gaseous control, 30+CQ, and
+CO,/+0;s, respectively (means + standard error, n= 2 t&B8pws and asterisks indicate significant
differences between gaseous treatments and betweea and mixed cultures, respectivelypat
0.05.
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3.2 FHENOLOGY AND LEAF GAS EXCHANGE

3.2.1 Phenology of shoots

Figure 3.2.1 shows the phenological developmerttegich and spruce shoots during the growing
seasons of 1999 and 2000. In 1999 the developnidmerh shoots was similar in all plantation
types and gaseous regimes. On April 24, plantsadyredisplayed bud break, and growth was
completed by mid-June (stage 5). Elevated, @@peared to slightly accelerate the development of
the plants. Under +£) a higher number of individuals produced the sdcdrsh in mixed culture.
The same was found in the monocultures under @dv&iQ (+CO)/+0s3). In 2000, the
monocultures initiated bud break one week earlantdid the mixed cultures. Under amb. ,.CO
length growth was completed first by plants undedslin the monocultures, and was followed one
and three weeks later by monocultures at; +8hd mixed cultures at control conditions,
respectively. Plants in mixed culture under;#@d a marked delay in development, and did not
produce a second flush. Under elevated ,,CQlants in the monocultures reached each
developmental stage at around one or two weekgr#nan did the mixed cultures, and more
individuals produced a second-flush. Under 3 x@lants in mixed culture did not grow a second-
flush. In spruce, there were no developmental rdiffees between plantation types and gaseous
regimes. The enhanced ozone regime appeared tolatgnthe phenological course of the plants,
however, the differences were not significant. Blaeached the final stage of development (stage
6) in 2000 at about two weeks later than in 1999.

3.2.2 Senescence of beech leaves

The enhanced Oregime accelerated leaf abscission under ambigdi, @ particular in the
monoculture (Fig. 3.2.2). In the control, leaf losscurred earlier in the mixed culture. Under
elevated CQ@ there were no differences between plantationstyp® gaseous regimes, except for
the monoculture under 2x0Owhich had lost 26.8 % of the leaves by the en&ebdtember. The
lowest percentage of attached leaves at this 684, %, was found in the monoculture under +O

conditions.

42



B)

T T 7
amb. CO amb. CO,
6 - 6
5 - 5
4 - L 4
3r L
—e— 1xO,; monoculture i
2 —o— 1xO, mixed culture L 2
(]
> 4. —a— 2x0O,; monoculture | 1
4CE —~— 2X0O, mixed culture
(%] o- 0
<
o
c 7t \ —t —————— 1 \ e ; - 7
GE) elevated CO, d elevated CO, 9 h
= 6 F b = = & C— 16
o
() 5r 7 = 45
o
T 47 ] - 14
3t —a— 1xO, monoculture | | I
5l —— 1xO, mixed culture | 2
—e— 2xO, monoculture
1t —0— 2x0,4 mixed culture I N 11
0F B L - 0
S22 &5 £33 > D 2 5 3
S 5§55 53 > 2 8 S22 S5 §5 > O 2
IEIST S92 I DG ISSSY SIS £ <9
Jngme SN & NOQN JNgEw S5 & NOgN
1999 1999
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Figure 3.2.2 Percentage of remaining leaves in relation to tagimum leaf number found in spring of 1999.

Monocultures are given as solid, and mixed cultaespen symbols. Circles denote control, triang{®s squares

+CQO; and rhomboid symbols are +@@®0;. The mean maximum leaf numbers of plants was 32® (gaseous
control regime), 46.3 + 4.0 (+) 53.0 = 3.9 (+C@) and 52.3 + 4.2 (+C£+0s) in monoculture, and 43.9 + 7.0
(contral), 43.1 £ 3.6 (+6), 41.4 + 5.8 (+C@) and 27.8 + 1.5 (+C£D+O;) in mixed plantations.

3.2.3 0Ozone symptoms

Necrotic dots appeared in beech leaves at the £ddne 1999 and 2000 in both plantation types
(Fig. 3.2.3). Plants under the enhancedskibwed higher percentage of injured foliage anea tid
plants under 1x© regime. However, differences in injury between rezoregimes were not
significant under elevated GOn 1999. In both years, plants in monoculture getb symbols)
showed higher foliage injury under enhancegdti@an did plants in mixed culture (open symbols).
Under +CQ/+0;, less than 10 % of the total foliage area wasradjuduring the first, but 20 %
during the second growing season in the phytotrons.

In spruce, symptoms appeared also at the end & 1889 and 2000. Under the enhanced O
regime, about 90% of all individuals in the mix@ehd 67 % in the monoculture showed symptoms
on older than 1-year needles at the end of thé grewing season in the phytotrons. Injured
current-year needles were found in 17-22 and 3%658f the individuals under the enhanced ozone
regime in 1999 and 2000, respectively. At the ba&ga of the second growing season, one might
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have expected the same or a higher percentagaligidinals showing ozone symptoms on older
needles as found at the end of 1999. However, fethexceptions, injury was observed in fewer
plants in 2000 than in 1999, because some plaitidodls discarded their older injured needles at
the end of 1999.
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Figure 3.2.3 Percentage of beech foliage with macroscopic @zsymptoms (necrosis) (a and b) and spruce
individuals with chlorotic mottling (c and d). Moodltures are given as solid and mixed culturespen csymbols.
Circles denote control, triangles 3@quares +C&and rhomboid symbols +GO-O; (means * standard error, n=5 to
12).
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3.2.4 Porometry

In the first growing season, tlseinleavesof beech (c, d) showed a similar £&ssimilation rate in
the mono and mixed cultures, and elevated Sinulated the rate at most measurement dates (Fig
3.2.4). In 2000, beech displayed in the monocudturigher rates compared to 1999 and to mixed
cultures (trend lines). The enhanced ozone regadaaed the CQassimilation rate of beech under
all treatments, except for elevated £i@ the mixed culture. This ozone effect was patédy
pronounced in the mixed culture under ambient Gen triangles). In contrasthade leavege, f)

of plants in the mono and mixed cultures did naivslsignificant differences in GQassimilation,

but appeared to slightly enhanced the rates inorespto elevated GOIn August 1999second-
flush leaves (a, b) displayed between 60 and 124 % higies than did sun leaves under the same
gaseous treatments, and this range increased wedretl98 and 623 % by the end of September.
In 2000 however, assimilation rates of second-flestves always were, with the exception of the

monocultures under 2xQlower than those measured in sun leaves.

In spruce, the highest rates of £&ssimilation were found in current-year twigs (RBg2.5 a, b).
No differences were found between mono and mixeohtations throughout the two growing
seasons. In 1999, the highest rates were measuaber the combination of elevated £@nd
enhanced ozone. In 2000, the rates of spruce vi#irm@eased under elevated @@Dlder than
current-year twigs showed very low g@ssimilation rates, varying between compensatiah G
umol CQ m? s*. Rates were stimulated by elevated,Cénd the lowest values were found under
+0s.

3.2.5 Chlorophyll fluorescence

The sun and second-flush leaves of beech and twyean needles of spruce presented higher ETR
than did the shade leaves in beech and the olderdtrrent-year needles in spruce (Fig. 3.2.6). In
1999, second-flush leaves showed higher ratesdigasun leaves, while in general, no differences
between these two leaf types were found in 200Gphuce, differences between current—year and
older needles also diminished in the second groveegson. The three types of beech leaves
responded differently to the gaseous regimes. Timareed ozone regime reduced ETR of sun
leaves until August under the ambient £@gime. Under elevated GOsignificant reduction in
ETR due to ozone occurred only in mid-Septembédrogb.
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Figure 3.2.4 Net CQ assimilation rate (4, of beech, second-flush (a, b), sun (c, d) andisie, f) leaves under

ambient light (PPFD in phytotrons), air temperatuie humidity conditions and GQroncentration throughout the

growing seasons of 1999 and 2000. Monoculturesgasen as solid, and mixed cultures as open symli@ilsles

denote control., triangles 40Osquares +C@and rhomboid +Cg+0O; (means + standard error, n=6 to 12). The solid

and dotted trend lines represent the mean value®ob and mixed cultures, respectively.
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Figure 3.2.6 Apparent electron transport rate (ETR) of suadshand second-flush leaves of beech and of cuyeamt
and older spruce twigs throughout the growing seaeb1999 and 2000 under ambient (a, ¢, e) avdtele CQ (b, d,
f). Shade leaves and older than current-year targsgiven as solid, and sun leaves and currentiyaégs as open
symbols. For second-flush leaves, inverse triarmgld hexagon represent 1x@nd 2xQ. Circles denote control,
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apparent electron transport rate (means + starefaod, n= 10 to 20). * indicates significant differce between 1x0O

and 2xQ treatments.
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In contrast, shade leaves hardly differed in 198@vben the ozone treatments under ambient, CO
whereas in 2000, higher ETR was found underz2x®©compared with 1x0OUnder elevated CQ
there were no differences between ozone treatmé&misept for ambient COin 1999, ETR of
second-flush leaves tended to be increased undey. 2 spruce, significant differences between
ozone regimes were found mainly in the first gragveeason under elevated £@ith current-year
needles under 2xdisplaying higher ETR than needles under 1X0 older needles, the enhanced
ozone regime diminished ETR under both,G€gimes. However, a significant difference between
ozone regimes was found only in August 1999 unddrient CQ.

3.2.6 Nitrogen content

In beech, shade and sun leaves showed the higtregsiem concentration of all organs, followed by
fine roots, current-year shoot axes, coarse roadsadder shoot axes (Fig. 3.2.7). There were no
differences in foliar N concentration between pddioin types, except for +GOwhere lower
concentrations were found in sun and shade leaVvetheo mixed culture (arrow). Lower N
concentrations in the mixed compared to the monod were also found for other organs like
fine and coarse roots and older shoot axes gt a@l in fine roots at +CO-Os. On the other hand,
at the control regime, plants in the mixed culterdanced its N concentrations in fine roots and
current-year and older shoot axes. The same wasdabe in coarse roots at +&QJnder the
ambient CQ regime, the monocultures responded to the enhaowede regime by increasing the
N concentration in all organs, except for sun lsawégnder elevated CQand 2xQ (+CG,)/+0s),
higher N concentrations were found in the sun dmabls leaves of mixed cultures. In general
elevated C@ significantly reduced the N concentration of ti@np organs, especially of leaves and
older shoot axes. The main factors that drove admngthe N partitioning were GQollowed by
plantation type in leaves, GQ@ollowed by Q in axes, and ©followed by CQ in roots (ANOVA-
analysis).

Spruce showed a different pattern of N allocatiGarrent-year, older needles and fine roots had
similar N levels. Under +¢) plants in the mixed culture showed higher N cobegions in the
current-year needles and fine roots than did planthe monocultures. No differences between
plantations patterns were found under elevated. Afder ambient C¢& the enhanced ozone
regime raised the N content in current-year needtielsshoot axes and in the fine roots of the mixed
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cultures. Elevated CQeduced the N concentration in all organs (ext@mptoarse roots) of spruce,

however only in plants under 253CO, was the main factor to drive N allocation in sgruc
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Figure 3.2.7. Nitrogen concentration in sun and shade leaveseit-year and older needles, current-year anerold

axes and fine and coarse roots of beech (a anidbg@uce (c and d) under the different,@@d Q treatments. Plants

were harvested at the end of August 2000 (mean ,#nSEL to 9). Arrows indicate significant differezscbetween

mono and mixed cultures p£0.05.

3.2.7 Seasonal carbon gain, respiration and watenss

The seasonal C gain of 1999 of the sun leavesaohbdid not differ between the plantation types

and gaseous regimes, except for +Ghich resulted in higher assimilation on a leafaabasis
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(Table 3.2.1a). In 2000, the area-based assimmlaticreased compared to 1999 in all other
treatments. In general, sun leaves under;Xt@wed lower C@uptake than plants under 1xO
Effects of elevated C£on assimilation were not consistent across tharrents in 1999 and 2000.
Respiration was similar in 1999 and lower than @@ under all treatments. The highest C loss in
the second growing season was found at xQdhder ambient C§& 2x0; tended to increase
respiration. In 1999, seasonal water loss of beechleaves was reduced by ozone, independent of
the CQ regime. In 2000, a decrease in transpiration u@d€g occurred only under ambient @O
Similar to the CQ assimilation, effects of elevated €0n transpiration were not consistent across
the treatments in both years.

The current-year sun twigs of spruce showed thieelsigC gain in both years at +&®0; and +Q,
respectively. In both years, elevated G&hhanced the respiration and diminished the tnatgm
compared to the levels under ambient,C@n exception was found in plants under 2x® 2000,

which did not increase respiration under elevat@d.C

The sun leaves in beech and current-year twigprince showed higher WUE at 2x@s compared
to 1x0s, except for beech under elevated G€gime. Elevated C{ended to increase the WUE of
both species. When compared with 1999, beech gegplaigher WUE (except for +GG-Os) in
2000, whereas spruce maintained or slightly redud&dE.

The shade crowns of beech and spruce in the motianaed plantations received different light
sums (Table 3.2.1b). In general, the monocultufdseech were lighter under ambient, and darker
under elevated C{han were the mixed cultures. Seasonaj G@iake and kD loss reflected the
light conditions. Compared with the mixed plantasipthe monocultures of beech showed higher C
gains and KO losses under ambient gCand lower under elevated €Qn 1999 respiration was
higher in the monocultures only at +&@n 2000, no differences in respiration betweamngation
types were found. When comparing the monocultierlBanced ozone regime led to an increase in
CO, assimilation and in transpiration in both yeargO2increased the respiration of shade leaves
under ambient COin 1999, and under elevated €@ 2000. In both years, elevated £0
diminished seasonal assimilation and transpirat@omd enhanced respiration. Shade leaves in the
mixed cultures also showed higher assimilation tadspiration under elevated g(but only at
1x0s. In general, respiration was enhanced under edv@0. Enhanced ozone regime increased
the assimilation and transpiration of shade leaweder ambient C®in 1999 and, under all
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treatments, in 2000. In both years, an increaseespiration due to 2x$occurred only under
elevated CQ@

In spruce, under all treatments (with exceptiorthaf control), the shade crown in the mixed was
lighter than in the monoculture. In both years,imasion and transpiration were higher in the
mixed cultures. In general, respiration was simiar higher in the mono than in the mixed
plantations. In 1999, 2x{enhanced the C assimilation and transpiratiorhefdlder twigs in the
monoculture under ambient GOIn 2000, 2xQ@ diminished assimilation and transpiration
independent of the GOregime. The respiration in the monocultures wasuated by enhanced
ozone under elevated and ambient,@01999 and 2000, respectively. In both yearsjatéd CQ
diminished assimilation and transpiration under 2x@Dd enhanced them under 3x@ 2000.
Respiration in the mono as well as in the mixeducas was increased in 1999 under elevated CO
and decreased under 2x@ 2000. Similar to the monocultures, mixed pléots under elevated
CO, also increased assimilation and transpiration urdde;, however, decreased them under
2x0s in both years. In 1999, enhanced ozone concesisatended to raise C assimilation. In 2000,
2x0; reduced assimilation under elevated,C both years, 2x@increased transpiration under
ambient and reduced it under elevatecb.CO

In both years, the shade leaves of beech increaasgd/VUE under enhanceds@ mono as well in
mixed cultures (except for plants under elevated @Q000). Elevated Cfalso increased WUE
overall, except at +C£+Os in 2000. In spruce, WUE of older needles under2w@s higher in
1999, and lower in 2000, as compared to theslrg@ime. Elevated COenhanced the WUE of

older needles in both plantation types, ozone regjiand years.

Comparing the two growing seasons, beech showetD@® lower seasonal C uptake under all
treatments except for the monoculture at; €@d the mixed plantation at +@®0s. In contrast,
spruce increased its assimilation in both plantatigpes under 1x©and diminished it under 2x0

In the second growing season, beech decreasedamtkesncreased the seasonal respiration under
all treatments, except for +G3 03, where the opposite was observed. Higher WUE viared in
both species under all plantation types and gaseegimes in the first compared to the second

growing season.
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Table 3.2.1a,b Seasonal C gain (NP), respiration during night éRd transpiration (E) of sun leaves in beech and
current-year twigs (sun twigs) of spruce (a), ahdlmde leaves of beech and older than currenttyggs (shade
twigs) of spruce (b) under the different £&hd ozone regimes (May 15 through August 31 oB1®8d 200Q)Mean
PPFD occurring in the sun crown was the same itreditments (494.2 and 456.0 pmof 8t in 1999 and 2000,
respectively; cf. Table 2.2 in “Material and Metlsty)d PPFD of shade crowns see (b).

(a) beech  sun spruce sun

R NP E(molH,O WUE R NP E WUE
Treatmen{ (gCn?) (gCnm? m?  (MmolCQ/| (@Cn?) (@Cm?) (molHO (umolCQ/
Year mmolH,0) m?) mmolH,0)
Control
1999 7.74 303.65 4274.0 5.9 5.02 346.97 5594.0 5.2
2000 10.11 432.39 5480.0 6.6 7.10 34481 5768.0 5.0
+0s
1999 8.15 306.15 3820.0 6.7 478 318.57 4941.0 5.4
2000 11.78 312.62 3475.0 7.5 10.64 653.35 10405.0 5.2
+CO,
1999 7.80 434.11 4317.0 8.4 7.58 309.74 4245.0 6.1
2000 19.21 373.49 3704.0 8.4 11.87 364.33 4986.0 6.1
+COy/+05
1999 7.86 299.66 3153.0 7.9 8.38 416.47 4401.0 7.9
2000 11.27 34252 3705.0 7.7 8.07 285.34 2998.0 7.9
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(b)

Treatments/Yedr(g Cni®) (gCm? (molH,0 m?) (umolCQ/mmolH,0) (umol nf )

R

NP

beech shade
E WUE

PPFD

R

NP

spruce shade
E WUE

PPFD

(gCm? (gCm? (molH,0m? (umolCQ/mmolH,0) (umol m?s?)

Control
Mono 1999
2000
mixed 1999
2000

+0Os3
mono 1999
2000
mixed 1999
2000

+CO,
mono 1999
2000
mixed 1999
2000

+COy/+05
mono 1999
2000
mixed 1999
2000

8.05
4.03
8.47
4.04

8.38
1.02
8.41
1.02

10.16
5.82
8.40
5.78

8.51
12.00
8.65
11.96

114.01
67.88
83.72
52.72
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Results

3.3 CARBON BALANCE

3.3.1 Seasonal whole-plant C gain

The seasonal whole-tree C gain was assessed d@agiseof the leaf area-related C gain given
in Table 3.2.1a,b (cf. Chapter 3.2) and the erfitiliage area of individual trees (Fig. 3.3.1).

Beech displayed higher seasonal C gains in the nasncompared to the mixed cultures
(highest difference of 77.9 % under $0O

Spruce in the mixed cultures showed similar (a@ndr higher (b and c) C gains than in the
monocultures (highest difference of 42,2 % unde©#CThe highest C gain was found under
+0;. The 2xQ regime increased the assimilation of spruce irh h@géantation types under
ambient CQ while causing reduction in mixed culture undesvated CQ Elevated CQ
also differently influenced the assimilation of wpe under 1x@ and 2xQ, resulting in
stimulation in the mixed culture under 1x@nd in reduction in both plantation types under
2X0;.

Ambient CO , Elevated CO,
50 50
a b c d

)
2 40 ¢ I 140
5
:‘—iﬁ 30 f N L I 1. 130
; \ \i %
@ 20 - r / 120
0
IS
§ 10 - 1 110
B I

0 0

Mono Mixed Mono Mixed Mono Mixed Mono Mixed
1xO3 2xO3 1xO3 2xO3

Figure 3.3.1 Seasonal net C gain (May 15 through August 8002in beech and spruce under (a) control, (b)
+0;, (€) +CQ and (d) elevated +CG£x+0;. Open and solid bars denote beech, and bars viith and narrow
hatching represent spruce in mono and mixed ciuespectively (means + standard error, n= 6 YoAr2ows
indicate significant differences between treatmens<0.05.
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3.3.2 Seasonal stem respiration

Figures 3.3.2 and 3.3.3 demonstrate the relatipristiween the stem respiration rate and air
temperature in individuals of beech and sprucewgn® in mono and mixed culture under the
gaseous regimes. Respiration rates of both spemes lower in mixed as compared with
monocultures, except for spruce under the gaseoosat regime and +Cg+0Os, which
showed similar rates in mono and mixed plantatidite lowest stem respiration rates were
found in beech in mixed culture under st’he lower rates in mixed related to monoculture
reflected the reduced relative aboveground bionmsement of beech, but not of spruce (cf.
Fig. 3.1.3).

The relationship between stem respiration rateantemperature varied during the growing
season: In general, three different responseseat stspiration to temperature were found in
both species, with low rates at the beginning ef ghowing season (May through beginning
of June), high rates between mid-June and the &€ddly and intermediate or low rates in
August. In beech monoculture under the gaseousalomgime, however, stem respiration
showed four different responses to temperaturdy thie rates being high at the end of May
and beginning of June, and decreasing successieatythe end of June throughout August.
In the mixed culture at +Qvery low rates of respiration were found, andvhgation in the
response to temperature was small throughout theigg season. In the monoculture ats+O
regime, stem respiration rates were higher at tioead August than at the beginning of June.
Under +CQ and +CQ/+0O;s, similar rates of stem respiration were foundret énd of May
and mid-August. Similar to beech, in spruce thehésg respiration rates in response to
temperature were found between mid-June and theokddly. Except for the mixed culture
under +CQ, stem respiration rates of spruce were higher ugust than in May. The
variation in respiration rate throughout 2000 foundbeech and spruce plants is probably

related to the individual variation in stem radjedwth.

Linear correlations derived from the stem respratiata of Figs. 3.3.2. und 3.3.3 were used
to calculate the seasonal C release per unit of gtdume (Table 3.3.1).
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Figure 3.3.2 Relationships between stem respiration rate éntk@perature, during the growing season of
2000 in individuals of beech growing in mono andeadi culture under the four gaseous regimes.
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Picea abies
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Figure 3.3.3 Relationships between stem respiration rate éntk@perature, during the growing season of

2000 in individuals of spruce growing in mono anited culture under the four gaseous regimes.
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Table 3.3.1 Seasonal respiration per unit of stem volume ardplant (non-green biomass aboveground; two

individuals of beech and spruce in each treatmdat; 15 through August 31, 2000).

Beech Spruce Beech Spruce
Treatments | Individuum stem stem whole-plant  whole-plant
[mol C m?] [mol C m?] [g C plant] [g C plant']
control
monoculture (2) 5294.94 3442.52 2.78 1.53
(2) 5608.38 3634.97 1.02 2.84
mixed culture (1) 1095.56 3798.91 0.57 1.71
(2) 599.36 2072.32 0.06 1.04
+ O3
monoculture (2) 2534.76 4209.17 1.19 2.16
2 3457.89 2646.03 2.37 0.79
mixed culture (1) 296.43 2860.21 0.06 2.05
(2) 406.87 5341.55 0.04 1.98
+CO
monoculture (2) 2896.21 4320.49 1.24 1.54
(2) 4018.24 8181.55 1.37 4.87
mixed culture (1) 9121.95 2099.47 3.10 1.62
(2) 1808.26 4243.92 0.21 2.73
+COy/+05
monoculture (2) 4859.22 3983.93 2.16 3.05
(2 1898.60 5526.82 0.77 5.37
mixed culture (1) 4102.74 5541.17 0.64 3.15
2 764.80 3067.51 0.10 1.63

Seasonal rates of stem respiration per unit of stdome and seasonal amounts of C respired
per aboveground non-green organs were higher ichbeemono rather than in mixed culture
under ambient CO Under elevated CQno clear trend was found. The highest C loss was
measured in the mixed culture at +C&nhd the lowest in the mixed culture ats+Spruce did

not show any differences between plantation types, the rates did not vary to the extent
found in beech: Differences in respired C per ohistem volume between individuals under
same treatments varied by a factor of 1.1 to 5.8elech, and 1.1 to 2.0 in spruce. When
viewing the total C release by all non-green abowegd organs during the growing season,
maximal differences between individuals under sgaseous regimes amounted to a factor of

14.8 (mixed culture at +Cfpin beech, and 3.2 (monoculture at +@ spruce.
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3.3.3 Seasonal C balance in 2000

Beech allocated the highest portion of the C gaibelowground (up to 56 %, except for the
monoculture at +Cg+0Os), followed by the investment into new abovegroumdmass
increment. C released due to aboveground respiratiosumed 3 to 13 % only of the C gain
(Fig. 3.3.4). Plantation type changed the pattdrallocation. Beech plants in mixed cultures
showed lower aboveground respiration and lower stmaent into aboveground biomass
increment, and thus, higher a allocation to belmugd than did plants in monocultures. In
both plantation types, elevated £@creased the percentage of assimilated C that was
released by respiration and invested into new etpamund biomass. Enhanced ozone also
increased, in proportion, the allocation to thevagwound organs.

Spruce showed a pattern of allocation that diffdreth beech. Except for +Dspruce plants
allocated more C to the aboveground biomass inarentep to 43 %) rather than
belowground. Respiration accounted for 7 to 22 %hefC gain. Similar to beech, elevated
CO, tended to enhance C allocation aboveground (egpwr and new biomass) in the
monocultures, but only under 2x@+CGQO,/+0Oz3) in the mixed plantations. In both plantation
types, the enhanced ozone regime had contrasfecfebn the percentage of C gain invested
into new aboveground biomass of plants growing urile two CQ regimes: Enhanced
ozone diminished allocation to aboveground biomassement under ambient GObut
resulted in increase under elevated,CO

In beech, higher net C gain was found under amtasntompared with elevated &Qvith
the exception of the plants in mixed culture un2e®; (see circle radius). In mixed culture,
beech at +@showed the lowest and spruce the highest seascasdiilation.

The amount of carbon allocated to belowground (ilee sum of biomass increment,
respiration and other releases like e.g. exud&igh)y correlated with the seasonal net C gain
(see f values in Fig. 3.3.5). In general, beech investiger amounts into belowground per
unit of C gain than did spruce. In addition, beaol spruce did not respond to an increase in
C gain in a similar way: Doubling of the net C gaiithin the range of the largest difference
between the two regression lines increased thdoCasibn to belowground by about a factor
of 2.4 in beech, and about a factor of 3.8 in spru
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Figure 3.3.5 Relationship between the seasonal net C gainttemdmount of

C allocated to belowground (time period May 15 thylo August 31, 2000). The
solid and dashed lines represent regressions fechbécircles) and spruce
(triangles), respectively. Solid symbols represembnocultures, and open

symbols give mixed cultures.

3.4 PARAMETERS OF COMPETITIVENESS

3.4.1 Efficiency ratio of aboveground space sequestion

During the first growing season in the phytotr¢gh899), efficiencies in aboveground space
sequestration of beech were lower in the mixed thaime monocultures under the ambient
CO, regime, however, differences were not significéifiy. 3.4.1; expressed as differences
relative to the gaseous control regime). The loweffitiencies were observed in both

plantation types of beech under elevated,.Cd contrast, spruce increased its space
sequestration efficiency in the mixed as compamedhte monocultures under all gaseous
treatments (significant differences only under @&mbiCQ). During the second growing

season in the phytotrons of 2000, spruce maintatsekigher performance in the mixed as

63



Results

compared to the monocultures (except forsf@Qvhereas the opposite trend was found in
beech. Beech drastically reduced its efficiencedative to the control in 2000 and enlarged
the differences between plantation types, withrtireed plantations showing efficiencies that
were lower by 40 (control), 61 (&) 22 (+CQ) and 14 % (+C@+0Os;) relative to the
monocultures. The absolute efficiency levels of glaseous control regime declined towards
the second growing season of 2000 (see legendyoBHM.1), in beech by about 46.9 %, and
in spruce by about 17.7 % as compared with 1999.
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-40 | 1-40
-60 1-60
-80 ¢ *C0, 0, [ 2000 1 -80
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1x0O, 2x0, 1xO, 2x0,

Figure 3.4.1 Efficiency of aboveground space sequestratioowjervolume per unit of standing
biomass, i.e. dry mass) of beech and spruce in 4882000, growing in mono and mixed cultures
under (a, €) control, (b, f) #(c, g) +CQ and (d, h) +C@+0;. Open and solid bars are beech, and
bars with wide and narrow hatching represent spincemono and mixed culture, respectively
(means * standard error, n=5 to 12). Data are gaspercentages relative to the monocultures
under the gaseous control regime). The absolutieiesfCy levels in beech and spruce in
monoculture under the control regime were 769.444 4nd 425.4 + 24.3 chy DW? in 1999,
respectively, and 410.2 £ 25.2 and 350.1 + 16.8000, respectively. Arrows indicate significant
differences between plantation types, and * betw@®nor O; regimes ap<0.05.
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3.4.2 Efficiency ratio of belowground space sequeation

At the end of the winter period (March of 1999 &D0), no significant differences in the
efficiency ratio of belowground space sequestrafip@. SRL) were found between the
plantation types of beech under all gaseous regiFg. 3.4.2). Significant differences were
present only in October 1999 and August 2000 unrd®y, wherehigher efficiencies were
found in the mixed as compared to the monocultuesept for March 20Q0beech
consistently showed significantly higher efficiee®i in belowground space sequestration

relative to spruce in the mixed culture under aie€pus regimes.
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Figure 3.4.2 Specific fine-root length (length per unit of dnyass) of beech (circles) and spruce
(triangles) under (a) control, (b) $0(c) +CQ and (d) +CQ@'+0s;. Monocultures are given as closed,
and mixed cultures as open symbols (means + stdreteor, n= 4). * indicates significant differences
between mono and mixed plantationp<®.05.
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Under elevated CO(+CQO, and +CQ/+0s), beech tended to reduce its efficiency throughout

the

growing seasons in the phytotrolisespective of the gaseous regimes, spruce deglay

similar SRL in both plantation types throughout 4%hd 2000, and showed lower variability

(se

3.4

e error bars) and morphological fine root piagtas compared with beech.

.3 Efficiency ratio of aboveground resource gain

In 1999, beech plants showed a slightly higher (it significant) C gain per unit of crown

volume in the mixed as compared with the monocetun all gaseous regimes (Fig. 3.4.3).

The highest efficiencies were found under 4CO

_3]

C gain per crown volume [g C m
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Figure 3.4.3 Efficiency in aboveground resource sequestrataiculated as seasonal (May 15
through August 31, 1999 and 2000) C gain per unit@vn volume, in beech and spruce as growing
in mono or mixed culture under (a, €) the gaseousral regime, (b, f) +Q (c, g) +CQ and (d, h)
+CQO,/+0s. Open and solid bars represent beech, and barsnide and narrow hatching give spruce
in mono and mixed cultures, respectively (meandahdard error, n= 5 to 12). Arrows indicate
significant differences between plantation types] abetween CEQ(*CO,) or ozone (*Q) regimes at
p<0.05.
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In spruce, no differences were found between plimmtaypes and gaseous regimes. However,
during the second growing season in the phytot(@0€0), enhanced ozone increased the
efficiency of spruce under the ambient £@gime. In 2000, beech showed significant
differences between plantation types under amb@&@t: Mixed cultures were by about
103.3, 119.6, 44.0 and 48.1 % more efficient uritlergaseous control regime, #3-CQO,
and +CQ/+0;, respectively, than the monocultures. As comparigldl 1999, beech increased
its C gain efficiencies during the succeeding gngwseason. Spruce showed similar C gain
per unit of crown volume in both years, except f@s; Here, spruce increased its C gain
efficiency in the second growing season of 200@lyut 120 % relative to 1999.

3.4.4 Whole-plant nutrition as related to root bionass

For methodological reasons it was not feasible thatcurrent status of this ongoing SFB
study — to relate the process of nutrient uptake tiscrete soil volume that surrounds the
root system. Hence, the belowground efficiency @source sequestration could not be
expressed in a way conceptually consistent with abeveground efficiency in resource
sequestration. As a substitute for the time bewlgole-plant nutrition (i.e. the amount of
nutrients eventually incorporated into whole-pldnbmass by the time of harvest) was
expressed rather on the basis of the root bionasste latter — as a whole — represents an
investment into belowground space and, at leagaity is involved in nutrient uptake. By this
approach, the nutritional status of the whole plantegarded as an outcome of resource

investment into the root system.

Table 3.4.1 shows this kind of nutritional stataslculated as the whole-plant content of N,
Mg, P and Fe as based on the root mass. Beech dhanaer all gaseous regimes and for all
elements, lower root mass-based nutrition in theedhias compared with the monocultures.
However, significant differences between plantatigoes were found only under +@r N
and P. At +Q, the monoculture of beech significantly enhancedirtherporation of N and P
through the root as compared with the other mombnaimed cultures and gaseous regimes. In
contrast, spruce displayed a higher root mass-besedporation under +9in the mixed
plantations, although differences were not sigaific Overall, no significant differences
between plantation types were observed in spruexated CQ reduced the root-related
incorporation of N in both species.
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Table 3.4.1 Whole-plant content of nitrogen, magnesium, iaovd phosphorous as related to root biomass (mg g)@¥beech and spruce at the end of August 20G0Iin
treatments (means + standard error, n= 3 to 12).

beech spruce
Treatments N Mg Fe P N Mg Fe P

Control
monoculture 16,2 +2,3 2,7+0,3 1,0+£0,4 1,9+0,2 17,1+1.2 2,6+0,2 2,8+0,7 2,6+0,2
mixed culture 15,1 +0,9 2,3+0,3 0,6 +0,2 1.8+0,4 195+3,8 2,9+0,7 1,4+0,5 3,0+0,8

+ 03 * *
monoculture 28,2+25 3,0+0,1 0,6 +0,1 3,0+0,4 17,1 +0,8 24+0,1 1,2+0,2 2,4+0,2
mixed culture 140+0,4 2,3+0,1 0,4+0,1 15+0,1 23,8+3,1 24+04 0,9+0,2 3,2+0,2

+ CO,
monoculture 11,7+0,4 2,2+0,2 0,7+0,1 15+0,1 142+1,0 23%0,1 1,6+0,7 2,3%+0,2
mixed culture 11,1+1,2 19+04 0,7+0,2 1,3+0,1 134+1,1 2,1+0,2 1,3+0,3 23%0,1

+COy/+05
monoculture 12,6 £0,1 3,304 1,6 £0,3 1,7+£0,1 16,5+2,0 2,8+0,3 25+0,4 2,6 +0,3
mixed culture 10,5+1,2 25+0,2 1,1+0,2 1,6+0,1 14,0 £ 0,6 2,2+0,1 2,2+0,3 2,4+0,3

* differences between plantation types being steditly significant at p < 0.05 .
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3.4.5 Efficiency ratio of running costs

A) Transpiration

During the two years in the phytotrons, both speakd not display any significant
differences in the efficiency of “running costs’erk given in terms of transpiration for
sustaining the occupied crown volume, between tastation types (Fig. 3.4.4). In spruce,
elevated CQ enhanced the crown volume per molar unit of trmedpwater irrespective of
the ozone regime in 1999 and 2000 in both plantatypes, except for the mixed culture
under +CQ. In 2000, enhanced ;Qowered the efficiency of spruce in mono and irxedi
plantations under ambient Gbut enhanced the efficiency under elevated. &ficiencies

of beech were not influenced by the gaseous regimesomparison with 1999, both species
reduced their efficiencies in 2000, except fousprunder +Cgl+0s.
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Figure 3.4.4 Efficiency of “running costs” with respect to trgpiration, calculated as crown
volume per seasonal transpiration (May 15 througgigust 31, 1999 and 2000) of beech and
spruce growing in mono or mixed cultures undeejaontrol, (b, f) +@, (¢, g) +CQ and (d, h)
+CO,/+0s. Open and solid bars represent beech, and bahswiite and narrow hatching
represent spruce in mono and mixed cultures, résphc(means + standard error, n=5 to 12).
Arrows indicate significant differences betweennpddion types, and * between ¢@CO,) or

ozone (*Q) regimes ap<0.05.
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B) Respiration of leaves

In 1999, efficiencies in “running costs” by leakparation were, in general, higher in spruce
in the mixed rather than monocultures, howeveremihces between plantation types were
not significant (Fig. 3.4.5). Under elevated £Gpruce showed lower efficiencies (i.e. lower
crown volume per unit of respired C) than under &nebient CQ regime, except for the
monoculture at +C® The gaseous regimes did not affect the efficenaf beech. In the
second growing season in the phytotrons (2000)cHheeesented a higher efficiency in the
mono as compared to the mixed cultures, althouglgraficant difference between plantation
types was only found in the gaseous control regiiere, spruce displayed a higher
efficiency in the mixed than in the monoculture.

Ambient CO , Elevated CO,
H'O a b c d 1999
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Figure 3.4.5 Efficiency of “running costs”, calculated as crowolume per seasonal C release by
foliage respiration at night during 1999 and 200®éech and spruce as growing in mono or mixed
cultures under (a, e) control, (b, f) $dc, g) +CQ and (d, h) +C@+0;. Open and solid bars
represent beech, and bars with wide and narrovhimagaive spruce in mono and mixed cultures,
respectively (means + standard error, n= 5 to ARows indicate significant differences between
plantation types, and * between g@®CO,) or ozone (*Q) regimes ap<0.05.
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In 2000, elevated CQincreased the efficiency of spruce only at $+GQs. In comparison
with spruce plants under ambieng €gime, plants under enhanced ozone displayedrlowe
efficiencies in the mixed culture under ambient,Cé&hd in contrast, higher efficiency in both
plantation types under elevated £0he highest efficiencies of spruce were foundeund
+CO,/+0s. In comparison with 1999, both beech and sprudeagd its efficiencies in 2000.

3.5 ALLOMETRIC ANALYSIS

3.5.1 Root/shoot biomass ratio

The plantation type influenced plant size (Fig..B)5In general, beech individuals were
smaller in mixed than in monoculture. However nss partitioning between root and shoot
was not the result of re-adjustments in resouriceation: Both slopes and intercepts of the
two linear regressions were not significantly diiet from each other, indicating that biomass

partitioning was size-dependent.

beech 2000
4
© e control -
A A 40, -
om +CO,
3L ©e +CO,/H+0, 4
m
n
©
5
5 2 l
)
o
= Y ono= 0-266 + 0.779X
- Y, eq= 0-183 + 0.872X i
— — mixed culture (open symbols)
—— monoculture (closed symbols)
O 1 1

1 2 3 4

In(shoot biomass)

Figure 3.5.1 Relationship between log-transformed root andsh®mmass of
beech saplings in mono (closed symbols) and in dniglantations (open
symbols) under the four gaseous regimes. Slopesirgrtcepts of the two

regressions did not significantly differ.
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3.5.2 C gain as related to shoot axes biomass
A high correlation existed between the seasonaai@ gnd shoot biomass in 1999 and 2000.

Plantation types as well as gaseous regimes didcinange the seasonal C gain of beech

plants per unit of shoot biomass (Fig. 3.5.2).

beech 1999/2000

o amb. CO, al Ao 1x0 bl e monoculture c
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In(shoot biomass)

Figure 3.5.2. Relationship between log-transformed shoot bionzass seasonal C gain of beech saplings in
1999 and 2000. Linear regressions were fitted ta dglit into treatments by GO(a), ozone (b) and plantation

type (c). Slopes and intercepts of the two regwassn a, b and c did not significantly differ.

3.5.3 Biomass ratio of foliagerersusshoot axes

The partitioning of biomass between foliage andoshaxes, which was highly related to
crown volume, was not influenced by the gaseousnesy (Fig. 3.5.3a,b). As there were no
differences between slopes and intercepts in beé#nsy the yearly datasets were pooled. As
well, no differences were found between mono amxkdiculture (c). A separate analysis of
the data from 1999 and 2000 (d,e) each showed, \e@wehat differences in allocation
occurred in 2000, and were size-independent (gignif difference between intercepts): In
mixed plantation, beech plants were smaller arataled less substrate to leaves at a given
shoot axes biomass than did plants in monoculitins. effect was found, in particular, under

the +QG regime.
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1999/2000

| ® mono e 1 2 3 4
O  mixed

plot  slopes intercepts
p=0.953 p=0.854
p=0.745 p=0.605
p=0.159 p=0.963
p=0.789 p=0.810
p=0.105 p=0.013

In(foliage biomass)

®D Q0 oTw
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Figure 3.5.3.Relationship between log-transformed shoot axesf@iatie biomass of beech saplings; data sets
of 1999 and 2000 pooled (a, b, and c), or sepanmaddysis in 1999 (d) and 2000 (e) each. Linearassions
were fitted to data split into treatments by @), ozone (b) and plantation type (c, d and lpes of the two
regressions in graphs a-e did not differ. Signiftodifference between intercepts was found in glaon types
only in 2000 (e).
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4 DISCUSSION

In the following section (4.1), the influence of €&nd Q on growth parameters (above- and
belowground biomass and crown volume) of beechspndce saplings will be discussed as
based on the background information of the morenetterature. Attention is given to the
different responses of plants to the gaseous reg{meluding the question of whether €O
compensates for £effects) when growing under intra or interspeaf@mpetition. Sections
4.2 and 4.3 address differences between plantgties in leaf gas exchange and whole plant
C balance, respectively. Section 4.4 focuses manmpetitiveness in terms of the costs and
benefits of resource allocation (efficiency ratioBhe size dependence of changes in biomass
partitioning and in C gain per unit of shoot biosd®tween plantation types and gaseous
regimes is analysed in section 4.5. The resultsudged in the preceding sections are
integrated intoa synopsis (conclusions) of the present study amdmsrised through a

conceptual model (see schematic diagram in sedt®n

4.1  Comparison of plant responses to competitiomd gaseous regimes in mixed and

monoculture

4.1.1 Beech

Within the scope of the experiment, the resultsral/endicate a competitive disadvantage of
young beech when growing in mixture with spruceteAtthree growing seasons (including
the first year of pre-acclimation to the €®@egimes), beech plants in mixed plantation
showed, with few exceptions, significant reduction above and belowground biomass,
seasonal biomass increments and crown volume asparech with beech plants in

monoculture (Table 4.1).

The negative effect of interspecific competition lmech was observed first in 1999 (second
growing season under competition and different, @&yimes, and first season under ozone
regimes), in particular under elevated £(able 4.1). The differences in the growth
parameters of beedbetween plantation types were a consequence ajrtheth stimulation

in monoculture under elevated gQvhereas plants in mixed plantations did not redpto
the high CQ supply.
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Table 4.1.Changes in the investigated parameters observéteimixed as compared to the monoculture of
beech and spruce under the four gaseous regim€®thand 2000. Arrows indicate increasgdr decreasel ()
of each parameter in response to interspecific ebitiqn. Significance levels: °40.1; * p<0.05; ** p<0.01;

*** 1 <0.001. n.m. denotes that the parameter was notureshs

beech spruce
Year Parameter controtO; +CQO, +CO,/+0O3 control +O3 +CO, +CO,)/+05
1999 Shoot axes IR Tt |
biomass
Seasonal biomass l LR 1° 1 1 H*
increment
Foliage area 1 ! L° i 1 1 1 !
Crown volume ! ! i 1 t* 1
Number of leaves1 ! ! | *H* n.m. n.m. n.m. n.m.
Leaf area ! ! ! n.m. n.m. n.m.  n.m.
Leaves/shoot 1 ! 1 n.m. n.m. n.m.  n.m.
axes
Current axes/old ! ! ! n.m. n.m. n.m. n.m.
shoot axes
2000 Shoot axes L* T 1 1 R
biomass
Seasonal biomasg *** | *¥x ke xk 1% pRE pREE oy
increment
Foliage area | ** LX o re ek 1 pr Rk 1
Crown volume x| x ke 1° 1 1k
Number of leaves| 1° L * | ** n.m. n.m. n.m. n.m.
Leaf area | ** PERRE SRRk Rk n.m. n.m. n.m. n.m.
Leaves/shoot L** 1o ! n.m. n.m. n.m. n.m.
axes
Current axes/old | *** | * ! 1 n.m. n.m. n.m.  n.m.
shoot axes
Fine root biomass; Iy L** ! 1 1 1
Coarse root l e l T 1
biomass
Total root l l L* 1° 1 1o
biomass
Coarse/fine 1 1 1 1 t T 1
Root/shoot 1 1 * pEE g 1 1
Axes length/stemn.m. n.m. n.m. n.m. 1 1% o
height
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A positive CQ effect on the biomass of beech was found in séstudies (Dyckmans &
Flessa, 2002, Hattenschwiler & Koérner, 2000; Heé&thKerstiens, 1997, Overdieck &
Forstreuter, 1995). The increase in the number eaivds per beech individuum in
monocultures by about 62% and foliage area by 66@emelevated COis in accordance
with findings of Eproret al (1996). In their work, foliage area increasedarmehhanced CO
by about 53%, mainly due to an increase inrbeber of leaves per plant. In the present
study, plants under elevated £@roduced 1.3 (sun), 1.7 (shade) and 4.5 (secaosthftimes
more leaves as compared with plants exposed tartttgent CQ regime. On the other hand,
the observed increase in shoot dry mass by 90%texpby Eproret al (1996) was higher
than found here (49%) so that the present finding accordance with the mean value (49%)

observed for several deciduous species (8aaé 1998).

During 2000, significant reductions in almost aWVestigated aboveground and some of the
belowground parameters of beech were found in mpedative to monoculture under all
gaseous regimes. Although plants were hardly &ftedty ozone during 1999, the largest
differences in aboveground growth parameters betws@ntation types were found under
+0O3 one year later. Similarly, Bortiegt al (2000, 2001) did not find changes in relative
growth and shoot biomass in beech seedlings duhagfirst growing season under ozone
fumigation. In a study on beech seedlings from d®@nances, ozone did not influence shoot
biomass even after two seasons of exposure (PaMdder et al, 1999). However, as
pointed out by Andersen (2003), ozone may disginatfect belowground processes before
symptoms become visible aboveground. Under enha@gedeech plants in monoculture
tended to increase shoot axes biomass and numitesivels as compared to those under the
ambient Q regime. In contrast, plants in mixed culture showgnificant reductions in all
investigated growth parameters. These results stigghigher susceptibility to ozone impact
of beech plants in mixed culture, and confirm tlgpdthesis 3 which predicted that responses

of plants to the gaseous regimes depend on theofygampetition.

An increase in the number of leaves or foliage anesesponse to ozone stress has been
observed in beech and other broadleaf species (KoMatyssek, 2001). As ©inhibits
assimilate translocation out of the leaves (Reneignbt al 1996; Gunthardt-Goergt al.,
1993; Matysseket al, 1992), growth of new leaves during the growiegson may be a
strategy to enhance resistance to ozone by creaéngC sinks (Matyssek & Sandermann,
2003). Such sinks may be fed by resource retrasstor and/or mobilization of reserve
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storage. However, the increase of foliage areardipen the nutrient availability (Kolb and
Matyssek, 2001; Pollet al, 2000). In the present study, plants undeg p@duced, in 1999,
85% and 92% more second-flush leaves in the modonaired cultures, respectively, than
did plants under the ambient; @egime. However, during the growing season of 20€&f
area diminished in both plantation types, in paféicin the mixed culture. In 2000, plants in
mixed culture under +9and +CQ did not produce a second flush. Reduction indeeé has
been associated with limiting nitrogen availabjlity particular to N@ in the soil (Forde,
2002), or to ozone impact on leaf differentiatiddatysseket al, 1995).

Under elevated CO (+CO, and +CQ/+0;), the differences between plantation types
observed in 1999 increased throughout 2000. Cdmgawith 1999, elevated CQdid not
stimulate beech aboveground growth in monocultureng 2000. Compared with beech
plants under ambient GQelevated CQ led to reduced growth both in mono and in mixed
culture, however reductions were larger in theefaglantation type. On the other hand,
belowground biomass tended to be enhanced by betlated CQ and Q regimes in
monoculture, and diminished in mixed cultures. Ehessults underline that responses of
beech to C® and Q were influenced by plantation types, which conéidnhypothesis 3
(Gramset al, 2002; Fuhreet al, 2003; Navast al, 1999). Moreover, as found in other
studies on C@and Q (Isebrand=t al, 2001; Paludan-Mulleet al, 1999; Egliet al, 1998),
the present results show that it can take more dhagrowing season before the responses of
plants to gaseous pollutants become significant.

4.1.2 Spruce

Contrasting with beech, spruce tended to profimfithie interspecific competition. However,
responses of spruce to competition and gaseousesgivere much less distinct than those of
beech (Table 4.1). In 1999, spruce showed signifitegher seasonal aboveground biomass
increment in mixed relative to monoculture only end-CQ/+0Os. In 2000, growth was
stimulated in the mixed plantation under all gasergimes, in particular under +gQrable
4.1). This positive response of spruce to the erdg@nCQ is in accordance with the
hypothesis 2. There was no significant effect o# tHOs;” regime on all investigated
parameters, regardless of plantation type. Thidinigh confirms hypothesis 1 which claims
that beech rather than spruce is affected by tlmezegimesSpruce, like other coniferous
species, has been considered less sensitive t@ dlzan deciduous trees (Landettal, 2000;
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Skarbyet al, 1998), being aware, however, that the variatbgenotypes within a species
may strongly determine responsiveness (Vanderhegtlah 2001). Under elevated GChe
increase in the aboveground (shoot axes) biomasgrate by 43% was much lower than the
mean value of 130% found for conifers, as repoligdbaxeet al (1998). However, in that
review, the majority of the studies presume optiggdwth conditions. Hattenschwiler &
Korner (1998) did not find significant effects ailfenced C@®on above- and belowground
biomass in spruce that grew in natural nutrientrpeoil. Increasing nitrogen deposition
significantly stimulated biomass production, canfilg that low N levels limit plant
responses to GOAbsent or moderate biomass increments in respmneahanced C{have
been observed in plants that grew under ecologiesgningful conditions (limited nutrient
supply and/or intra- and interspecific competitidtéttenschwileret al, 1997; Kdrner &
Arnone, 1992; Reekie & Bazzaz, 1989).

4.1.3 Compensation of adverse £effects through elevated CQ@depends on plantation
type (intra or interspecific competition)

As discussed above, plants in mono and in mixedtgl@ns can respond very differently to
CO, and Q regimes (confirming hypothesis 3), including tr@mbination of elevated GO
and enhanced OIn recent years, it has been discussed as tohetetevation of C@does
counteract negative {effects (Karnoskeet al, 2001, Wustmaset al, 2001, Isebrandst al.,
2001, Kinget al, 2001, Dicksoret al, 2001, McKeeet al, 2000, Grams & Matyssek, 1999).
Basically, high levels of COmight mitigate negative effects of ozone in twoysianducing
reduction in stomatal conductance and thus dimigsbzone flux into the leaf (Allen, 1990),
and increasing amounts of C skeletons for detation and repair (Carlson & Bazzaz,
1982). Matyssek & Sandermann (2003) and Karnaskgl (2001) summarise that evidences
about an interaction of £and CQ in plant are inconsistent. In the present studhg t
investigated parameters, which were constraineceiur@ relative to the control, were
compared with the outcome under +HZ(Ds;. Beech plants were able to profit from the
elevation of CQ as adverse ozone impact on seasonal biomass #aremd mean leaf area
was counteracted in 2000, and growth responsesitinber of leaves, foliage area, shoot axes
biomass, crown volume in 1999) were even increasdative to the control plants in
monoculture. In contrast, compensation was ratheskwn mixed cultures (in foliage area,
shoot biomass and crown volume in 2000), inexisi@mtseasonal aboveground biomass
increment and mean leaf area in 2000), op €&n promoted the impact of ozone (in number
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of leaves and foliage area in 1999). Thus, theltesodicated moderate amelioration by
elevated CQ at least in the foliage area and crown volume @éch in mixed culture.
Moderate counteraction of GCagainst @ impact was also observed by Wustnetnal
(2001). Volinet al (1998) studying two £trees Populus tremuloideand Quercus rubra
and G and G grassedound that G-induced reduction in relative growth rate vanisivedll
species under the both elevated ,C&hd Q regime. Wustmaret al (2001) also found
negative effects of Yon mean leaf size in aspen clones, but in contvdktthe findings in
beech monoculture of the present study, elevategd@Dnot protect against ozone influence.
Lack of amelioration in growth responses by eleda@®0), has been found in Scots pine
(Kellomaki & Wang, 1998) and in Norway spruce (Lgppet al, 1997, Barnest al, 1995).

In the present study, there was no effect 9b@spruce (see above).

4.1.4 Gas regime influenced competition, but plaation type modified responses to

gaseous regimes

Research on interacting effects of £&hd Q in plants has shown contradictory results even
within the same species. Varying responses of glgmobably result from different
experimental conditions, nutrient, water and lightailability, presence or absence of
competition, genetic variability and ontogenetiage (Karnoskyet al, 2001). In the present
study, the results overall indicate that intersjeatompetition impedes beech plants to
respond to C® as they would do in monoculture. Naves al. (1999) came to similar
conclusions when working on grasses and legumes il the case of ozone, interspecific
competition may modify effects relative to planbgth in monoculture or in isolation. Fuhrer
et al. (2003) summarize results of studies on semi-nhuggetation, which show that the
impact of ozone stress can be enhanced by intgfispeampetition. In a study on five
perennial species (Bendet al, 2003), the biomass of monocultures was noteniied by
ozone regimes. When growing with the competitorcgseVeronica chamaedrysn the
absence of ozone, the biomassRafa pratensiswas reduced relative to that achieved in
monoculture. However, under conditions of AOT40 6 Ppm.h (after five weeks), the
competitive advantage &. chamaedryslisappeared. In another study Drifolium pratense
and P. pratense the decline in biomass af. pratensedue to ozone stress became more
evident in the presence &f. pratense In contrast, the biomass of the grass species was
unaffected by ozone, both in mono or mixed culiigfe Fuhreret al.,2003). The results from
the literature, in accordance with the findinggesented in this study, underline that ,GDd
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O; can influence the competitive ability of plants. dAwice-versa competition can modify
responses of plants to gaseous regimes. It is tapioto be aware of such interactions when
attempting to transfer experimental knowledge aeguirom plants growing in isolation or in

monocultureo natural plant communities in the field.

4.2  Beech versus spruce: Leaf gas exchange

Beech plants showed e.g. lower instantaneous @ig&n rates in mixed as compared with
monoculture, being consistent with the responsdsoimass discussed before. The following
section addresses the question as to whether editfes in leaf gas exchange observed
between mono and mixed plantation, and under the gaseous regimes, were associated
with changes in light availability, leaf nitrogenorgent, stomatal conductance, shoot

architecture and phenology.

In 1999, the fact that beech growth under elev&@d (but not so under the ambient €O
regime) was reduced in mixed as compared to monoeu(Table 4.1jmay be related to an
exacerbation in light competition in the presentspruce: Undeenhanced Cg growth of
spruce rather than beech would be stimulated, grttiig, the C assimilation in beech would
be limited by shading. Indeed, under +C@Gpruce in the mixed culture showed significant
higher shoot biomass (but not crown volume) as @sgpto that under the control regime.
Moreover, under elevated GOthe sun leaves of beech in mixed culture showigtitly
lower instantaneous net G@ssimilation rates as compared with those in molture (Fig.
3.2.4). However, under elevated £Q@he mean irradiation measured in the shade crown
tended to be higher in mixed than in monocultuii@b(e 3.2.1b), although light interception
in the lower canopy was rather patchy due to therbgeneous, “clumpy” distribution of
foliage. Probably, an additional factor limited @goveground growth of beech in response to

elevated CQ@in the mixed plantation.

Several studies reported that plant responsestateld CQ@ might be constrained by mineral
nutrient supply (Oreet al, 2001, Zaket al, 2000, Maureet al, 1999; Egliet al., 1998, Diaz
et al, 1993). In a study on beech and spruce in mixdtire growing in two soil types, Egli
et al. (1998) found growth stimulation in beech on théareous and limitation on the acidic

soil in response to enhanced £@&xcept for radial stem growth, which was stimedatby
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enhanced N deposition on acidic soil, increasedad ho effect on beech aboveground
biomass. In contrast, spruce profited from bothaeokd CQ@ and N deposition, independent
of soil type. The authors suggest that the abowegtagrowth of beech was predominantly
limited by factors other than GCand N on acidic soils. As they did not have beenH
spruce monocultures as a references itot clear if the general negative response etié¢o
enhanced C@in acidic soil was a mere consequence of thetgpé or of the interaction
between soil type and interspecific competitiontHa present study, spruce and beech plants
were not only grown in similar conditions (natuaaidic soil and mixed plantations), but also
in monocultures each, and it was found that thevedpmund biomass of beech plants was
increased in monoculture in response to enhanceg (BAL999). In 2000, beech plants in
monoculture showed higher biomass than those iredniglantation under all gaseous
regimes. Thus, acidic sgider secannot explain the lowered growth performance esdh in
mixed culture. Mixed and monocultures of beechwaigely spread in central Europe, being
found on almost all soil types, from rather acitbiccalcareous ones. Beech is considered a
strong competitor and is outcompeted only on wevery dry soils, or at altitudes, where
winters are too long and too cold (Ellenberg, 1996)this study, competition with spruce
was a more determining factor for beech growth thare the gaseous regimes. As suggested
by Wangel al. (2001), the presence of spruce in the mixed rulinay decrease the amount
of nutrients available for beech. Analysing thezosphere of beech and spruce, they found
more pronounced reductions in pH', KC&*, Mg?* and NQ concentrations caused by spruce
rather than by beech. The authors suggest thaixedmnplantations young spruce trees have a
competitive advantage belowground over beech. Oshedies in forests have shown that
spruce changes the availability of ammonium anchtatin its rhizosphere (Brierlest al,
2001; Dieffenbach & Matzner, 2000). Such modifieasi induced by spruce may have impact
on the belowground processes of beech (Bauer, Bdikret al, 1997).

In 2000, beech growth in mixed plantation was reduas compared with that in monoculture
not only under elevated GQas in 1999), but under all gaseous regimes (T&kle In both
species, the seasonal aboveground biomass incremest in general, lower in 2000 as
compared with 1999 (Fig. 3.1.3). Throughout 20@8ydr rates of net C assimilation in
instantaneous measurements were found in sun ledviesech in mixed as compared with
monoculture under all gaseous regimes, especiatleru+Q and +CQ. Similar to 1999, the
lower assimilation rates were apparently not assediwith light limitation in mixed culture.
Nor were the assimilation rates related to the Nceatration of the leaves. Under st®@eech
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leaves had the highest N levels, however, at theed@me, the lowest C assimilation rates
(perhaps, because of a reduced;irduced C relative to N flux through the plant. cf
Matyssek & Sandermann 2003). Compared with planthe control gaseous regime, the sun
and shade leaves of beech undeg slibwed significant decrease in ETR, but no diffeeen
was found between plantation types. Plants undesirered @ also showed higher percentage
of macroscopic foliage injury as compared with thasder the ambient;®egime. However,
visual injury was found in plants in mono rathearthn mixed plantations (Fig. 3.2.3). The
reduced C assimilation in mixed culture, and prob#ie lower development of visual injury,
perhaps was related to lowered stomatal conduct@igeAl, Appendix). In beech saplings,
partial stomatal closure under enhancedwas also observed by Bortiet al (2001) and
Lippertet al (1996b), but not so by Paludan-Mulkgral. (1999).

Also responses of stomata to enhanced @@y vary. In beech saplings exposed to elevated
CO,, stomatal conductance was slightly lowered dutilgsecond growing season (Graghs
al., 1999). However, Saxet al (1998) and Curtis & Wang (1998) report about ilaghkor
only minor reductions in gs in long-term studies under enhdu@@&,. On the other hand, as
pointed out by Eamus & Ceulemans (2001), endogeandsxogenous factors like reduction
in sink strength, increased foliar carbohydrateuamdation, nutrient and water limitation
may initiate photosynthetic down-regulation. In gresent study, and contrasting with others
(cf. Matyssek & Sandermann, 2003, Noormetsal, 2001; Bortieret al, 2001), stomatal
closure in mixed culture was accompanied by redutedider +CQ and +Q, at least during
part of the year (Figure Al, Appendix). The podisjoof lowered ci induced by elevated €O
and Q has been indicated by Farquiedral (1989), Matysselet al. (1995), and Saxeet al
(1998). However, in the present study, reductioni innder these gaseous regimes were only
observed in mixed plantation. This would indicatatt under competition with spruce, beech
plants may have experienced some restriction irenvalations, although soil moisture was
continuously controlled in order to prevent watetithtion — and moderate soil drought is
typically reflected in constant ci (Schulze & H2982).5"*C andd™0 levels of beech plants,
however, appear to indicate water limitation to eaminor extent (T. E. E. Grams, personal

communication).

The differences observed in seasonal C gain betweemapian types (Fig. 3.3.1) were
mainly due to amounts dbliage area (Fig. 3.1.4) and light availability shade crowns
(Table 3.2.1b). In addition to smaller foliage aréee reduced crown volume in mixed culture

82



Discussion

might have mitigated the capacity of light interoep, leading to a decrease in total C
fixation. With reduction of C fixation, less C ivailable for growth of new structures like
shoot axes and roots, and therefore, the acquisiifoabove- and belowground resources
becomes more difficult. In the present study, #rgdst difference in crown volume between
plantation types was found under s+t(rhis was a consequence of a lowered foliage @nea
59 %) and current-year axes biomass (by 57 %)eiastin the mixed culture under enhanced
O; regime as compared to plants in the gaseous ddreetment. Reduction in branching due
to ozone was also observed in aspen (Dickgaal, 2001), birch (Maurer & Matyssek, 1997;
Matysseket al, 1992) and poplar (Matyssek al, 1993). As enhanceds@ormally decreases
carbon assimilation (due to lower photosynthetiesalower foliage area, and premature
senescence) and, in addition, impairs the assamila@nslocation out of the leaves, less C is
available for branch growth. Under enhanceg Qurrent terminal stem lengths of aspen
decreased by about 32%, and the branch weighttoilangth ratio byabout 54% and 59% in
the two investigated aspen clones. Moreover, oatswealtered branch angles (Dicksstral.,
2001), which also contributed to change in crowapgh

Another factor that might have influenced seasdhajain of beech plants was the shoot
phenology. In 2000, plants in monoculture initiataed break and finished the development
of new branches about three (undersf-énd one or two weeks (under +g@arlier than in
mixed plantations. In 1999, senescence was alselemated by enhanced;Obut no
differences were found between plantation typess possible, that the seasonal course of
Vemax and Jax of plants differed under the different treatmeiig Winkler, personal
communication). Alteration in phenology of beechedio CQ and Q was also found by
Nunnet al, (2002), Bortieret al, (2000), Baumgarteet al., (2000), but not sby Epronet

al. (1996). Changes inMax and Jax in beech were found by Liozat al (2000) during the
growing season, and in response to,@@Dd nutrients. Nutrient stress decreasegaMin
plants exposed to enhanced LOnspite of the different shoot phenology, modelle
transpiration in beech under monoculture was higlayrelated under all gaseous regimes

with amounts of supplied irrigation (cf. Fig. 6Muaterial and Methods).

In summary, the lower photosynthetic rates of bgaahts in mixed culture were apparently
not caused by light limitation, leaf nitrogen camteozone injury (necroses) or reduced ETR.
The reduced area-based C assimilation appeared &sdwciated with stomatal conductance,
which was about 32% lower in mixed as compared wtmoculture, in particular under £O
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and +CQ (around 50%). Although both gases may cause stormlaisure, the isotopic
analysis tends to suggest that reduced gs of baggtit have been induced to some degree by
water limitation in the presence of spruce. Thedovoliage area, crown volume, and the
delay in shoot development of beech plants in mgpkhtation as compared with those in
monoculture also contributed to the reduced se&d¥dongain of beech under interspecific

competition.

4.3  Beech versus spruce: Aspects of the whole-plad balance

The following section discusses if information gainfrom assessments of the standing
biomass (like fine:coarse root and root:shoot jatiod from seasonal C allocation between
plant organs can be useful to understand compatess of plants.

Beech tended to reduce its fine root biomass irechikompared to monoculture under all
gaseous regimes (significantly under enhancedirOboth CQ regimes). However, no
statistical differences between plantation typeseweund, regarding the proportion of fine to
coarse root biomass. Contrasting results were fdyndeuschneet al (2001) studying root
competition between beech and oak, and by Schrid2)2and Schmid & Kazda (2001) with
respect to beech-spruce mixed forests. They foigitehfine and coarse root biomass, and a
higher radial root growth rate of beech in beeatusp mixed stands as compared to beech in
monoculture. The authors suggest, contrasting eotiiclusions of Wangt al (2000) about
beech and spruce saplings, that adult beech haghar belowground competitive ability
compared with spruce. In these latter two studi&shinid, 2002 and Wangt al, 2000),
conclusions about the belowground competitivends®ech and spruce were based on
different parameters: root biomass and radial gnowdnd nutrient uptake capability,
respectively. Moreover, differences in ontogenesitage (adult versus saplings) and
experimental conditions (field versus laboratory)simbe considered. As reported by Aerts
(1999), in many cases increase in biomass paitigoio the root rather than to the shpet
sedid not ensure improved competitiveness. In amditincrease in fine root density does not
necessarily imply enhanced nutrient uptake and leey to exacerbation of intraspecific root
competition compared to competition among rootstber individuals/species (Rubei al.,
2001, Casper & Jackson, 1997). Many studies hasershthat morphological plasticity in
biomass partitioning rather than increased biomasy be a more decisive factor in
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determining competitive success (cf. Aerts, 1998mé& et al, 1997). Plants can enhance
their competitive ability by enlarging root lengpler unit of dry mass (Aerts, 1999; Campbell
& Grime, 1992), as reflected in beech in the presardy.

Beech in the present study also showed a highetst@mmt biomass ratio in mixed as
compared with monoculture (significant unders+&hd +CQ), although the absolute root
biomass was reduced — indicating favoured allonatioroots under interspecific competition.
Contrasting with these findings, Curtis & Wang (&9%ound no changes in the root:shoot
ratio in response to enhanced £&xross 500 reported studies. However, as poinidy
Kubiske & Godbold (2001), the standing root biomass a poor indicator of total root
production due to the continuous turnover of finets. In addition, root exudates can account
for up to 40% of the whole-plant C gain (cf., Leraag Millard, 1999; Merbaclet al, 1999).

In 10-year-old beech trees, Gansert (1995) fouatiréspiration of fine roots consumed up to
16 % of the daily whole-plant net C assimilatioteran summer. Root respiration was highly
correlated with soil temperature, but at the samenperature, plants growing in the
understorey showed higher root respiration rataa those in clearing&oot respiration was
also influenced by soil water content and mycoahi@omass. Thus, although the root:shoot
ratio may not change in response to environmeatabfs, the C allocation to belowground
processes like exudation, respiration and symbioss/ strongly vary (cf. Kubiske &
Godbold, 2001). In mixed culture, beech plants stwe a higher proportion of the seasonal C
gain into the belowground organs that did plants\anoculture (Fig. 2.3). Spruce behaved in
a similar way under +C£ Regarding stem respiration, the rates were higbiyelated with
the air temperature (Fig. 2.2a,b). However, atv@rgtemperature, respiration rates strongly
varied throughout the year. Higher rates were nredsbetween mid-June and the end of
July, in parallel to the radial stem growth. Seas®ariation in stem respiration of beech was
also observed by Damesiet al (2002) and was associated with changes in growth
respiration. Stem respiration of beech was mosthel in plants in mixed as compared with
those in monoculture. In spruce, respiration ratielsnot differ between plantation types,
except for +CQ@ which was also lower in mixed plantation. Perhdps was a result of an
increased C assimilation in the cortex cells (Msgy®t al, 2002b; Pfanz & Aschan, 2001) of
beech plants in mixed culture. As pointed out abdngher PPFD was indicated in the shade
canopy of the stands in mixed as compared with mwitwre. Hoops (2002) demonstrated
that axis respiration of beech diminished with @&asing light availability, and this was
caused by the stimulation of axis photosyntheses € refixation). The latter author found
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that in thin axes (4 mm diameter), up to 20% of éxés volume might be constituted by
photosynthetic active chlorenchyma. However, alagind the night hours the stem
respiration was lower in plants in mixed as comgangth those in monoculture. Thus, it
seems that in addition to the possibly higher spimtosynthesis in beech in mixed culture,
another factor may reduce the respiration ratehim plantation type. Stem respiration rate
may depend on nutrient availability. Matyssetkal (2002b) found a marked decrease of the
CO; release inBetula pendulaplants growing at low as compared to plants urfidgh
nutrient supply, especially when the; @gime was high. The reduction in respiration was
associated with a lower stem volume increment,myded phloem widths, and consequently,
growth and maintenance respiration. In mixed plaona beech trees showed lower
aboveground biomass increment, in particular und@y. Here, beech decreased its phloem
and xylem area as compared with plants in the obmfas regime (H. Rennenberg, pers.
communication), and showed a significantly lowdragen concentration in the older than

current-year shoot axes in mixed culture. All thiasors can influence respiration rates.

The biomass ratios presented in this section (sbotit and coarse:fine roots) did not offer
unambiguous information about the competitive gbitif the studied plants. The rates of
stem respiration measured continuously during trewimg season of 2000 reflected the
lower aboveground growth of beech plants in mixedtuce, especially under +0Dand

showed to be a helpful parameter to the estimabbi€C allocation between above- and

belowground organs.

4.4  Beech versus spruce: Why is spruce the profeg?

Spruce tended to increase its total biomass indriecompared with monoculture under all
gaseous regimes (significantly under +C©Of. Table 4.1). Contrasting with beech, spruce
plants were able to profit from the elevated ;0@ both plantation types, in particular in
mixed culture (hypothesis 2). These results indicdiat growth conditions became more
favourable to spruce in the presence of beech. loayp to Kubiske & Godbold (2001), there
is some evidence that N uptake per root dry masshbmastimulated under elevated £
conifers but not so in woody angiosperms. In migeliiure, beech displayed a reduced crown
volume that increased the light availability to @ as compared to the conditions in
monoculture (except for the gaseous control regirmejnonoculture, spruce showed higher
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stems as compared with plants in mixed plantat{ersept for plants in the gaseous control
regime, cf. Table A3, Appendix). In addition, speushowed, under +GOlonger branches
per unit of stem length as compared with plants@noculture. The preferential investment
into stem height, as observed in monoculture, ratien in lateral branching (e.g. as in mixed
culture)is a common response of plants to light competiiphalo et al., 1999; Tremmel &
Bazzaz, 1995; Kuppers, 1985).

As addressed above, the C gain and biomass pairigion beech differed at the end of the
experiment in response to the presence of sprude tana lesser extent, to the gaseous
regimes. Spruce, on the other hand, showed mushrésponsiveness to the plantation type
and gaseous regimes, but e.g. profited from tlegpecific competition. To which extent are

the physiological and morphological responses @cbeand spruce in terms of C gain and
biomass partitioning related to their competitivgs® As pointed out by Aerts (1999),

different standing biomasses may not be associaittdchanges in the efficiency in resource
acquisition and hence, with competitive ability. Mdmportant appear to be changes in the
morphology of structures related to resource septem, like leaves and fine roots.

Analysing competition amonfylolinia caeruleaand Erica tetralix, Aerts (1999) found that
the lower allocation of biomass to leavedMin caeruleaas compared witk. tetralix plants
was compensated for by their higher specific leabaSLA). On the other hand, a lower
allocation to the roots of the. tetralix plants was compensated for by its higher spewfit
length (SRL). However, as shown above, the overalitecture of above and belowground
structures in addition to SLA and SRtlays an important role in the process of plant
competition. Beech and spruce plants changed creoltnme in response to interspecific
neighbourhood. Whenever crown and root architectwee modified, plant competitiveness
may be affected, because the efficiency of spageiestration and resource acquisition is
influenced (Matyssek & Sandermann, 2003; Gransl, 2002; Suzuki, 2002, Lemaire &
Millard, 1999; Kuppers, 1985). The next two secsiamll discuss the importance of the two
conventional, morphological parameters SLA and SRd of the efficiency ratios introduced
in the present study for elucidating mechanismas timderlie plant competitive success. The
efficiency ratios should give information about thexes of resources along plant structures
involved in competition, by this integrating rescairallocation and allometry in a quantitative
way. In the present study, the analyses were corated on aboveground structures (section
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4.4.1), although some information about belowgrogondpetitiveness will be presented in
section 4.4.2.

4.4.1 Aboveground efficiency ratios of competitiveess

In the present study, the competitive disadvantafiebeech in mixed culture was not
associated with lower SLA (Table A2, Appendix) org&@in efficiency (seasonal C gain per
unit of crown volume, Fig. 3.4.3). On the other dhabeech showed higher C gain per unit of
crown volume in mixed as compared with monocultuneer all gaseous regimes, although
significant differences were only found under ambi€(C; in 2000. The “running costs”
(seasonal respiration and transpiration) for sosigithe crown volume of beech were in
general slightly (but not significantly) higher mixed plantations. Spruce, in contrast,
showed similar C gain and “running cost” efficieexiin both plantation types. The lower
competitiveness of beech in the presence of spuaserather related to a reduction in the
efficiency of aboveground space sequestration (8ig.1). Beech displayed smaller crown
volumes per unit of shoot biomass in mixed as coegpavith monoculture under all gaseous
regimes in 2000 (significant differences under @&mbiCQ), whereas spruce tended to
enhance its space sequestration in mixed cultugaifsantly only in the gaseous control
regime). The decline in the efficiency of abovegrdispace sequestration in beech in mixed
culture was a result of lower investments into ésaper unit of shoot axes biomass and into
current-year axes per unit of older shoot axes &gsnmas compared with monoculture. Along
with the exacerbation of competition during 200@edh drastically reduced its occupied
crown volume per unit of shoot biomass as compavighl 1999. These results confirm the
findings of Kippers (1984, 1985) and Schudteal (1986). In their studies on plants of a
secondary forest succession, the higher competiieéy of climax species like beech could
not be explained by photosynthetic characteristitghe leaf level. Pioneers showed the
highest photosynthetic capacity and annual C daib,inspite of this, they were replaced by
climax species. The competitive ability of the datspecies was rather related to their high
capacity of sequestering aboveground space andug@rmd shade towards neighbouring
plants, while keeping biomass investments intocstmes low.

The ability of plants to change crown architectureresponse to the neighbourhood has
received high attention in recent years, and has lbensidered a crucial mechanism of plant
competition that determines population and commueablogy (Suzuki, 2002; Umeki, 1997;
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Yokozamaet al, 1996; Tremmel & Bazzaz, 1995; Kippers, 1987)niBlare able to detect
the presence of neighbours by perceiving changéghh quality, and they may alter crown
shape even before the light intensity becomes esti|Ballaréet al, 1988, 1987). Many
studies have shown that some plants respond tméeclthe red:far red ratio and associated
changes in blue light by promoting stem internoldagation and lowering root:shoot as well
as leaf:stem biomass ratios (Aphab al, 1999). Such effects were claimed to reflect a
strategy of shade avoidance. Other species, hoywmasr adopt responses of shade tolerance
by increasing leaf area ratio and SLA (Gilbetral, 2001; cf. Lemaire & Millard, 1999).

Different responses to neighbourhood in terms ofver architecture may play an important
role in species composition in a given communitpkd¥yzamaet al (1996) pointed out that
the difference in crown shapes of conifers (commwn) and angiosperm broadleaved trees
(spheroidal crowns) may ensure the coexistencénedet two tree types in boreal and sub-
boreal zones. Kubota & Hara (1996) found Ricea jezoensiand Abies sachalinensighat
intense competition between saplings that leadwhbitat segregation was more important for
the subsequent species composition of the foremt thias the competition between the
canopies of the adult trees. Although the red#arr natio was not measured in the canopies of
the present study, it is plausible to assume tiggat Iquality was modified in mixed as
compared with monocultures, being one pre-requisife the changes in the space
sequestration efficiency of beech. As discussedvagb@ the presence of spruce, beech
reduced its crown volume, increasing the light laadity in mixed culture. Spruce appeared
to take advantage from this situation by increasisgseasonal C gain. The higher C
availability allows spruce to increase total biosasd probably to invest more C into the
compensation of adverse effects caused by ozonesu$tain its increased growth capacity,
spruce may have an enhanced demand for nutriedtsvatrer uptake. Beech may respond in
mixed culture to this constraint in nutrient andtevasupply induced by spruce through
decreasing leaf area and stomatal conductancelaiiee changes can lead to a lowered C
gain, which mitigates the C availability to growahd repair. Despite of the reduced C gain at
non-limiting light supply, the exacerbating competi for nutrients and water may drive the
resource allocation into the below rather than agosund growth. Thus, in parallel to the
reduced leaf area, lower investments in current-ge@s eventually results in the reduced
crown volume of beech trees in mixed culture. A lsroeown volume reduces the light

interception of beech and in parall&reases the light availability to spruce.
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4.4.2 Belowground efficiency ratios of competitiveess

Regarding belowground structures, beech plantsgeththeir root morphology in response to
the presence of spruce, tending to enhance spgdicoot length (SRL) in mixed compared
to monoculture. On the other hand, spruce did mmiwssignificant differences in SRL
between plantation types. Despite of the higher Rheech in mixed culture, in general, its
capability to sequester and retain nutrients (¢aed as content of N, P, Mg, Fe in the whole
plant as related to root biomass, Table 3.4.1) leaser in mixed than in monoculture.
Significant lower ratios were found for N and P end-Q;, while spruce increased (not
significantly) its ratios of N and P content pemotdiomass. Kubiske & Godbold (2001)
reviewed the N uptake efficiency of root systemsnahy species under ambient and elevated
CO, regimes and found decline under enhanced. G@e results of the present study are in
accordance with the findings of Kubiske & GodbokD@1). Reynolds & D Antonio (1996)
reported that in addition to root morphology, chesgn root physiology may be a key
response to the nutrient availability in the sdihe relative importance of root morphology
and physiology depends on the ion mobility in soifie authors also stress that under
interspecific competition for nitrogen the best @atitor was not necessarily the species with
the highest plasticity in the root weight ratio dtgoer whole-plant biomass). Some studies
found that the best competitor was the least plagiecies. Hence, not necessarily a higher
SRL leads to increased nutrient uptake. MoreoVer acquisition of elements like phosphorus

generally depends on other factors like mycorriorat

Overall, the results showed that morphological geanat the level of leaves (SLA) and fine
roots (SRL) were not related to the competitivditglmf the studied plants. Also the response
of C and water fluxes through the leaves couldaxpiain the better performance of spruce in
mixed plantation. The competitiveness of plants waiher decided by the efficiency in

aboveground space sequestration.

4.5  Allometric versus allocative control of competiveness?

The discussion above was based on the analysidanf pesponses to competition and/or
gaseous regimes and on presented ratios of biopatsoning between plant organs and
crown volume-related measures of biomass and C. dg#onvever, plant-internal ratios of
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resource partitioning must be interpreted withitaeger functional context. According to
Jasienski & Bazzaz (1999){otusing on average ratios, rather than allometetationships
between variables, is likely to obscure importantldgical phenomeria An elucidative
example was demonstrated by Mullet al (2000). The authors analysed the biomass
partitioning of 27 herbaceous species growing utal@rand high nutrient levels on the basis
of biomass ratios and also allometrical relatiopshiAlthough they found statistically
significant differences in the ratios between thedriant regimes, the allometric analysis
proved that plants do not re-adjust their intereaburce allocation in response to the nutrient
supply. The differences observed were merely a emprence of plant size, and hence,
ontogeny. Plants under low-nutrient supply were. amaller, and due to this, showed a
higher root:foliage biomass ratio as compared wiéimts of the high-nutrient treatment. Most
of the results of the present study are in accaeavith the above findings. Under elevated
CO; and Q, beech plants were smaller and had, in proportess, foliage area in mixed than
larger plants had in monoculture. Hence, as C gaimly depended on foliage area, a high
correlation was found between seasonal C gain hodtiomass. There were no significant
differences between data from ambient and elev@@gas well aslxO; and 2xQ regimes,
nor between plantation types (Fig. 3.5.2). Alsotrglmot was a result of plant size (Fig.
3.5.1). The treatments influenced plant size, bdt bt change allocation patterns. The
partitioning of biomass between foliage and shadsa which is highly related to crown
volume, neither was directly influenced by the gaseregimes (Fig. 3.5.3a,b). However, in
mixed plantation, beech plants did allocate ledsstsate to leaves at a given shoot axes
biomass than did plants in monoculture (see differgtercepts). This result indicates a size-
independent effect of competition with spruce oa biomass partitioning in beech, and this
was found, in particular, under the #Q@egime. Plants under enhanced showed a
diminished proportion of conductive phloem area &wlered transport rate of sugars, and
hence reduced sugar concentrations in shoots a@addots in both plantation types, although
effects were more distinct in mixed culture (H. Remberg, personal communication).
Despite the reduction in sugar translocation outhefleaves under enhanced ozone, biomass
partitioning between leaves and shoot axes didlifier from that of plants under the control
regime in monoculture. This suggests that in mohoi the lower amount of C exported
from the leaves was distributed between plant argana way that reflected ontogenetic
control of the resource allocation. In contrastedbe plants in mixed culture re-adjusted
allocation under +@ It appears that severe stress as by exacerbatingpetition for
resources and Oimpact may overrule the ontogenetic controlthe allocation of beech.
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Although the allometric analysis provides importanformation about the causality of
changes in allocation (treatment effects versus dizpendence), nevertheless this kind of
analysis may face limitations (Poorter & Nagel, @00Applying a modified approach, the
latter authors found indications that plants maleed have the capacity to overrule ontogeny
in resource allocation, namely in response to Jightrient and water availability, but not so
to CO, regimes; however, the outcome of such analyses stiapgly be governed by the
specificities of experimental scenarios. Similartihe results of the present study, Zstkal
(2000) found that C® treatments did not re-adjust biomass partitioning Populus

tremuloides.

Irrespective of the influence of ontogeny on theotece allocation, plants need to adapt the
growth rates of the different organs (root, steegvés) in order to balance the internal
resource demand with the external resource avayaluring the last decade, evidence has
grown that carbohydrate levels in source and ssdués regulate gene expression, providing
a mechanism to adjust allocation and growth of difeerent plant parts in response to
changes in the external resource availability Acfdersen, 2003; Stitt & Schulze, 1994). For
example, a decrease in the carbohydrates of leapesgulates genes responsible for
photosynthesis (activation and synthesis of theiscob enzyme), sugar mobilization and
export, whereas increased carbohydrate levels gydates genes for C storage and use (cf.
Andersen 2003; Farrar & Jones, 2000). In situatiatere soil N is limiting, lowered
inorganic N in leaves results in a decreased sgistltd amino acids, and hence in an increase
of carbohydrates available to other functions. Ageeted, high sugar levels in leaves inhibit
photosynthesis and C accumulation, and stimulaeskocation to non-green tissues like
roots. Thus, nitrogen and sugar seem to act aslsigretween plant organs, controlling
resource allocation. If the transport of such dignalecules between organs is impaired (for
example due to closure of sieve elements by callmsier +Q as in beech, H. Rennenberg,
pers. communication), the capabilty of plants ®spond to changes in environmental
resource availability may be lost.

4.6 Conclusions

In the studied system, spruce was a better coropdtian beech. The efficiency ratio of
aboveground space sequestration (crown volume mieofishoot biomass) turned out to be
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sensitive to the gaseous regimes, and proved tarbeadequate parameter to reflect
competitiveness (confirming hypothesis 4, whichdmes that the efficiency ratios can be
used to characterize and quantify competitivenddseech and spruce plants). To a lesser
extent, the efficiency ratios of “running costs’rqan volume-related respiration and
transpiration)also reflected the restricted competitive abilifybeech. In contrast, the C gain
efficiency (C gain per unit of crown volume) wast melated to the competitiveness of beech
in mixed culture. Besides the higher C gain efficie ratio, beech also showed higher
belowground morphological plasticity than spruge particular, increasing SRL in response
to interspecific competition. Therefore, the resutidicate that at least in juvenile beech, the
decisive parameter in determining competitive sseas related to the ability to enlarge the
crown volume at low structural costs. Individuakielhh depend on high amounts of resources
per unit of occupied crown volum@ay have less resources available for the demahds o
other plant functions (like root growth or repairopesses of ©injury, for example).
Consequently, a restricted aboveground space degims efficiency may predispose to a
lowered nutrient uptake capacity and/or raiseds@sceptibility, and this may limit, in turn,
the growth and development of the aboveground tstres.

A conceptual model of the competitive advantagspwiice over beech is presented in figure
4.6.1. Due to the crown shape of beech, more tightls to be available for spruce in the
mixed as compared with the monoculture. Given aemally higher capacity for nutrient
uptake from the soil (Wangt al 2001) along with enhanced light availability, spe
increases its total biomass in mixed culture, peshat the expense of nutrient and water
availability to beech. This may lead to reduced &nhgf beech plants in mixed culture, in
particular under the +{regime, and eventually results in decreased wplalet growth (with
the aboveground parts and crown volume being nitesited).

In the present study the analysis of competitiveness concentrated on aboveground
structures. A more detailed analysis of root molpdy fine root turnover and resource

uptake capacity, interaction with mycorrhizal fureyid the mycorrhizosphere, as well as
analyses of belowground resource availability tgfmut the growing season are necessary to
clarify questions about competition for nutrientsdawater. Belowground processes in a
similar beech-spruce system are currently beingiestluwith emphasis during the presently
conducted second phase of the SFB research program.
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Figure 4.6.1.Conceptual model on the competitive advantagemfce over beech in mixed plantation. Spruce
profits from the restricted space sequestratiopeeth, as thearrow crown shape of the latter species tends to
allow enhanced light penetration into the mixedidt@anopy. The favoured production of spruce (gigen
potentially higher capacity for nutrient uptakenfrahe soil along with enhanced light availabiligppears to
exacerbate the belowground competition for watel mumtrients at the expense of beech. The lowergdi of
beech, mediated in part through belowground cortipetiresults in reduced whole-plant growth (intjadar
aboveground), and consequently, further promotesctinstriction in crown volume (see text; blackoars
represent vectors that give the direction of actighite arrows represent stimulation of tree partansewhen

upward, or limitation when downward oriented).

Although beech was more responsive tge, (xonfirming hypothesis 1), the main factor
driving changes in biomass allocation was the tygdecompetition (i.e. intraversus

interspecific). Only spruce was able to profit frothe elevation of C® (confirming

hypothesis 2). Apparently, responses to,@8@d Q strongly depended on growth conditions
(confirming hypothesis 3), i.e. the presence of petition in mono and mixed plantations.
One should be aware of such evidence when atteamptanade to extrapolate results as
gained from research on isolated plants or mono@sgdt to mixed stands in the field. In
general, changes in resource allocation were @petrtlent. However, under multiple stress
as imposed by the presence of spruce and ozonectimpeech appeared to lose the
ontogenetic control in biomass partitioning. Instlgituation, it is possible that fluxes of
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carbohydrates and nitrogen between sources and sirk impaired, impeding plants to

internallysignalise — and to respond to — changes in thea@maental resource availability.
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Appendix

APPENDIX

Number and area of beech leaves

Table AL Number of leaves and leaf area of beech pldriteesend of July 1999 and 2000 in mono
and mixed cultures under different €énd Q regimes (means + standard error).

Treatments 1999 2000
number of leavesleaf area [cif] number of leavesleaf area [crf

Control
monoculture 32.8+2.9 11.4+£0.1 117.8 £10.6 *9.4+£04
mixed culture 439+7.0 11.4+0.2 88.7+17.6 7.2+0.5
+ 05
monoculture 46.3+4.0 11.2+0.1 *134.8+24.3 *7.3+0.5
Mixed culture 43.1 +3.6 11.2+0.0 75.2+14.4 3.6x04
+ CO,
monoculture 53.0+3.9 11.7+£0.1 *140.7x17.1 *7.3+£0.2
mixed culture 41.4+58 11.6+0.1 77.8 £16.2 52+0.4
+COy/+05
monoculture *52.3+4.2 *105+0.3 *118.5+17.0 *8.2+0.6
mixed culture 278+15 11.1+0.3 62.4+7.2 6.0£0.2

* indicates significant difference between mono amged cultures wittp<0.05.

Specific leaf area

Table A2. Specific leaf area of sun, shade and second fessfes of beech in mono and in mixed plantations i
1999 and 2000 under different ¢@nd Q regimes (means + SD).

SLA [m” kg

Treatments/Year sun Shade second flush
mono mixed mono Mixed mono mixed
Control 1999 21.4+2.0215+2.8 27.8+5.1 29.1+6.1 151+2516.4+29

2000 21.8+12.3 28.0+9.0 26.2+8.432.7+13.7 182+6.119.3+5.2

+ O3 1999 223+28 225+28 288+3.6 294+3.7 164+1816.0+2.9
2000 26.6+8.3259+2.128.7+125 37.8+8.0 183+7.9 n.m.
+ CO 1999 195+2221.3+23 26.3+3.0 27.8+29 151+2216.3+1.6
2000 22.2+3.827.1+89 32.2+9.829.9+17.023.9+14.7 n.m.
+C0O,/+031999 194+1.7 21.5+3.0 258+3.3 285+43 139+19148+1.7
2000 21.3+6.27.5+13.738.1+254 356%+6.7 129+5.018.8+4.1
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Appendix

Number and length of spruce twigs

Table A3. Number of axes and total axes length per steghheif spruce at the begin of 2000 in
mono and mixed cultures under different d Q regimes (means + standard error).

stem height Number of axes/stem heighéixes length/stem height

Treatments [cm] [n° m] [m m’]
Control

monoculture 36.6 +14.1 70.4+4.0 9.4+0.8
mixed culture 37.3 + 15.3 67.3+34 10.2+1.0
+ O3

monoculture 37.4+11.6 705+4.4 *8.1+0.5
mixed culture 35.5 + 15.8 68.2+2.9 10.2 £+ 0.7
+ CO,

monoculture 40.3 +13.1 67.1+4.0 *8.7+1.1
mixed culture 37.1 +12.9 71.9+3.4 11.3+0.7
+COy/+05

monoculture 41.2 +18.2 *77.7+4.0 10.4+0.5
mixed culture 38.3+17.1 65.4+4.1 10.7+1.0

* indicates significant difference between mono amged cultures gp<0.05.
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Appendix

Stomatal conductance and internal CQ partial pressure

T T T

OCe control beech

200 A4 +O, :
om +CO,
_ Oe +CO, 0, §
“» 150 | } ¢ .
A % i
©
£ 100 - i _
£ i H
(@)
50 - % % : i
B
600 : % | %
500 - i .
i
i
" 400 - y
£ :
O a g
300 ° A
® | &
200 % .
100 (\ < 5 5
N
‘E):»> D(:) '\,?“0 Q}y&
2000

Figure Al. Stomatal conductance (a) and ci (b) in sun-leaflebsech measured
under all gaseous regimes during 2000. Monocultaresgiven as solid, and
mixed cultures as open symbols. Circles denotergbritiangles +@, squares
+CQO; and rhomboid symbols are +@@0:;.
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