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Summary
Climate change related rise in mean surface (air) temperature, altered intra-annual thermal and
precipitation regimes as well as an expected increase of extreme weather events which are
also prognosticated for large parts of Europe can impair the vitality or rather the productivity
of long-living forest ecosystems. This also applies to beech forest communities (Fagion
sylvaticae), although due its competitive superiority and wide niche breadth, common beech
(Fagus sylvatica L.) is one of the most important (economic) tree species of Central Europe
that plays a key role in numerous programmes for the conversion of large scale coniferous
monocultures. In addition to slow (epi-) genetic adaptation responses, at least in commercial
forests, different silvicultural measures are suitable to mitigate the impacts and risks of
changing climate or weather conditions in order to secure the maintenance of all forest
ecosystem services.
It is a main objective of active silvicultural interventions to improve resource availability,
uptake as well as use efficiency at the individual tree and, respectively, stand level. This aim
can either be achieved by stand density reductions during regular spacings with adequate
thinning grades or by admixing site-adapted co-occuring tree species. Two fundamental
processes are considered key factors for positive interactions between mixed species in
diverse forests: competition reduction or facilitation. A more profound understanding of these
complex interactions and competition processes in mixed stands is indispensable for the
development of appropriate silvicultural management options or adaptation strategies that are
based upon scientific research.
In view of these particular circumstances, the main objectives of this study were the
following:
a) to measure the impact of competition intensity and neighborhood identity, which are both
closely linked to silvicultural management interventions, on stem growth patterns of beech
target trees at various time scales (day to year)
b) to explain the revealed growth response of selected beech target trees as a function of their
competitive neighborhood
c) to explain the revealed growth pattern by analyzing growth related ecophysiological and
morphological plant traits such as stable isotope ratios or crown architecture
The collection of data necessary to address these study aims was conducted on permanent
field plots which were established in three long-term research sites. These three
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‗Exploratories‘ were set up in the German Federal States of Brandenburg (Biosphere Reserve
Schorfheide-Chorin), Thuringia (Hainich National Park including its surrounding area) as
well as Baden-Wuerttemberg (Biosphere Reserve Swabian Alb) and are the key elements of a
DFG-funded

(Deutsche

Forschungsgemeinschaft)

research

platform

for

functional

biodiversity research, the ‗Biodiversity Exploratories‘. Within each Exploratory, eight
standardized tree groups were selected. Half of them were located in pure beech stands and
the other half in regionally typical mixed stands. Each of the 24 tree groups consisted of
exactly five uniformly arranged single trees. One beech in the centre of the tree group
(= target tree) was surrounded by exactly four similarly dimensioned neighboring trees
(= competitors) that were arranged symmetrically and in a comparable distance around the
central tree. In order to be able to compare the effect of intra- or interspecific competition on
growth responses and related plant traits of European beech, the target trees were either
exclusively encircled by other beeches or by the regionally typical, site-adapted admixed tree
species Scots pine (Schorfheide-Chorin), Norway spruce (Swabian Alb) respectively valuable
hardwoods (Hainich-Dün).
As most of the approaches that have so far been applied to investigate the relationship
between (crown) competition and individual tree growth insufficiently considered the
variability of processes and especially crown shapes in the canopy of (mixed) forests, in a first
study a competition index (CCSA(Cone) = Competitors‘ Crown Surface Area) was derived from
terrestrial laser scans (TLS). This index is based on real crown shapes of the competitor trees
and considers their species identity by including specific coefficients of transmission (chapter
2). In case of equal neighborhood density, compared to the intra-specific competition pressure
target tree beeches in pure stands were exposed to, aboveground inter-specific competition
emanating from valuable hardwoods, spruce or pine on beech was evaluated as being
(significantly) lower. Across-site comparisons showed that relative basal area growth of the
target trees at the end of the 2012 vegetation period behaved strictly opposite to competition
intensity. Beeches that were exclusively surrounded by pine trees achieved by far the highest
relative basal area growth rates, followed by those target trees competing with Norway spruce
or valuable hardwoods for light, water and nutrients. Target tree beeches in pure stands
exhibited the lowest relative basal area increment rates. Correlation analysis and the
application of linear mixed effects regression models to describe the (functional) relationship
between absolute one-year basal area growth and competition indicated, that the TLS-based
index ‗CCSA(Cone)‘ explained growth response of beech target trees better than a competition
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index based on geometrical crown shapes. Thus, ‗CCSA(Cone)‘ can contribute to improve the
understanding of competition processes especially in mixed stands.
For a further study, dendrochronological investigations and measurements of the wood 13Csignature of all 24 target tree beeches were combined. Pairwise comparisons within the three
Exploratories revealed that, referring to the evaluation period 1970-2011, average radial
growth rates of beeches growing in pure stands were (significantly) lower than those of target
trees exclusively surrounded by regionally-typical admixed tree species (Scots pine, valuable
hardwoods or Norway spruce). This basic growth pattern was also often observed during the
extremely dry years 1976 and 2003, although water stress-induced relative growth depression
was generally weaker in pure beech stands. However, beeches exposed to intra-specific
competition recovered more slowly from drought-induced growth depression than the
respective subpopulation of the same investigation area that was surrounded by regionallytypical admixed tree species. Ring-width measurements and especially the wood stable
isotope analysis suggested an improved water supply of those beeches surrounded by (less
competitive) admixed tree species during periods with distinct rainfall deficits which, due to
the ongoing climate change, are expected to occur more frequent in the future (chapter 3).
In the framework of the third study (chapter 4), over a period of two years, half-hourly stem
girth microvariations of all 24 target tree beeches were continuously recorded using electronic
dendrometers to evaluate the influence of competition intensity and neighborhood identity on
intra-annual stem growth pattern of European beech on various time scales (day to year). At
the end of the vegetation periods 2012 and 2013, relative basal area growth of the target tree
beeches exclusively exposed to inter-specific competition by regionally-typical admixed tree
species were consistently (but sometimes insignificantly) higher than in the pure stands of the
same Exploratory. Simple linear regression analyses approximated a significant functional
relationship between relative basal area growth (= response variable) and the TLS-derived
competition index CCSA (= predictor variable) for both years. Fitting Weibull growth curves
to rescaled dendrometer profiles provided parameter estimates appropriate for intra-regional
comparisons of seasonal beech growth dynamics in pure or mixed stands. Only in mixture
with Scots pine, interspecific competition triggered a (significant) prolongation of target tree
wood formation compared to beech growth dynamics in pure stands of the same region.
Competitive neighborhoods consisting of Norway spruce or valuable hardwoods, however,
did not induce consistent trends towards extended growth durations under interspecific
interference. It seems as if in competitive neighborhoods composed of Norway spruce or
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valuable hardwoods, potential beneficial mixing effects on intra-annual growth dynamics are
counterbalanced by small-scale differences in site or weather conditions.
Within the same Exploratory, the monthly progress of daily average stem growth rates
(in µm) of beeches growing under intra- or interspecific competition almost paralleled.
However, only target tree beeches from the Swabian Alb pure stands regularly attained the
daily growth rates of their conspecifics growing in mixture with Norway spruce. Within the
two other Exploratories, superior diurnal growth rates of beeches in mixed stands attributable
to (lower) interspecific competition by Scots pine or valuable hardwoods occurred. This
allows the conclusion that intra-annual beech growth dynamics are primarily controlled by
environmental impacts and site conditions. Species-specific mixing effects can positively
influence diurnal growth rates of target tree beeches at a given site, but they are not strong
enough to overcome fundamental growth-environment interactions throughout the year.
In summary, it can be concluded that the vulnerability of European beech to environmental
constraints associated with global warming is co-determined by competition intensity and
species identity of the neighboring trees. The results of this study imply, that the more
complementary functional traits of admixed tree species and beech are, the lower is the
competitive stress the latter is exposed to. Distinct trait variation, in turn, has a positive
impact on resource supply, especially water availability of European beech and thus on its
long-term growth performance and short-term drought response. However, the net effect of
competition reduction or facilitation in interspecific neighbourhoods on growth and resource
use of beech depends on a complex interplay of several factors. In addition to temporal,
spatial, morphological or physiological niche complementarity between beech and the
admixed tree species, site as well as climatic conditions or rather the growth limiting resource
itself determine the magnitude of relaxation.
Nonetheless, the systematic, preferably small-scale admixture of site-adapted co-occuring tree
species into pure beech stands can be considered as an appropriate silvicultural measure to
mitigate negative effects of climate change and more frequent drought events on growth and
vitality of European beech.
This, of course, must not only be considered under the aspects of forest utilization and risk
management, but it can also be of vital importance for the maintenance of all other equally
important forest ecosystem services.
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Zusammenfassung
Die in Folge des Klimawandels auch für weite Teile Europas prognostizierte
Durchschnittstemperaturerhöhung und Veränderung des Niederschlagsregimes sowie eine
erwartete Zunahme von Witterungsextremen können die Vitalität bzw. Produktivität
langlebiger Waldökosysteme beeinträchtigen. Obwohl die Rotbuche (Fagus sylvatica L.) auf
Grund ihrer Konkurrenzüberlegenheit sowie breiten standörtlichen Amplitude eine der
wichtigsten (Wirtschafts-) Baumarten Mitteleuropas ist und in zahlreichen Programmen zum
Umbau großflächiger Nadelholzreinbestände eine zentrale Rolle spielt, gilt dies grundsätzlich
auch für Buchenwaldgesellschaften (Fagion sylvaticae). Neben automatisch aber sehr
verzögert verlaufenden (epi-) genetischen Anpassungsprozessen können zumindest in
Wirtschaftswäldern zur Sicherstellung der Aufrechterhaltung aller Ökosystemdienstleistungen
auch waldbauliche Maßnahmen ergriffen werden, die geeignet sind, Auswirkungen sowie
Risisken sich verändernder Klima- und Witterungsverhältnisse abzumildern.
Eine primäre Intention des aktiven Wald(um)baus ist es, die Verfügbarkeit, Aufnahme sowie
Nutzungseffizienz wichtiger Ressourcen auf Einzelbaum- respektive Bestandesebene zu
verbessern. Dies kann entweder im Zuge von Stammzahlreduktionen während regelmäßiger
Durchforstungen

mit

angemessenen

Eingriffsstärken

oder

durch

Einbringung

standortgerechter Mischbaumarten erreicht werden. Positive Wechselwirkungen zwischen
Mischbaumarten

können

wiederum auf zwei

grundsätzlichen Prozessen

basieren:

Konkurrenzreduktion oder gegenseitige Förderung. Ein tiefgreifenderes Verständnis dieser
komplexen Interaktionen und Konkurrenzprozesse in Mischbeständen ist unabdingbare
Voraussetzung,

um

auf

Grundlage

fundierter

forstwissenschaftlicher

Forschung

erkenntnisbasierte Bewirtschaftungsmaßnahmen oder Anpassungsstrategien abzuleiten.
Folglich bestanden die Ziele dieser Arbeit darin:
a) Das Dickenwachstum ausgewählter Buchen auf unterschiedlichen Zeitskalen (Tag bis
Jahr) als Funktion ihrer Nachbarschaft zu erfassen.
b) Aufzudecken, welchen Anteil an den Wachstumsmustern die Artzugehörigkeit der
Nachbarn hat.
c) Die gefundenen Zuwachsreaktionen durch die Analyse ökophysiologischer Prozesse
kausal zu erklären.
Jene für die Bearbeitung der daraus resultierenden Fragestellungen erforderlichen
Datenaufnahmen erfolgten auf Versuchsflächen dreier Langzeituntersuchungsgebiete, den
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Zusammenfassung
sog. Biodiversitäts-Exploratorien. Diese sind zentrale Elemente einer von der Deutschen
Forschungsgemeinschaft

(DFG)

finanzierten

Forschungsplattform

zur

funktionellen

Biodiversitätsforschung und wurden in Brandenburg (Biosphärenreservat SchorfheideChorin), Thüringen (Nationalpark Hainich einschließlich seiner Umgebung) sowie BadenWürttemberg

(Biosphärengebiet

Schwäbische

Alb)

eingerichtet.

Innerhalb

jedes

Exploratoriums wurden acht Baumgruppen ausgewählt, die sich wiederum zur Hälfte in
Buchenreinbeständen sowie in gebietstypischen Mischbeständen befanden. Alle 24
Baumgruppen bestanden aus genau fünf Einzelbäumen mit einheitlicher Grundanordnung.
Um eine im Zentrum der Baumgruppe stehende Buche (= target tree) waren möglichst
symmetrisch und mit vergleichbarem Abstand genau vier Nachbarbäume (= competitor trees)
ähnlicher Dimension angeordnet. Um die Auswirkungen intra- und interspezifischer
Konkurrenz miteinander vergleichen zu können, handelte es sich bei den Konkurrenten
entweder ausschließlich um Buchen oder um die gebietstypischen Mischbaumarten Kiefer
(Schorfheide), Fichte (Schwäbische Alb) bzw. Edellaubhölzer (Hainich).
Da die meisten der bisher angewendeten Modelle zur Erforschung des Zusammenhangs
zwischen (Kronen-) Konkurrenz und Einzelbaumzuwachs die Prozess- sowie Formenvielfalt
im Kronenraum von (Misch-) Beständen nur unzureichend abbilden, wurde in einer ersten
Studie zunächst auf Grundlage terrestrischer Laserscans (TLS) ein eigener Konkurrenzindex
(CCSA(Cone) = Competitors‗ Crown Surface Area) entwickelt. Dieser berücksichtigt nicht nur
die individuelle Kronenstruktur jedes Nachbarbaumes, sondern in Form eines artspezifischen
Transmissionskoeffizienten auch die Baumart der jeweiligen Konkurrenten (Kapitel 2).
Verglichen mit dem intraspezifischen Konkurrenzdruck dem die in Reinbeständen
untersuchten Buchen ausgesetzt waren, wurde die von Edellaubhölzern, Fichten oder Kiefern
ausgehende interspezifische Konkurrenz bei gleicher Dichte als (z.T. signifikant) niedriger
bewertet.

Bei

gebietsübergreifender

Betrachtung

verhielt

sich

der

prozentuale

Grundflächenzuwachs des Jahres 2012 genau umgekehrt zur ermittelten Konkurrenzintensität.
Ausschließlich von Kiefern umgebene Buchen leisteten die mit Abstand höchsten relativen
Grundflächenzuwächse,

gefolgt

von

denjenigen

Bäumen,

die

mit

Fichten

oder

Edellaubhölzern um Licht, Wasser und Nährstoffe konkurrierten. Am geringsten fiel der
prozentuale

Grundflächenzuwachs

der

Buchen

in

den

Reinbeständen

aus.

Korrelationsanalysen und die Anwendung linearer Mischeffekt-Regressionsmodelle zur
Beschreibung des (funktionalen) Zusammenhangs zwischen Konkurrenz und absolutem
Grundflächenzuwachs haben gezeigt, dass der TLS-basierte Index CCSA(Cone) die
Zuwachsreaktion der untersuchten Buchen besser erklärt als ein auf geometrischen
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Zusammenfassung
Kronenformen basierendes Konkurrenzmaß und somit zur Verbesserung des Verständnisses
von Konkurrenzprozessen insbesondere in Mischbeständen beitragen kann.
Für eine weitere Studie wurden dendrochronologische Untersuchungen und Messungen des
13C-Signals im Holz der Jahrringe aller 24 ‗target trees‗ kombiniert. Paarweise
Mittelwertvergleiche innerhalb der drei Exploratorien haben ergeben, dass bezogen auf den
Auswertungszeitraum 1970-2011 die Buchen aus Reinbeständen (z.T. signifikant) niedrigere
durchschnittliche Radialzuwächse erreichten als Bäume, welche ausschließlich von
gebietstypischen Mischbaumarten (Kiefer, Edellaubhölzer oder Fichte) umgeben waren.
Dieses Grundmuster zeigte sich häufig auch während der extremen Trockenjahre 1976 und
2003, obwohl die wasserstressbedingten relativen Zuwachseinbrüche in Buchenreinbeständen
i.d.R. schwächer ausgeprägt waren. Innerhalb des gleichen Untersuchungsgebietes erholten
sich die Reinbestandsbuchen wiederum langsamer von den Zuwachseinbrüchen der
Trockenjahre als das jeweilige Vergleichskollektiv, welches der Konkurrenz gebietstypischer
Mischbaumarten ausgesetzt war. Die Ergebnisse der Jahrringanalyse und insbesondere die
Bestimmung der Kohlenstoffisotopenverhältnisse im Holz deuteten somit im Falle von
ausgeprägten Niederschlagsdefiziten, deren Häufigkeit mit fortschreitendem Klimawandel
voraussichtlich zunehmen wird, auf eine verbesserte Wasserversorgung derjenigen Buchen
hin, die von (konkurrenzschwächeren) Mischbaumarten umgeben waren (Kapitel 3).
Im Rahmen der dritten Teilstudie wurden über einen Zeitraum von zwei Jahren mittels
elektronischer Dendrometer halbstündliche Änderungen des Stammumfanges an allen 24
‗target

trees‗

aufgezeichnet,

Nachbarschaftsidentität

auf

um
das

den

Einfluss

intra-annuelle

der

Konkurrenzintensität

Dickenwachstum

der

Buche

und
in

unterschiedlicher zeitlicher Auflösung (Tag bis Jahr) zu betrachten (Kapitel 4). Nach
Abschluss

der

Vegetationsperioden

2012

und

2013

lagen

die

prozentualen

Grundflächenzuwächse der Buchen, die ausschließlich interspezifischer Konkurrenz durch
gebietstypische Mischbaumarten ausgesetzt waren, ausnahmslos (jedoch nur teilweise
signifikant) über jenen der Buchen in den Reinbeständen des gleichen Exploratoriums. Mittels
einfacher linearer Regressionsanalysen ließ sich für beide Jahre ebenfalls ein signifikanter
funktionaler

Zusammenhang

zwischen

dem

prozentualen

Grundflächenzuwachs

(= beobachtete, abhängige Variable) und dem Konkurrenzindex CCSA (= Prädiktor)
nachweisen. Nach Standardisierung wurden durch Anpassung von Weibull-Funktionen an die
kumulativen Zeitreihenwerte Funktionsparameter generiert, welche sich für gebietsinterne
Analysen der unterjährigen Zuwachsverläufe von Buchen aus Rein- und Mischbeständen
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Zusammenfassung
eigneten. Lediglich in Mischung mit Kiefer konnte eine im Vergleich zum Reinbestand des
gleichen Gebietes (signifikante) Verlängerung des Dickenwachstums festgestellt werden.
Nachbarschaftskonkurrenz durch Fichten oder Edellaubhölzer induzierte hingegen keinen
gerichteten Effekt auf die zeitliche Ausnutzung der Vegetationsperiode. Es scheint, als
würden potentiell positive Mischungseffekte auf die unterjährigen Zuwachsverläufe in
Nachbarschaft mit Fichte und Edellaubhölzern von kleinräumlichen Standort- oder
Witterungsunterschieden überlagert.
Die monatsweise Entwicklung der durchschnittlichen täglichen Zuwachsraten (in µm) von
Buchen mit intra- oder interspezifischer Nachbarschaft verlief innerhalb des jeweiligen
Exploratoriums nahezu parallel. Allerdings konnten nur die Reinbestandsbuchen auf der
Schwäbischen Alb regelmäßig die Tageszuwächse ihrer in Mischung mit Fichte wachsenden
Artgenossen erreichen. In den beiden anderen Exploratorien war eine auf die (niedrigere)
interspezifische Konkurrenz durch Kiefern oder Edellaubhölzer zurückzuführende diurnale
Wuchsüberlegenheit der Buchen in Mischbeständen festzustellen. Dies lässt den Schluss zu,
dass die intra-annuelle Wuchsdynamik primär der Kontrolle durch Umwelteinflüsse und
standörtliche Bedingungen unterliegt. Artspezifische Mischungseffekte können sich positiv
auf die täglichen Zuwachsraten der Buche auswirken, jedoch dominieren grundlegende
Witterungs-Zuwachs-Beziehungen den Jahresgang des Dickenwachstums.
Zusammenfassend kann konstatiert werden, dass die Anfälligkeit der Baumart Buche
gegenüber den mit dem Klimawandel einhergehenden Umweltveränderungen offensichtlich
durch den von Nachbarbäumen ausgehenden Konkurrenzdruck und somit auch von der
Artzugehörigkeit der Nachbarbäume beeinflusst wird. Die Ergebnisse der vorliegenden Studie
legen nahe, dass der von Mischbaumarten auf die Buche ausgehende Konkurrenzdruck umso
geringer ist, je stärker sich die Mischbaumarten in ihren funktionellen Eigenschaften von der
Buche unterscheiden. Große funktionale Unterschiede wirken sich wiederum positiv auf das
Ressourcenangebot, insbesondere auf die Wasserverfügbarkeit der Buche und in der Folge
sowohl auf langfristige Zuwachsraten, als auch auf das Reaktionsvermögen im Falle von
Trockenheitsereignissen aus. Die tatsächlichen Auswirkungen von Konkurrenzreduktion oder
gegenseitiger

Förderung

durch

Mischbaumarten

auf

das

Wachstum

und

die

Ressourcennutzung von Buchen sind jedoch von einem Faktorenkomplex abhängig. Neben
der zeitlichen, räumlichen morphologischen oder physiologischen Nischenkomplementarität
zwischen Buche und der jeweiligen Mischbaumart beeinflussen auch die standörtlichen sowie
klimatischen

Bedingungen

bzw.

die

wachstumslimitierende
XXI

Ressource

selbst

das

Zusammenfassung
Wuchsgeschehen.
Einbringung

Nichtsdestotrotz

standortgerechter

kann

die

Mischbaumarten

gezielte,
in

vorzugsweise

Buchenreinbestände

kleinräumliche
als

probate

waldbauliche Handlungsoption angesehen werden, um negative Auswirkungen des
Klimawandels und häufigerer Trockenstressereignisse auf das Wachstum und die Vitalität der
Rotbuche zu reduzieren. Dies ist selbstverständlich nicht nur aus forstwirtschaftlicher Sicht,
respektive unter Nutzungsaspekten und im Zusammenhang mit dem betrieblichen
Risikomanagement zu begrüßen, sondern kann auch für die dauerhafte Sicherung aller
übrigen, grundsätzlich gleichrangigen Waldfunktionen von erheblicher Bedeutung sein.
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1 General Introduction
1.1 Scientific motivation
The four representative concentration pathway scenarios (RCPs) presented in the fifth
assessment report of the Intergovernmental Panel on Climate Change predict likely increases
in global mean surface (air) temperature between 0.3 to 4.8 °C by the end of the 21st century
(IPCC 2013). Apart from mean-trends, shifts in intra-annual thermal and precipitation
regimes as well as higher frequencies of extreme weather events provide further evidence of
an anthropogenically driven climate change (IPCC 2013). These recent shifts of growing
conditions will have a significant effect on native and commercial forests (Kirilenko and
Sedjo 2007). In some regions, positive impacts on tree growth can be expected (Nabuurs et al.
2002; Lindner et al. 2014). However, especially weather extremes such as droughts, heatwaves or heavy rainfalls which are likely to occur more often (Schär et al. 2004; Christensen
et al. 2007; Seneviratne et al. 2012) impair productivity and vigor of trees respectively stands
which leads to increased susceptibility for (mortality caused by) abiotic and biotic
disturbances (Dale et al. 2001; Bolte et al. 2010; Allen et al. 2010; Lindner et al. 2010;
Lévesque et al. 2014; Meir et al. 2015).
This also applies to European beech (Fagus sylvatica), a highly competitive tree species
(Ellenberg 1996; Leuschner 1998) that covers a wide range of site conditions (Leuschner et
al. 2006). Nevertheless, current scientific opinion concerning the drought tolerance of
European beech is inconsistent. While some recently published studies consider vitality or
growth of beech to be vulnerable to the expected increase in summer temperatures and
drought frequency (e.g. Rennenberg et al. 2004; Czajkowski et al. 2005; Jump et al. 2006;
Piovesan et al. 2008; Scharnweber et al. 2011; van der Maaten 2012; Zimmermann et al.
2015), other are less concerned and attest this tree species a strong adaptive capacity to
climate change impacts (Dittmar et al. 2003; Ammer et al. 2005; Kölling et al. 2005 and
2007; Eichhorn et al. 2008; Fotelli et al. 2009; Metz et al. 2016). However, at present the
relevance of European beech as one of the most important (commercial) tree species for
Central European forestry remains unbroken (Ellenberg 1996; Tegel et al. 2014).
Furthermore, European beech is accorded key significance in several national silviculture
guidelines that promote transformation of pure coniferous stands into mixed forests with
increasing proportions of deciduous tree species (von Lüpke et al. 2004; Ammer et al. 2008;
Knoke et al. 2008; BMELV 2009). The establishment of multispecies forests does not only
focus on economic considerations such as risk distribution based on diversification effects
2
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(Ammer et al. 2008; Knoke et al. 2008), but is expected to take better account of manifold
demands on multifunctional forest management. These comprise timber production, carbon
sequestration goals but also non-commercial forest functions like water and air pollution
control, soil protection, nature conservation objectives and recreational use (Daily 1997;
Bravo-Oviedo et al. 2014; Ammer 2017).
Sustainable management and long-term maintenance of various ecosystem services requires
an adaption of forests to climate change based on keen knowledge derived from specific
forest research (Bolte et al. 2010; Seidl et al. 2011; Ammer 2017). This is essential to
establish objectives, minimize systemic risks, steer strategy implementation efforts and ensure
social credibility (NW-FVA 2008). Ammer (2017) refers to two different options how forests
themselves or foresters can react to recent and future climatic conditions: Either by (epi-)
genetic species responses to environmental changes (Aitken et al. 2008; Bräutigam et al.
2013; Dounavi et al. 2016) or by silvicultural measures. However, small and separated
populations, low fertility rates and late pubescence are common features of numerous
commercial tree species that may restrict their ability for genetic adaption to climate change
(Aitken et al. 2008; Ammer 2017). Thus, the first option is not a main object of this thesis and
only mentioned here for the purpose of completeness.
According to Bolte et al. (2009) and Brang et al. (2014), (strategic) adaption principles should
for instance aim at transformation of high-risk stands, increasing tree species richness,
structural heterogeneity or genetic variation as well as restricting rotation length or timber
stocks. The overarching goal of adaptive forest management is to perpetuate and enhance the
functionality of forests as a precondition for providing the entire spectrum of potential future
ecosystem services (Wagner 2004).
At the operational level (Brang et al. 2014), practical silvicultural interventions to prepare or
adapt forests to (uncertainties resulting from) altering environmental conditions by increasing
their resistance and resilience are limited (Bolte et al. 2010; Ammer 2017). Basically, most if
not all (man-made) risk avoidance and management measures (Spittlehouse and Stewart
2003; Smit and Wandel 2006) are targeted towards reducing competition for resources among
single trees (Ammer 2017) or within stands (Lebourgeois et al. 2013). In order to achieve the
strategic goals mentioned before, forest practitioners can make use of two basic management
options (Ammer 2017). First, stand density reductions through thinning that intends to lower
competitive stress and enhance resource uptake as well as use efficiency of the remaining
crop trees. Several studies conducted in (pure) stands of different tree species provided
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evidence, that thinning induces positive effects such as higher (stem) growth rates, prolonged
growth durations (Boncina et al. 2007; van der Maaten 2013; Diaconu et al. 2015) or reduced
water stress levels (i.a. in terms of improved drought resistance and resilience) due to higher
water abundance or use efficiency (Aussenac and Granier 1988; Martín-Benito et al. 2010;
Kohler et al. 2010; Sohn et al. 2013; Gebhardt et al. 2014; Sohn et al. 2016). Second, mixing
of species with complementary functional traits and characteristics such as shade tolerance,
crown morphology, leaf phenology or rooting habits that occupy different ecological niches
(Vandermeer 1989; Kelty 1992; Lebourgeois et al. 2013).
Against the background of increasing proportions of mixed (beech) forests in Europe (Forest
Europe, UNECE and FAO 2015) and the need to increase their climate resilience or adaptive
capacity, this work examines the influence of neighborhood identity on tree growth responses
of Fagus sylvatica L. at individual tree level what required additional measurements to gain
detailed information on structural attributes of the surrounding competitors. In other words:
Understanding competition in local neighborhoods could serve an important explanatory
approach for stand or ecosystem productivity (Pretzsch and Schütze 2009; Riofrío et al. 2017;
Fichtner et al. 2018) as the latter is the cumulative result of competition effects at the
individual scale (Potvin and Dutilleul 2009) which are controlled by size, quantity and species
composition of competitors in the immediate environment of a focal tree. Local
neighborhoods are in turn affected by silvicultural interventions, as they control stand density
or tree species composition.
Competition reduction and facilitation in interspecific neighborhoods (Vandermeer 1989;
Kelty 1992 and 2006; Pretzsch and Schütze 2009; Forrester 2014; Forrester and Pretzsch
2015; Forrester and Bauhus 2016; Ammer 2019) are deemed to be the key mechanisms that
induce higher tree growth rates or reduced drought susceptibility, also with regard to
European beech (Pretzsch et al. 2010 & 2013b; Mölder and Leuschner 2014; Metz et al.
2016). In a recently published review, Ammer (2019, p. 52) introduces the term ‗relaxation‘
and proposes to subsume ―[…] observed competition reduction and / or facilitation […]‖
related to mixing effects under this concept. Enhanced availability, uptake and use efficiency
of resources are the fundamental processes above- and belowground relaxation is based on
(Forrester 2017; Ammer 2019). However, for various reasons studies dealing with the
diversity-productivity relationship (at stand level) yielded contradicting results, indicating
either enhanced productivity in multispecies forests (Piotto 2008; Pretzsch and Schütze 2009)
or a lower growth performance of mixtures when compared to pure stands (Pretzsch 2005;
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Amoroso and Turnblom 2006; Jacob et al. 2010). On the one hand, processes inducing
relaxation and subsequently (transgressive) overyielding are not a static state. They vary
depending on site conditions (climate and soil), disturbances, stand development stage, stand
density, functional traits of the tree species under investigation as well as the spatial or
temporal scale of the survey (Pretzsch 2003; Forrester and Bauhus 2016; Ammer 2017; Mina
et al. 2018; Ammer 2019). On the other hand, as a consequence of species specific responses
to changing climate (Lindner et al. 2014) and thus diverse interdependencies between climate
and competition (Rollinson et al. 2016), shifting growing conditions affect competition
processes between species (Keenan 2015). Note that even the prediction of tree growth in
even-aged monocultures by quantifying intraspecific competition is characterized by a
considerable amount of unexplained variation. The major drivers of the much more complex
species mixing effects are even more insufficiently understood (Jucker et al. 2015). However,
among the numerous interacting factors that determine individual tree growth (Tomé and
Burkhart 1989; Ledermann 2010), only competition can be cost-efficiently influenced by
forest management interventions (Ammer 2008).
As (i.a. for European beech) neighborhood identity and/or mixture type instead of
neighborhood diversity were found to determine complementarity effects such as reduced
drought stress or enhanced growth rates (Jacob et al. 2010; Pretzsch et al. 2013b; Mölder and
Leuschner 2014; Forrester et al. 2016; Metz et al. 2016; Ammer 2017; Mina et al. 2018),
deeper insights into tree species interactions are essential to evaluate how species
interdependencies may alter in view of climate change (Forrester 2014). At least in regularly
managed commercial forests, this knowledge can serve as a valid basis of decision-making for
adaption measures (e.g. choice of tree species, mixture types or thinning intensity) to climate
change (Ammer 2017 and 2019). In other words: an increasing understanding of the effects of
management measures on individual tree and stand level performance is necessary to better
adjust silvicultural treatments to the challenges of climate change (Ammer 2017).
.
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1.2 Objectives of the study
The general objectives of the DFG-funded (Deutsche Forschungsgemeinschaft) large-scale
and long-term research platform ―Biodiversity Exploratories‖ are (cf. www.biodiversityexploratories.de):


to understand the relationship between biodiversity of different taxa and levels



to understand the impact of land use and management on biodiversity



to understand the relevance of biodiversity for ecosystem processes

In order to disentangle interacting effects of land management measures and biodiversity on
different ecosystem processes or services, since 2006 a multitude of core and contributing
projects conduct interdisciplinary research on cause-and-effect relations in forest as well as
grassland habitats (Fischer et al. 2010).
This PhD thesis focuses firstly on detecting growth-neighborhood responses of European
beech on various time scales (day to year). Secondly it aims to relate the observed growth
patterns of Fagus sylvatica target trees to the impact of intertree competition, neighborhood
identity and different ecophysiological and morphological characteristics (plant traits).
Therefore, this work deals with a key issue of the ‗Biodiversity Exploratories‘: How do
diversity, in this particular context ‗neighborhood identity‘, and management intensity, here
near natural pure stands compared to artificial mixed forests, affect ecosystem functions?
Picking up this highly-topical research subject, recent studies suggested that neighborhood
dissimilarity or species identity of competitor trees (co-) determine growth and drought
responses (resistance and resilience) of individual target trees or stands to a certain extent
(e.g. Kaitaniemi and Lintunen 2010; Pretzsch et al. 2013b; Mölder and Leuschner 2014;
Forrester et al. 2016; Fichtner et al. 2017). However, in many cases, key mechanisms were
described mainly based on hypotheses (Pretzsch et al. 2015) rather than explained using
quantitative data of intra- and interspecific competition or plant trait measurements
(Kaitaniemi and Lintunen 2010).
In order to contribute to fill existing knowledge gaps in the field of mixed stand research, the
main objectives of this study can be summarized as follows:
a) to measure the impact of competition intensity and neighborhood identity, which are both
closely linked to silvicultural management interventions, on stem growth patterns of beech
target trees at various time scales (day to year)
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b) to explain the revealed growth response of selected beech target trees as a function of their
competitive neighborhood
c) to explain the revealed growth pattern by analyzing growth related ecophysiological and
morphological plant traits such as stable isotope ratios or crown architecture
More specifically, in this study the following four hypotheses were examined:
1) One year basal area growth of target tree beeches does not depend on the magnitude of
neighborhood competition they are exposed to.
2) (Intra-annual) basal area or radial growth of target tree beeches measured at different
spatial scales and temporal resolutions does not depend on neighborhood identity (intraversus interspecific competition)
3) There is no difference in wood 13C-values of target tree beeches exposed to different
competition intensities and neighborhood identities
4) There is no relationship between plant traits (e.g. wood 13C-values, crown surface areas)
of target tree beeches and their radial or basal area stem growth.
Hypotheses one and two are addressed in the chapters two, three and four. In these chapters,
various (site by site) comparisons of growth pattern on different time scales are presented as
well as the growth responses of the target trees to different levels of competition intensity and
different neighborhood identities. Hypotheses three and four were tested in chapter three
which focuses on analyses of growth-related plant traits.
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1.3 Study sites and experimental design
Data collection for this thesis (cf. Metz et al. 2013, 2016 and 2019) was carried out on a
subset of the 150 forest experimental plots (EPs) that are key elements the Biodiversity
Exploratories study design (Fischer et al. 2010). The research sites were established in the
Biosphere Reserves Swabian Alb (ALB / SW Germany) and Schorfheide-Chorin (SCH / NE
Germany) as well as in the Hainich-Dün region (HAI / Central Germany). In each of these
three ‗Exploratories‘ that cover a wide environmental range (cf. Fig. 1.1), 50 forest field plots
were set up. These plots represent wide gradients of management intensity and stand types,
ranging from old growth forests to even-aged monocultures (Fischer et al. 2010).

Schorfheide-Chorin

Location
Size
Geology
Altitude
MAAT
MAP

NE Germany
≈ 1.300 km2
Young glacial landscape
3-140 m a.s.l.
8-8.5 °C
500-600 mm

Hainich-Dün

Central Germany
≈ 1.300 km2
Calcareous bedrock
285-550 m a.s.l.
6.5-8 °C
500-800 mm

Swabian Alb

SW Germany
≈ 422 km2
Calcareous bedrock with karst phenomena

460-860 m a.s.l.
6-7 °C
700-1000 mm

Fig. 1.1: Basic information on geographic locations and environmental conditions of the three
Biodiversity Exploratories (cf. Fischer et al. 2010).
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A very important characteristic of the Biodiversity Exploratories project is that the analysis
incorporates data from different major geographic regions of Germany. This, in turn, is a
prerequisite to draw conclusions and to derive management recommendations with
comprehensive geographic validity (Ammer et al. 2005; Fischer et al. 2010). The
experimental set-up of the presented study (Table 1.1) was designed to evaluate the effect of
initial size, competition intensity as well as identity of neighboring trees (and thus stand
management) on growth pattern or ecophysiological characteristics of European beech target
trees. Therefore, this study fully meets the demands for research exploring (intra-) annual
increment of beech and its ability to overcome weather extremes in pure and mixed stands
(Ammer et al. 2005; Bolte 2005; Mölder et al. 2011; van der Maaten 2012).
European beech (Fagus sylvatica) forms pure and mixed stands in all Exploratories, but as a
consequence of differing climatic and edaphic conditions (cf. Fig. 1.1), the predominant cooccuring species vary between the large-scale research sites (see below). In each of the three
Exploratories, eight uniformly arranged tree groups were selected (cf. Table 1.1). At every
Exploratory, four tree groups were identified in pure European beech stands. In order to
analyse the impact of interspecific competition on beech in regionally typical mixed stands,
per region four additional target trees exclusively surrounded by the site-adapted admixed
species (SCH: Pinus sylvestris; HAI: valuable hardwoods, mainly Acer pseudoplatanus or
Fraxinus excelsior; ALB: Picea abies) were selected.
Table 1.1: Schematic presentation of and general information on the sampling design.
sampling design

C1

Exploratory

target trees

competitors

beech vs. beech

SCH

4

16

beech vs. pine

SCH

4

16

beech vs. beech

HAI

4

16

beech vs. val. hardwoods

HAI

4

16

beech vs. beech

ALB

4

16

beech vs. spruce

ALB

4

16

 = 24

 = 96

C2
target
tree

C4

competitive situation

C3

As downscaling to the individual tree level presupposes identical neighborhood densities in
the competitive environment of a target tree (Ammer 2019), these twenty-four standardized
tree clusters consisted of one central target beech tree symmetrically surrounded by exactly
four either con- or allospecific competing neighbors (→ three Exploratories x eight groups x
five trees = 120 trees). Another special characteristic of the sampling design (Table 1.1)
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conceived for this study is that all kinds of data were gathered from the same 24 tree groups
(cf. Metz et al. 2013, 2016 and 2019).
While many studies that were focused on differences in stand productivity between pure and
mixed beech forests (Pretzsch and Schütze 2009; Pretzsch et al. 2013a; Pretzsch et al. 2015)
hypothesized which mechanisms or ecophysiological processes may have caused the observed
growth reactions (Pretzsch et al. 2015), this study aims at unraveling cause-and-effect
relationships for the growth response of individual target trees taking their particular
competitive environment into account.
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1.4 Measurement instrumentation
In this study, not only retrospective analyses of yearly or periodic growth responses
(cf. Mölder and Leuschner 2014; Pretzsch et al. 2015; Zimmermann et al. 2015) were used to
address the objectives mentioned before. Instead, high-resolution measurements of current
stem growth in beech target trees were also recorded. Moreover, these growth pattern were
related with (measured instead of modeled) crown-competition indices and plant traits. For
these purposes, the following (growth) attributes were analyzed, using state of the art
techniques:
1) Competition-related stem growth patterns on different time scales of all 24 target beech
trees


Half-hourly stem circumference variation between March 2012 and October 2013 was
monitored using electronic dendrometers (cf. chapters two and four; Metz et al. 2013
and 2019)

Fig. 1.2: Electronic self-acting DC2 circumference dendrometer with Scatter 100 sensor
unit (left respectively top right) and Scatter 100 base station (bottom right).


Tree-ring-widths covering the period 1970-2011 were measured on scanned stem core
sample images and corresponding chronology statistics were computed (cf. chapter
three; Metz et al. 2016)



Measures for Resistance (Rt), Recovery (Rc) and Resilience (Rs) were calculated on
the basis of ring-width indices (RWIs) to investigate the impact of the exceptionally
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dry years 1976 and 2003 on stem increment of European beech (cf. chapter three;
Metz et al. 2016)
2) Wood δ13C-signature of all 24 target beech trees


Measurements of tree-ring carbon isotopic composition during the 4-year periods
1975–1978 and 2002–2005 as an indicator for drought stress (cf. chapter three; Metz
et al. 2016)

Fig. 1.3: Core sample extraction from a target beech tree (top left) and ready prepared
increment cores for dendrochronological analysis (bottom and top right).
3) Structural stand attributes derived from terrestrial laser scans (TLS) of all 24 target beech
trees and 96 competitors (cf. chapter two; Metz et al. 2013) were determined, including


Total tree height (TTH)



Diameter at breast height (DBH)



Crown surface area (CSA)



Crown volume (CV)



Aboveground intra- and interspecific competition intensity (for the 24 target trees)
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Fig. 1.4: Terrestrial laser scanner Zoller and Froehlich Imager 5006 (left), exemplary point
cloud of a tree group generated from scanner data after 3D-measuring (middle) and structural
tree parameters that were derived from voxel models (right).
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Supplementary material
Appendix A: Absolute measurement errors of tree parameters selected for the comparator check.
parameter
mean
± SD
∆ Total Tree Height [m]
0.24
0.28
∆ DBH [cm]
0.21
0.22
Distance between stem base points [m]
0.00
0.00
∆ HmaxArea [m]
0.23
0.30
2
∆ MaxArea [m ]
3.02
3.45
Distance between crown centers [m]
0.35
0.30
∆ Crown direction [°]
8.47
9.66
∆ Asymmetry [m]
0.25
0.28
∆ CBH [m]
0.67
1.34

Appendix B: Measures of dispersion and correlation coefficients for both competition indices.
KKL

CCSA cone

Competitor tree species

CCSA
r

mean

± SD

mean

± SD

beech

0.45

0.21

1487.13

527.16

valuable hardwood

0.29

0.15

1001.21

603.58

0.5276

spruce

0.04

0.04

601.63

216.95

(0.6452)

pine

0.02

0.01

66.88

34.36

(rho)

p

r

mean

±SD

p

1636.99

632.32

0.008

1241.37

329.65

0.5181

0.009

(0.001)

749.00

246.06

(0.6304)

(0.001)

98.42

12.52

(rho)

Appendix C: Target tree basal area growth [cm2] and its relationship to the competition indices tested
in this study.
basal area incr. [cm2]
mean

± SD

beech

21.45

10.68

cov
[%]
49.79

valuable hardwood

25.39

2.58

10.15

spruce

18.56

9.72

52.37

pine

39.71

13.72

34.56

competitor tree species

KKL

CCSAcone

CCSA

r

p

r

p

r

p

-0.3181

0.1298

-0.4755

0.0189

-0.4896

0.0152
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Appendix D.1: Adjusted p-values for the multiple comparison of mean with Wilcoxon‘s rank sum
test.
comparison of mean

KKL

CCSAcone

beech vs. valuable hardwood
beech vs. spruce
beech vs. pine
valuable hardwood vs. pine
spruce vs. pine
spruce vs. valuable hardwood

0.6198
0.0066
0.0066
0.1714
1.0
0.1714

1.0
0.0066
0.0066
0.1714
0.1714
1.0

adjusted p-values
CCSA
target tree basal area incr.
%
cm2
1.0
1.0
1.0
0.0264
1.0
1.0
0.0066
0.013
0.18
0.1714
0.686
0.69
0.1714
1.0
0.69
0.6857
1.0
1.0

Appendix D.2: Adjusted p-values of the nonparametric multiple comparison (type of contrast:
Tukey).
comparison of mean

KKL

CCSAcone

beech vs. valuable hardwood
beech vs. spruce
beech vs. pine
valuable hardwood vs. pine
spruce vs. pine
spruce vs. valuable hardwood

0.466
0.000
0.000
0.000
0.787
0.000

0.924
0.000
0.000
0.000
0.000
0.996

adjusted p-values
CCSA
target tree basal area incr.
[%]
cm2
0.863
0.879
0.876
0.012
0.986
0.947
0.000
0.003
0.073
0.000
0.386
0.366
0.000
0.888
0.365
0.441
1.0
0.867

Appendix E: Evaluation of all candidate lme-model fits using the information-theoretic AICcapproach.
lme (∆ basal area ~ model ,random=~1|exploratory)
model
AICc
AICc Weight
Pseudo R2
CCSA* + dbh
189.73
0.25
0.34
CCSA*
189.82
0.23
0.24
CCSACone*
190.25
0.19
0.23
CCSACone* + dbh
190.90
0.14
0.30
CCSA + dbh + CCSA : dbh
192.36
0.07
0.36
CCSACone + dbh + CCSA : dbh
193.22
0.04
0.34
only intercept
193.50
0.04
0
KKL
193.84
0.03
0.10
dbh
196.40
0.01
0
KKL + dbh
197.00
0.01
0.10
KKL + dbh + KKL : dbh
199.81
0.00
0.13
Signif. code: ≤ 0.05 ‗*‘
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Appendix F: Correlations of tested competitor crown parameters with target tree basal area growth.
crown parameter*

r

p-value

 competitor crown volume located inside cone

-0.42

0.04

 crown volume of selected neighbors

-0.42

0.04

 crown volume of all neighbors

-0.42

0.04

 of crown voxels corresponding to selected neighbors

-0.45

0.03

 of crown voxels corresponding to all neighbors

-0.48

0.02

CCSACone

-0.48

0.02

CCSA

-0.49

0.02

KKL

-0.32

0.13

 parameters weighted with species specific coefficients of transmission

beech

1

spruce

0.8

oak

0.5

pine

0.2

valuable hardwood

1
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Supporting Information

Exploratory Schorfheide-Chorin
Exploratory Hainich-Dün
 Location: NE Germany
 Location: Central Germany

 Geology: Young glacial landscape

 Geology: Calcareous bedrock

 Soil type forest: Cambisol (Dystric)

 Soil type forest: Luvisols

 Altitude asl: 3 -140 m

 Altitude asl: 285 – 550 m

 Annual mean temperature: 8 – 8.5 °C

 Annual mean temperature: 6.5 – 8.0 °C

 Annual mean precip.: 500 – 600 mm

 Annual mean precip.: 500 – 800 mm

 No. of used forest field plots: 5

 No. of used forest field plots: 6

 No. of investigated tree groups: 8

 No. of investigated tree groups: 8

Exploratory Swabian Alb
 Location: SW Germany
Geology: Calcareous bedrock with karst phenomena
 Soil type forest: Cambisol (Eutric)
 Altitude asl: 460 – 860 m
 Annual mean temperature: 6.0 – 7.0 °C
 Annual mean precip.: 700 - 1000 mm
 No. of used forest field plots: 6
 No. of investigated tree groups: 8

Fig. S1: General information on the study sites located in Northeast-, Central- and Southwest
Germany (information on soil properties from Solly et al. 2013).
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Fig. S2: Monthly mean precipitation sums (bar plots) and monthly mean air temperatures
(line graphs) during the growing season for the period 1970-2011. Dotted horizontal lines
mark the 41-year average temperature for the interval April to September.
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Fig. S3: TLS-derived crown surface areas (m2) of target tree beeches in spring 2012 that are
exposed to either intra- or interspecific competition separately for each study area.
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Table S1: Relationships between target tree ring-widths and ᵹ13Ccorr-values estimated with
Pearson's product moment correlation coefficient (r) for the 4-year periods 19751978 as well as 2002-2005.
1975-1978

2002-2005

Target tree

Exploratory

Competitor species

r

p

r

p

beech1

Schorfheide-Chorin

beech

0.98

0.02

-0.95

0.05

beech2

Schorfheide-Chorin

beech

-0.95

0.04

0.04

0.96

beech3

Schorfheide-Chorin

beech

0.91

0.09

0.58

0.42

beech4

Schorfheide-Chorin

beech

0.38

0.62

-0.08

0.92

beech5

Schorfheide-Chorin

pine

-0.95

0.04

-0.67

0.33

beech6

Schorfheide-Chorin

pine

-0.99

0.01

-0.81

0.19

beech7

Schorfheide-Chorin

pine

0.26

0.74

-0.83

0.17

beech8

Schorfheide-Chorin

pine

-0.87

0.13

-0.88

0.12

beech9

Hainich-Dün

beech

-0.31

0.69

0.06

0.94

beech10

Hainich-Dün

beech

-0.81

0.19

0.93

0.07

beech11

Hainich-Dün

beech

-0.64

0.36

-0.81

0.19

beech12

Hainich-Dün

beech

-0.86

0.13

-0.25

0.75

beech13

Hainich-Dün

val.hardwood

-0.50

0.50

-0.99

0.01

beech14

Hainich-Dün

val.hardwood

-0.95

0.05

-0.36

0.64

beech15

Hainich-Dün

val.hardwood

-0.23

0.77

-0.34

0.66

beech16

Hainich-Dün

val.hardwood

-0.52

0.48

-0.56

0.44

beech17

Swabian Alb

beech

-0.92

0.08

-0.91

0.09

beech18

Swabian Alb

beech

-0.49

0.50

-0.14

0.86

beech19

Swabian Alb

beech

-0.88

0.12

-0.42

0.58

beech20

Swabian Alb

beech

-0.81

0.19

-0.78

0.22

beech21

Swabian Alb

spruce

-0.88

0.12

-0.68

0.32

beech22

Swabian Alb

spruce

-0.35

0.65

-0.77

0.23

beech23

Swabian Alb

spruce

-0.76

0.24

-0.51

0.49

beech24

Swabian Alb

spruce

-0.80

0.20

-0.93

0.07
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Supplementary material

Fig. S1 Monthly mean precipitation sums (bar plots) and monthly mean air temperatures (line
graphs) during both years under investigation (2012-2013).
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Fig. S3 Absolute basal area increment of subject trees being exposed to either intra- or
interspecific competition (top) as well as impact of competition intensity (CCSA) on absolute
BAI of the subject trees (bottom). Different letters above the box-whisker-plots indicate
significant differences between mean BAI (cm2) of beeches from pure and mixed stands of
the same Exploratory (npar.t.test: p ≤ 0.05).
At the Exploratory Swabian Alb and with regard to 2013 also in the Hainich-Dün region,
comparisons of absolute increment rates (in cm2) differ from results for relative basal area
growth (in %). This is due to the fact that the average starting dbh (Table 2) of the subject
trees from pure beech stands there were larger (HAI: 45.05 cm; ALB: 35.35 cm) than the
reference values from groups with interspecific competition (HAI: 38.68 cm; ALB: 30.56
cm), what could not be compensated by higher percentage growth rates.
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Table S2 Monthly mean air temperatures [°C] and monthly precipitation sums [mm] during
both years under investigation (2012-2013).

month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

SCH
1.4
- 2.1
6.7
8.7
14.5
15.8
18.2
18.0
14.4
8.9
5.1
- 0.2

month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

SCH
74.9
23.3
12.1
34.0
26.3
52.3
102.3
64.4
30.4
50.6
41.8
30.7

mean monthly air temperatures [°C]
2012
2013
HAI
ALB
SCH
HAI
1.4
- 0.2
- 0.5
- 0.9
- 3.2
- 5.3
- 0.2
- 1.4
7.0
6.0
- 1.6
- 2.0
7.7
6.7
8.3
7.5
13.7
12.6
14.0
11.0
14.1
15.1
16.7
14.7
16.5
15.7
19.9
18.6
18.0
17.3
18.6
17.7
13.2
12.2
12.9
12.6
8.2
7.5
10.9
10.0
4.6
3.7
5.2
3.8
1.3
- 0.4
3.9
3.7
monthly precipitation sums [mm]
2012
2013
HAI
ALB
SCH
HAI
114.1
120.1
46.4
57.9
21.5
24.1
28.5
36.4
16.6
28.5
26.6
28.1
23.8
62.9
19.0
40.1
45.2
51.8
78.0
145.9
115.6
115.6
81.6
24.8
123.9
103.6
18.0
47.2
56.2
115.4
47.3
37.1
18.7
55.3
32.4
82.9
35.0
64.2
34.8
96.5
32.5
95.3
36.2
71.8
80.9
102.9
34.4
38.2
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ALB
- 1.3
- 3.4
0.0
6.8
9.1
13.9
18.4
16.1
12.1
9.1
2.2
0.8

ALB
32.9
93.6
48.3
69.7
160.2
113.2
54.8
76.7
102.6
105.3
85.2
33.5
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Table S3 (inverse) Weibull parameter function values
Exploratory

Schorfheide-Chorin

year
competitor species

2012

2013

European beech

Scots pine

European beech

Scots pine

mean

±SD

mean

±SD

mean

±SD

mean

±SD

T (63 %)

101.96

8.75

99.52

4.93

95.20

5.62

92.75

3.05

m

3.83

1.16

2.87

0.22

3.20

0.13

2.79

0.51

onset of wood formation (d)

45

6.52

35

3.88

38

3.32

32

7.39

cessation of wood formation (d)

139

21.38

146

6.70

134

7.04

139

7.88

duration of wood formation (d)

94

27.10

111

6.79

96

4.77

107

15.17

0.96

0.04

1.00

0.00

0.99

0.00

0.99

0.00

r (coefficient of correlation)
Exploratory

Hainich-Dün

year
competitor species

2012
European beech

2013
valuable hardwoods

European beech

valuable hardwoods

mean

±SD

mean

±SD

mean

±SD

mean

±SD

T (63 %)

98.65

9.57

101.61

7.39

94.39

6.97

93.06

2.74

m

3.30

0.33

3.10

0.19

3.86

0.42

3.87

0.30

onset of wood formation (d)

40

6.01

39

4.81

43

2.59

43

3.73

cessation of wood formation (d)

138

13.17

145

8.44

126

12.21

124

2.20

duration of wood formation (d)

98

11.22

106

5.04

83

12.29

81

3.89

0.99

0.01

0.98

0.01

0.98

0.01

0.98

0.00

r (coefficient of correlation)
Exploratory

Swabian Alb

year
competitor species

2012
European beech

2013
Norway spruce

European beech

Norway spruce

mean

±SD

mean

±SD

mean

±SD

mean

±SD

T (63 %)

106.57

7.98

101.62

4.54

103.72

8.57

113.38

6.45

m

3.16

0.16

3.46

0.64

3.54

0.13

4.12

0.88

onset of wood formation (d)

42

3.51

42

5.64

45

3.74

54

9.24

cessation of wood formation (d)

151

11.94

141

13.53

142

12.02

149

9.79

duration of wood formation (d)

109

9.94

99

18.51

97

8.92

95

15.25

r (coefficient of correlation)

0.99

0.00

0.98

0.01

0.99

0.00

0.98

0.02

92

Chapter 4

Intra-annual growth dynamics

93

Chapter 5

Synthesis

Chapter 5

Synthesis

5 Synthesis
The synthesis section intends not only to recapitulate and to discuss the findings of the three
included studies but aims to evaluate the implementation of the main dissertation objectives
that were introductorily defined as follows:
a) to measure the impact of competition intensity and neighborhood identity on stem growth
patterns of beech target trees at various time scales (day to year)
b) to explain the revealed growth response of selected beech target trees as a function of their
competitive neighborhood
c) to explain the revealed growth pattern by analyzing growth related ecophysiological and
morphological plant traits such as stable isotope ratios or crown architecture
5.1 Methodical considerations
By intensively investigating growth responses and plant traits of individual beech target trees
as a function of their local competitive environment, this study can contribute to better
understand the influence of biodiversity (in terms of neighborhood identity) and management
intensity on ecosystem functioning, which is one key objective of the Biodiversity
Exploratories. However, as species richness and neighborhood composition may affect
growth at different scales (Grossman et al. 2017; Ammer 2019), the results presented in this
study that were obtained from single trees cannot simply be transferred to predict over- or
underyielding effects at the stand level (cf. Mölder and Leuschner 2014).
Furthermore, the availability of only one mixture type per site made it impossible to test all
four hypotheses across sites. Although it would have been the perfect study design, due to the
following restrictions it was not feasible to investigate each mixture type in every
Exploratory: At the Schorfheide-Chorin area, valuable hardwoods would not grow sufficiently
well enough due to the poor soil conditions and are therefore not cultivated. Furthermore, in
this extremely dry region, the establishment of Norway spruce (mixed) stands was already
stopped decades ago because of their high vulnerability to bark beetle calamities. On the
(much) better soils in the Exploratories Hainich-Dün and Swabian Alb, Scots pine is not
managed extensively because it would need constant support to reduce competition by other
species. However, even the site by site comparisons are of high scientific and practical value
as reasonable mixture types frequently used at the given sites were examined.
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5.2 Comments on main hypothesis number 1: One year basal area growth of target tree
beeches does not depend on the magnitude of neighborhood competition they are
exposed to
In case of equal neighborhood density, the competition indices KKL and CCSA(Cone) assessed
aboveground intra-specific competition beech target trees had to cope with to be stronger than
interspecific competition ascribed to valuable hardwoods, spruce or pine (cf. Metz et al.
2013). However, all-pairs comparisons yielded consistently significant differences only
between the competitive strength of the neighboring species European beech, Norway spruce,
and Scots pine (Metz et al. 2013). Significant negative correlations between the TLS-based
competition indices and absolute one-year basal area increment generally attested that
increasing competition lead to declining annual growth rates (Metz et al. 2013). This result
was confirmed by the application of linear mixed effects regression models. Full models
described the functional relationship between growth (response variable) and competition
indices, initial dbh as well as site (predictor variables). The latter was incorporated as random
effect whereas competition, initial size and their interactions were specified as fixed effect
terms. It was shown, that the impact of competition on absolute basal area growth diminished
with increasing initial dbh of the target tree (Metz et al. 2013). Furthermore linear regression
modeling approximated a significant negative relationship between the TLS-derived
competition index ‗CCSA‘ and relative basal area growth rates in 2012 as well as 2013 (Metz
et al. 2019). The symbol types used for the scatter plot illustrated, that compared to
monospecific neighborhoods, interspecific competitive pressure exerted by valuable
hardwoods, spruce or pine was lower and that neighborhood identity seemed to (co-)
determine target tree growth response (chap. 4: Fig. 4). These findings lead to the conclusion,
that hypothesis number one has to be rejected. When pooling data from all Exploratories,
annual target tree basal area growth was significantly related to competition intensity (chap. 2:
Fig. 8 and Appendix C; chap. 4: Fig. 4).
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5.3 Comments on main hypothesis number 2: (Intra-annual) basal area or radial growth
of target tree beeches measured at different spatial scales and temporal resolutions
does not depend on neighborhood identity (intra- versus inter-specific competition)
5.3.1 Long-term tree-ring widths and one year basal area growth
Long-term tree-ring widths of target trees exposed to interspecific competition and their
relative one year basal area growth at the end of the vegetation periods 2012 and 2013 were
higher than the corresponding values of beech trees in pure stands, even if the differences
were not always statistically significant (Table 5.1). This applied to multiple comparisons
across Exploratories and to pair-wise comparisons within the same study sites (Metz et al.
2013, 2016 and 2019).
Table 5.1: Summary on pair-wise tests (within Exploratories) and all-pairs comparisons
(across Exploratories) between target tree subpopulations that were exposed to either intra- or
interspecific competition.
Metz et al. 2016 Metz et al. 2013
Within
Across
Spatial scale
Exploratories
Exploratories
Pair-wise
All-pairs
Test procedure
1970-2011
2012
Reference year / period
Ring width
BAI
BAI
Measuring unit
(mm)
(%)
(cm2)
Competitor Species
Pinus sylvestris
Valuable hardwoods
Picea abies
Citation

Metz et al. 2019
Within
Within
Exploratories
Exploratories
Pair-wise
Pair-wise
2012
2013
BAI
BAI
BAI
BAI
(%)
(cm2)
(%)
(cm2)

= significant superiority of target tree beeches in groups of interspecific competition
= insignificant superiority of target tree beeches in groups of interspecific competition
= significant superiority of target tree beeches in groups of intraspecific competition
= insignificant superiority of target tree beeches in groups of intraspecific competition

With regard to interspecific competition, one year relative basal area growth rates of the target
tree beeches and their mean ring-widths for the period 1970-2011 were inversely related to
the competition pressure ascribed to the competitor tree species (Metz et al. 2013, 2016 and
2019). Thus, highest (relative) target tree growth rates were consistently achieved in the
neighborhood of Scots pine, whereas growth performance and competition reduction or
facilitation effects in mixture with spruce and valuable hardwoods were (significantly) weaker
(Metz et al. 2013, 2016 and 2019). The lower absolute basal area growth of beeches from the
Swabian Alb mixed stands at the end of vegetation periods 2012 and 2013 was mainly due to
their smaller initial dbh (x = 30.56 cm) in relation to the reference values calculated for target
trees with intraspecific competitive neighborhoods (Alb: x = 35.35 cm; all Explos: x =
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41.00 cm). To prevent confounding impacts of deviating target tree dbh on data analysis,
comparisons of basal area increment were primarily carried out on the basis of relative growth
rates (Metz et al. 2013, 2019). It is also important, that within the same Exploratory, the sizeratio of mean target tree dbh to mean competitor tree dbh was similar in groups of intra- and
interspecific competition (Metz et al. 2016).
5.3.2 Intra-annual growth dynamics
The analysis of intra-annual growth dynamics has shown that only in the Schorfheide-Chorin
mixed stands, temporal niche partitioning can be considered as a possible co-factor that may
have caused the observed (relative) growth superiority of beeches exposed to interspecific
competition (Metz et al. 2019). Wood formation of target trees in the neighborhood of Scots
pines (SCH) began and peaked earlier but ended later (chap. 4: Figs. 5 and 6) than in pure
stands of the same region whereas competitive neighborhoods consisting of valuable
hardwoods (HAI) or spruce (ALB) did not trigger general trends towards extended growth
durations of beech target trees (chap. 4: Figs. 5 and 6). In all Exploratories, average daily
radial growth rates (in µm) of target tree beeches (monthly resolution) from pure und mixed
stands of the same region run parallel to each other (chap. 4: Fig. 7). But at the Hainich-Dün
and Swabian Alb sites, the growth promoting effect of allospecific competitive environments
on daily stem growth rates was considerably weaker than in the Schorfheide-Chorin area.
These findings suggest that at a given site, the investigated interspecific neighborhoods can
initiate increased daily growth rates during certain periods of the growing season, but positive
species interactions are too weak to uncouple fundamental growth-environment responses of
European beech (Mölder and Leuschner 2014; Metz et al. 2019).
Testing of hypothesis number two is subject to some statistical limitations due to the selected
experimental design (cf. chapter 1.3) that intends to detect different patterns of growthneighborhood responses at the individual tree level and therefore requires competitive
environments of equal density (Ammer 2019) and comparable tree dimension but different
species identity. First, for a clear distinction between the effects of species identity and
competition intensity, trees surrounded by neighbors differing in species but of equal
competitive power would have been needed. However, such stand conditions were impossible
to find. As a result, it could not be finally ascertained whether or not the observed growth
responses were caused by species identity per se or by the different competitive strength
inherent to the different tree species. Second, intrinsic adverse characteristics of (numerous)
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studies that are based on dendrochemical or dendrometric measurements are comparatively
small sample sizes (cf. Wipfler et al. 2009; Mölder et al. 2011; Michelot et al. 2012;
Oberhuber et al. 2014) as well as short periods under investigation. Consequently, statistical
testing is subject to methodical restrictions and evidence for significance hard to provide
(Metz et al. 2016). Nevertheless, data analysis revealed that within the same Exploratory,
reduced competition intensity associated with interspecific neighborhoods entailed
(significantly) higher mean radial increment over a 41-year period and increased relative basal
area growth rates at the end of growing seasons 2012 as well as 2013. Referring to these clear
trends towards superior long-term growth performance and total annual growth during two
years with normal weather conditions, null hypothesis number two can be rejected. With
regard to intra-annual radial growth patterns, null hypothesis number two can be rejected only
for target trees surrounded either by conspecifics or Scots pine at the Exploratory
Schorfheide-Chorin (Metz et al. 2019).
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5.3.3 Drought-induced reactions of radial beech growth
Table 5.2: Summary on pair-wise tests between target tree subpopulations of the same
Exploratory that were exposed to either intra- or interspecific competition.

Competitor species

Citation
Spatial scale
Test procedure
Reference year
Measuring unit

1975

Metz et al. 2016
Within Exploratories
Pair-wise (intra vs. interspecific);
1976 1977 1978 2002 2003 2004

2005

Ring width (mm)

13Ccorr (‰)
Pinus sylvestris
(Explorarory SCH)

Resistance (Rt)

rel.13C increase
Recovery (Rc)
Resilience (Rs)
Ring width (mm)

Valuable
hardwoods
(Explorarory HAI)

13Ccorr (‰)
Resistance (Rt)

rel.13C increase
Recovery (Rc)
Resilience (Rs)
Ring width (mm)

13Ccorr (‰)
Picea abies
(Explorarory ALB)

Resistance (Rt)

rel.13C increase
Recovery (Rc)
Resilience (Rs)

= significant superiority of target tree beeches in groups of interspecific competition
= insignificant superiority of target tree beeches in groups of interspecific competition
= significant superiority of target tree beeches in groups of intraspecific competition
= insignificant superiority of target tree beeches in groups of intraspecific competition
= in the respective year, for the given parameter no pair-wise test was conducted

Detailed analysis of 4-year periods that included the drought years 1976 and 2003 generally
confirmed the long-term growth trends for the period 1970-2011 (Metz et al. 2016). However,
as illustrated in table 5.2, within the same Exploratory reduced competition intensity
associated with interspecific neighborhoods did not consistently promote higher absolute
radial beech growth rates. Only in mixture with Scots pine (SCH), target trees achieved
(significantly) higher mean ring-widths without exception. At the Exploratories HAI and
ALB, pair-wise comparisons for the years 1975–1978 and 2002–2005 yielded inconsistent
results. This indicates that under the prevailing local growing conditions, the effects of
Norway spruce (ALB) and valuable hardwoods (HAI) on target tree growth were less
pronounced. The resistance index (Rt) pointed to the conclusion, that within the same
investigation area, the relative reduction of standardized radial increment induced by the
exceptional dry years 1976 and 2003 was more pronounced in mixed beech stands than
growth depression of target trees exposed to intraspecific competition. In contrast to relative
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growth depression, site-by-site comparisons revealed that within all Exploratories,
postdrought recovery (Rc) of stem increment was (insignificantly) lower in groups of
intraspecific competition than in mixed stands of the same region. This applies accordingly to
the mean resilience index values (Rs), apart from the Exploratory Swabian Alb (Metz et al.
2016). The results summarized in table 5.2 indicate, that within the same Exploratory, during
exceptional dry years reduced competition intensity associated with interspecific
neighborhoods did not always promote higher absolute stem increment rates. Besides that,
release from more intense intraspecific competition seemed to have a positive impact on postdrought growth recovery (and resilience) of target tree beeches, irrespective of competitor tree
species and investigation area.
Summing up, pertaining to short-term drought response, main hypothesis number two can
only be partly rejected. On the one hand, stress reaction pattern of beech target trees seemed
to differ considerably as a function of neighborhood identity and (weather-induced) ringwidth variability across sites. Due to the availability of only one mixture type per Exploratory,
unjustified generalizations across sites must be avoided. On the other hand, information
derived from absolute radial growth rates and index values for drought-related growth
depression (Rt), recovery (Rc) or resilience (Rs) must not be consistent, what implies a certain
risk for misinterpretations of stress reaction pattern. This means, that in the dry respectively
the postdrought year, actual ring-widths of target trees exposed to interspecific competition
can be wider or smaller, although relative reduction (Rt) or recovery (Rc) of standardized
radial increment point towards stronger or weaker growth response.
5.4 Comments on main hypothesis number 3: There is no difference in wood 13Cvalues of target tree beeches regardless of competition intensity and
neighborhood identity
The indices KKL and CCSA that consider species identity of the surrounding trees
indicate, that beech is exposed to stronger (aboveground) competition in intraspecific
neighborhoods than in interspecific surroundings (Metz et al. 2013). Nevertheless, within
the same study area, the impact of neighborhood identity on water stress-related relative
increase in 13C during exceptional drought was weak (cf. chap. 3: Figs 7a and 8a). The
only exception was the strong wood carbon isotopic response of target tree beeches with
Scots pines as competitor trees to the dry year 2003. However, for several reasons
measurements of tree-ring stable isotopes generally point to higher drought stress levels or
reduced water-use efficiency due to more intense intraspecific (root) competition (Metz et
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al. 2016). First, mean absolute 13Ccorr-values of target trees exposed to intraspecific
competition were almost invariably (but only in some cases significantly) higher compared
to stable isotope ratios of beeches from mixed stands of the same Exploratory (cf. Table
5.2; chap. 3: Figs. 4 and 5). Second, multiple linear regression revealed a close across-site
relationship between competition intensity and wood 13C-values (chap. 3: Fig. 6). Thus,
even if the neighborhood identity effect could not be separated from the effect of
competitive pressure per se, initial null hypothesis number three has to be rejected.
5.5 Comments on main hypothesis number 4: There is no relationship between plant
traits (e.g. wood 13C-values, crown surface areas) of target tree beeches and their
radial or basal area stem growth
Correlation analysis showed a (strong) negative relationship between ring widths and 13Cvalues of numerous trees (Supplementary material chap. 3; Table S1). These findings
indicate, that during 4-year periods which comprise the low-precipitation pointer years
1976 and 2003, target trees with competitive neighborhoods consisting of regionally
typical mixed species had to suffer under less severe drought stress than those in pure
beech stands, causing later stomatal closure, lower wood stable isotope ratios and, in part,
increased radial growth (cf. Metz et al. 2016). These results confirm the assessment of
aboveground intra- and interspecific competition (Metz et al. 2013), suggest that with
regard to the relationship between radial growth and wood stable isotope ratios, null
hypothesis number four can also be rejected and support the conclusion that forest
management as well as neighborhood composition may co-determine or even override the
influence of climate conditions on wood 13C signatures (Skomarkova et al. 2006; Mölder
et al. 2011).
Contrary to initial expectations, no statistically significant relatiosnhip between (relative)
basal area growth rates at the end of the growing seasons 2012 as well as 2013 and TLSderived crown surface areas (in m2) of the target tree beeches was found. Thus, referring to
this morpholgical trait, our sample data failed to reject main hypothesis number 4.
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5.6 Cause-and-effect relationships for obserevd growth responses and related plant
traits
To reveal how increasing tree species richness can (but must not inevitably) enhance stand
productivity, Ammer (2019) presented a conceptual approach that combines some
fundamental processes relaxation in mixtures is based on (cf. Fig. 5.1).

Fig. 5.1: Conceptual framework to explain the relationship between species diversity-related
below- or aboveground relaxation and enhanced stand productivity. Bold arrows describe
positive diversity-productivity interactions whereas dashed arrows refer to negative feedbacks
associated with climate change (adopted from Ammer 2019 and adjusted).
The cause-effect diagram illustrates, that relaxation and subsequent stand productivity gains
result from functional trait variation (complementarity) in multispecies forests and therefore
from a multitude of processes that occur on manifold temporal or spatial resolutions (Ammer
2019). Despite of the aforementioned restrictions with regard to the transferability of stand103
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level data on individual trees or vice versa (cf. Mölder and Leuschner 2014), in the synthesis
section, these explanatory approaches may serve as an orientation framework to integrate
fundamental findings obtained from empirical investigations of the four introductorily
formulated hypotheses (cf. chapters two to four) into an overall context.
5.6.1 Belowground drivers for the observed growth responses and plant trait variations
of European beech
According to the concept illustrated in Fig. 5.1, improved belowground resource
availability and resource use due to reduced competition or facilitation is regarded as initial
requirement for greater productivity of species rich stands (Ammer 2019). But in mixed
forests, morphological and ecophysiological characteristics of the species involved as well
as site factors determine whether and to what extend soil resource availability, uptake or
use efficiency may increase (Ammer 2019). As mechanisms to improve the tree nutritional
status, Ammer (2019) mentions biological nitrogen fixation (Binkley 2003), higher
decomposition rates or nutrient response efficiencies (Handa et al. 2014; Schmidt et al.
2015), base pumping by deep-rooted species (Berger et al. 2006), mycorrhizal symbiosis
(Callaway 1995) or root diversity (Lang and Polle 2011). Especially during drought
periods, enhanced water supply due to competition reduction or facilitation can be attained
by decreased interception leading to increased stand precipitation (Schume et al. 2004),
hydraulic lift as well as redistribution by deep rooting species (Zapater et al. 2011;
Pretzsch et al. 2013b; Hafner et al. 2017) or improved water retention in the organic soil
layers (Ilek et al. 2015) (direct effects). Vertical stratification of the rhizosphere and hence
of soil water resources as well as divergent transpiration pattern (indirect effects) can also
play a key role for improved belowground water availability, uptake or use (Schmid and
Kazda 2001; Bolte and Villanueva 2006; Schwendenmann et al. 2015; Ammer 2019).
However, as shall be elucidated later on, depending on the species mixture and local
conditions, underlying processes for as well as the magnitude of improved belowground
resource use can differ considerably.
In mixtures consisting of the complementary climax and early-successional species Fagus
sylvatica and Pinus sylvestris several of these water-stress-releasing interactions may occur
(González de Andrés et al. 2017). For example, higher amounts of throughfall (than in
beech monocultures) seemed to have positive impacts on soil water availability and
microclimate in groups of interspecific competition (Primicia et al. 2013). Furthermore, the
root system of Fagus sylvatica L. was found to be very competitive and dynamic in mature
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mixed pine-beech forests (Curt and Prévosto 2003). In association with shallow-rooted
Norway spruce too, belowground dominance and superior competitive ability of beech due
to the occupation of deeper, less drought-susceptible soil layers as well as higher (fine)
root abundance were observed (Schmid 2002; Schmid and Kazda 2002; Bolte and
Villanueva 2006).
In contrast to this, studies conducted in mixed broad-leaved forests of the Hainich National
Park could not provide any proof for higher fine root biomasses or more complementary
spatial rooting patterns with increasing species richness. Instead, in the most diverse
stands, the proportion of beech fine root biomass in soil samples was lower than its
percentage share in total stand basal area (Meinen et al. 2009; Jacob et al. 2013). Thus, at
the Hainich-Dün sites, differing seasonal stem growth dynamics and water use pattern
between (diffuse- and ring-porous) tree species (Suzuki et al. 1996; Barbaroux and Bréda
2002; Gebauer et al. 2012; Köcher et al. 2009; Michelot et al. 2012), higher throughfall
deposition rates (André et al. 2008), accelerated nutrient cycling and leaf litter
decomposition (Jacob et al. 2009; Jacob et al. 2010b), increased nutrient input due to
extended periods with interception capacity (Pretzsch et al. 2013a) or a more diverse
mycorrhizal network (Lang 2008; Mölder and Leuschner 2014) may have had weaker
positive effects on water and nutrient availability, uptake or use efficiency of beech target
trees.
These findings on belowground processes can be linked to a consideration of Ammer
(2019), who refers to the balanced-growth hypothesis (cf. Fig. 5.1). It implies that
enhanced availability, uptake or use efficiency of belowground resources entail increasing
aboveground biomass allocation (Shipley and Meziane 2002; Poorter et al. 2012). If this is
the case, in multispecies stands, aboveground adaption of leaf area or crown characteristics
and consequently enhanced productivity can occur (Forrester and Bauhus 2016; Ammer
2019). This was reflected by the TLS-derived crown surface areas (CSATT) of the beech
target trees.
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Fig. 5.2: TLS-derived crown surface areas of target tree beeches (= CSATT) in spring 2012 in
groups of either intra- or interspecific competition separately for each Exploratory (cf. Fig. S3
in Metz et al. 2016).
With exception of the Exploratory Hainich-Dün, internal comparisons show that mean crown
surface areas of target trees (CSATT) with interspecific neighborhoods which were exposed to
lower (aboveground) competitive pressure are bigger (SCH: + 44.82 m2, ALB: + 73.12 m2)
than those of beeches growing in pure stands of the same area (cf. Metz et al. 2016). In
absolute terms, target trees in the Schorfheide-Chorin area whose competitive neighborhood
consisted of Scots pines developed the largest crown surface areas (Fig. 5.2) whereas at the
Hainich-Dün sites, lacking belowground relaxation may have inhibited morphological
adaptations of target tree crown size and hence space occupation in groups of interspecific
competition (Forrester and Bauhus 2016; Ammer 2019). In interspecific neighborhoods, the
magnitude of beech crown plasticity seems to depend on site fertility and species identity of
the competitor trees (Dieler and Pretzsch 2013). It is known that increasing plasticity and
unequal vertical profiles of different species in mixed stands result in higher canopy packing
(Pretzsch 2014; Jucker et al. 2015). As the two latter characteristic traits of multi-species
forests do mainly affect stand productivity, they were not subject of this work that focuses on
the effect of neighborhood identity on the growth response of individual trees.
However, the stronger relative δ13C increase of target tree beeches whose competitive
neighborhoods consisted of by Scots pine in response to the 2003 summer drought could also
be linked to their strong morphological plasticity (Pretzsch 2014) and larger crown surface
areas (Fig. 5.2). Stable isotope signatures indicated, that compared to beeches from pure
stands of the Schorfheide-Chorin area, greater assimilation apparatus of target trees growing
in mixture with Scots pine may have induced stronger reductions of stomatal conductance in
order to decrease transpiration and water stress (cf. Metz et al. 2016). A similar finding was
reported for spruce by Gebhardt et al. (2014). After thinning, transpiration of the remaining
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single trees increased, although stand-level transpiration decreased. Reviewing the
interactions between species diversity and productivity of mixed stands, Ammer (2019)
likewise refers to a possible negative feedback of increasing volume or biomass increment (cf.
Fig. 5.1), denoted as disrupted complementarity effect: Higher stand productivity of mixed
forests might lead to increasing water consumption and drought susceptibility of multispecies
stands, if compensation by improved resource availability via facilitated uptake fails to appear
(Kunert et al. 2012; Forrester 2015).
Two other approaches might help to explain, why at the Swabian Alb and Hainich-Dün sites,
in some years, mean ring-widths of target trees exposed to interspecifc competition were
smaller than in groups of intraspecific neighborhoods during the periods 1975-1978 and 20022005 (cf. Table 5.2): First, any increase in resource availability related to the admixture of a
tree species might be counterbalanced, if that species consumes greater amounts of another
resource. Consequently, superior growth performance is only triggered by competition
reduction or facilitation, if these processes induce improved resource use (Ammer 2019).
Second, according to the stress gradient hypothesis (Bertness and Callaway 1994), at the lowprecipitation Schorfheide-Chorin sites where sandy soils with limited water storage capacity
prevail, stronger effects of competition reduction or facilitation can be expected than on the
HAI and ALB sites with less intense belowground resource limitation. However, it seems as if
tree species identity is of special importance when it comes to the effect of site conditions.
Thus, the degree of improved belowground resource availability, uptake, or use efficiency
may primarily be a function of species identity whereas site quality seems to be less
important, though still relevant. For example, higher amounts of rainfall respectively more
rarely occurring water stress episodes at the Swabian Alb sites and lacking root system
complementarity in mixed broad-leaved forests of the Hainich-Dün region (Meinen et al.
2009; Jacob et al. 2013) may have entailed that in these Exploratories, growth-promoting
effects as a consequence of belowground improvements were quite weak (Metz et al. 2016
and 2019).
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5.6.2 Factors supporting higher photosynthetic gain as drivers for the observed growth
response and plant trait variation
In mixture with light-demanding Pinus sylvestris whose crowns are more diaphanous than
those of shade-tolerant Fagus sylvatica (Ellenberg and Leuschner 2010), beech target trees
may also have benefited from enhanced photosynthetic performance due to increased light
absorption (Pretzsch et al. 2015). Furthermore, the pronounced growth superiority of target
trees exclusively surrounded by Scots pine can be attributed to another aspect. Only in
mixture with Scots pine, data analysis provided evidence for temporal niche differentiation
whereas competitive neighborhoods consisting of valuable hardwoods or spruce did not alter
intra-annual growth pattern of target tree beeches (Metz et al. 2019). This might be due to
more favorable microclimatic conditions under mixed beech-pine canopies (Primicia et al.
2013) and related phenological adaptive responses. Compared to wood formation dynamics in
pure stands of the Exploratory Schorfheide-Chorin, maybe earlier leaf unfolding and later leaf
senescence of beech target trees exposed to interspecific competition by pine might have a
prolonging effect on growing season length.
In mixture with spruce (ALB), factors that support higher photosynthetic gain (cf. upper right
flowchart box of Fig. 5.1) may have been the primary drivers for the trend towards higher
(relative) annual and multiyear growth rates of target tree beeches growing under interspecific
competition (Metz et al. 2013, 2016 and 2019). In Picea abies-Fagus sylvatica mixtures,
target trees might have benefited from aboveground competitive reduction (Pretzsch and
Schütze 2009) due to different light ecology (Pretzsch et al. 2013a) as well as crown
architecture of beech with its distinct potential for lateral or vertical expansion and more
cone-shaped spruce (Pretzsch and Schütze 2005). On the other hand, in case of our target
trees, access to and absorption of light might be impaired because at the Swabian Alb sites
that are hallmarked by greatest amounts of rainfall, height increment of spruce competitors
exceeded that of focal beeches (Pretzsch and Schütze 2009; chap. 3: Table 1 and
chap. 4: Table 2). Furthermore, in mixture with spruce, biomass investment of beech tends to
focus on space occupation and structural adaptation to asymmetric competition for light
whereas efficiency in space exploitation decreases (Pretzsch and Schütze 2005 and 2009;
Bayer and Pretzsch 2017). This suggests that under less intense interspecific competition in
spruce neighborhoods, beech crown dimensions increased (cf. Fig. 5.2) while crown
efficiency was not positively influenced (Pretzsch and Schütze 2009). This might be further
reasons, why in the neighborhood of spruce, the enhancement of beech stem growth was
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lower than competition reduction predicted by the two competition indices KKL and
CCSA(Cone) indicated (Metz et al. 2016 and 2019). Furthermore, these results could provide an
explanation for the missing relationship between one-year basal area increment and crown
surface areas of the target trees. Obviously, morphological traits must be considered in
conjunction with additional information on the competitive status or resource limitation of
individual trees, in order to explain growth responses of individual trees. This is confirmed by
the fact that target tree beeches from pure stands of the driest Exploratory Schorfheide-Chorin
developed larger crowns than their conspecifics at the Swabian Alb or Hainich-Dün sites
(Fig. 5.2), but did not achieve their long-term radial or one-year basal area growth rates
(chap. 3: Fig. 1 and chap. 4: Fig. 4).
During the low-precipitation pointer years 1976 and 2003, additional mixture specific
interdependencies that can provide further ecophysiological explanations for the observed
drought-related growth pattern and signals in tree-ring stable isotope ratios may have come
into effect. As indicated by lower wood δ13C-values, different water-consumption strategies
of beech and some of the admixed tree species may have caused reduced water stress levels in
groups of interspecific competition. Isohydric species such as pine or shallow-rooted spruce
react with earlier stomatal closure to water stress, in order to reduce transpiration and growth.
This kind of ‗prevention strategy‘ might have enhanced water availability for more
anisohydric beech (Hartmann 2011; Pretzsch et al. 2013b; Pretzsch et al. 2015).
Several studies suggest that belowground niche complementarity in multi-species broadleaved forests of the Hainich-Dün region is limited (Meinen et al. 2009; Jacob et al. 2013). As
a result, it appears likely that the (insignificant) greater annual and multiyear stem increments
of target trees in mixture with valuable hardwoods (Metz et al. 2013, 2016 and 2019) were
caused by increased photosynthetic performance or light use efficiency of the target trees.
Lower light compensation points of beech (Lyr et al. 1967; Pretzsch et al. 2013a),
interspecific variation in phenological activities (Michelot et al. 2012) or mechanical damage
of neighboring (ash) crowns (Frech 2006) are possible mechanisms that may have contributed
to higher target tree growth rates in mixture with valuable hardwoods compared to beeches in
pure stands of the Exploratory Hainich-Dün.
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5.7 Conclusions
The results obtained in the three studies indicate that apart from other (co-) factors such as
local climatic or edaphic conditions, disturbances, stand density and stand developmental
phase (Forrester and Bauhus 2016; Mina et al. 2018), plant trait variation or rather the
magnitude of functional niche complementarity (Loreau 2000) greatly influenced the
relaxation-induced growth response of the beech target trees on different time scales (Metz et
al. 2013, 2016 and 2019). In this context, Ammer (2019) points out that relaxation is ―[…]
strongly context dependent (Zhang et al. 2017; Mina et al. 2018)―. Thus, the most distinct
effect on annual and multiyear growth performance of beech with neighborhoods exclusively
consisting of Scots pine at the dry Schorfheide-Chorin area seemed to result from cumulative
effects of below- and aboveground relaxation as well as temporal niche partitioning (Metz et
al. 2013, 2016 and 2019). This is in line with other studies who stated that mixing of Scots
pine and European beech enhances supply as well as capture and use efficiency of resources
(Pretzsch et al. 2015; Pretzsch et al. 2016; González de Andrés et al. 2017).
In the Exploratories Hainich-Dün and Swabian Alb, the magnitude of relaxation-induced
beech growth response in interspecific neighborhoods was weaker due to manifold reasons. In
the multi-species broad-leaved forests (HAI), belowground niche partitioning and functional
complementarity between beech and valuable hardwoods was considered to be insufficient
(Meinen et al. 2009; Jacob et al. 2013). Consequently, crown plasticity of target trees in
groups of interspecific competition (Fig. 5.2) and related positive effects on light interception
and photosynthesis were less pronounced. At the high-precipitation Swabian Alb sites,
belowground competitive superiority of European beech over Norway spruce (Schmid and
Kazda 2001; Schmid 2002; Bolte and Villanueva 2006) had limited impact on growth
response of the target trees due to seldom soil water depletion. Furthermore, improved
aboveground resource availability was found to trigger canopy space occupation stronger than
stem growth of European beech (Pretzsch and Schütze 2009; Bayer and Pretzsch 2017). In
addition, compared to neighboring spruce, inferior longitudinal growth of the beech target
trees from the Swabian Alb plots can be considered as disadvantage in (size-asymmetric)
competition for light (Schwinning and Weiner 1998).
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In this thesis, the following three main objectives were addressed:
a)

to measure the impact of competition intensity and neighborhood identity on stem
growth patterns of beech target trees at various time scales (day to year)

b)

to explain the revealed growth response of selected beech target trees as a function of
their competitive neighborhood

c)

to explain the revealed growth pattern by analyzing growth related ecophysiological
and morphological plant traits such as stable isotope ratios or crown architecture

While it was not always possible to unravel if neighborhood identity per se or just competition
intensity may have induced the observed growth responses and plant trait adaptations, the
results of this study clearly indicate that the growth of European beech trees depends on the
composition of their neighborhood. This suggests that the admixture of site-adapted cooccurring tree species can be considered as one of various appropriate silvicultural measures
to mitigate the consequences of global warming and more frequent drought events on growth
or water stress patterns of European beech. However, there is an urgent need for further
interdisciplinary research on the importance of neighborhood competition for the adaption of
beech forests (and other tree species) to climate change. Additional findings in the fields of
ecophysiology, forest ecology and silviculture are necessary to better understand the
interactions between endogenous factors that can be altered by forest management and
exogenous factors such as climate variables (Linares et al. 2010; Ammer 2017). Further
investigations should intend to combine approaches that focus on different spatial scales
(individual trees, stands or landscapes) and consider a wide range of successional stages
(Mölder and Leuschner 2014).
5.8 Brief general remarks on adaptive forest management and mixed-species forests
While this thesis focused on disentangling the influence of neighborhood identity on growth
response and related plant traits of European beech, the following section intends to put these
specific results into a more general context, taking current state of interdisciplinary research
on mixed forests into account. This is considered necessary, because in case of interspecific
competition, mutual instead of one-sided interference between neighboring trees occurs. Thus,
in addition to beneficial effects of relaxation on European beech, several other reasons argue
in favor of the establishment of diverse forests that contain a sufficient proportion of siteadapted admixed tree species.
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For example, different studies showed that mixed stands consisting of European beech and
(complementary) tree species such as spruce, pine or oak can be more productive than the
corresponding pure stands whereby beech functions as beneficiary or benefactor (Pretzsch and
Schütze 2009; Pretzsch et al. 2010, 2013a, 2015). Even if Pretzsch et al. (2018) found that
wood densities of several dominant tree species decreased during the last century,
(transgressive) overyielding (Pretzsch and Schütze 2009) has the potential to increase carbon
sequestration in forests (Mund et al. 2015), but can also bring direct monetary benefits to
forest owners. Higher economic values arise not only from superior growing stocks.
Especially in case of fast-growing conifers such as Norway spruce or Douglas fir, time to
achieve maturity and consequently rotation periods are shorter than that of beech, so that
sustainable timber harvesting can be conducted more frequently. Furthermore, compared to
European beech, lower harvesting costs or planting expenses as well as higher stemwood
utilization rates and average revenues in spite of distinct price volatility due to periodic
calamities usually result in higher contribution margins of conifer species such as Norway
spruce (Picea abies), Douglas fir (Pseudotsuga menziesii), Silver fir (Abies alba) or European
larch (Larix decidua). In addition to further potential economic advantages based on risk
reduction or altered survival probabilities, ecological stability and resistance of mixed stands
against biotic and abiotic disturbances is considered to be greater due to diversification effects
as well as higher individual stability (Jactel et al. 2005; Knoke et al. 2008; Paul et al. 2019).
This supports the ‗insurance hypothesis‘ (see also Loreau et al. 2001; Jactel et al. 2009) that
has been examined theoretically from Yachi and Loreau (1999) by assessing the effects of
species richness on ecosystem productivity.
Even if the importance of pure beech or conifer stands for gamma diversity should not be
underestimated (Heinrichs et al. 2019), active silvicultural climate change adaption measures
such as thinnings or admixtures of site-adapted tree species that facilitate increasing spatial
and temporal variability of stages and stand structures at the landscape level may, apart from
business aspects, also have positive effects on regional biodiversity if the amount of
deadwood within the stands is sufficient (Schall et al. 2018). Thus, taking nature conservation
goals in forests as well as economic considerations into account, small-scale enrichment
plantings of conifers in pure beech stands can be regarded as a ―no-regret‖ option (Hallegatte
2009) because no adverse impacts must be expected if predicted worst case climate change
scenarios do not occur. However, as more light-demanding tree species are frequently outcompeted by European beech in later stand developmental stages due to its high interspecific
competitiveness (Hobi et al. 2015), tree species regulation instead of natural successional
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processes are oftentimes necessary to preserve species diversity (Kölling et al. 2005; Ammer
2019).
From today‘s perspective, a final evaluation of the future cultivation suitability of European
beech (and other tree species) is not possible (Sutmöller et al. 2008). Therefore,
recommendations for the silvicultural management of (temperate European) beech stands
given by Bolte (2005), Sutmöller et al. (2008) or Brang et al. (2014) that confirm the
conclusions drawn from the findings presented in this thesis and other studies should be taken
into account. In addition to a strict observation of site conditions and related biotic or abiotic
cultivation risks, these authors enumerate several silvicultural measures for a risk-conscious
management of beech stands:


The establishment of mixed forests



Graduated thinnings from above that preserve the (soil ameliorating) second storey



Target diameter harvesting that considers dimension, quality, vitality and canopy class



Group selection felling to create canopy gaps instead of shelterwood system felling may
reduce overstorey competition and water stress for beech seedlings



Increased numbers of crop trees, to compensate potential losses due to damage by
disturbances



Introduction of drought tolerant and adaptive beech provenances from other habitats or the
edges of the natural distribution range. However, Ammer et al. (2005) judge the suitability
of foreign provenances critically. They refer to higher risks of damage by winter or late
spring frost and possible losses in timber quality respectively growth. Thus, the authors
recommend utilizing the high genetic variation within or between local ecotypes in the
course of natural regeneration for the adaptation to climate change instead.
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