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Summary

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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Summary

‘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-Dun).

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 &'*C-
signature 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 regionally-
typical 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 um) 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.

XVII



Zusammenfassung

Zusammenfassung

Die in Folge des Klimawandels auch fur weite Teile Europas prognostizierte
Durchschnittstemperaturerhhung und Verénderung des Niederschlagsregimes sowie eine
erwartete Zunahme von Witterungsextremen konnen die Vitalitdt bzw. Produktivitét
langlebiger Waldokosysteme beeintrachtigen. Obwohl die Rotbuche (Fagus sylvatica L.) auf
Grund ihrer Konkurrenziberlegenheit sowie breiten standértlichen Amplitude eine der
wichtigsten (Wirtschafts-) Baumarten Mitteleuropas ist und in zahlreichen Programmen zum
Umbau grof3flachiger Nadelholzreinbesténde eine zentrale Rolle spielt, gilt dies grundsatzlich
auch fur Buchenwaldgesellschaften (Fagion sylvaticae). Neben automatisch aber sehr
verzogert verlaufenden (epi-) genetischen Anpassungsprozessen konnen zumindest in
Wirtschaftswaldern zur Sicherstellung der Aufrechterhaltung aller Okosystemdienstleistungen
auch waldbauliche MalRnahmen ergriffen werden, die geeignet sind, Auswirkungen sowie
Risisken sich verdndernder Klima- und Witterungsverhéaltnisse abzumildern.

Eine primére Intention des aktiven Wald(um)baus ist es, die Verfugbarkeit, Aufnahme sowie
Nutzungseffizienz wichtiger Ressourcen auf Einzelbaum- respektive Bestandesebene zu
verbessern. Dies kann entweder im Zuge von Stammzahlreduktionen wéhrend regelméaRiger
Durchforstungen  mit  angemessenen  Eingriffsstirken  oder durch  Einbringung
standortgerechter Mischbaumarten erreicht werden. Positive Wechselwirkungen zwischen
Mischbaumarten konnen wiederum auf zwei grundsétzlichen Prozessen basieren:
Konkurrenzreduktion oder gegenseitige Forderung. Ein tiefgreifenderes Verstandnis dieser
komplexen Interaktionen und Konkurrenzprozesse in Mischbestanden ist unabdingbare
Voraussetzung, um auf Grundlage fundierter forstwissenschaftlicher Forschung

erkenntnisbasierte Bewirtschaftungsmafinahmen oder Anpassungsstrategien abzuleiten.
Folglich bestanden die Ziele dieser Arbeit darin:

a) Das Dickenwachstum ausgewdahlter Buchen auf unterschiedlichen Zeitskalen (Tag bis
Jahr) als Funktion ihrer Nachbarschaft zu erfassen.

b) Aufzudecken, welchen Anteil an den Wachstumsmustern die Artzugehdrigkeit der
Nachbarn hat.

c) Die gefundenen Zuwachsreaktionen durch die Analyse o6kophysiologischer Prozesse

kausal zu erklaren.

Jene fur die Bearbeitung der daraus resultierenden Fragestellungen erforderlichen

Datenaufnahmen erfolgten auf Versuchsflachen dreier Langzeituntersuchungsgebiete, den
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sog. Biodiversitats-Exploratorien. Diese sind zentrale Elemente einer von der Deutschen
Forschungsgemeinschaft (DFG) finanzierten Forschungsplattform zur funktionellen
Biodiversitatsforschung und wurden in Brandenburg (Biospharenreservat Schorfheide-
Chorin), Tharingen (Nationalpark Hainich einschlieBlich seiner Umgebung) sowie Baden-
Wirttemberg  (Biosphérengebiet  Schwabische Alb) eingerichtet. Innerhalb  jedes
Exploratoriums wurden acht Baumgruppen ausgewahlt, die sich wiederum zur Hélfte in
Buchenreinbestdnden sowie in gebietstypischen Mischbestanden befanden. Alle 24
Baumgruppen bestanden aus genau finf Einzelbdumen mit einheitlicher Grundanordnung.
Um eine im Zentrum der Baumgruppe stehende Buche (= target tree) waren moglichst
symmetrisch und mit vergleichbarem Abstand genau vier Nachbarbdume (= competitor trees)
ahnlicher Dimension angeordnet. Um die Auswirkungen intra- und interspezifischer
Konkurrenz miteinander vergleichen zu konnen, handelte es sich bei den Konkurrenten
entweder ausschlielich um Buchen oder um die gebietstypischen Mischbaumarten Kiefer
(Schorfheide), Fichte (Schwabische Alb) bzw. Edellaubhdlzer (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-) Bestanden nur unzureichend abbilden, wurde in einer ersten
Studie zunéchst auf Grundlage terrestrischer Laserscans (TLS) ein eigener Konkurrenzindex
(CCSA(cone) = Competitors® Crown Surface Area) entwickelt. Dieser berticksichtigt 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 Reinbestdnden
untersuchten Buchen ausgesetzt waren, wurde die von Edellaubhdélzern, Fichten oder Kiefern
ausgehende interspezifische Konkurrenz bei gleicher Dichte als (z.T. signifikant) niedriger
bewertet. Bei gebietsubergreifender Betrachtung verhielt sich der prozentuale
Grundflachenzuwachs des Jahres 2012 genau umgekehrt zur ermittelten Konkurrenzintensitat.
Ausschliellich von Kiefern umgebene Buchen leisteten die mit Abstand hochsten relativen
Grundflachenzuwéachse, gefolgt von denjenigen Bdumen, die mit Fichten oder
Edellaubhélzern um Licht, Wasser und Né&hrstoffe konkurrierten. Am geringsten fiel der
prozentuale  Grundflachenzuwachs der Buchen in den Reinbestdnden aus.
Korrelationsanalysen und die Anwendung linearer Mischeffekt-Regressionsmodelle zur
Beschreibung des (funktionalen) Zusammenhangs zwischen Konkurrenz und absolutem
Grundflachenzuwachs haben gezeigt, dass der TLS-basierte Index CCSAcon die

Zuwachsreaktion der untersuchten Buchen besser erklart als ein auf geometrischen
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Kronenformen basierendes KonkurrenzmaR und somit zur Verbesserung des Verstandnisses

von Konkurrenzprozessen insbesondere in Mischbestdnden beitragen kann.

Fur eine weitere Studie wurden dendrochronologische Untersuchungen und Messungen des
8"C-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 Reinbestédnden (z.T. signifikant) niedrigere
durchschnittliche Radialzuwéchse erreichten als B&ume, welche ausschlieBlich wvon
gebietstypischen Mischbaumarten (Kiefer, Edellaubhdlzer oder Fichte) umgeben waren.
Dieses Grundmuster zeigte sich hdufig auch wahrend der extremen Trockenjahre 1976 und
2003, obwohl die wasserstressbedingten relativen Zuwachseinbriiche in Buchenreinbestdnden
i.d.R. schwécher ausgepréagt waren. Innerhalb des gleichen Untersuchungsgebietes erholten
sich die Reinbestandsbuchen wiederum langsamer von den Zuwachseinbriichen der
Trockenjahre als das jeweilige Vergleichskollektiv, welches der Konkurrenz gebietstypischer
Mischbaumarten ausgesetzt war. Die Ergebnisse der Jahrringanalyse und insbesondere die
Bestimmung der Kohlenstoffisotopenverhéltnisse im Holz deuteten somit im Falle von
ausgepragten Niederschlagsdefiziten, deren H&ufigkeit mit fortschreitendem Klimawandel
voraussichtlich zunehmen wird, auf eine verbesserte Wasserversorgung derjenigen Buchen

hin, die von (konkurrenzschwacheren) Mischbaumarten umgeben waren (Kapitel 3).

Im Rahmen der dritten Teilstudie wurden Uber einen Zeitraum von zwei Jahren mittels
elektronischer Dendrometer halbstiindliche Anderungen des Stammumfanges an allen 24
‘target trees’ aufgezeichnet, um den Einfluss der Konkurrenzintensitat und
Nachbarschaftsidentitdt auf das intra-annuelle Dickenwachstum der Buche in
unterschiedlicher zeitlicher Auflésung (Tag bis Jahr) zu betrachten (Kapitel 4). Nach
Abschluss der Vegetationsperioden 2012 und 2013 lagen die prozentualen
Grundflachenzuwachse der Buchen, die ausschlieBlich interspezifischer Konkurrenz durch
gebietstypische Mischbaumarten ausgesetzt waren, ausnahmslos (jedoch nur teilweise
signifikant) Uber jenen der Buchen in den Reinbestdnden des gleichen Exploratoriums. Mittels
einfacher linearer Regressionsanalysen liel} sich fur beide Jahre ebenfalls ein signifikanter
funktionaler ~ Zusammenhang zwischen dem  prozentualen  Grundflachenzuwachs
(= beobachtete, abhédngige Variable) und dem Konkurrenzindex CCSA (= Pradiktor)
nachweisen. Nach Standardisierung wurden durch Anpassung von Weibull-Funktionen an die
kumulativen Zeitreihenwerte Funktionsparameter generiert, welche sich fur gebietsinterne

Analysen der unterjahrigen Zuwachsverldufe von Buchen aus Rein- und Mischbestdnden
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eigneten. Lediglich in Mischung mit Kiefer konnte eine im Vergleich zum Reinbestand des
gleichen Gebietes (signifikante) Verlangerung des Dickenwachstums festgestellt werden.
Nachbarschaftskonkurrenz durch Fichten oder Edellaubhdlzer induzierte hingegen keinen
gerichteten Effekt auf die zeitliche Ausnutzung der Vegetationsperiode. Es scheint, als
wirden potentiell positive Mischungseffekte auf die unterjahrigen Zuwachsverldufe in
Nachbarschaft mit Fichte und Edellaubhdlzern von kleinrdumlichen Standort- oder
Witterungsunterschieden tberlagert.

Die monatsweise Entwicklung der durchschnittlichen téglichen Zuwachsraten (in um) von
Buchen mit intra- oder interspezifischer Nachbarschaft verlief innerhalb des jeweiligen
Exploratoriums nahezu parallel. Allerdings konnten nur die Reinbestandsbuchen auf der
Schwabischen Alb regelmaRig die Tageszuwachse ihrer in Mischung mit Fichte wachsenden
Artgenossen erreichen. In den beiden anderen Exploratorien war eine auf die (niedrigere)
interspezifische Konkurrenz durch Kiefern oder Edellaubhdlzer zuriickzufiihrende diurnale
Wuchsiberlegenheit der Buchen in Mischbestdnden festzustellen. Dies l&sst den Schluss zu,
dass die intra-annuelle Wuchsdynamik primér der Kontrolle durch Umwelteinflisse und
standortliche Bedingungen unterliegt. Artspezifische Mischungseffekte kénnen sich positiv
auf die taglichen Zuwachsraten der Buche auswirken, jedoch dominieren grundlegende

Witterungs-Zuwachs-Beziehungen den Jahresgang des Dickenwachstums.

Zusammenfassend kann konstatiert werden, dass die Anfalligkeit der Baumart Buche
gegeniber den mit dem Klimawandel einhergehenden Umweltverdnderungen offensichtlich
durch den von Nachbarbdumen ausgehenden Konkurrenzdruck und somit auch von der
Artzugehorigkeit der Nachbarbdume beeinflusst wird. Die Ergebnisse der vorliegenden Studie
legen nahe, dass der von Mischbaumarten auf die Buche ausgehende Konkurrenzdruck umso
geringer ist, je starker sich die Mischbaumarten in ihren funktionellen Eigenschaften von der
Buche unterscheiden. GroRe funktionale Unterschiede wirken sich wiederum positiv auf das
Ressourcenangebot, insbesondere auf die Wasserverfugbarkeit der Buche und in der Folge
sowohl auf langfristige Zuwachsraten, als auch auf das Reaktionsvermdgen im Falle von
Trockenheitsereignissen aus. Die tatsachlichen Auswirkungen von Konkurrenzreduktion oder
gegenseitiger  Forderung durch  Mischbaumarten auf das Wachstum und die
Ressourcennutzung von Buchen sind jedoch von einem Faktorenkomplex abhangig. Neben
der zeitlichen, raumlichen morphologischen oder physiologischen Nischenkomplementaritét
zwischen Buche und der jeweiligen Mischbaumart beeinflussen auch die standdrtlichen sowie

klimatischen Bedingungen bzw. die wachstumslimitierende Ressource selbst das
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Wuchsgeschehen. Nichtsdestotrotz kann die gezielte, vorzugsweise Kkleinrdumliche
Einbringung standortgerechter Mischbaumarten in Buchenreinbestande als probate
waldbauliche Handlungsoption angesehen werden, um negative Auswirkungen des
Klimawandels und haufigerer Trockenstressereignisse auf das Wachstum und die Vitalitat der
Rotbuche zu reduzieren. Dies ist selbstverstandlich nicht nur aus forstwirtschaftlicher Sicht,
respektive unter Nutzungsaspekten und im Zusammenhang mit dem Dbetrieblichen
Risikomanagement zu begriiRen, sondern kann auch fir die dauerhafte Sicherung aller

ubrigen, grundsatzlich gleichrangigen Waldfunktionen von erheblicher Bedeutung sein.
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Chapter 1 General Introduction

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 21% 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, heat-
waves or heavy rainfalls which are likely to occur more often (Schér 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; Kélling 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 Lipke 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
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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; Brautigam 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; Martin-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 Schiitze 2009; Riofrio 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.

Comepetition reduction and facilitation in interspecific neighborhoods (Vandermeer 1989;
Kelty 1992 and 2006; Pretzsch and Schiitze 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; Mdolder 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 Schiitze 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; Mdlder 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.biodiversity-

exploratories.de):

« to understand the relationship between biodiversity of different taxa and levels
e 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; Mdolder 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 (intra-

versus interspecific competition)

3) There is no difference in wood &™C-values of target tree beeches exposed to different

competition intensities and neighborhood identities

4) There is no relationship between plant traits (e.g. wood 8*3C-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-Diin 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).

Schortheide-Chorin [l

biodiversity I Hainin

exploratories

functional biodiversity
research

o
Frankfurt

.Schwab::sche Alb

> Y it

Schorfheide-Chorin Hainich-Dun

Location NE Germany Central Germany SW Germany

Size ~ 1.300 km? ~ 1.300 km® =~ 422 km?

Geology Young glacial landscape Calcareous bedrock Calcareous bedrock with karst phenomena
Altitude 3-140 mas.l. 285-550 ma.s.l. 460-860 m a.s.l.

MAAT 8-85°C 6.5-8 °C 6-7 °C

MAP 500-600 mm 500-800 mm 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; Molder 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 co-
occuring 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 competitive situation Exploratory target trees competitors
beech vs. beech SCH 4 16
beech vs. pine SCH 4 16
“ beech vs. beech HAI 4 16
e beech vs. val. hardwoods HAI 4 16
‘ ‘ beech vs. beech ALB 4 16
beech vs. spruce ALB 4 16

x=24 =96

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)
9



Chapter 1 General Introduction

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 Schiitze 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. Molder 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

e 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)

- i
a i >
v el

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).

e 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)

e Measures for Resistance (R;), Recovery (R¢) and Resilience (Rs) were calculated on
the basis of ring-width indices (RWIs) to investigate the impact of the exceptionally

11
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dry years 1976 and 2003 on stem increment of European beech (cf. chapter three;
Metz et al. 2016)

2) Wood 8"C-signature of all 24 target beech trees

e Measurements of tree-ring carbon isotopic composition during the 4-year periods
1975-1978 and 20022005 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

e Total tree height (TTH)

e Diameter at breast height (DBH)
e Crown surface area (CSA)

e Crown volume (CV)

e Aboveground intra- and interspecific competition intensity (for the 24 target trees)

12
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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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ABSTRACT

Individual tree growth is controlled by numerous factors, but intertree competition is of special impor-
tance as it is the only parameter that can be managed by silvicultural measures. Many indices dealing
with aboveground interference use geometric standard crown shapes to quantify the competitive
strength of neighbors on the target tree. As such crowns do not realistically represent the spatial heter-
ogeneity in the canopy, a terrestrial laser scanner was used to gain detailed information on crown char-
acteristics which may be used for a more precise modeling of the relationship between competition and
growth, We examined groups of 5 trees growing in three major geographic regions of Germany to inves-
tigate the effect of intra- and interspecific competition for light on basal area growth of target beech trees
(Fagus sylvatica). A competition index based on individual crown shapes derived from TLS-data correlated
better with target tree growth than an index using conventional geometric crown shape models. Both
measures ascribed the highest competitive strength to intraspecific competition. [n contrast to the valu-
able hardwoods for which a slightly lower crown competition was calculated, the conifer species Norway
spruce (Picea abies) and Scots pine (Pinus sylvestris) had considerably weaker competitive effects on
beech. The growth response of the investigated target trees reflected the strength in competition (highest
relative basal area growth of beech if mixed with Scots pine > Norway spruce >valuable hard-
woods > intraspecific competition) even though the increment measurements with self-acting dendrom-
eters covered only one vegetation period. Neighborhood diversity and target tree growth were correlated,
indicating stronger effects of intra- compared to interspecific interference. The utilization of a terrestrial
laser scanner provided insights into canopy structure of the competitive neighborhood that may enhance
our understanding of competitive interactions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Individual tree growth, be it in pure or mixed stands, is affected
by a combination of multiple factors, including climate, site condi-

Over the last 4 decades, devastating calamities, the proceeding
climate change and modified requirements for a multifunctional
forestry resulted in a fundamental rethinking of silvicultural treat-
ments. Through joint efforts of scientists and forest administra-
tions, the conversion of pure into mixed stands was put into
practice and increased the portion of mixed forests in Europe (Am-
mer et al., 2008; Knoke et al.,, 2008). This is seen as an opportunity
to develop management strategies that are more sustainable from
an ecologic and economic point of view (Filipescu and Comeau,
2007; Knoke et al., 2008). As an outcome of this trend, manifold
forest ecosystem coherences and especially growth dynamics in
mixed stands have to be restudied (Bartelink, 2000; Perot et al.,
2010; Zhao et al., 2006).

* Corresponding author. Tel.: +49 551 39 19679.
E-mail address: jmetz@gwdg.de (J. Metz).

0378-1127/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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tions, ontogenetic stage and competition processes (Ledermann,
2010; Shi and Zhang, 2003; Tomé and Burkhart, 1989). Among
all of them, competition is of special importance as it is the only
factor that can be cost-efficiently influenced by silviculture (Am-
mer, 2008). Up to now, several unknown environmental effects
make it difficult to quantify the competitive effect of neighboring
trees (Barclay and Layton, 1990; Larocque, 2002). This applies to
even-aged monocultures and in a much more complex dimension
to mixed stands. Competition in plant communities means, that
one individual impacts the viability or growth of another one
(Townsend et al., 2003). Furthermore, the effect of competitors
on the growth response of a tree in a mixed stand is not indepen-
dent from species identity of the competing neighbors (Canham
et al., 2004; Pretzsch and Schiitze, 2009; Zhao et al., 2006). With
regard to aboveground competition, it has been shown that differ-
ences in crown morphology, crown efficiency and space occupation
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modify the competitive strength and require a consideration of
neighborhood identity because in comparison to the processes that
take effect in monocultures, interspecific competition will be
stronger or weaker what may result in a misjudgment of compet-
itive interactions. For instance, mixing effects such as complemen-
tary crown and growth characteristics or resource use are
considered to be able to alleviate the consequences of competition
{Kelty, 2006). These effects of interspecific competition need to be
understood more precisely in order to develop reliable growth
models and to manage mixed forests sustainably (Canham et al,,
2006).

In order to quantify individual tree competition, many indices
have been designed. Actually they can be classified intc two main
groups: distance-independent and distance-dependent approaches
{Biging and Dobbertin, 1995; Munro, 1974; Porté and Bartelink,
2002). While those belenging to the first group use stand density
measures {e.g. basal area) to evaluate the competition pressure of
an individual tree, indices of the second category analyze the com-
petitive effect of selected neighbors considering their size, posi-
tioning and number {Tomé and Burkhart, 1989). This paper
mainly refers to distance-dependent indices, because especially
in unmanaged as well as in mixed forests, tree dimensions, species
composition or stem number, and, as a consequence, resource
availability vary on a small scale {Dale et al., 1985). Consequently,
general stand density measures may not adequately describe indi-
vidual tree competition (Dimov et al., 2008). Nevertheless, compe-
tition indices have proven to explain a significant part of individual
tree growth variation, even if variables representing initial size
oftentimes account for a bigger ratio (Monserud and Sterba,
1996). Based on conceptual considerations, it is widely assumed
that distance-dependent indices offer more reliable prognoses of
single tree growth (Biging and Dobbertin, 1995; Tomé and Burk-
hart, 1989). However depending on stand structure, management
technique and tree species compesition the different types of com-
petition measures yielded inconsistent results. Whereas some
comparative studies revealed, that additional informaticn on tree
locations did not necessarily enhance the accuracy of model esti-
mates (Biging and Dobbertin, 1995; Holmes and Reed, 1991; Lori-
mer, 1983; Martin and Ek, 1984; Windhager, 1999) other
investigations found that the distance-dependent indices ac-
counted for better predictions of diameter growth {Daniels et al,,
1986; Ellictt and Vose, 1995). This is consistent with Alemdag
{1978) or Weigelt and Jolliffe {2003 ), who suggest that there exists
no single universally applicable index. Numerous studies showed
that the inclusion of modeled or estimated species-specific crown
parameters such as surface and cross-sectional areas resulted in
notable improvement of medeling accuracy (e.g. Bachmann,
1998; Biging and Dobbertin, 1992; Oheimb et al., 2011). Crown
characteristics provide insights intc processes such as uptake and
consumption of resources that are essential for the understanding
of competitive effects (Dale et al, 1985; Filipescu and Comeau,
2007; Hamilten, 1969). Unfortunately, it is laborious and imprecise
to measure crown parameters with conventional methods in the
field {Bayer et al,, 2013). Consequently such datasets are rarely col-
lected in investigations of intertree competition (Davies and Pom-
merening, 2008; Oheimb et al, 2011). However, the use of
terrestrial laser scanners seem to offer new options for measuring
crown size and shape (Henning and Radtke, 2006) which could be
used to reform the indices which are based on crown characteris-
tics. Presently most competition measures or stand simulators tak-
ing crown interaction in the growing space into account are based
on geometric standard crown shapes {e.g. Biging and Wensel,
1990; Canham et al., 2004; Pretzsch et al., 2002; Smith, 1994). Such
simplified crown forms do not realistically represent spatial heter-
ogeneity, especially in the canopy of mixed stands. In additicn,
there is often insufficient data available for modeling individual
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crown shapes of species others than the main tree species. Thus,
the current practice of using standardized integrative crown
parameters disregards differences in crown morphology and
allometry between and within tree species that are essential for
the assessment of individual tree competition or the prediction
of tree growth and hence stand development (Frech, 2006). More-
over mechanical damages or adjustments to the local light regime
in terms of crown asymmetry (Frech, 2006; Seidel et al, 2011b;
Takenaka, 2000) cannot be represented when standard crown
shape models are applied.

However, canopy neighborhood plays a key role for the under-
standing of intertree competition (Thorpe et al,, 2010). Thus, the
availability of the 'pre-emptable’ resource light (Schwinning and
Weiner, 1998) is evidentially an important determining factor for
the growth of individual trees {Brunner, 1998; King et al., 2005;
Lang et al, 2010; Purves et al, 2007; Wyckoff and Clark, 2005)
and the amount of photosynthetically active radiation is consid-
ered to be a good proxy to characterize competitive stress (Comeau
and Heineman, 2003 ). Moreover the capture of incoming radiation
is unequally distributed in the different canopy classes {Dale et al.,
1985; Schwinning and Weiner, 1998) due to species specific differ-
ences in crown characteristics {Canham et al., 1994). To gain dee-
per insight intc these effects, our study used terrestrial laser
scanning (TLS) techniques to quantify neighborhood crown compe-
tition and its effect on individual tree growth. Thus, as imple-
mented in other studies, competition by neighboring trees is not
assumed to be comparable for different species (Canham et al.,
2004; Perot et al,, 2010; Pretzsch and Schiitze, 2005). In contrast,
competition for light by neighbors depends on species, canopy
density and on the dimensions and shapes of its crowns (Pacala
et al, 1996). Our hypotheses were (i) that information derived
from TLS-based high-resolution tree structural characteristics out-
matches existing competition indices and crown shape models,
hence increases the accuracy of quantifying neighborhcod compe-
tition, and (ii) that improved crown modeling and competition in-
dex structure enhances the correlations with target tree growth
under intra- and interspecific competitive situations. To our
knowledge only few attempts have been made to apply terrestrial
LiDAR for the determination neighborhood competition. The only
studies we are aware of suggest that realistic images of individual
crown architecture generate additional information on neighbor-
hood competition in the canopy of boreal forests and improve
the prediction accuracy of diameter growth models {Ducey et al.,
2011; Seifert, 2012). However, we do not know of any study where
terrestrial laser scanning was used to systematically explore the ef-
fect of intra- and interspecific competition on tree growth.

2. Methods
2.1. Study area

We examined tree groups growing on the forest field plots of
the German Biodiversity Exploratories. These study plots are situ-
ated in three different major geographic regions of Germany. The
Biosphere Reserves Schorfheide-Chorin (SCH) in the State of Bran-
denburg, Swabian Alb {ALB) in the State of Baden-Wirttemberg as
well as the Thuringian Hainich-Diin region {(HAI) including the
UNESCO World Heritage National Park were selected as investiga-
tion areas. Further information on the experimental setup and a
detailed geographical classification of the Exploratories can be
found in Fischer et al. (2010). At all sites beech grows in monocul-
tures and in mixed stands. Due to site conditions and forest history,
admixed tree species differ between the three Exploratories. Pinus
sylvestris is most frequent in the Schorfheide-Chorin area, valuable
hardwoods such as Acer pseudoplatanus, Fraxinus excelsior, Quercus
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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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1) Exploratory Schorfheide-Chorin (SCH)

» Location: NE Germany

» Soil type forest: Cambisol (Dystric)

« Altitude asl: 3-140m

» Annual mean temperature: 8-8.5 °C

» Annual mean precipitation: 500-600 mm
» No. of used forest field plots: 5

« No. of investigated tree groups: 8

2) Exploratory Hainich-Diin (HAI)

» Location: Central Germany

» Soil type forest: Luvisols

» Altitude asl: 285-550 m

» Annual mean temperature: 6.5-8.0 °C

« Annual mean precipitation: 500-800 mm
» No. of used forest field plots: 6

« No. of investigated tree groups: 8

3) Exploratory Swabian Alb (ALB)

» Location: SW Germany

» Soil type forest: Cambisol (Eutric)

» Altitude asl: 460-860 m

» Annual mean temperature: 6.0-7.0 °C

» Annual mean precipitation: 700-1000 mm
» No. of used forest field plots: 6

» No. of investigated tree groups: 8

spec. or Tilia cordata form mixed stands with beech in the Hainich-
Diin region, and Picea abies-Fagus sylvatica mixtures dominate on
the Swabian Alb sites. Thus, at all three sites we compared the
competitive effect of different tree species on growth of European
beech (see Fig. 1). Adjacent to intraspecific interference in pure
stands of F. sylvatica (inclusion of four groups per exploratory),
interspecific competition in local forest communities was investi-
gated by analyzing canopy neighborhood and growth of four addi-
tional beech target trees in every region being surrounded by the
other site adapted species typical for the particular growing area
(Table 2).

In each of the three regions 5-6 out of 50 experimental plots
were selected for the measurements (Table 1). On the selected
plots, a total of 24 tree groups each consisting of 5 trees (one target
tree and four competitors) were chosen before foliation (see Fig. 1).
The criteria for the selection of the tree groups were:

(i) if possible, dbh of the target beech trees > 30 cm,
(ii) target beech trees should belong to the overstorey,
(iii) tree groups should show no evidence of harvesting opera-
tions in the recent past,
(iv) target trees should be surrounded by four preferably sym-
metrically arranged neighbors.

2.2. Terrestrial laser scanning

Each group of trees was scanned using the terrestrial three-
dimensional laser scanner Zoller and Froehlich Imager 5006 (Zoller
und Froehlich GmbH, Wangen, Germany) from at least six different
positions {mean:10; max:12) in March 2012. The number of differ-
ent positions depended on (i) the overall visibility at the study site
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as determined by the density of the understory vegetation, (ii) the
extent of the tree group to be scanned and (iii) the tree species
composition. We used a modified ‘corners setup’ as presented in
van der Zande et al. (2008) with a central scan and a sequence of
surrounding scans. Coniferous trees usually required more scan
perspectives than tree groups consisting of deciduous species due
to the limited visibility through a coniferous tree crown even in
winter time. The Imager 5006 was mounted on a tripod at a mean
height of 1.4 m above ground and was operated in ‘High’ mode,
resulting in a 360° horizontal and 310° vertical field of view
scanned with 86 million measurements in about 3.5 min. In an
angular step of 0.036° in both, horizontal and vertical direction,
the instrument thereby actively emits a red laser beam (wave-
length: 650-690 nm) and detects the signal reflected by objects
in field of view. The three dimensional polar coordinates of each re-
flected laser measurement were stored on the instruments hard
disk with mm-accuracy including the intensity of the signal re-
flected. In order to create a three-dimensional model of the
scanned tree-group from the data obtained at the different per-
spectives, 24 artificial fix-points (laminated ‘chessboard’-paper at-
tached to tree stems) were distributed within the forest patch to be
used for the co-registration of the coordinates created in each scan
using ZF-Laser Control 8.2 software (Zoller und Froehlich GmbH,
Wangen, Germany). Scans were than filtered as described in Seidel
et al. (2011a) and exported as zfs-files with the newly registered
coordinate system common to all scans of a tree group.

2.3. Data processing

All zfs-files were imported to Cyclone 6 (Leica Geosystems
GmbH, Munich, Germany) and each tree group was visualized as
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Table 2
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Main characteristics of target trees and their neighbors in the three Biodiversity Exploratories.

Target  Exploratory Height DBH No. of Species of the neighbors* Neighbors structural parameters
tree (m) {cm) neighbors Be Pin Pic Ac Fr Qu Ti Ca Mean +SD  Mean +SD Mean crown +SD
height DBH (¢m) volume (m?)
(m)

Be1 HAI 32.03 4160 4 0o 0 0 0 4 0 0 0 307 0.88 41.20 467  159.86 109.73
Be 2 HAI 31.24 4550 4 4 0 0 0o 0 0 0 0 3120 1.05 59.80 1133 61336 226.06
Be 3 HAI 34.44 5040 4 4 0 0 0 0 0 0 0 32.51 1.88 44.78 12.48 262.16 154.01
Be 4 HAI 31.63 4160 4 4 0 0 0 0 0 0o 0 3244 0.54 64.05 9.66 578,51 314.45
Be 5 HAI 31.88 4270 4 4 0 0 0 0 0 0 0 30.39 .53 48.15 9.05 275.29 82.39
Be 6 HAI 22.72 3130 4 4] 0 0 2 2 0 0 0 25.67 1.78 3640 9.24 194.44 143.29
Be 7 HAI 29.30 5150 4 0o 0 0 1 0 1 1 1 2919 148 63.10 12.80 54155 265.93
Be 8 HAI 23.72 3030 4 0o 0 0 4 0 0 0 0 2448 143 4839 1672 40649 362.46
Be 9 SCH 27.92 3720 4 0 4 0 0 0 0 0 0 2786 0.80 40.62 9.16 7412 51.35
Be 10 SCH 2325 2620 4 0 4 0 0 0 0 0o o 26.59 1.27  41.32 7.19 7394 21.39
Be 11 SCH 25.18 4230 4 4] 4 0 0 0 0 0 0 26.99 1.00 38.20 6.17 50.26 25.97
Be 12 SCH 36.01 40.00 4 4 0 0 0 0 0 0o 0 36.56 .96 46.65 8.15 200.97 186.56
Be 13 SCH 34.11 50.10 4 4 0 0 0 0 0 0 0 3498 083 7587 364 116051 237.94
Be 14  SCH 24.33 3730 4 0 4 0 o o 0 0 0 2721 1.29 4290 527 92.79 72.51
Be 15 SCH 2647 4330 4 4 0 0 0 0 0 0 0 2575 133 3850 1097 21949 121.45
Be 16  SCH 26.09 3700 4 4 0 0 0 0 0 0 0 2535 054 37.82 374  250.08 88.35
Be 17 ALB 27.21 30,00 4 4 0 0 0o o0 0 0 0 2714 132 34.22 131 189.79 41.54
Be 18 ALB 32.51 3470 4 4 0 0 0 0 0 0 0 32.70 0.78 3942 1.33 304.39 55.31
Be 19 ALB 30.29 4200 4 4 0 0 0 0 0 0 0 3041 1.21  40.05 4.59 27743 137.56
Be 20 ALB 23.67 2210 4 4] 0 4 0 0 0 0 0 25.80 .95 3640 3.60 89.37 18.35
Be 21 ALB 22.43 3770 4 4] 0 4 0 0 0 0 0 2113 192 27.97 455 65.91 18.01
Be 22 ALB 24.55 3520 4 0o 0 4 0 0 0 0 0 2735 0.67 42.00 262 22592 55.53
Be 23 ALB 26.49 3470 4 4 0 0 0 0 0 0 0 2654 0.65 33.20 502 26480 149.31
Be24  ALB 24.00 2730 4 0o 0 4 0 0 0 0 0 2444 338 34.60 8.05 111.38 66.57

Be = Fagus sylvatica; Pin = Pinus sylvestris; Pic = Picea abies; Ac = Acer pseudoplatanus; Fr = Fraxinus excelsior; Qu = Quercus spec.; Ti = Tilia cordata; Ca = Carpinus betulus.

a unified point cloud based on the registration made previously. In
a next step all trees of the group including the target tree (24
groups x 5 trees; in total 120 trees) were extracted by hand as
we did not know of any algorithm that identifies trees in the point
cloud with a higher precision than the human eye. By changing the
perspective from which the point cloud is examined during the
selection process in Cyclone, tree extraction has shown to be suffi-
ciently precise especially when using trees scanned in the leafless
state (e.g. Seidel et al, 2011b). However, this kind of single tree
extraction is a subjective procedure. Therefore, based on a random
subsample of 30 out of the 120 trees, we also compared tree-spe-
cific attributes resulting from point clouds extracted indepen-
dently by two different operators.

The point clouds of all 120 trees were exported as xyz-files.
These files were finally used to detect and quantify competition be-
tween trees (see below) using algorithms written in Mathematica
8 (Wolfram Research Inc., Champaign, USA).

24. Competitor selection and quantification of competition

For the selection of competitors Pretzsch (1995) suggested an
innovative approach. It is based on the so-called search cone meth-
od which integrates competitor identification and the quantifica-
tion of competition in one step (Bachmann, 1998). Thus a search
cone with a fixed opening angle is spanned from a defined position
of the target tree for the purpose of competitor selection (Biging
and Dobbertin, 1992; Pretzsch, 1995; Pretzsch et al., 2002), Sur-
rounding trees whose crown tips intersect the surface line of the
search cone are classified as competitors. However, for both, target
tree and neighboring trees standard crown shapes are used {see
Fig. 2).

From the terrestrial laser scans individual crown shapes were
created. In order to define the crown dimensions for each of the
120 trees, a series of structural attributes was automatically ex-
tracted from the point clouds (see Seidel et al.,, 2011b). Based on

Fig. 1. Sample 2D-representations of 3D-point clouds of the investigated competitive situations. From left to right: beech vs. beech; beech vs. valuable hardwood; beech vs.

spruce; beech vs, pine.
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the xyz-files containing the extracted point cloud of each tree, we
first determined the total tree height (TTH) by subtracting the z-
value of the lowest point in the point cloud from the z-value of
the highest point (e.g. Hopkinson et al., 2004). In order to homog-
enize the data density which would naturally decrease to the top of
the trees due to the angular measurement scheme of the scanner
when operated from the ground, we used a 10 cm voxel model of
all peint clouds. For every voxel model of a tree, the area of each
polygon being defined by all voxels within a slice of 10 cm thick-
ness was computed. Thereby, the tree is virtually sliced from the
bottom to the top and each slice contains a number of voxels lo-
cated in a single height layer as voxels edge length equals slice
thickness. Polygon areas described by the voxels were combined
with the height value they were found in and thereby the height
of maximum crown extension (Hmaxarea) could be calculated
(Seidel et al., 2011b). Starting at this height we performed a down-
ward directed search for crown base height, defined as the height
of that polygon that first fell under twice the basal area of the tree.
This approach avoids epicormic branches wrongly detected as
crown base height. Competitor selecticn used two differing ap-
proaches. First each scanned tree of which at least one voxel was
arranged within the search-cone of, 60° cpening angle positicned
at 60% of the target trees height {Pretzsch, 1995), was classified
as a competitor (see Figs. 2 and 3 for illustration). We decided to
fix the upside down tip of the search cone exactly vertically above
the stem base point of each tree in order to follow the methodology
proposed by Pretzsch (2002). The developed algorithm treated the
target tree in a pair-wise manner with each neighbor tree sepa-
rately. Alternatively, all 4 neighbors (which had been classified as
competitors by a forester because they had crown contact with
the target tree) were considered as competitors for the further cal-
culations. In the following, all voxels of a tree crown were selected
and the convex hull of the crown’s point cloud was calculated. The
surface of this hull (Fig. ) was than derived using Heron's formula
for the triangles building the outer hull and was considered to be
the crown surface area.

For quantifying the competition effect of the neighbors on a tar-
get tree, Pretzsch {1995) introduced the so-called KKL index which

step 1: competitor identification

lighest
Pain

e T

c';\:‘\ opening angle 60° )
il

/

60%
tree haight

i=1 ]

CCA..
CCA4,

Fig. 2. Calculation of the competition index KKL based on crown shape moedels
(Pretzsch et al,, 2002).

KKL,=3.BETA," ™,
I

ascertains the social status of the focal tree compared to his com-
petitors {Pretzsch, 2001). It is calculated in consideration of tree
height- and crown size relations by adding the angles (in radians)
between the cone shell of the focal tree and the connecting lines
from the apex to the tree top of all competitors. This angular
sum is weighted with the ratios of the crown cross-sectional areas
from the target tree and its competitors in a fixed height (Fig. 2).
Because not only distances, height ratics and crown size propor-
tions control the competitive strength of neighboring trees but also
light transmission of the crowns a species-specific coefficient of
transmission is part of the index (Pretzsch, 2001).

In the case of the “real” crown shapes crown competition the
focal tree is exposed tc was evaluated by stepwise calculation of
‘Competitors’ Crown Surface Area’ of the trees selected by the

step 2: quantification of crown competition

a)} atleast 1 voxel In search cone

. | CCSA..=3LCSA'TM,

b) crown contact

c} neither any voxel in search cone =

Y

nor [— tree is not considered as a competitor

d) crown contact

Fig. 3. An example of application of the search cone to detect competiters and the formula to measure the competitive strength enforced en a target tree based on TLS-data.
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search cone (CCSAgoqe in m?) or all four neighboring trees {CCSA in
m?). Species identity and hence differences in light transmission
were considered as in Pretzsch {(2001) by coefficients of transmis-
sion [TM]. These weigh the competitive effect of neighbors as fol-
lows: F. sylvatica: 1.0; P. abies: 0.8; Quercus petraea: 0.5 and P.
sylvestris: 0.2. Because of the nonavailability of typal parameter
estimations for some of the valuable hardwood tree species, they
were treated as for beech in all calculations. We tested a variety
of parameters derived from the TLS-data that describe competition
by the competitor trees {see Appendix F) and hypothesized that the
summed and weighed crown surface areas of the neighbor trees
provided the best results.

2.5. Measuring individual tree growth

Before the beginning of the 2012 growing season, all target
trees were equipped with electronic self-acting DC2 circumference
dendrometers (www.ecomatik.de) at breast height that generate
measurement readings half hourly. Once a day, measurements
were automatically transmitted from the Scatter 100 sensor units
to Scatter 100 base stations which send them to an online database
by GSM and additionally write them on an integrated SD card for
data backup. For the purpose of calculating the increment of the se-
lected trees, individual calibration tables were inserted into the
evaluation software LOGSTAR. By recursive computation this com-
munication module converts the percentage value that is mea-
sured from the potentiometer to the actual circumference in mm
and to growth in pm. The comparisons of growth rates itemized
below refer to the basal area increment con the reference date
31st October 2012 compared to the initial basal area at the day
when the dendrometer was installed.

2.6. Statistical analysis

All statistical computations were carried out with the free soft-
ware environment ‘R’, version 2.12.2 (R Development Core Team,
2012). The kappa coefficient which is used for the comparative
evaluation of the competitor identification based on the real and
modeled crown shapes was calculated using Microsoft Excel. This
statistical measure provides one means of the assessment of the
interrater variation relating to categorical variables and is ac-
counted to be more reliable than percentage accordance because
it considers a certain proportion of chance agreement (Cohen,
1960; Grouven et al, 2007). Because of the small sample sizes
(12 independent observations in pure beech stands and 4 in each
group of interspecific competition), it did not make sense to check
for normal distribution of the data or for variance homogeneity in
all groups. Therefore a non-parametric Kruskal-Wallis ANOVA was
performed to test for differences in the magnitude of competition
on the target beech trees by the four competitor tree species
(beech, valuable hardwood, spruce and pine) expressed by the
competition indices. The same statistical method was employed
to test the effect of the four different competitor tree species on ba-
sal area growth. For the post hoc-analysis we used Wilcoxon's rank
sum test with Bonferroni correction because of the small number
of replicates. As an alternative procedure we employed the package
‘nparcomp’ which provides a nonparametric method for multiple
comparisons based on relative contrast effects that is robust
against violations of the assumptions parametric tests rely on. Sig-
nificance level was p<0.05 in all tests. Target tree basal area
growth was analyzed using linear mixed effects models (package:
nlme) that, as full model, included competition indices, initial dbh
and their interaction as fixed effects as well as site {Biodiversity
Exploratery) as random effect. As candidate models we used the
full model and all simplifications of it. The best approximating
models were selected using an information-theoretic approach
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{Burnham and Anderson, 2002) based on Akaike’s Information Cri-
terion adjusted for small samples (AlCc; package: AlICcmeodavg).

3. Results
3.1. Examination of the manual extraction method

A comparison of the tree structural parameters obtained from
point-clouds that were manually extracted by two different cper-
ators reveals a large degree of objectivity (Fig. 4). The coefficient
of correlation between the values ranged from 0.92 to 1.0
(Fig. 4). In particular, those attributes that are generally imposed
in forest inventories and often used for the calculation of competi-
tion indices like dbh, total tree height or crown cross-sectional area
{ =MaxArea) show high self-consistency (Fig. 4; Appendix A). With
an error probability of 5%, intercepts and slope were found to be
not different from O respectively 1.

3.2. Modeled vs. TLS-derived crowns: competitor selection with the
search cone method

The competitor identification method suggested by Pretzsch
(1995) is based on a search cone with an opening angle of 60° that
is attached at 60% of the target trees’ height. When applied to the
crown morphologies derived from TLS-data it yielded different re-
sults than for the species-specific standard crown shape models.
Each of the 24 central trees has four neighbors that were recorded
as potential competitors as their crowns interfered. From these 96
trees, 64 were identified as competitors by both approaches.
Twelve trees were not considered as competitors regardless if the
real or modeled crown structures were implemented (Table 3).
Thus, when disregarding the competitor tree species, in 79% of
all observations both approaches came tc the same conclusion.
Interestingly, in 85% of the remaining 20 compariscns, the neigh-
boring trees were likewise classified as competitors by the TLS-ap-
proach, which is one reason for the comparatively low kappa
coefficient of 0.43. No change of the overall pattern of agree-
ment/disagreement between TLS- and standard crown models
was found when tree species of the competitors were taken into
account. For Norway spruce {P. abies) the agreement between the
two approaches seems to be even higher (Table 3).

3.3. Modeled vs. TLS-derived crowns: quantification of competition

The KKL, Pretzsch’s (1995) competition index, ascribed the
highest competitive strength to the intraspecific competition. In
contrast to the valuable hardwoods which caused slightly lower
crown competition, both conifers showed a weak competitive ef-
fect (Fig. 5). Wilcoxon's rank sum test indicated significant differ-
ences between the mean KKL-values of the competitor tree
species beech and spruce respectively pine. In contrast the test
with the ‘nparcomp’-package additionally revealed significant dif-
ferences between valuable hardwood and spruce as well as pine
{Appendix D.1 and D.2).

As KKL, CCSA indicated the same ranking of competitive impact
by neighboring species (Fig. 5), irrespective if all four neighbors
were taken into account or if only those trees were considered
for calculating CCSA which had been selected by the search cone
{(CCSAcone). However, the competition by spruce seemed to be
rated higher by CCSA than by KKL. As for the latter, with the rank
sum test statistically significant differences between the competi-
tive strengths of the neighboring species were only found for Euro-
pean beech, Norway spruce, and Scots pine {p < 0.05). Again, the
nonparametric all-pairs comparisons yielded further statistical sig-
nificance between the competition effect of the tree species pine
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Fig. 4. Relationship between crown structural parameters calculated with the same algorithm but based on two different point clouds created by two different operators.

and valuable hardwood as well as spruce {(Appendix D.1 and D.2).
The box-whisker-plots (Fig. 5) reveal that within the groups of
competitor tree species, the dispersion of the measured values is
higher in case of the broad-leaved tree species what does apply
in the same manner for the KKL as well as for both versions of
the CCSA.

Pearson’s r amounted to 0.53 {p = 0.008) and accordingly 0.52
(p =0.009), revealing a significant positive correlation between
the KKL and CCSA {Fig. 6). Spearman’s rank correlation rho reached
slightly higher values of 0.65 (p=0.001) and 0.63 (p=0.001) The
results of the correlation analysis and the fact, that the plotted
95% confidence interval included both correlation lines implies
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that the linear relationship between KKL and CCSA is nearly the
same, regardless if the competitors for the calculation of the TLS-
based index were selected with the search cone or on condition
that they had crown contact with the target tree.

3.4. Individual tree competition and basal area growth

The relative basal area increment of the target trees in 2012 be-
haved strictly opposite compared to the competitive stress indi-
cated by KKL and CCSA. However, according to both test
procedures used for the multiple comparisons, the differences in
growth were significant only for beech trees surrounded by other
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Table 3

. Metz et al. / Forest Ecology and Management 310 (2013) 275-288

Results of competitor selection with the search-cone in case of modeled and real crowns.

Competitor identification with crown shape model

Kappa coefficient

Beech vs. all competitor species

Competitor identification with scanner data Yes No x
Yes 64 17 81 043
No 3 12 15 '
= 67 29 96
Beech vs. beech
Competitor identification with scanner data Yes No x
Yes 34 9 43 035
No 1 4 5 )
= 35 13 48
Beech vs. valuahle hardwood
Competitor identification with scanner data Yes No z
Yes 8 5 13 0.38
No 0 3 3 '
= 8 8 16
Beech vs. pinus
Competitor identification with scanner data Yes No z
Yes 9 3 12 0.43
No 1 3 4 ’
z 10 6 16
Beech vs. picea
Competitor identification with scanner data Yes No z
Yes 13 0 13 0.76
No 1 2 3 '
z 14 2 16
beech or by pine trees (Appendix D.1 and D.2). Beeches exclusively 1 —©— CCSAcone
surrounded by Scots pines showed the highest mean relative incre- -A- CCSA al
ment in relation to their initial basal area, whereas the average --- 05% conf.int. .
growth of their conspecifics which were growing in pure stands 0.84 Lo
was not even half as high (Fig. 7 left). With regard to absolute basal o
area increment beech in the neighborhood of spruces exhibit the 0.6
lowest productivity (Appendix C, Fig. 7 right). This result is most a
likely caused by the low mean initial dbh (30.56 cm) of the beech £ 0.4
trees surrounded by spruce which was smaller than the corre-
sponding values of the target trees in pure stands (41.00 cm) or
in mixture with noble hardwoods (38.68 cm) and pine 0.2 =5 .
(35.75 cm). Significant negative correlations between absolute tar- . ﬁb
get tree basal area increment and competition were only found for 01 @‘O‘

the TLS-based indices, indicating a decreasing annual increment
with increasing competitive stress {Appendix C). Compared to
the crown-shape-model based KKL, the coefficient of correlation
between growth and competition was substantially higher in the
case of both versions of CCSA (Appendix C). An internal comparison
based on the AICc (Appendix E) and Pseudo R*-values showed that
the advisory competitor selection {(CCSA) again performed slightly
better than the adoption of the search-cone approach to the real
crown shapes (CCSAcone). The same applies to the analysis of the
functional relationship between basal area growth and the compe-

1
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044

0.2

0 e

beech

val.hardwood spruce
competitor tree species

pine

1500 2000 2500 3000 3500
CCSA(m?)

0 500 1000

Fig. 6. Relationship between the competition indices KKL and CCSA respectively
CCSAcone for the 24 target tree beeches under intra- and interspecific competition.

tition indices with linear mixed effects models that include initial
size and the effect of the different sites (Biodiversity Exploratories)
(Table 4; Fig. 8). Models containing the CCSA, which is calculated
on the basis of scanned crown shapes, are consistently superior

3000 -
(1 CCSAcons

2500 _ 1 CCsA
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1500

CCSA (m?)
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500 —

0 _—

beech val. hardwood Spruce
competitor tree species

Fig. 5. Boxplots of both competition indices separately for the different competitor tree species.
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Fig. 7. Mean basal area increment of the target tree beeches in relative (% of initial basal area, left) or absolute (cm? right) terms under intra- and interspecific competition.

to those that incorporate the model-based KKL {Table 4; Appendix
E). As is evident from the right part of Fig. 8, the bigger the initial
size of the target tree, the less severe is the effect of competition on
basal area growth. Waiving on the TM in the calculation of the TLS-
based competition indices results in a slight decrease of the corre-
lation coefficients between target tree basal area growth and CCSA
(r=-0.47; p=0.02) as well as CCSA¢,,,e (r=—0.46; p=0.02).

4. Discussion and conclusions
4.1. Methodical considerations

Based on a pilot-study we see that the single tree extraction
from point clouds by hand is to a large degree objective and that
such data can be used to calculate various tree characteristics.
The fact that crown asymmetry is the parameter that features
the lowest agreement between operators results from error propa-
gation as it is calculated based on other parameters, such as max-

Table 4
Evaluation of linear mixed effects model fits using the information-theoretic AlCc-
approach.

Ime (A Basal area ~ model, random = ~1|exploratory)

Model AlCc AlCc weight Pseudo R?
CCSA'+dbh 189.73 0.39 0.34
CCsA’ 189.82 0.38 024
CCSA + dbh + CCSA: dbh 192.36 011 0.36
Only intercept 193.50 0.06 0
KKL 193.84 0.05 0.10
KKL + dbh 197.00 0.01 0.10
KKL + dbh + KKL: dbh 199.81 0.00 0.13
" Signif. code: < 0.05.
“5 sl © —— 25cmdbh
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imum crown extension. Nevertheless, the measurement deviations
for several tree-crown attributes that result from the comparator
check based on point clouds extracted independently by two dif-
ferent operators (Appendix A) confirm the finding of Fleck et al.
(2011) that a repeated employment of conventional, hand operated
and sight-based measuring devices for the determination of tree-
and especially crown parameters can hardly produce results com-
parable to TLS.

In case of the utilized indices, crown shape and dimension play
a major role for the selection of potential competitors and for cal-
culating their competitive strength. In fact using crown shapes de-
rived from TLS-techniques led to more competitors and to a higher
precision in estimating tree growth response to competition than
using standard crown shape models (Fig. 8; Appendix C).

The observed differences in the number of identified competi-
tors when applying the search cone approach to simple geometric
or “real” crown shapes may have manifold reasons. First, the
search cone is put in place perpendicular to the root collar of the
target tree. Consequently, for the modeled trees, it is located in
extension of their crown centre because all trees are expected to
grow uniformly upright {Pretzsch et al., 2002). In real stands the
stems of nearly all trees are inclined to a certain degree. This was
most obvious for pine-trees. Therefore even competitors growing
in a greater distance to the target tree can reach into the inverted
cone. Second, real crowns are far away from being rotation-sym-
metric as assumed in most tree-models. Instead abrasion or mech-
anisms for the avoidance of crown competition including multi
layered canopy exploitation in mixed stands resulting from niche
partitioning entail appreciable crown plasticity {Longuetaud
et al, 2008; Pretzsch and Schiitze, 2009; Seidel et al,, 2011b; Take-
naka, 2000). Therefore the search space does not always overlap
the original target tree crown around its entire periphery. Accord-
ingly, not every neighbor in direct contact with the target tree

0 500 1000 1500 2000 2500 3000 3500

CCSA(m?)

Fig. 8. Relationship between target tree basal area increment in the 2012 vegetation period and the competitive stress enforced to the trees according the model based KKL-

index and the TLS-based index respectively.
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Fig. 9. TLS-derived crown shapes of two beech trees with almost the same height and dbh in comparison to the congruent geometric model.

extends its crown into the inverted search-cone. Finally even trees
of the same species having similar heights and stem diameters may
develop completely different crown shapes (Fig. 9) because factors
such as shading or crown collision have a strong impact on mor-
phology (Oliver and Larson, 1996; Pretzsch, 2008). The resulting
variation in crown architecture can only inadequately be repro-
duced by geometric crown shape models.

Because of these deficiencies it is not surprising that the search
cone method for competitor identification produced different re-
sults depending on the application to TLS-data or crown models.
The higher degree of concordance in the selection of spruces as
competitors of the focal trees could be due to a less pronounced
variety of real crown shapes in the event of these conifers. That,
as in the case of the laser-based CCSA, the value of a competition
index and its correlation with target tree growth varies when using
different methods for the competitor selection is a well known fact
and has similarly been observed in other studies comparing the
efficiency of competition measures in growth models {e.g. Corral
Rivas et al., 2005). In fact, the high variation of both competition
measures in those cases where the competitor tree species were
beech or valuable hardwoods is the numeric outcome of the sub-
stantial crown variability of broadleaves, because their phenotypic
or crown plasticity represents an adoption to neighborhood com-
petition {Schréter et al., 2012; Valladares et al., 2007). Thus, the
homogenous KKL and CCSA-values in case of neighborhoods com-
posed of spruce or pine indicate that the crown expansion of these
conifers is not as variable as that of the deciduous tree species
(Getzin and Wiegand, 2007; Rouvinen and Kuuluvainen, 1997;
Waller, 1986) leading to more uniform intertree spacing and crown
extent.

It is known that the identification of neighboring trees as com-
petitors has a decisive effect on the accuracy of increment models
which can even outperform the selection of the measure for the
quantification of competition itself (Bachmann, 1998). Beside this
our results indicate that the inverse search cone, especially when
applied to standard crown shape models, may underestimate the
“true” competitors whereas its incorporation into the TLS-based
crown shapes and the assessment of the expert witness are largely
consistent with each other.

Thus, compared with the advisory competitor selection by
crown contact the cone approach failed in 29 out of 96 cases when
standard crown shapes were used and in 15 cases where the TSL-
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crowns were taken into account (Table 3). Consequently CCSA pro-
duced slightly better correlations between the competition index
and target tree growth than CCSAcqne (Appendix C). However, the
cone approach is a very effective and impartial way of selecting
competing trees.

Light interception and tree diameter growth are highly corre-
lated (King et al., 2005; Wyckoff and Clark, 2005), whereas height
growth is less affected. Therefore, radial increment is a more sen-
sitive indictor for competitive stress than height growth (Simard
and Zimonick, 2005) because a decline in longitudinal growth re-
flects a serious disadvantage in light acquisition. This is why the
allocation of photosynthates to height growth generally takes pre-
cedence over diameter growth (Lanner, 1985; Oliver and Larson,
1996). Thus, radial increment of heavily shaded trees abates be-
cause photosynthesis is reduced in those parts of the crown that
are not or only indirectly exposed to sunlight (Oliver and Larson,
1996). Consequently, the growth potential of a tree is not exclu-
sively determined by its own crown volume or surface, because
these factors do not fully represent its effective photosynthetic ac-
tive leaf area which is partly limited by the crowns of the compet-
itors {Grote and Pretzsch, 2002; Pretzsch et al.,, 2011). The degree
of shadowing emanating from competing neighbors substantially
determines the amount and quality of solar radiation that is avail-
able for the target tree {Ballaré et al.,, 1990; Ballaré, 1999; Grams
and Andersen, 2007). Therefore, the basic idea of calculating com-
petition indices dealing with the so called ‘exposed crown area’
(ECA) is straight forward, because they quantify to what extend
the growing space of a target tree is occupied by competitors
(Hatch et al., 1975; Hix and Lorimer, 1990; Smith, 1994; Wyckoff
and Clark, 2005). In the opinion of Davies and Pommerening
(2008), through the integration of factors that specify the closest
neighbors of the focal tree, model accuracy will probably be further
increased because shading is materially controlled by arrangement
and crown shape of nearby neighbors (Kuuluvainen and Pukkala,
1987). This seems to be verified by the results presented in this pa-
per because in contrast to the competition index KKL, the TLS-
based CCSA solely includes information about the neighbors that
are identified as competitors. From all tested competitor crown
parameters, cumulative crown surface area correlated best with
target tree growth (Appendix F). A possible explanation why crown
volume of the competitors was not the best indicator for the com-
petitive strength of the neighbors could be, that foliage biomass is
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not evenly distributed in all compartments of the crown (Pretzsch
et al,, 2011; Xu and Harrington, 1998) and that assimilation, espe-
cially of the conifers, is suppesed to be higher in the outer parts
{Ladefoged, 1946).

Depending on light transmission of competitor crowns, a given
surface is exposed to a differing amount of light. This effect is re-
flected in Pretzsch’s formula by TM, the transmission coefficient.
In fact, in our study the relationship between CCSA and growth
was found to be a little stronger if TM was used. The relatively
small increase of the coefficients of correlation when using TM
can be related to the experimental setup of the study and the tree
species involved. 48 out of 96 competitors were beech trees, whose
competitive strength remains unaffected because the TM for this
shade tolerant species is 1 whereas the three other groups of com-
petitor species comprised only 16 individuals each. This may ex-
plain why the TM effect was smaller than it would have been
with equal tree numbers per competitor species. Ancther reason
for a small TM effect might be that for valuable hardweoods other
than cak no species specific TM was specified what means that
they were included with the same weighting as beech {TM 1) into
the calculation of the competition indices. This might be an overes-
timation and further reduced the number of competitors with a TM
value other than 1. In summary only 33 competitors with TM = 1
were available. At last, the TM assigned to spruce is 0.8 what im-
plies that the competitive strength of this species is weakened only
slightly by consideration of the transmission properties. However,
TLS might be an option to quantitatively derive TM coefficients. At
least for deciduous trees, this would require repeated scans of foli-
ated and leafless trees. In case of evergreen conifer species, the
density of the point cloud or the resulting number of crown voxels
could probably be used to assess the transmittance of the foliage.

4.2. Impact of competing tree species on the growth response of
European beech

In our study intraspecific was stronger than interspecific com-
petition {Figs. 5 and 7, Appendix B). This may have two reasons.
First, the “real” beeches had the biggest average crown surface
areas. Second shade tolerant species such as beech absorb incom-
ing light very effectively (Bonosi, 2006; Canham et al, 1994;
Hagemeier, 2002) which is why their coefficient of transmission
is 1. In contrast, light demanding species such as Scots pine have
smaller and more diaphanous crowns {Pacala et al., 1996). Conse-
quently their competitive strength was much lower as indicated by
both indices. Norway spruce is characterized by relatively dense
foliage resulting in low light intensities at the forest floor, but their
tapered crowns provide high light availability in the upper canopy.
This is important as the upper parts of tree crowns have higher
photosynthetically efficiency than the lower parts and therefore
contribute to a larger extent to tree growth (Schulze et al., 1977;
Smith et al,, 1997).

No model parameterizations were available for treetop charac-
teristics of some valuable hardwoods. The current practice to adopt
the crown shapes and coefficients of transmission of beech to these
species seems questionable and may lead tc an overestimation of
their competitive strength because in real stands they form more
light-transmissive canopies (Oliver and Larson, 1996). This view
is supported by our results. KKL and CCSA suggested a nearly
equally strong competitive effect of the valuable hardwoods and
beech on beech (Fig. 5), whereas the growth response of beech sur-
rounded by these species was less negatively affected compared to
intraspecific competition (Fig. 7). Improved nutrient supply due to
complementary resource use, extenuated niche overlap and facili-
tation effects are presumed to be the main factors that reduce the
relative effects of interspecific competition in comparison to intra-
specific competition {Kelty, 2006; Pretzsch et al, 2010, 2013).
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Beyond that, light availability is generally accepted toc be size-
asymmetric and a key variable for growth (Brunner, 1998; Lang
et al,, 2010; Schwinning and Weiner, 1998) what is affirmed for
individual beech trees under different competitive situations
through the combination of TLS- and dendrometer measurements.

The fact that, with a few excepticns, differences in target tree
basal area growth as a function of local neighborhood were not sig-
nificant may have several causes. First, cur analysis was focused on
just one growing season. Second, the small sample sizes made sta-
tistical evaluation difficult. However, although the achieved R? val-
ues were not as high as in other studies {e.g. Alemdag, 1978;
Filipescu and Comeau, 2007; Oheimb et al, 2011; Windhager,
1999), the results of both indices were remarkable with regard to
the findings of Bachmann (1998). He stated that the link between
growth and competition intensity is closer for semi-shade tolerant
than for shade-tolerant tree species such as beech.

Tree growth is controlled by limited resource availability and
their efficient usage in gross primary production {Binkley, 2004;
Binkley et al., 2010; Grams et al., 2002). But as it is impossible to
quantify these complex ecosystem interactions in its entirety {Dale
et al, 1985; Schaffer, 1981) a substantial degree of growth varia-
tion remained unexplained. This might be due to the fact that in
comparison to the aboveground processes described so far, root
competition is considerably harder to quantify (Stiell, 1970), be-
cause water absorption, nutrient uptake and the extent of the root
space cannot be measured at reasonable cost for a large number of
trees. Although in the first instance the compared indices aim for
the quantification of crown competition, Burton {1993) refers toc
the fact that belowground competition to a certain extend can
indirectly be reflected in the measured aboveground parameters
or processes of a tree. Pommerening (2000) agrees insofar as that
the KKL describes additional competitive effects what can be trans-
ferred to the scanner-based method. Even competition indices try-
ing to reveal the mutual competition for light are not able to
simulate tree growth comprehensively because they do not com-
prise the underlying mechanisms in detail {Perry, 1985). The
implementation of a ray-tracing canopy light model as presented
from Bittner et al. {2012) or an adaptaticn of the search cone ap-
proach for competitor selection to seasonal variations of the solar
altitude and inclined topographic conditions may contribute to fur-
ther improvements in the explanation of growth patterns. How-
ever, Bachmann (1998) concludes that modifications of the KKL
to the site conditions in mountain forests of different slopes and
expositions did not improve the estimation accuracy of the incre-
ment moedels. It might be that the prevailing overcast conditions
in central Germany that are hallmarked by a mean relative sun-
shine duration of only 39% during the growing season {Biederbick,
1992) mask the effect of competitor arrangement with respect to
solar altitude.

Summing up, our hypotheses could be confirmed. First the for-
estry application of a terrestrial laser scanner is a suitable teol to
generate precise information on canopy structure of the competi-
tive neighborhood (Henning and Radtke, 2006). Second, a competi-
tion index derived from such information yielded higher
correlation with one year target tree growth than a traditional in-
dex using standard geometric crown shape models. It is quite likely
that in case of the KKL a longer measurement time and a larger
sample size would have led to a clear relationship between compe-
tition and growth. This index has already proven its suitability in
studies of intertree competition. Even though the increment mea-
surements covered only one vegetation period and the amount of
data was limited, the growth responses of the observed canopy
trees were correlated to neighborhood diversity. Neighborhood
diversity seems to substantially determine target tree growth, indi-
cating stronger competition on beech by intra- than by interspe-
cific interference. Nonetheless, to back up or revise these
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conclusions, long-term studies focusing on competitive interac-
tions of important commercial tree species and investigations of
the underlying mechanisms are required. To pave the way for
TLS-based investigations of crown competition on the stand level,
further research is needed on the development of automated
methods for objective identification and skeletonization of single
trees from point clouds {Bayer et al, 2013; Bucksch et al., 2009).
As shown in our study the extraction by hand provides reascnable
results but is very laborious. If this turns out to be successful, the
use of three-dimensional measurements of canopy structure may
contribute to a more profound understanding of competition pro-
cesses and elude the shortcomings of geometric crown shape mod-
els or conventional methods for field measurements of crown
characteristics described from Fleck et al. (2011) and Rhle { 1986).
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Supplementary material

Appendix A: Absolute measurement errors of tree parameters selected for the comparator check.

parameter mean +SD

A Total Tree Height [m] 0.24 0.28
A DBH [cm] 0.21 0.22
Distance between stem base points [m] 0.00 0.00
A HmaxArea [m] 0.23 0.30
A MaxArea [m?] 3.02 3.45
Distance between crown centers [m] 0.35 0.30
A Crown direction [°] 8.47 9.66
A Asymmetry [m] 0.25 0.28
A CBH [m] 0.67 1.34

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

KKL CCSA ¢one CCSA
Competitor tree species r r
mean +SD mean +SD (rho) p mean +SD (rho) p
beech 0.45 0.21 1487.13 527.16 1636.99 632.32
valuable hardwood 0.29 0.15 100121 60358  5y76 Q0g 124137 32965 5181 0.009
spruce 0.04 0.04 601.63 21695 (06452 (0.001) 74900 24606 (0.6304) (0.001)
pine 0.02 0.01 66.88 34.36 98.42 12.52

Appendix C: Target tree basal area growth [cm?] and its relationship to the competition indices tested

in this study.
basal area incr. [cm?] KKL CCSAone CCSA
competitor tree species cov
mean  +SD [%] r p r p r p
beech 2145 10.68 49.79
valuable hardwood 25.39 2.58 10.15
-0.3181 0.1298 -0.4755 0.0189 -0.4896 0.0152
spruce 18.56 9.72 52.37
pine 39.71 1372 3456
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Appendix D.1: Adjusted p-values for the multiple comparison of mean with Wilcoxon’s rank sum

test.
adjusted p-values

comparison of mean KKL CCSAne CCSA target tree basal area incr.

% cm?
beech vs. valuable hardwood 0.6198 1.0 1.0 1.0 1.0
beech vs. spruce 0.0066 0.0066 0.0264 1.0 1.0
beech vs. pine 0.0066 0.0066 0.0066 0.013 0.18
valuable hardwood vs. pine 0.1714 0.1714 0.1714 0.686 0.69
spruce vs. pine 1.0 0.1714 0.1714 1.0 0.69
spruce vs. valuable hardwood 0.1714 1.0 0.6857 1.0 1.0

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

Tukey).
adjusted p-values

comparison of mean KKL CCSA.ne CCSA target tree basal area incr.

[%] cm?
beech vs. valuable hardwood 0.466 0.924 0.863 0.879 0.876
beech vs. spruce 0.000 0.000 0.012 0.986 0.947
beech vs. pine 0.000 0.000 0.000 0.003 0.073
valuable hardwood vs. pine 0.000 0.000 0.000 0.386 0.366
spruce vs. pine 0.787 0.000 0.000 0.888 0.365
spruce vs. valuable hardwood 0.000 0.996 0.441 1.0 0.867

Appendix E: Evaluation of all candidate Ime-model fits using the information-theoretic AlCc-

approach.
Ime (A basal area ~ model ,random=~1|exploratory)
model AlCc AlICc Weight ~ Pseudo R?
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 '048 002
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

42



Chapter 3

Site-adapted admixed tree species reduce drought

susceptibility of mature European beech

Jerome Metz ¢ Peter Annighofer ¢ Peter Schall ¢« Jorma Zimmermann

* Tiemo Kahl ¢ Ernst-Detlef Schulze ¢ Christian Ammer

Reprinted by permission from John Wiley and Sons
Journal publisher: John Wiley & Sons Ltd
Journal name: Global Change Biology
Article name: Site-adapted admixed tree species reduce drought susceptibility of mature
European beech
Authors: Metz J, Annighdfer P, Schall P, Zimmermann J, Kahl T, Schulze E-D, Ammer C

Copyright: John Wiley & Sons Ltd 2015
Year of publication: 2016
DOI: 10.1111/gcb.13113

Glob Change Biol

The final publication is available at:
https://onlinelibrary.wiley.com/doi/abs/10.1111/gcbh.13113


https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.13113

Chapter 3 Dendrochronological investigations

Elobal Change Biology

Global Change Biology (2016) 22, 903-920, doi: 10.1111 /gcb. 13113
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Abstract

Seme forest-related studies on possible effects of climate change conclude that growth potential of European beech
(Fagus sylvatica L.) might be impaired by the predicted increase in future serious drought events during the growing
season. Other recent research suggests that not only multiyear increment rates but alse growth resistance and
recovery of beech during, respectively, after dry years may differ between pure and mixed stands. Thus, we com-
bined dendrochronological investigations and wood stable isotope measurements to further investigate the impact of
neighborhood diversity on long-term performance, short-term drought response and soil water availability of Euro-
pean beech in three major geographic regions of Germany. During the last four decades, target trees whose competi-
tive neighborhood consisted of co-occurring species exhibited a superior growth performance compared to beeches in
pure stands of the same investigation area. This general pattern was also found in exceptional dry years. Although
the summer droughts of 1976 and 2003 predominantly caused stronger relative growth declines if target trees were
exposed to interspecific competition, with few exceptions they still formed wider annual rings than beeches growing
in close-by monocultures. Within the same study region, recovery of standardized beech target tree radial growth
was consistently slower in monospecific stands than in the neighborhood of other competitor species. These findings
suggest an improved water availability of beech in mixtures what is in line with the results of the stable isotope analy-
sis. Apparently, the magnitude of competitive complementarity determines the growth response of target beech trees
in mixtures. Our investigation strongly suggest that the sensitivity of European beech to environmental constrains
depends on neighborhood identity. Therefore, the systematic formation of mixed stands tends to be an appropriate
silvicultural measure to mitigate the effects of global warming and droughts on growth patterns of Fagus sylvatica.

Keywords: beech, dimate change, competition, drought stress, stable isotopes, tree rings

Recetved 3 May 2015 and aceepied 8 September 2015

future ecological and economic challenges as well as

Introduction risks resulting from the long production period inher-
European beech (Fagus sylvatica L.) grows vigorously ent to forest ecosystems (Knoke et al., 2008). Therefore,
under a broad range of envirenmental conditions and European beech always was and still is one of the most
mixture types, due to its interspecific competitiveness prevalent and important commercial tree species in
(Ellenberg, 1996; Leuschner, 1998) and wide ecological Central European forestry (Ellenberg, 1996; Tegel et al.,
amplitude (Leuschner et al., 2006). Hence, this broad- 2014). Several studies on possible effects of climate
leaf tree species is preferentially used for the conver- change came to the conclusion that despite of its
sion of coniferous monocultures inte mixed stands, pronounced potential for adaptation to various site con-
which is a primary objective of most Central European ditions, vigor, gross primary production and regenera-
forest management concepts (Knoke efal, 2008 tion of Eurcpean beech might be susceptible to
BMELV, 2009; Scharnweber et al.,, 2011). On suitable expected future serious drought events during the
soils, beech-dominated commercial forests have also growing season (e.g. Rennenberg et al, 2004; Ciais
been enriched by fast growing and profitable conifers et al.,, 2005, Czajkowski et al., 2005; Jump ei al,, 2006;
for financial reasons. Regardless of stand formation, Piovesan et al., 2008; Aertsen et al., 2014), primarily on
multispecies forests are expected to better cope with soils with low water retention capacity (Fotelli et al.,

2003). Such suppositions require closer scrutiny as reli-

Correspondence: Jérome Metz, tel. +49 551 39 33671, fax +49 551- . .
able scenarios predict not only a further temperature

39 33270, e-mail: jmetz@gwdg.de
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increase but also a higher frequency of dry periods in
summer for large parts of European beech’s natural
range (Schar et al.. 2004; Christensen et af., 2007). If
Fagus sylvatica reacted to changing growing conditions
as sensitive as repeatedly assumed, this would have
profound commercial and ecological implications
(Fotelli ef al., 2009) for forest owners, timber-processing
industries or environmental protection objectives
including carbon sequestration goals (Ciais ef al., 2005).

While it is well known that in the temperate zones,
water availability is one of the most important determi-
nants for annual increment of single trees and whole
stands (Bréda et al,, 2006), the complex interdependen-
cies between lree species richness and maintenance of
forest ecosystem productivity within drought years or
across several vegetation periods are still not fully
understood (Larsen, 1995; DeClerck ei al., 2006; Mdlder
et al., 2011). Hence, to develop future-orientated man-
agement strategies, deeper insights into the effect of
water scarcity on growth (Lebourgeois ef al., 2005) and
physiclogical response of European beech (eg. Bréda
et al., 20006; Fotelli et al., 2009 in pure and mixed stands
are necessary. In a previcus investigation, we found
that neighborhood identity had a strong effect on inter-
specific competition and hence on I-year basal area
increment of European beech (Metz et al., 2013). Other
studies revealed that beech growth responses to climate
vary significantly as a function of the intraspecific com-
petition level (Piutd & Cescatti, 1997; Cescatti & Piutti,
1998). However, the question remains how intra- and
interspecific competition affects multidecadal growth
rates and especially the drought response of mature
European beech (M8lder et al., 201%1; Pretzsch of al.,
2012, 2013; M8lder & Leuschner, 2014). Consequently,
beside long-term ring-width chronologies, this study
particularly examined the impact of periods with sub-
stantial rainfall deficits as observed in 1976 and 2003 on
wood stable isotope ratios as well as resistance, recov-
ery and resilience of radial beech target tree growth in
different competitive neighborhoods.

The combination of dendrochronological investiga-
tions and measurements of carbon isotope composition
is a suitable tool to assess the influence of forest man-
agement, neighborhood identity and competition on
productivity and tree water-use efficiency (cp. McDow-
ell et al., 2006; Di Matteo et al., 2010, Eilmann et al.,
2010; Maélder ei al., 2011). Nonetheless, to our knowl-
edge, the investigation on hand is the first one that
analyzed the impact of different conifer species as com-
petitors on growth and wood carbon isotope ratios of
target beech trees. 5o far, the combined appreach has
only been used in broad-leaved mixed forests with
Fagus sylvatica as main species (Molder ef 4., 2011).
Hence, we expect insights on how beech may respond
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to future climate and droughts in pure and wvarious
mixed stands.

Against this background, we hypothesized that if
competitor trees are of comparable size and equal in
number, within a particular growing area:

1. Mean ring width of European beech trees is higher
when exposed to inter- than to intraspecific competi-
tion over a period of four decades.

2. In extremely dry years, radial increment of beeches
that are exclusively surrounded by other tree species
is less seriously affected and regains predrought
growth level faster than target trees in the neighbor-
hood of conspecifics.

3. During 4-year periods which include the low-preci-
pitation peinter vears 1976 and 2003, intraspecific
interference entails higher water stress levels and
hence less negative wood 8°C-values of target beech
trees than local neighborhcods composed of co-
occurring species.

Materials and methods

Study area

The target tree beeches used in this study grow on forest field
plots that are part of the German Biodiversity Exploratories
project {(hitp:/ /www bicdiversity-exploratories.de/). Spread
over three major geographic regions, it comprises a network
of permanent and uniformly structured study plots along
gradients of land-use intensity ranging from forests managed
in varying intensity to stands which have been unmanaged
since decades. In the Thuringian Hainich-Diin region and in
the two Biosphere Reserves Schortheide-Chorin, situated
northeast of Berlin, as well as Swabian Alb which is located in
the State of Baden-Wiirttemberg, 50 forest plots each were
established during the project implementation phase in 2006
(Fig. 51; Fischer ef al., 2010). I all three Exploratories, beech
oceurs in pure and mixed stands. However, as the site condi-
tions differ between the study regions {Fig. S1), the main
admixed tree species vary depending on the investigation
area. While in the glacially formed 5chorfheide-Chorin area
that is characterized by very low amounts of precipitation,
Scots Pine {Pimus sylvestris) is most frequent, mixed stands en
the richer soils in the Hainich-Diin region contain high
proportions of valuable hardwoods {e.g. Fraxinus excelsior,
Acer pseudoplaters, Quercis spec. or Tilia cordata). The higher-
elevated and more humid Swabian Alb sites are deminated by
Pieea abies-Fagus sylvatica mixtures. From the 150 forest field
plots, a subset of 17 pure and mixed stands comparable in age
and mean tree diameter were selected {cp. Metz ef al., 2013).
Twenty-four target beech trees, each surrounded by four
competitors of similar size and distance, were determined on
these plots (Table1 and Metz ef al, 20131 At every
Exploratory, eight groups each consisting of one target tree
and feur competing neighbors were identified {— three
Exploratories x eight groups x five trees = 120 trees). The

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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standardized groups were compesed as follows {Table 1)
Additionally to four pure European beech groups in each of
the three Exploratories, the effects of interspecific competition
were investigated by inchusion of four other beech target trees
per region being surrounded either by four Scots pines
{Schorfheide-Chorin  area), by four valuable hardwoeds
{tmainly sycamore maple or European ash) at the Hainich-Diin
sites or by four Norway spruce trees {Swabian Alb plots).

The criteria for the selection of the target trees were {cp.
Metz ef al., 2013} as follows:

1. If possible, diameter al breast height {dbh) of target beech
trees between 30 and 50 cm, to minimize effects of the
developmental phase on natural biological growth rates in
the forefront of the detrending precedure. Although the
mean dbh of the target trees differed between sites
{Table 1), within the same Exploratory, the size-ratio of
mean target tree diameter to mean competitor tree diame-
ter was rather constant (Schorfheide: intraspecific competi-
tion =086, interspecific competition = (.88, Hainich:
intraspecific competition = .83, interspecific competition =
1.83; Swabian Alb: intraspecific competition = 0.96, inter-
specific competition = (.87),

. All trees belong to the forest overstory, because {co-) domi-
nant trees are expected to be more dreught sensitive than
suppressed ones {Martin-Benito ef al., 2008, Mérian &
Lebourgeois, 2011; van der Maaten, 2012; Zang et al,, 2012).

. As far as wvisually discernible {e.g. stumps and cancpy
gaps), target tree growth during the period under investi-
gation should not be affected by harvesting operations or
natural disturbances

4. All target trees are enclosed by four competing neighbors

that must be grouped symmetrically and at equal distance
to the focal beech.

ro

5]

Investigations were restricted on stands with a minimum of
understory vegetation or regeneration, to ensure that potential
causes for observed differences in radial increment and °C
were limited to climate and varving amounts of intertree
competition between the mature trees only. Two different
competition measures (Table 1) were caleulated individually
for each target tree {cp. Metz & al,, 2013). They quantify the
competition by neighboring trees based on their height, crown
surface or cross-sectional area and transmissibility for light
which is determined by species identity {cp. Metz &f al,, 2013).
While CCSA o (competitors’ crown surface area of the trees
selected by a search cone) is derived from terrestrial laser
scanning {TLS), Pretzsch’s index KKL {(Pretzsch, 1995) is based
on geometric crown shape models.

Preparation and analysis of core samples

In July 2012, all 24 target trees were cored with Suunto incre-
ment borers {drilling depth: 300 and 400 mm; bore diameter:
5 mun) at breast height. Except for two beeches, we retrieved
undamaged core sample pairs af an angle of 90° from those
parts of the log that were free of twig scars, bark injuries or
external signs of reaction wood. A core microteme {cp. Gartner
& Nievergelt, 2010} was utilized for the cutting of the watered

© 2015 John Wiley & Sons Lid, Global Change Biology, 22, 903-920
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increment cores resulting in smooth surfaces. As it can be diffi-
cult to clearly identify narrow or blurred tree-ring borders of
European beech because of the diffuse-porous wood anatomy,
all increment cores were scanned with a resolution of 2400 dpi
and stored as bmp.-files. Using the software LignoVision™
{version 1.38; RINNTECH, Heidelberg, Germany), tree-ring
boarders were marked manually with a precision of 1/
100 mm. The analysis of competition-related growth patterns
focused on the period 1870-2011 for two reasons. Firsitly, glo-
bal warming was intense during the last four decades, with an
average earth surface temperature increase of about 0.5 °C
{Intergovernmental Panel on Climate Change (IPCC), 2007},
For the corresponding period, evaluation of climate data from
all Exploratories revealed rises in temperatures during the
growing season that were even about three times the global
tate {(cp. Section climate data & Fig. 52). Secondly, it was
impossible to gain reliable information on changes concerning
the competitive neighborhood of our target trees that may
have occurred in the more distant past as a consequence of
natural disturbances or management interventions.

Diata processing

Cross-dating and time series editing were conducted using the
program TSAP-Win Professional {version 4.68; RINNTECH).
After evaluating the synchronicity of both radial series from
the sarme tree by identifying false, missing or wedging rings,
tree mean curves could be built from the two individual series.
This kind of averaging is recommended because it weakens
the effect of eccentric radial growth. Correct dating of the tree
mean curves from the same Exploratory had to be verified by
testing them not only mutually but also against the site
chronelogies from beech trees of pure and mixed stands. These
data had previously been calculated for every Exploratory by
combining all samples of a subpopulation to a mean time ser-
ies. For final control, their synchronous position was addition-
ally compared to reference curves from the three study sites
that were provided by one of our partner projects from the Bio-
diversity Exploratories research platform. Chrenclogies were
considered as correctly cross-dated if the f-value (Baillie & Pil-
cher, 1973) exceeded a threshold of 3.5 {¢p. Malder f al., 2011),
the GL-value {’Gleichliiuﬁgkeit’ according to Eckstein &
Bauch, 1969) was at least 65% {cp. Dulamsuren & al., 2010) and
the CDI (Cross Date Index) greater than 20 (cp. Miiller, 2007).
To make annual ring widths of different series comparable
by removing age or diameter related long-term growth trends
{Fritts, 1976; Schweingruber, 1983; Cock & Kairiukstis, 1990),
the detrend function that is incorporated in the dplR package
(Bunn, 2008) of the statistical programming environment
R, version 3.0.2 {R Development Core Team, 2013), was
employed. From a set of three detrending techniques, the cubic
smoothing spline method with a 50% frequency cutoff at two-
third of the series length was selected. It turned cut to be most
appropriate for our data because individual tree mean curves
did not exhibit a uniform trend and differed in length {cp.
Weemstra ef al,, 2013). Standardization was carried cut through
division of the measured ring width by the expected growth
rate {Fritts, 1976; Bunn, 2008}, resulting in nondimensional
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ring-width indices (RWIs). Using Tukey's biweight robust
mean, standard chronologies were built (Bunn, 2008).

Stable isotope measurements

Upon completion of the ring-width measurements, tree rings
of the 4-year periods 19751978 and 20022005 from increment
cores of all 24 target trees were dissected separately with
a scalpel under a Zeiss 5R incident-light sterec micrescepe
(8-50x magnification). These periods include the low-precipi-
tation pointer vears 1975 and 2003 which were selected to
analyze the wood 3C-signature of beech as a function of
neighborhood tree species composition because the BC/RC
ratio of annual rings can be used as a measure for the past
drought stress and intrinsic water-use efficiency of C3 plants
{Farquhar ef 4., 1985; Duquesnay of 4., 1998;). For the analysis
of tree-ring carbon isotopic composition, frem the two cores of
a target tree that one with the best cross-date result was used.
After drying the sample material at 50 °C, the complete tree
rings {cp. Hemming =f al., 1998) were milled in a Retsch MM2
pulverizer (RETSCH, Haan, Germany). Homogenization is
recommended to aveid above-average proportions of individ-
ual parts of the ring in the weighted sample (Borella et al,
1998). We refrained from performing a cellulese extraction
{cp. Getiler ef al,, 2001) because for tree species such as beech
or cak, 5°C determined from wood was found to be an equiv-
alent proxy for climate compared to celldose {Borella et al.,
1998). The material of each tree was measured discretely
instead of pooling wood from different specimen (Liu ef al.,
2012). As the inclusion of nationwide dry years leads to a high
probability for strongly deviating growth patterns of single
trees within the sample set, we complied with the recommen-
datien of Berella ef al. {1998) to analyze all trees individually
during periods with considerable differences in individual
tree growth. Approximate 1 mg of the dried and homoge-
nized wood powder of every tree ring was filled into tin
capsules, 5" °C-signature was measured using an {sotope ratic
mass spectrometer {(Finnigan MAT Delta plus, Bremen/Ger-
many} that is connected with an NA2500 elemental analvzer
{CE-Instruments, Rodano/Italy) by a ConFlo TII interface
{Thermo Electron Cooperation; Finnigan Advanced Mass
Spectrometry, Bremen, Germany), Using acetanilide as inter-
nal chemical standard, §'*C-values of the analyzed samples
were calculated with the following equation and expressed in
the Delta notation relative to the international substitute lime-
stone standard denoted as Vienna Pee Diee Belemnite {VPDE):
{RSnmple]

(— — 1) x 1000

13
GC 0 =
( o \[RSi;uldard}

The approach proposed by McCarroll & Loader {2004) has
been adopted to correct the atmospheric decline in Y that is
linked te industrialization by adding individual compensation
factors for each year to the measured 4°C of every growth ring,
hereinafter denoted as §**C.op {ep. Mélder ef al, 2011; Hirdtle
et al,, 2013). Furthermore, to reveal universal trends in Be /e
ratios of tree rings during periods that comprise nationwide
dry years, the normalization procedure presented from Bukata
& Kyser {2008} was employed, so that 3¢ . —data of each

@ 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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core were transformed in dimensionless index values ranging
between  and 1 {cp. Hardtle ef af,, 2013).

Climate data
Representative for the three Biodiversity Exploratories
Schortheide-Chorin (35CH), Hainich-DMin  {#HAI} and

Swabian Alb {2ALB), long-term meteorological data up to
September 2011 from the weather stations Angermdnde/
SCH (53.02°N; 14.00°E; 54 m as.l), Leinefelde/HAI {51.24°N;
10.19°E; 356 m a.el) as well as Miinsingen-Apfelstetten /ALB
@8.25°N; 0929°E; 750 m asl) were provided from the
German National Meteorological Service DWLY (Deutscher
Wetterdienst 2013).

Statistical analysts

Statistical properties of raw and detrended chronologies
were likewise calculated using the package dplR (Bunn,
2008). Twe important statistical parameters that can be com-
puted from ring-width chronologies are mean sensitivity
and first-order autocerrelation (ACI). Mean sensitivity is
commonly considered as an indicator for the dependency of
radial increment from external influencing factors such as
climate (Dittmar e al, 2003; Beck, 2007, 2011; Weber &f al,
2013) as it quantifies the amount of relative variability in
width of successive tree rings (Fritts, 1976). First-erder auto-
correlation accounts for the relationship between current
vear's ring width and tree growth of the previous year
{Fritts, 1976; Beck, 2007, 2011).

Following other studies that analvzed the impact of dry
years on stem increment of different species {e.g. Fekedulegn
ef al.,, 2003; DeClerck ef al., 2006; Martin-Benito ef al., 2008;
Kohler ef al., 2010; Lloret ef al, 2011; Zang ef al,, 2012; Pretzsch
et al., 2013), single tree-based indices were calculated to quan-
tify the degree of water stress-induced growth depression,
respectively, postdrought recovery of annual increment. If
stich measures are created on the basis of RWls, they are not
susceptible to naturally induced differences in individual tree
{Fekedulegn ef al, 2003). Therefore,
between standardized ring-width data of the drought vear
under investigation and corresponding pre- or postdrought
periods were computed according to the equations below:

dimensions ratios

RWlniven
Resistance (R;} = S AN
Meatrwi PreDryvears

RWIT?D“{D Year
R R o et 2 TEET
eeovery (Re) = R vem
" “ R"VIFGSH—)WY?M
Resilience (R;) = Mmmeaanflspmmvem

The impact of water limitation on the stable isotope signa-
ture of beeches being exposed to either intra- or interspecific
competition was also quantified separately for each Explora-
tory. We calculated the mean quotient of §°C-values from
pre-drought, respectively, postdrought and dry years {cp. axis
titles in Fig, 7 and & or Zang e al,, 2012), which is considered
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to be a measure for water stress. To check whether mean ratios
of RWIs and §"”C-values for drought and postdrought years
significantly differ from 1, one-sample Htests were conducted
(cp. Zang et al., 2(12) en the level of competitor tree species
groups. Thereby, resistance indices (R < 1 indicate a growth
decline during drought and an K. index > 1 attests recovery of
stem increment in the following vear. As water stress causes
an increase of C/C ratios, the 5°C-index behaves vice versa.
If resilience {R,) reaches an index =1, increment during the
postdrought vegetation period {out-) matched the predrought
benchmark. For the years 1975-1878 and 2002-2005, pair-wise
comparisons of annual mean treering widths as well as §"°C
values between focal beeches from pure and mixed stands of
the same Exploratory were conducted with the function
npar.ttest from the package ‘nparcomp’ of ‘R’. It performs
two sampile tests for the nonparametric Behrens-Fisher prob-
lem and can be applied on small sample sizes as a studentized
permutation test is implemented (Brunner & Munzel, 2000;
Neubert & Brunner, 2007). The same statistical method was
used to test whether average index values for drought-related
growth depression, recovery as well as resilience and §°C
increase or decrease differ significantly as a function of neigh-
borhood diversity within an Exploratory. Differences in mean
ring widths between raw site chronologies calculated for the
period 15702011 were evaluated with the nonparametric
Tukeyv multiple comparison test that is based on relative con-
trast effects (package ‘nparcemp’). Significance level was
P < 0.05 in all tests. Multiple linear regression was used fo test
the relationship between current competition {quantified by
the competition index CCSAc,,.) and wood stable isotope
ratios {(x for the period 2002-2005). Beside competition inten-
sity, site {represented by the Exploratory coded as orthogonal
contrasted dummvy variable) and 2003 basal area of the target
trees were used as regressors while §%C was the response
variable. Cutliers were identified by analyzing studentized
residuals according to Fahrmeir ef g, (2009). All calculations
and statistical analyses were performed by using R (R Devel-
opment Core Team, 2013).

Results

Climate data

For the period 1970-2011, linear regression analysis
revealed a significant increase of mean temperature
during the growing season for all three study areas by
1.7-2.0°C (SCH: + 1.7°C, Rgdj =038, P=0.00,
y = 0.041x+13.62, x = year; HAL + 1.9 °C, Ri‘dj = (142,
P <0001, y = 0.046x+12.30, x = year; ALB: + 2.0 °C;
Rgdi = (045, P <0001, y=0048x+1144, x = year),
whereas precipitation records for the same phase did
not exhibit a statistically corroborated decline. The
vears 1976 and 2003 stand out not only due to very low
amounts of precipitation during the growing season
but the negative impact of water scarcity on tree growth
has regionally been exacerbated by above-average tem-
peratures at the same time (Fig. 52).
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Long-term tree-ring widths and chronology statistics as a
function of neighborhood identity

Compared to the mean time series that were calculated
from target trees being exposed to interspecific compe-
tition, within all Expleratories, average ring widths of
raw site chronologies from beeches growing in pure
stands were consistently smaller (Table 2). However,
the difference between mean annual growth rates from
monocultures and mixed stands of the same region was
statistically significant only in the Schorfheide-Chorin
area (Table 2, Fig. 1). First-order autocorrelation corre-
sponding to the 4l-vear period of interest ranged
between (.30 and 0.40 except for the mean time series
representing the target trees from the Exploratory
Schorfheide-Chorin whose competitors exclusively con-
sist of Scots pines (Table 2). In this case, the negative
correlation coefficient of —0.24% results from strongly
fluctuating ring widths of consecutive years. In
contrast, positive autocorrelation is an expression of
persistence, meaning that year-to-year ring-width dif-
ferences are less severe. Irrespective of the competitor
tree species, mean sensitivity of all types of beech
chronologies increased with decreasing precipitation
(Table 2). Consequently, lowest mean sensitivity was
observed at the Swablan Alb sites, followed by the
Exploratories Hainich-Diin and Schortheide-Chorin.
Internal comparisons indicated that species identity of
the competing neighbors possibly affected mean sensi-
tivity, as interspecific interference resulted in slightly
lower sensitivities (Table 2).

Drvought-induced reactions of vadial beech growth as a
function of neighborhood identity

With exception of beeches from pure stands of the
Exploratory Schorfheide-Chorin, standardized target
tree growth declined significantly in at least one of the
two dry years at all study regions (Figs 2a and 3a).
Resistance (R} of beeches in pure stands tended to be
higher than that of the target trees from the same
Exploratory whose competitors belonged to other spe-
cies (Figs Za and 3a). Pair-wise comparisons showed
that target tree growth decline differed significantly
only between beeches in pure and mixed stands of the
Exploratory Swabian Alb during the year 2002 (Fig. 3a).
Regardless of the competitor tree species, resistance of
the beech trees from the Schorfheide-Chorin area was
nearly the same in both drought periods (Figs 2a and
3a). In the two other regions, when compared to 1976,
relative growth decline in 2003 had been less severe
during the dry year and fell significantly below
predroyght level only in groups with interspecific
competition (Figs 2a and 3a).
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Table 2 Statistical parameters of raw {(RAW) and standard (STD) chronologies from the three different study areas for the period
1970-2011. Asferisks label a significant difference between mean ring widths of raw site chronologies from pure and mixed stands

within the same Expleratory (package ‘nparcomp’: P < (L05)

Chmnology type HAIR_AW HAISTD SCHRAW SCHSTD ALBRAW ALBSTD
Competitor species European beech European beech European beech
Mean ring width {(mm) 1.862 (.996 1.573% (.941 2.33 1.015
Standard deviaticn (1.495 0.216 (.535 (1.299 0.498 0.195
Mean sensitivity 1 (.252 0.249 (.303 0301 0.183 0.202
First-order autocorr. (.300 —0.069 .306 0014 0.358 0.192
Competitor species Valuable hardwoods Scots pine Norway spruce
Mean ring width {(mm) 2.002 0.999 3.257% 1.006 2463 1.m
Standard deviaticn (.55 0.22 0.75 0.216 (.529 0.16
Mean sensitivity I 0228 0.233 .28 (1274 (179 0.178
First-order autocorr. (403 0.059 —(+.249 —0.403 (.332 —0.066
*significance level of (.05.

o Schorfheide-Chorin Hainich-Diin Swabian Alb pure stands of the same regiOI\. However, Pair-WiSE‘

Ring width (mm)

Z
&
—— Beech vs. beech —— Beech vs. beech — Beech vs. beech
0.0 | ---- Beech vs. pine - Beech vs, val hardw. - Beech vs. spruce
1970 1990 2010 1970 1990 2010 1970 1990 2010
Year (a) Year (a) Year (a)

w

Period 1970-2011
b

1 Intraspec. comp.
B Interspec. comp.

Raw tree ring widths (mm)

Schorfheide-Chorin Hainich-Diin Swabian Alb

Exploratory

Fig. 1 Raw and standardized site chronologjies (top} as well as
average ring-widths of mean time series {bottom} calculated
from target tree beeches being exposed to either intra- or inter-
specific competition. Different letters above the box-whisker-
plots indicate significant differences between mean ring widths
of raw site chronologies within the same Exploratory {nonpara-
metric Tukey multiple comparison test: P < 0.05).

In contrast to resistance, average growth recovery (R,)
of the beeches exposed to interspecific competition was
invariably higher than that of the target trees growing in

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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tests did not reach significance (Figs 2b and 3b) and the
differences within the Exploratories HAI and ALB were
marginal in 1977, In 2004, recovery (R.) was lower com-
pared to 1977 due to the enduring, respectively, pro-
ceading growth decline which was most evident at the
Hainich-Diin and Swabian Alb sites (Figs 2b and 3b).

Apart from the Swabian Alb sites, mean Rvalues
calculated from target trees growing in monospecific
neighborhoods were (insignificantly) lower during
both perieds under review (Figs 2c and 3c). In 2004,
only target tree beeches with Scots pines as competitor
trees reached the average predrought increment rate
(Rs 2 1), whereas in 1977, all standard chronologies
came close to or surpassed the reference growth level
(Figs 2c and 3c).

Actual mean ring-widths and 6 C-signatures during
periods comprising drought years as a function of
neighborhood identity

During the 4-year episodes under investigation, actual
mean ring widths (in mm) of beeches that were
exposed to interspecific competition exceeded the mean
values of target trees from pure stands of the same
region in the majority of comparisons (Figs 4 and 5).
The exceptions were beeches in the neighborhood of
valuable hardwoods (HAD during both periods and
target trees surrounded by Norway spruce (ALB) in the
period around 2003 (Figs 4 and 5). However, signifi-
cant differences were only found between mean ring
widths of target trees exclusively surrounded by beech
or Scots pine at the Schorfheide-Chorin area (Figs 4
and 5). Compared to 1977, mean annual ring widths
were generally smaller in 2004 across all sites and
neighborhoods.
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Year 1976 k

0.5

(a)

0.0 L

6.0 [year 1977
i

4.0

Recovery index (R.) Resistance index (R,)

Resilience index (Ry)

()

Lo -{-- |.-;-

] Intraspec. comp.
B Interspec. comp.

ScHorﬂleide-Chorin

Hainich-Diin

Swabian Alb

Fig. 2 (a) Drought resistance of target beeches in groups of intra- or interspecific competition during the dry year 1976. (b) Radial
growth recovery of target beeches in groups of intra- or interspecific competition during the postdrought year 1977 (¢} comparison
between post- and predrought growth levels {* resilience) of target beeches in groups of intra- or interspecific competition. Asterisks

label a significant growth decline and rhombi a full recovery in the postdrought year as mean index ratios significantly differ from 1

{one-sample ¢ test: P = 0.05).

As indicated by predominantly lower §°C-values,
beech trees growing under interspecific competition
were exposed to lower water stress throughout both
periods (Figs 4 and 5). As a result, ring widths and
8C-values of most trees were highly negatively
correlated (Table S1). However, trees differ in their
responses even within a given site and neighborhooed.
This variance is explained by the close relationship
between competition intensity and S3C (Fig. 6). The
observed relationship indicates that the neighborhood
identity effect is mainly an effect of competition pres-
sure. The more the trees are exposed to competition,
the higher the SBC-value is (Fig. 6). In contrast to
competition, neither site (Exploratory) nor tree basal
area contributed to explain the variation of §'*C-values.

Period 1975-1978

During summer 1976, target beech trees at the
Exploratories Hainich-Din and Swabian Alb were
exposed to more intense water stress irrespective of
their competitive neighborhooed as indicated by the sig-
nificantly increased wood §%C signatures (Figs 4 and
7a). This is confirmed by the fact that the belonging
normalized §C-values (51°C.mnorm.) took a value of
one revealing no intra-annual variation concerning the
common temporal trend of all trees (Fig. 4). In the
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Exploratory Schorfheide—Chorin, the summer drought
of 1976 had no significant impact on the §"°C records
(Figs 4 and 7a). However, at all sites, mean
8%C op-values of beeches growing in mixtures with
co-occurring species were almost invariably lower than
those of trees growing in pure stands, suggesting an
improved water availability (Fig. 4). Only at the
Exploratories Swabian Alb and Schorfheide-Chorin, the
nonparametric two sample tests indicated significant
differences between the mean §°C...-values of target
trees from monocultures and mixtures. In contrast to
2003 (see below), the impact of the precipitation deficit
was restricted to the dry year. The stable isotope ratios
of the subsequent years suggest a rapid normalization
of the water balance (Figs 4 and 7b). These findings are
consistent with the results of the ring-width measure-
ments during this phase (Fig. 4).

Period 2002-2005

As for the period 1975-1978, the mean 5%C-values of
beeches with conspecific neighborhoods were almost
always higher than under interspecific competition
indicating more intense water stress of target trees from
pure stands again, even if the difference in mean stable
isotope ratios between beeches in pure and mixed
stands was significant only in the predrought year 2002

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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Fig. 3 (a) Drought resistance of target beeches in groups of intra- or interspecific competition during the dry year 2003. (b) Radial
growth recovery of target beeches in groups of intra- or interspecific competition during the postdrought year 2004. (c) Comparison

between post- and predrought growth levels (* resilience) of target beeches in groups of intra- or interspecific competition. Asterisks
label a significant growth decline and #hombi a full recovery in the postdrought year as mean index ratios significantly differ from 1

(one-sample ¢ test: P < 0.05). Superscript letters above the box-whisker-plots indicate significant differences between target trees of the

same Exploratory that are exposed to either intra- or interspecific competition {npar.t.test: P < 0.05).

at the Exploratory Schorfheide-Chorin (Fig. 5). After
2003, general trends in the C/™C ratios decreased
irrespective of the investigated competitive situation
but especially beech trees at the Schorfheide-Chorin
area showed the typical pattern in terms of less nega-
tive 1*C /1°C ratios as a consequence of the precipitation
deficit in 2003, but constantly and equally decreasing
drought stress in the years immediately after water
shortage (Figs 5 and 8). Therefore, not in every case,
the average 2005 wood carbon isotopic composition of
target trees had reached the predrought level.

At the Schorfheide-Chorin site, water stress-induced
increase in 8"°C and postdrought recovery of isotope
ratios were significant only in target trees exposed to
interspecific competition (Fig. 8a, b). This result and the
finding that all 13C /12C ratios from beech trees exclu-
sively surrounded by Scots pine reached their maxi-
mum value in the dry year itself (normalized §°C-
value of 1), indicate a stronger relative increase of water
stress compared to intraspecific compelition processes
in pure stands of the same region.

At the Exploratory Hainich-Diin, stable isotope sig-
natures exhibited a uniform increase (normalized §"C-
values of 1 and 0.84) due to the 2003 rainfall deficit
resulting in maximum wood §°C-values regardless of

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920

the competitor tree species (Fig. 5). Nevertheless, the
drought-induced change in the isotopic compesition
was statistically significant only in tree rings of beeches
from pure stands (Fig. 8a). In the postdrought years,
8"*C-trends diverged depending on the diversity of the
competitive neighborhood.

Wood of target beech trees from the Swabian Alb
formed in 2003 was significantly less depleted in *C
(Fig. 8a). However, in contrast to the other regions, the
isotope ratios from this Exploratory were almost at the
same level during first 2 years of the period 2002-2005
irrespective of the neighborhood identity (Fig. 5). In
2004, 8"*C-values in tree rings from pure beech stands
closely matched the isotope signature of the preceding
drought year, whereas in mixture with Norway spruce,
the trend of decreasing §'°C in wood started the first
year after drought but did not yield statistical signifi-
cance in Figs 5 and 8b.

Discussion

Methodical considerations

As in other studies, combining dendrochronoclogical
and dendrochemical techniques resulted in small

52
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Fig. 4 Ring-widths as well as corrected (vearly averages + 1 SE) and normalized §'*C-signatures of target trees in groups of intra- or
interspecific competition during the 4-yvear periods 1975-1978. Asterisks label significant differences between annual means of beeches

from pure and mixed stands of the same Exploratory (npar.t.test: P < 0.05).
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Fig. 5 Ring-widths as well as corrected {yearly averages + 1 SE} and normalized 513C—signatures of target trees in groups of intra- or
interspecific competition during the 4-year periods 2002-2005. Asterisks label significant differences between annual means of beeches
trom pure and mixed stands of the same Exploratory (npar.t.test: P < 0.05).

sample sizes (cp. Molder ef al., 2011). This implies that
statistical evidence was partly difficult to provide.
However, the common environmental signal in tree-
ring stable isotope ratios is more homogenous than that
derived from ring-width series (Robertson et al., 1997;
McCarroll & Loader, 2004). As a consequence, 4-5 trees
are sufficient to compile an adequate selection for corre-
lation with climatic parameters (McCarroll & Loader,
2004) what can be transferred to the focus of our study.
Unfortunately, the small sample size, the availability of

53

only one mixture type per site, the nonavailability of
continuous competition measures that quantify the
crown competlition the target trees were exposed to at
the beginning of the observation period, and the con-
founding impact of deviating target tree dbh between
the investigation areas did not allow data analysis
across the Exploratories. However, the site-by-site com-
parisons of inter- and intraspecific competition revealed
interesting insights into the effect of locally adapted
admixed species that are frequently cultivated (SCH:

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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Scots pine; HAIL: sycamore maple and European ash;
ALB: Norway spruce) on growth performance and
physiological adaption of target beech trees in the given
growing regions.

Long-term tree-ring widths and chronology statistics as a
function of neighborhood identity

In our first hypothesis, we stated that within the same
Exploratory, mean ring width of European beech trees
is higher when exposed to inter- than to intraspecific
competition over a period of four decades. Though

% @ Beech vs. beech
-27.6f O Beech vs. pine
o 0O Beech vs. spruce
28 WV Beech vs. val. hardwood

0 500 1000 1500 2000 2500 3000
CCSAcone(m?)

Fig. 6 Relationship between wood stable isotope ratios (x for
the period 2002-2005) as a measure for water stress and compet-
itive pressure (CCSAcone) enforced to target tree beeches in
intra- or interspecific neighborhoods.

significant only for beech surrounded by Sots pine
the general trend suggests to accept the hypothesis
(Fig. 1; Table 2). Growth limitation due to interspecific
competition by Pinus was found to be less pronounced
than in pure beech forests (cp. Milios, 2004; Condés
et al., 2013) as the crowns of the shade intolerant Scots
pine are smaller, transmit more light (Pacala et al., 1996;
Pretzsch, 2001) and intercept less water than beech
crowns do. Furthermore, Curt & Prévosto (2003) found
fine-root biomass of mature beech trees to be consider-
ably higher than that of Scots pine in all soil depths,
leading to the conclusion that root development of
beech is highly adaptable and competitive in mix-
ture with this conifer species. However, this competi-
tive advantage cannot fully compensate lower field
capacities or frequent lacks of precipitation during the
growing seasons at the Exploratory Schorfheide-
Chorin. Therefore, beech in the mixed stands of this
region is likewise affected by these adverse site factors.
This may have caused the strong interannual variability
in radial increment (negative ACl-values) of target
trees being surrounded by Scots pine.

At the two other sites HAI and ALB, the trend
toward a higher diameter growth of the trees sur-
rounded by other species than beech was also measur-
able but not significant (Fig. 1). Depending on the
competitive neighborhood, the findings of our research
may have various causes: In mixtures of Fagus sylvatica
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Hainich-Diin
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Fig. 7 (a) relative "°C increase due to the 1976 precipitation deficit calculated as the quotient of tree-ring 0'>C-values from the pre-
drought and drought year. (b) Relative '°C decrease in 1977 calculated as the quotient of tree-ring 4'>C-values from the drought and
postdrought year. Asterisks and rhombi label a significant §°C increase, respectively, decrease as mean index ratios differ significantly
from 1 (one-sample f test: P < 0.05). Superscript letters above box-whisker-plots indicate significant differences between target trees of
the same Exploratory that are exposed to either intra-or interspecific competition (npar.t.test: P < 0.05).

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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Fig. 8 {a) relative 33C increase due to the 2003 precipitation deficit calculated as the quotient of tree-ring & BC-values from the pre-

drought and drought year (b) relative 33C decrease in 2004 calculated as the quotient of tree-ring 3 C-values from the drought and
postdrought year. Asterisks and rhombi label a significant §°C increase respectively decrease as mean index ratios differ significantly

from 1 {one-sample ¢ test: P < 0.05).

and valuable hardwoods such as ash or sycamore
maple, co-occurring species may not be different
enough from beech in terms of basic plant traits that
determine their competitive strength. In addition to
equal stress reaction pattern, comparable crown archi-
tecture, foliage development, respectively, biomass or
extent of root space are thought to be the main reasons
for similar competition levels as well as yields in pure
and mixed stands (Kelty & Cameron, 1995; Kelty, 2006;
Fretzsch ef al., 2013). Hence, at the Hainich-Diin region,
aboveground competition emanating from wvaluable
hardwoods on beech was assessed to be only slightly
lower than in pure stands (Table 1). Furthermore, tar-
get beech trees surrounded by valuable hardwoods had
the smallest mean crown surface area (Table 1, Fig. 53),
indicating a smaller photosynthetic active leaf area.
Apparently, the mixture effect is the higher, the more
different tree species traits are. This interpretation is
supported by recent findings from analyzing the
drought sensitivity of Abies alba, a conifer species. It
was shown that this species responded much less to
drought when growing in mixture with beech com-
pared to mixtures with Norway spruce (Lebourgeois
et al., 2013). These results do also support the validity
of our second hypothesis indicating that mixtures may
not only improve drought resistance and recovery of
beech but also of other species known as less sensitive
to drought.

55

Another reason for the weaker response in growth to
competition from valuable hardwoods might be that
the spatial rooting patterns of beech and competing
valuable hardwoods were found to be very similar
(Meinen et al., 2009; Jacob et al., 2013). In species rich
neighborhoods, the percentage contribution of beech to
stand fine-root biomass was found to be disproportion-
ately low compared to its share in total stand basal area
(Meinen et al., 2009,

In mixed stands with Norway spruce, Fagus sylvatica
should be able to benefit from its ability to efficiently
explore more drought resistant subsoil layers leading to
a partial stratification of fine-root systems (Schmid,
2002; Bolte & Villanueva, 2006; Bolte et al., 2013).
However, the positive effect of Norway spruce neigh-
borhoods on beech growth was quite weak. This
finding supports the conclusion of Pretzsch et al. (2013)
that it is not possible to explain stress reaction pattern
of different mixtures exclusively with their competitive
complementarity or deviating water stress preven-
tion strategies (see also Jucker et al.,, 2014). The stress-
gradient hypothesis suggests that the magnitude of net
facilitation by other species depends on the level of
resource stress (Maestre et al., 2009). Based on this the-
ory, no strong effect of Norway spruce on beech was
expected. Indeed at the high-precipitation Swabian Alb
sites, severe soil waler stress only occurs during excep-
tional drought. Thus, the positive effect on the growth

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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of beech in mixture with Norway spruce was most
likely caused by the ability of beech to penetrate and
occupy Norway spruce crown space with relative low
biomass investment (Pretzsch & Schiitze, 2005, 2009).

Mean sensitivity and first-order autocorrelation

Interestingly, within the same Exploratory, cored beech
trees exposed to interspecific competition tended not
only to achieve higher mean radial increments but
exhibited also lower mean sensitivity values than their
conspecifics in nearby pure stands (Table 2). The latter
might be interpreted as further evidence for improved
resource availability in mixtures and hence reduced
vulnerability of beech growth pattern to climatic condi-
tions as a consequence of extenuated compefitive stress.
Moreover, the mean sensitivity values presented in
Table 2 are influenced by site, revealing a decreasing
climatic influence on radial increment along the precip-
itation and altitudinal gradient from the dry Schorf-
heide-Chorin area up to the low mountain range plots
of the Swabian Alb with highest amounts of annual
rainfall {cp. Dittmar & Flling, 199%; Scharnweber et 4.,
2011). Highest climate sensitivities at the Schorfheide-
Chorin area were accompanied by lowest first-order
autocorrelations. Within Exploratories, target frees in
the neighborhood of Scots pines stand out through a
negative ACl-value of —0.24% demonstrating lacking
buffer capacity and ability for persistence (Riemer,
1994; Beck, 2007, 2011). The competitive pressure at the
Schorfheide area exerted by Scots pines seems to he
negligible, so that in years with normal weather condi-
tions, focal trees experience no water stress. Instead of
accumulating  carbchydrate reserves, these beeches
achieved higher mean annual growth rates and formed
bigger crown surface areas (Figs 1 and 53). However,
in case of minor deviations from the normal precipita-
tion regime, high growth rates could not be maintained
(McDowell et al., 2006), resulting in strong interannual
variations of ring widths (Fig. 1; Table 2). Carbohy-
drate storage of the target trees which promotes stem
growth in spring (Skomarkova et al., 2006) is likely to
be limited in case of strong intraspecific competition
under the prevailing climatic and edaphic conditions,
leading to narrow growth rings even in normal years.
Hence, the interannual and weather-induced variability
in ring-widths of target beech trees from pure stands
of the Exploratory Schorfheide-Chorin was less
pronounced than in mixture despite of the fact that
individual tree competition was assessed to be stronger
in monocultures. Martin-Benito et al. (2008) also
assume that more intense competition, as long as it
does not excessively vary over time, similarly controls
radial increment in successive years. Consequently,

© 2015 John Wiley & Sons Lid, Global Change Biology, 22, 903-920
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differences in consecutive treering widths may be
more distinct if highly variable climate is the primary
factor that controls annual growth instead of relatively
constant intertree competition.

Dyought-induiced reactiois of radial beech growth as a
furiction of neighborfiood idestity

The second hypothesis was only partly confirmed by
our results. With one exception, the resistance index
(Ry) suggested that within the same investigation area,
the relative reduction of standardized radial increment
caused by the drought vears 1976 and 2003 was less
severe in pure beech stands than the growth depression
of target trees exposed to interspecific competition. But
weaker relative growth depressions in pure beech
stands were caused by predominantly narrower mean
predrought ring widths of target tree beeches in mono-
cultures (Figs 4 and 5). Furthermore, actual ring widths
did not reveal a higher drought stress level under inter-
specific competition. Thus, because of converging year
ring widths of beech growing in pure and mixed stands
during exceptional dry years byt differing predrought
ring widths, resistance in monocultures was apparently
higher than in the respective mixtures. This illustrates
that it is necessary to consider relative and absolute
growth rates, as any kind of percentage-based evalua-
tion or standardization can cause a relevant loss of
information, resulting in misinterpretations of actual
increments.

We conclude that due to different morphological
and functional properties in case of interspecific com-
petition (Kelty, 2006), crown dimensions of the target
trees (Fig. S3) as well as their assumed superiority in
belowground resource acquisition might escalate. In
the locally tested mixtures, this may have enabled
them to derive greater benefit from moderate growth
conditions with belter water supply in nondrought
years than in pure stands (McDowell e al., 2006; Sohn
et al., 2013, However, during drought, this advantage
can turn into its opposite, because larger amounls of
foliage or fine-root biomass may cause a higher need
for water to cover their resource requirements
McDowell ef al., 2006, I’ Amato el al., 2013), leading to
stronger relative growth depressions (cp. Sohn ef al.,
2013).

In contrast to resistance (Ry), recovery (R} of beech
radial increment was, if compared within sites, higher
in mixtures than in pure stands. With exception of the
Exploratory Swabian Alb, the same applies to the resili-
ence index (R,). This {inding is supported by Malder &
Leuschner (2014) who referred to comparable results
from temperate broad-leaved forests. Thinning experi-
ments in Norway spruce stands also showed that trees
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with more growing space, respectively, lower competi-
tive stress due to heavy thinning recovered more
rapidly than those just moderately or unthinned
(Kohler et al.,, 2010; Sohn ef al., 2013; Gebhardt et al.,
2014). We assurmne that the positive effects of interspeci-
fic competition on growth, that was most distinct in the
Schorfheide-Chorin area, but also on the B C.values
reflect the same mechanism: In the interspecific neigh-
borhoods tested in our study, the likelihood of beech to
be exposed to severe competition is much lower com-
pared to intraspecific competition. Thus, release from
competition, either through growing in the neighbor-
hood of less competitive species or through the removal
of conspecific competitors results in higher growth and
less drought stress. Even if conducted in pure beech
stands, other studies likewise infer that competition
intensity determines climate and drought sensitivity of
beech. Basal area growth of trees exposed to high com-
petition was found to be more susceptible to summer
heat and water limitation, whereas increment of beech
trees classified as being subject to low competition was
even positively influenced by warm temperatures
(Piutti & Cescatti, 1997; Cescatti & Piutti, 1998). In view
of global warming, the authors concluded that com peti-
tive pressyre and thus the climatic response on individ-
ual tree as well as on stand level can be altered by
silvicultural measures such as thinnings (Prutti &
Cescatti, 1997, Cescatti & Piutti, 1998). Creating locally
reasonable mixtures and thereby releasing beech from
intraspecific competition (Kelty & Cameron, 1995;
Kelty, 2006; Pretzsch et al., 2012) seems to be another
silvicultural eption to reduce drought stress (Molder &
Leuschner, 2014).

Although 1976 and 2003 were considered as excep-
tional dry years throughout Europe (Sohn et al., 2013),
they differed in the time when water stress prevailed
during the vegetation period Mund et al., 2010).
Consequently, the impacts on growth patterns appear
te be different in both periods under investigation.
Responding to the drought of 1976 which occurred
already in early summer, target trees from all three
Exploratories revealed a short-lerm growth decline
regardless of neighborhoed identity followed by a full
recovery of average ring widths in the postdrought
yvear (Fig. 2a, b). Therefore, water shortage must have
accurred during the period from May to fuly, the phase
with highest share of total annual girth increment in
beech stands (Barbaroux & Bréda, 2002; Bouriaud et al.,
2004). Nevertheless, drought-induced restriction of
photosynthesis and radial growth was limited to the
1976 vegetation period as proven by measurements of
ring widths and stable isotope ratios (Figs 2, 4 and 7).
The switchover from growth depression to immediate
recovery in the first vear after drought did not apply in
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equal measure to the summer drought in 2003 (Figs 3
and 5). In this year, all groups of target tree beeches
formed on average smaller tree rings than in 2002, but
at the Exploratories Swabian Alb and Hainich-Din,
resistance (Ry) was more pronounced than in 1976, Only
in the Schorfheide-Chorin area, 2003 ring widths and
resistance indices (R) were comparable to or even
below the corresponding values of 1976, attesting that
the dreought-susceptible scils of this region were water
depleted during the main growth period again. This is
also confirmed by less negative §"*C-values compared
to the drought of 1976 (Figs 4 and 5). In contrast to the
Schorfheide-Chorin region, at the other investigation
areas, stem increment began earlier in 2003 (cp. Kahle,
2006; van der Maaten, 2013) and main growth had
already terminated before relative plant-available soil
water [ell below the 60% threshold where secondary
thickening starts to decline (Bogeat-Triboulot ef af,
2007, Mund et al., 201(. This might have prevented
mere severe growth depressions and explains lower
wood stable isotope ratios than in 1976. On the other
hand, water stress during late summer diminishes car-
bon storage at the end of the growing season what
might have caused a late or weak onset of wood forma-
tion in 2004 (Bréda et al., 2006; van der Maaten, 2013).
Mund ef al. (2010) questioned this weakness hypothesis
and referred to the fact that 2004 was a heavy mast year
with a moist and cool growing season (Fig. 52). They
assumed that the ongoing or regionally increasing
growth depression in the postdrought vear (cp. Granier
et al., 2007, Beck, 2011; Molder & Leuschner, 2014) was
the result of a resource shift from woody biomass
toward seed formation to ensure species conservation
(Eichhorn e} al., 2008},

Actual mean ring-widths and §C-signatures during
periods comprising drought years as a function of
neighborhood identity

It seems as if the target trees at our sites growing under
regionally  typical interspecific competition were
generally exposed to lower water stress levels than in
conspecific surrcundings. This is shown by the less
negative absolute stable isotope signatures and smaller
ring widths of beeches from pure stands in most vears
of the periods examined (Figs 4 and 5) although statisti-
cal significance was reached only in some cases. These
results may support our third hypothesis and the
assumptions of Skomarkova ef al. (2006) and Molder
et al. (2011}, who suggested that forest management as
well as competitor tree species composition may affect
or even exceed the climatic influence on isotope ratios
in tree rings. It seems as if beech takes advantage of
the reduced competition in mixtures leading to later

€ 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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stomatal closure, lower 3°C-values (Fig. 6) and a
delayed cessation of radial growth.

At a given site, the relative increase in 3°C arising
from drought was only slightly affected by the competi-
tor tree species (Figs 7a and 8a). Only in 2003, stomatal
conductance of target tree beeches in mixture with
Scots pine might has been reduyced to a greater extent
than in pure stands of the same Exploratory (Fig. 8a).
An ecophysiological explanation could be, that larger
crowns (Fig. 53) and hence amounts of leaf material
capture greater amounts of sunlight, hence require ear-
ier stomatal closure in order to decrease transpiration
rates and water stress, what can alsc be reflected in
tree-ring stable isotope ratios (McDowell ef al., 2006).
Nevertheless, even though beech in the neighborhood
of Scots pine responded dispreportionally strong fo
drought during the dry year 2003 (Fig. 8a), average
absolute ""C/™C ratios of these trees still indicated a
lower stress level than target frees in the circumjacent
pure stands (Fig. 5).

In 1976, soil water depletion apparently occurred in
all Exploratories. Interestingly, very low absolute mean
§"*C-values were cbserved for the target trees from
pure and mixed stands in the Schorfheide-Chorin area
although the sandy soils have lowest water storage
capacities. This may indicate adapticn of the local
beech ecotype to severe drought conditions (Peuke
et al,, 2002; Hirdtle ef al., 2013; Aranda e al., 2015), as
this area is even in normal years one of the driest
regions of the country. The missing effect of the mid-
seventies drought on stable isotope ratios in the
Exploratory Schortheide-Chorin (Figs 4 and 7a) can
further be related to a temperature-induced limitation
of photosynthesis in the predrought year accompanied
by a relatively low level of precipitation (Fig. 52) what
may have induced severe water stress in the forefront
of the pointer year 1976.

Summing up, the results of this study indicate that
the sensitivity of beech to environmental stressors
strongly depends on the competitive pressure it is
exposed to. Therefore, the establishment of mixed
beech stands adapted to the site conditions is a reason-
able silvicultural measure that may contribute to miti-
gate the effects of droughts on growth patterns of Fagus
sylvaiica. From a practical point of view, two other
aspects are worth mentioning. First, it seems as if the
magnitude of competitive complementarity determines
the growth response of target beech trees. Second,
although the beech trees in monocultures at the
Schorfheide-Chorin area showed restricted growth, this
shall not be misinterpreted as a lacking tolerance to dry
conditions. Ring-widths of these trees quickly recov-
ered in the first year after drought (Dittmar ei al., 2003).
This result and the §°C-measurements indicate that the

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 903-920
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vitality of the local beech ecotype was not irreversibly
impaired. There are different potential explanations for
this finding. Either this may confirm the repeatedly
described importance of provenances from low-precipi-
tation ranges for silvicultural planning to develop con-
cepts of adaptive forest management (Peuke ef al., 2002;
Bolte et al., 2009; Rose ¢t al., 2009; Hardtle ¢t al , 2013)
or it may just reflect a generally high phenotypic plas-
ticity of this species. In agreement with other studies
that analyzed climatic impacts on the vigor or growth
of beech (e.g. Dittmar et al., 2003; Eichhorn et al., 2008),
our investigation strongly suggest that the drought
resistance of this species is clearly stronger as hitherto
supposed (see also Schall ef al., 2012). Thus, due to its
competitiveness and adaptability especially in the mix-
tures studied here, a disproportionate skeptical suitabil-
ity assessment of European beech under a changing
climate seems to be questionable.
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Supperting Infermation

Additional Supporting Information may be found in the
online version of this artidle:

Figure 81. General information on the study sites located in
Northeast, Central- and Southwest Germany (information
on soil properties from Solly et al, 2013).

Figure 52, Monthly mean precipitation sums (bar plots) and
monthly mean air temperatures (line graphs) during the
growing season for the period 1970-2011.

Figure 53. T1S-derived crown surface arcas {m?) of target
tree beeches in spring 2012 that are exposed to either intra-
or interspecific competition separately for each study area.
Table 51. Relationships between target free ring-widths and
313Ccorr-values estimated with Pearson’s product moment
correlation coefficient {#) for the 4-year periods 1975-1978 as
well as 2002-2005.
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Exploratory Schorfheide-Chorin
Exploratory Hainich-Din
* Location: NE Germany

* Location: Central Germany
* Geology: Young glacial landscape

* Geology: Calcareous bedrock
* Soil type forest: Cambisol (Dystric)

* Soil type forest: Luvisols

® Frankfurt

e 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~~~ Munich @

* 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
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Fig. S3: TLS-derived crown surface areas (m?) 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 3'*Cor-values estimated with
Pearson's product moment correlation coefficient (r) for the 4-year periods 1975-
1978 as well as 2002-2005.

1975-1978 2002-2005
Target tree Exploratory Competitor species r p r p
beechl 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-Diin beech -0.31 0.69 0.06 0.94
beech10 Hainich-Diin beech -0.81 0.19 0.93 0.07
beechll Hainich-Diin beech -0.64 0.36 -0.81 0.19
beech12 Hainich-Diin beech -0.86 0.13 -0.25 0.75
beech13 Hainich-Din val.hardwood -0.50 0.50 -0.99 0.01
beech14 Hainich-Din val.hardwood -0.95 0.05 -0.36 0.64
beech15 Hainich-Din val.hardwood -0.23 0.77 -0.34 0.66
beech16 Hainich-Din val.hardwood -0.52 0.48 -0.56 0.44
beechl17 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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Abstract

Key Message Species-specific neighhorhood identity effects such as competition reduction or facilitation can posi-
tively influence growth patterns of Fagus sylvatica at a given site, but are not strong enough to overcome fundamental
growth—environment interactions of European beech.

Abstract Competition and growth dynamics operating within multi-species tree stands are more complex than interactions
within evenly aged monocultures. In three major geographic regions of Germany, we used electronic dendrometers to analyze
the impact of neighborhood identity effects such as competition reduction or facilitation on the intra-annual stem growth pat-
terns of Fagus sylvatica (Buropean beech) on various time scales (day to year). Although not consistently significant, within
the same study site average basal area growth relative to initial values was always higher at the ends of the growing seasons
if subject tree beeches were exposed exclusively to interspecific competition. Weibull growth curves were fitted to rescaled
dendrometer profiles. Analysis of the resulting Weibull scale (7)) and shape () parameter estimates indicated the following:
within the same growing area, initial growth trends of beeches in either con- or allo-specific competitive neighborhoods
did not differ significantly, but subject trees exclusively surrounded by Pinus sylvestris benefited through extended duration
of growth. These findings are reflected in the results for onset, cessation and total duration of wood formation calculated
from inverse Weibull functions. Results of this study tend to confirm the assumption that interspecific interference induces
higher daily stem growth rates of beech throughout the entire growing season. However, although particular species-specific
neighborhood identity or mixing effects can indeed positively influence growth patterns of Fugus sylvatica at a given site,
they are not strong enough to overcome fundamental growth—environment interactions of European beech.

Keywords Beech - Competition - Mixing effects - Electronic dendrometer - Intra-annual growth dynamics

Introduction

Forest scientists and practitioners agree that, in view of cli-
mate change and due to the long rotation periods intrinsic
to forestry, establishment of mixed stands composed of dif-
ferent site-adapted tree species is a silvicultural measure
Electronic supplementary material The online version of this that can reduce biotic and abiotic production risks inherent
article (https://doi.org/10. 1007/00468-019-018%4-7) contains in management of (coniferous) monocultures (Knoke et al.
supplementary material, which is available to authorized users. 2008; Jactel et al. 2009; Ammer 2017). Adaptive and sus-
tainable cultivation of diverse woodland ecosystems requires
a deep and detailed understanding of influencing factors,
responses to climate, interrelationships controlling stem
Silviculture and Forest Ecology of the Temperate Zones, growth at the individual tree level, and diversity—produc-
lcjfa%]tlsttfir?f For]?_t SCienCeslar;‘igfl?;eét__E"?Ol"'gy’éj“ivermy tivity relationships at the stand level (Duchesne and Houle

gen, Blisgenweg 5 ottingen, Germany 2011; van der Maaten et al. 2013; Ammer 2019). Forest
management interventions, such as thinnings, as well as
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species composition, affect stand microclimate (Aussenac
2000; Porté et al. 2004; Primicia et al. 2013), hence spa-
tial and temporal resource availability or capture (Ishii and
Asano 2010; Jacob et al. 2010b; Pretzsch et al. 2013a).

Analyses of thinning trials in pure stands of different
important commercial tree species have shown that reduc-
tion in stand density can enhance diameter or basal area
growth (Le Goff and Ottorini 1993; Mikinen and Isomiki
2004; Diaconu et al. 2013) and drought tolerance of remain-
ing future crop trees (Kohler et al. 2010; Sohn et al. 2013)
due to reduced levels of intraspecific competition and more
efficient resource-use (Gebhardt et al. 2014). Thinning has
also repeatedly been shown to facilitate extended durations
of growth compared to untreated control plots (Bréda et al.
1995; Hauser 2003; van der Maaten 2013). However, since
competition and the resulting growth dynamics of multi-spe-
cies stands are more complex than competitive interactions
in even-aged pure forests (Perot et al. 2010; Larocque et al.
2013), such study results from monocultures are only trans-
ferable to a limited extent. With regard to mixed stands, com-
petitive reduction/complementarity, enhanced resource-use
efficiency, and facilitation effects are considered key factors
in mitigating levels of interference between trees as compared
to monocultures (Pretzsch and Schiitze 2009; Pretzsch et al.
2010 and 2013a; Morin et al. 2011). Diverse morphological,
physiological, or phenological traits determine competitive-
ness as well as growth dynamics of different tree species,
affecting (gross primary) productivity of mixed stands, which
can also be defined as total biomass production. In other
words, mixing has an impact on one or more of the following
three variables (cf. Pretzsch et al. 2012), expressed below in
the production ecology equation of Monteith (1977):

GPP = resource supply
X proportion of resource supply captured 1)
X efliciency of resource use.

This applies in particular to Fagus sylvatica, a tree spe-
cies characterized by high interspecific competitiveness
(Ellenberg 1996; Leuschner 1998), but low self-tolerance
resulting from strong intraspecific interference in monocul-
tures (Zeide 1985; Pretzsch and Biber 2005; Bosela et al.
2015). As aresult it has repeatedly been reported that enrich-
ment of pure beech stands with different admixed tree spe-
cies can increase the productivity of beech at the stand level
(Pretzsch et al. 2010, 2013a, 2015). This finding is largely
due to the superior ability of beech to occupy space with tree
organs, which increases structural heterogeneity (Pretzsch
et al. 2016) and light interception (Forrester et al. 2017).
However, another possible but not vet sufficiently clarified
mechanism for reduced interspecific competition intensity is
temporal rather than spatial or morphological niche differen-
tiation in (beech) mixtures. This strategy may also contribute
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to an improved supply of the resources necessary for bio-
mass production (Richardson and O’Keefe 2009; Ishii and
Asano 2010; Jacob et al. 2010b) and hence better growth of
Fagus sylvatica in multi-species stands (Metz et al. 2013,
2016; Molder and Leuschner 2014). Numerous studies have
focused on comparisons of intra-annual growth between (co-
occurring) conifers (Fiedler and Wenk 1973; Cuny et al.
2012; Oberhuber et al. 2014), within multi-species broad-
leaved forests (Jacob et al. 2010b) or among deciduous and
evergreen tree species (Vitas 2011; Michelot et al. 2012;
Zhai et al. 2012). However, not much is known about sea-
sonal syn- or asynchronism of cambial initiation, diameter
growth culmination and growth cessation of a particular tree
species (here Buropean beech) in pure as compared fo mixed
stands in a given research area.

It is, therefore, important to clarify how seasonal growth pat-
terns of Fagus sylvatica differ in infra- and interspecific competi-
tive neighborhoods. The results may help to explain the reduced
susceptibility of beech to water limitation during the growing
season, seen in regionally typical mixtures (Metz et al. 2016).
Information on intra-annual growth can be derived from analy-
ses of wood formation or continuous recordings of stem size
variation, but not from retrospective ring width measurements
alone (éufar et al. 2008b; Duchesne and Houle 2011; van der
Maaten 2013). To the best of our knowledge, no study has yet
made use of high-resolution approaches to characterize beech
subject tree growth in different local neighborhoods. We used
electronic dendrometers to analyze the impact of neighborhood
identity effects such as competition reduction or facilitation
on the (intra-annual) stem growth patterns of Fugus sylvatica
on various time scales (day to year). We expected competitive
reduction (Vandermeer 1989; Kelty 1992; Pretzsch et al. 201()
due to changes in temporal growth dynamics of European beech
subject trees in mixed as compared to pure stands.

Based on Kelty and Cameron (1995, p. 322) who stated that
“[....1it is necessary to understand competition and other interac-
tions among species, relative to local site conditions, in order to
apply results of studies to management situations in an appropri-
ate way [...]”, this study is guided by the following three hypoth-
eses. If local neighborhoods of focal beeches are comparable
with respect to quantity, dimensions and spatial arrangement of
surrounding trees, within the same investigation area:

1. At the end of vegetation periods 2012 and 2013, (rela-
tive) annual basal area growth of European beech trees
exposed to interspecific competition is higher than in
pure stands (whole-season analysis).

2. Infra-annual growth dynamics of BEuropean beech sub-
ject trees derived from Weibull functions differ depend-
ing on neighborhood composition (conspecifics versus
site-adapted admixed tree species).

3. Throughout the entire growing season (month by month
comparisons), interspecific interference results in higher
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daily stem growth rates of subject beech trees compared  and the Hainich-Diin region (=HAIT) in Thuringia (Central
to their growth in monocultures (period analysis). Germany) were selected as research sites (Fig. 1); for fur-
ther details see Fischer et al. 2010. In each of these three
large-scale study areas (= Exploratories), 50 permanent
and uniformly structured study plots of 1 ha were set up.
Field work was conducted on a subset of these 150 forest
Site description and study design field plots that are part of the Biodiversity Exploratories
research infrastructure Chttp://www.biodiversity-explo
The Biosphere Reserves Swabian Alb (=ALB) in southern  ratories.de/). Monthly precipitation sums and mean air
Germany, Schorftheide-Chorin (= SCH) northeast of Berlin -~ temperatures for the years 2012 and 2013 were recorded

Methods

Exploratory Schorfheide-Chorin

* Location: NE Germany

* Geology: Young glacial landscape

* Soil type forest: Cambisol (Dystric)
+ Altitude asl: 3 -140 m
* Annual mean temperature: 8 - 8.5 °C

* Annual mean precip.: 500 = 600 mm

Exploratory Hainich-Diin

* Location: Central Germany

* Geology: Calcareous bedrock
* Soil type forest: Luvisols
* Altitude asl: 285 - 5530 m

* Annual mean temperature: 6.5 - 8.0 °C

* Annual mean precip.: 500 = 800 mm

; ke .' ‘ Exploratory Swabian Alb
» # 1 Rodat sl _‘\"- * Location: SW Germany
\mg . : h B *Geology: Calcareous bedrock with karst phenomena
i g " + Soil type forest: Cambisol (Eutric)
; ‘v ' .. i + Altitude asl: 460 - 860 m

* Annual mean temperature: 6.0 - 7.0 °C
* Annual mean precip.: 700 - 1000 mm

Fig. 1 Overview of geographic locations and site conditions in the three study areas
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by the German National Meteorological Service ‘DWD’
(Deutscher Wetterdienst 2014) at the weather stations
Angermiinde/SCH (53.02°N; 14.00°E; 54 m a.s.1), Leine-
felde/HAI (51.24°N; 10.19°E; 356 m a.s.l) and Miinsin-
gen—Apfelstetten/ALB (48.23°N; 09.29°E; 750 m a.s.1).
Precipitation and temperature during the growing seasons
differ markedly along the altitudinal gradient (Table 1).
Within the Exploratories, mean temperature differences
(SCH: + 0.14 °C; HAIL — (.19 °C; ALB: — 0.54 °C) and
total rainfall variation (SCH: — 33.4 I; HAI: — 5.4 1; ALB:
+ 72.6 1) between the first and second vegetation peri-
ods under investigation were relatively small. However,
monthly distributions of precipitation differed consider-
ably (Fig. S1 and Table S2).

In the three Exploratories, European beech grows under
different site conditions (Tables 1, S2; Figs. 1, S1). Per
Exploratory (SCH, HAI and ALB), eight groups, each com-
posed of one central beech with a competitive neighbor-
hood of exactly four enclosing con- or allo-specific trees
were selected (Fig. 2). In every Exploratory, half of the tree
groups were located in European beech monocultures and

the other half in mixed stands representing the prevailing
forest composition and species associations of the respective
regions (cf. Metz et al. 2013, 2016). The tree groups repre-
sent varying degrees of intra- or interspecific interference,
so within the same Exploratory, site by site comparisons of
erowth patterns of focal beeches allowed us to infer the com-
petitive impact of different site-adapted neighboring species
typical for the particular region. In the Schorfheide-Chorin
area (SCH), sandy soil types that have developed from gla-
cial sediments dominate and annual precipitation is low.
Thus, in mixed stands, beech is mainly associated with Scots
Pine (Pinus sylvestris). On the more fertile, loess- or lime-
stone-derived soils of the Hainich-Diin region (HAI), multi-
species stands of beech and diverse valuable hardwoods (e.g.
Fraxinus excelsior, Acer spec., Quercus spec., Ulmus spec.
or Tilia spec.) occur. At the more humid and higher-eleva-
tion Swabian Alb sites (ALB), Picea abies—Fagus sylvatica
mixtures prevail.

A total of 24 subject beech trees (Table 2) were equipped
with electronic dendrometers that recorded growth every
30 min during two vegetation periods. The tree groups

Table 1 General weather

- A Exploratory Year 2012 Year 2013
conditions during the two
vegetation periods, related to Temperature (°C) Precipitation Temperature (°C) Precipitation
the duration and magnitude (mm/year) (mm/year)
of tree growth in the different B —— D EEE— .
study regions (During vegetation period) (During vegetation period)
Mean SD D Mean SD ¥

SCH 14.93 3.47 309.7 15.07 4.25 276.3

HAI 13.87 3.54 383.4 13.68 4.19 378.0

ALB 13.27 3.75 504.6 12.73 4.33 577.2

intraspecific competition

subject tree

interspecific competition

subiect tree

Fig.2 Subject tree with four competitors (c1—c4) representing pure European beech stands (left) and groups of interspecific neighborhood (right)

@ Springer

70



Chapter 4

Intra-annual growth dynamics

Trees

(Fig. 2) were selected according to the following four crite-
ria to eliminate factors other than the neighborhood identity
effect from having an impact on beech growth patterns (cf.
Metz et al. 2013, 2016). First, whenever possible, the diam-
eter at breast height (dbh) of the subject beech trees (and
competing neighbors) should be between 30 and 50 cm to
create suitable conditions for comparisons of annual (basal
area) growth patterns. Second, all trees in a group should
represent (co-) dominant trees, to avoid sampling and meas-
urement biases resulting from deviating canopy classes.
Third, no silvicultural treatments should be applied during
the study period to assure continuous competitive condi-
tions. Fourth, to facilitate comparisons, single-layered stands
should be preferred.

Here, we define “neighborhood identity” as the taxo-
nomical or functional specificity of competitors surround-
ing a subject tree. While the term “neighborhood diversity”
describes only whether a local neighborhood includes spe-
cies other than the subject tree, the term neighborhood iden-
tity points to the characteristics of the competing species (cf.
Mélder and Leuschner 2014). Competitor trees (in our case
exactly four) were defined as enclosing trees that had crown
contact with the subject tree (cf. Metz et al. 2013).

High-resolution measurement of radial tree growth

Between March 2012 and October 2013, half-hourly stem
girth microvariations of all 24 subject trees were continu-
ously recorded using electronic self-reporting DC2 cir-
cumference dendrometers (http://www.ecomatik.de). Intra-
annual growth dynamics were monitored with electronic
dendrometers in this study because they enabled simultane-
ous growth measurements covering consecutive vegetation
periods on numerous trees in areas geographically far apart.
The dendrometers were inserted into custom-made stain-
less steel housings and firmly attached at right-angles to the
trunk axes at a height of 1.30 m above ground level. Tree
circumference fluctuations and hence linear displacement of
the invar wire were registered via a rectilinear potentiometer
that converted the signals into resistance values. In addition
to glide rings that minimized friction between wire and bark,
when necessary the trunk surface was slightly smoothed to
assure that the wire sat solidly on the stem around its entire
periphery (cf. Mikinen et al. 2008; Kocher et al. 2012;
Michelot et al. 2012). As the thermal expansion rate of the
invar wire that engirds the stem is < 1.4 pm m™' K™, it was
not necessary to include corrections for thermal expansion
or contraction into the process of raw data preparation (cf.
Tardif et al. 2001). Furthermore, the computation of percent-
age information, calculated as the ratio of the measured to
the total resistance of the potentiometer, prevented effects of
temperature variations on the sensor material from having an
influence on the reading. Once daily, through wireless data
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transfer, the 17 battery-driven or solar-powered Scatter 100
base stations (one base unit per study plot) automatically
received the stored percentage values of all dendrometers
from the Scatter 100 sensor units/interfaces and sent them to
an online database by GSM. Data were stored on integrated
SD cards for data backup.

After mounting and necessary readjustments, individual
calibration tables were calculated and imported into the eval-
vation software LOGSTAR. By recursive computation, this
communication module converts raw data into the metric
units of actual circumference in mm and growth in um (cf.
Metz et al. 2013). All circumference values were divided by
2 z to translate them into stem radius information (cf. Tardif
et al. 2001; Deslauriers et al. 2007). For some analyses based
on absolute growth rates, these data were transformed into
basal area growth, because radial growth rates alone dis-
regard possible differences in initial dbh and are therefore
inappropriate productivity measures. All time series graphs
plotted in 30-min intervals were visually checked for plausi-
bility so that aberrant data triggered by external interference
factors could be located and corrected (cf. Tardif et al. 2001;
Duchesne and Houle 2011; van der Maaten 2013). It took
about 3 weeks during March 2012 to finish installation work
in all Exploratories, so stem radius change of all dendrom-
eters was retroactively zeroed to the reference date April 1,
2012 (= beginning of the vegetation period) to ensure data
comparability (cf. Tardif et al. 2001). This step of database
maintenance was carried out without any adjustment to
measuring instruments themselves. The start values (April 1,
2012; 12:30 a.m.) of all dendrometers were reset arithmeti-
cally. The required calculation was applied analogously to all
subsequent measurements of the evaluation period to create
a consistent dataset. In the end, a high-quality master data
record (Fig. S2 A, F, K) was available for statistical analysis
of growth patterns (cf. van der Maaten 2013).

Raw data preprocessing

Data preparation, preprocessing and statistical evaluation
were conducted using the open source statistical language
‘R’, version 3.0.2 (R Development Core Team 2013). The
master data record containing continuous half-hourly meas-
urements from both consecutive years (Fig. S2 A, F, K) was
initially reduced to the periods from April 1st to Septem-
ber 30th (= vegetation period). In a second step, cumulative
radial stem growth was also arithmetically set to zero on
cutoff date April 1st 2013, to obtain a consistent database for
the multiyear investigations of intra-anmial wood formation
and total growth rates (Fig. 3a—c).

High-resolution recordings of variations in stem circum-
ference or radius not only measure irreversible dimensional
changes due to wood formation based on cambial cell divi-
sion but also reversible (diurnal) fluctuations that resulted
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from water status-related contraction and expansion of
extensible (storage) tissues (see also: Kozlowski and Winget
1964; Herzog et al. 1995; Zweifel and Hisler 2001; Hauser
2003; Mikinen et al. 2003). Two basic categories for the
extraction of stem growth from time series can be distin-
guished (cf. Deslauriers et al. 2007): first, the daily approach
initially reduces all data of 1 day to a single measure either
by average determination (cf. Tardif et al. 2001; Oberhu-
ber and Gruber 2010; Duchesne and Houle 2011; van der
Maaten et al. 2013; Oberhuber et al. 2014) or by filtering
the daily maximum (cf. Bouriaud et al. 2003). Subsequently,
the variation in stem dimension is calculated through com-
putation of the difference between two successive values
{cf. Duchesne and Houle 2011). Second, the so-called stem
cycle approach not only separates shrinking and swelling
from real growth on a daily time scale but also determines
magnitude as well as duration of the different phases (cf.
Downes et al. 1999; Deslauriers et al. 2003, 2011; Koécher
et al. 2012) that are linked to sap flow dynamics (Herzog
et al. 1995; Kécher et al. 2013). For this study, the extrac-
tion of diurnal stem radius variation and the correspond-
ing analysis of (absolute) stem growth rates were based on
the daily mean approach (Fig. 3a—c). This method provides
results that correlate closely with the time series obtained
from the stem cycle algorithm but requires lower program-
ming effort (Deslauriers et al. 2007; Duchesne and Houle
2011; van der Maaten et al. 2013).

Data analysis

Other dendrometer studies (e.g. Wipfler et al. 2009 and
van der Maaten 2013) have shown that intra-annual beech
growth patterns can be described well with the cumulative
Weibull function (Weibull 1951; Yang et al. 1978; Pretzsch
2001) which reads as follows:

r=t-eo(=(7) ) @

The term y specifies stem radius change relative to total
annual radial growth, ¢ the number of days since April 1st.
The variable T, which is also referred to as scale param-
eter or characteristic lifetime, quantifies the instant in time
when 63% of the annual radial growth is reached. The shape
parameter m is likewise designated as a Weibull module and
must take a value greater than 1 because of the sigmoidal
curve progression. It increases with declining growth dura-
tion and vice versa. When r=T, by substitution into Eq. 2,
v(#) becomes independent of . Then y(r)=0.63 (cf. van
der Maaten 2013). Continuous growth data of subject beech
trees recorded with electronic self-acting dendrometers was
smocthed by estimating Weibull distributions using a non-
linear regression method (cf. Wipfler et al. 2009). Therefore,
using the compressed dataset for cumulative radial growth
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with only one daily mean instead of 48 half-hourly readings
(Fig. 3a—c), all seasonal time series of both vegetation peri-
ods were initially standardized by dividing every average
value through the total stem growth rate at the defined refer-
ence date September 30th (Tardif et al. 2001; Wipfler et al.
2009; van der Maaten 2013; van der Maaten et al. 2013). As
illustrated in Fig. $2 (B, D, G, [, L, N), the sigmoid Weibull
growth curves were subsequently fitted to the rescaled den-
drometer profiles (cf. Wipfler et al. 2009; van der Maaten
et al. 2013) using the nls2-package for ‘R’. This resulted in
estimates of 7 and m which were appropriate for the statis-
tical evaluation of seasonal wood formation dynamics of
beech under intra- and interspecific competition. Using the
inverse Weibull function,

FHO =T x (= log(l = )™, 3)
onset, completion, and total duration of wood forma-
tion were approximated by determining the point in time
(expressed as the number of days elapsed since April 1st)
when 5% and 95% of annual radial growth had been com-
pleted (Henhappl 1965; Beck 2003; van der Maaten et al.
2013). Grouped by Exploratory (SCH, HAI, ALB) and
competing neighborhoods (intra- vs. interspecific), average
Weibull growth curves for all six subject tree collectives
(=subpopulations) were computed. Subsequently, the first-
order derivatives of these mean seasonal radial growth pro-
files were calculated to examine whether or not increment
culmination within the same study region differed between
beeches exposed to either intra- or interspecific competition
(Fig. S2 C, E, H, I, M, O). Average daily radial growth rates
were determined monthly as proxies for diurnal productivity.
For this purpose, monthly sums of absolute radial growth
(in um) were divided by the corresponding number of days
separately for every tree.

By evaluating the monotonic relationship between non-
normally distributed empirical data (observed values) and
modeled cumulative Weibull distributions, Spearman’s non-
parametric rank correlation coefficient (rho) was calculated
at the individual tree level as a goodness-of-fit measure. The
relatively small subsample sizes (7 =4) for the intra- or inter-
specific competition groups in the three different Explorato-
ries did not permit tests on normal distribution or variance
homogeneity. Therefore, pair-wise comparisons of means
between subpopulations from pure and mixed stands from
the same study region were carried out using the npar.t.test
function (‘nparcomp’ package of ‘R”). This statistical pro-
cedure is applicable to small sample sizes as it considers
the nonparametric Behrens—Fisher problem and performs
a studentized permutation test (Brunner and Munzel 2000;
Neubert and Brunner 2007). It was applied to check for dif-
ferences between relative as well as absolute growth rates
on various time scales, respectively, for the two sample tests
with (inverse) Weibull function parameters. Significance
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Fig.3 Fully preprocessed dendrometer data sets for statistical evalua-
tion (vegetation periods 2012 and 2013) with daily mean values from
subject tree beeches that are exposed to either intra- or interspecific
competition in the Exploratories SCH (a), HAI (b) and ALB (c)
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level was p <0.05 in all tests. We refrained from performing
growth response comparisons across sites because only one
mixture type was available per region, Climatic variability as
well as different edaphic conditions may have had additional
confounding effects on data analysis.

To study the relationship between prevailing competitive
stress, assessed individually for all subject beech trees, and
(relative) basal area growth, linear regression analysis was
performed. Thereby, the index CCSA (Competitors” Crown
Surface Area) served as the predictor variable. This competi-
tion measure (Table 2) considered actual crown shapes of the
competing neighbors derived from terrestrial laser scanning
(TLS) and their species-specific transmissibility of light (cf.
Metz et al. 2013).

Results

Influence of neighborhood identity on annual basal
area growth

The clustering of the point clouds (Fig. 4c, d) illustrates that
competition intensity was lower in groups of interspecific
neighborhoods than in beech monocultures (cf. Table 2).
Within the same Exploratory, average basal area growth
relative to the initial value (BAIin % in Fig. 4) was invari-
ably higher at the end of both vegetation periods if sub-
ject beeches were exclusively exposed to the interspecific
competition they encountered in the site-adapted admixed
tree species (Fig. 4a, b). However, growth enhancement was
consistently significant only in the mixture of beech with
Scots pine at the SCH sites. In 2013, beech also grew sig-
nificantly more in the neighborhood of valuable hardwoods
(HAI). A linear regression model with relative basal area
growth as response variable and the TLS-based competition
index ‘CCSA’ as predictor revealed a significant negative
relationship between competition and relative growth rates
in 2012 as well as 2013 (Fig. 4c, d). According to the com-
petition index CCSA which is calculated on the basis of real
competitor crown shapes and species-specific transmission
coefficients, in most cases competition by admixed species
was weaker than competition by conspecific neighbors (cf.
Table 2). Therefore, regression analysis indicates that indi-
vidual subject tree growth was related to neighborhood iden-
tity. Average 2013 relative basal area growth (in %) as well
as absolute basal area growth (in cm?) was higher compared
to the 2012 growing season with the exception of subject
trees in the neighborhood of Scots pines (SCH) and beeches
from pure stands at the ALB plots.
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Weibull parameter Tand m

Averaged coefficients of correlation (Spearman’s rho)
between Weibull-based predictions of cumulative daily
radial growth and observed values calculated separately for
the subject tree groups from pure as well as mixed stands
of all Exploratories ranged marginally from 0.96 to 1.00,
indicating excellent goodness-of-fit (Table S3). Within the
same BExploratory, during the 2-year study, there were no
significant differences in Weibull scale parameter 7' between
subject beeches from pure and mixed stands (Fig. 5a, b).
This suggests that growth trends of beech trees located in
either intra- or interspecific neighborhoods did not diverge
until the 63% point of reference was reached (Fig. 5a, b
and Table $3). In comparison to beeches from SCH and
HAL subject trees at the ALB sites tended to achieve this
benchmark with a time-lag of several days (Fig. 5a, b and
Table S3).

Pair-wise shape parameter (=m) comparisons indicated
that beeches exclusively surrounded by Scots pine benefited
from extended growth durations even if the nonparametric
t-test led to significance only in 2012 (Fig. 5¢, d). As sug-
gested by very similar m-values, in the HAI region, growth
duration of beeches in mixture with valuable hardwoods was
only slightly and insignificantly longer (2012) or almost the
same (2013) than in the nearby monocultures. In contrast, in
the Exploratory ALB, subject trees from pure beech stands
exhibited, though not statistically corroborated, a tendency
for longer lasting growth durations during both years.

Onset, cessation and total duration of wood
formation in days (since April 1st)

The findings of the Weibull parameters T and m (Fig. 5a—d)
were confirmed by the onset, cessation and total duration
of wood formation specified in days (since April 1st), that
were calculated from inverse Weibull functions (Fig. Se—j).
Only beech trees with Scots pines as competitor trees
(SCH) showed a consistent trend towards earlier begin-
nings (10/6 days) and later terminations {7/5 days) of cam-
bial activity although the function npar.t.test provided sta-
tistical evidence solely for growth initiation in spring 2012
(Fig. 5e—h and Table S4). At the Exploratories HAI and
ALB, this general tendency for prolonged growth duration in
mixed stands was not observed. [rrespective of the competi-
tive situation, in 2013 especially, dendrometer data revealed
that secondary thickening of beech started first in the SCH
lowland area, followed by HAI and ALB sites (Fig. 5S¢, f
and Table 54). Interestingly, with the exception of beeches
from pure stands in the SCH region, total duration of wood
formation in 2012 lasted longer than in the subsequent year
within all investigation areas (Fig. 5i, j and Table S4).
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Timing of intra-annual radial growth culmination

Although statistically not significant, in interspecific com-
petitive neighborhoods consisting of Scots pine, intra-
annual culmination of radial growth (i.e., the point where
the first-order derivative of mean seasonal radial growth
profile is highest) was reached earlier during both years
(2012: 6 days; 2013: 7 days). Few differences (2 days in
2012, 1 day in 2013) between mean growth rate maxima
of beech trees in pure and mixed stands were found at HAT
(Fig. 6 and Table S4). In contrast, at ALB, daily radial
growth of subject beech trees surrounded by Norway
spruce exhibited non-uniform growth patterns. In 2012,
their highest growth was reached 3 days earlier while
in 2013 it was statistically significantly later (11 days)
than in pure beech stands of the same region (Fig. 6 and
Table S4). Daily radial growth of beech in the ALB mono-
cultures culminated on average exactly on the same day
{July 3rd) during both years. Regardless of region or mix-
ture type, in 2012, average beech growth culmination was
reached almost synchronously between June 25th and July
3rd (Fig. 6 and Table S4). During the following vear, mean
maximum growth rates were observed between June 17th
and July 14th.

Comparisons of daily radial stem growth
rates in pure and mixed stands as a proxy
for intra-seasonal productivity

Within each region, the monthly progress of daily stem
growth rates under intra- or interspecific competition was
almost synchronous (Fig. 7). This finding supports the results
of intra-annual growth dynamics based on fits of cumulative
Weibull functions for the individual trees (Figs. 3, 6). In each
month of both growing seasons, subject trees with neighbor-
ing Scots pines (SCH) attained higher average daily growth
levels. Comparisons of means yielded statistical significance
in 6 out of 12 pair-wise tests (Fig. 7a, b). The lack of sta-
tistical evidence in April and September was likely due to
the low rate of radial growth in those months. At the HAT
sites too, beeches in mixture outperformed their conspecifics
in monocultures in all months except for April and August
2013. However, at HAI the positive effect of interspecific
competition was less pronounced. As for beech trees in asso-
ciation with Norway spruce (ALB), only marginal mixture
effects on diurnal growth rates occurred in May and June
2012 as well as during the 3-month period from July to Sep-
tember 2013.

Apart from species-specific mixture effects on daily
beech growth rates, Fig. 7 illustrates that intra-seasonal
radial growth was subdivided into (three) different phases
with supra-regional and multiyear validity (see also Fig.
S2 B, D, G, I, L, N). After initial swelling (April), wood
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Fig. 4 Relative basal area increment of subject trees being exposed to
either intra- or interspecific competition (a, b) as well as impact of
competition intensity (CCSA) on relative BAI of the subject trees (c,
d). Different letters above the box-whisker-plots indicate significant

formation and hence growth-related stem radius increase
was initiated during May. Almost all subject tree collec-
tives exhibited their highest average daily stem growth rates
in June. The only exceptions were the subject beech trees
from monocultures at SCH in 2012 and those in the ALB
mixed stands during the year 2013. In most cases, average
daily growth rates maintained comparable levels in July.
This agreed largely with the results of the growth culmi-
nation analysis based on first-order derivatives of Weibull
growth curves (Fig. 6). During August, secondary thicken-
ing strongly decreased and ceased in September. However,
depending on the study area, minor temporal shifts emerged
over the course of the vegetation period (Fig. 7). Therefore,
the monthly growth-rate curves of SCH and HAI were
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differences between mean BAI (%) of beeches from the same Explor-
atory that are growing in groups of intra- or interspecific competition
(npar.t.test: p <0.05)

more parabolic than the right- (2012) or left-skewed (2013)
sequences from ALB trees.

Discussion

Influence of neighborhood identity on annual basal
area growth

Relative basal area growth of beeches in site-adapted inter-
specific neighborhoods was invariably higher than the
mean growth rates of subject trees in pure stands of the
same region (Fig. 4a, b). This finding confirms our first
hypothesis and corresponds with the retrospective results
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Fig.5 Temporal variability

of subject tree growth under
intra- and interspecific
competition derived from
cumulative (parameters 7" and
m), respectively, inverse (e—j)
Weibull functions. Lowercase
letters above or below the box-
whisker-plots indicate signifi-
cant differences between subject
trees of the same Exploratory
that are exposed to either intra-
or interspecific competition
(npar.t.test: p<0.05)
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Fig.6 Comparisons of increment culmination (days elapsed since
April Ist) between subject trees of the same study region being
exposed to either intra- or interspecific competition. Different letters
above the box-whisker-plots indicate significant differences between
subpopulations from pure and mixed stands of the same Exploratory
(npar.t.test: p<0.05)

of long-term dendrochronological analyses that were pre-
viously conducted on the basis of core samples from the
same subject trees (Metz et al. 2016). At the ends of both
growing seasons, the effect of competition release on beech
was most distinct and statistically corroborated in mixture
with Scots pine. In general, the extent of mixing effects was
influenced by the interaction between prevailing local site
conditions (Fig. 1), the complementarity of species-specific
ecological niches, and the limiting resource itself (Pretzsch
2005; Forrester et al. 2010; Pretzsch et al. 2012). Thus, in
the case of our site by site comparisons, differences in rela-
tive basal area growth of subject beech trees with respect
to their site-adapted interspecific neighborhoods primarily
depended on varying magnitudes of competitive reduction
in the mixture. Results of the regression analysis (Fig. 4c,
d) suggest that the growth acceleration effect of species
mixing on beech diminished with increasing conformity
of functional traits (cf. Vandermeer 1989; Kelty and Cam-
eron 1995; Kelty 2006; Morin et al. 2011; Pretzsch et al.
2013b; Metz et al. 2016). In groups with interspecific com-
petition, highest CCSA-values were calculated for valuable
hardwoods. Stress levels determined for the conifer species
spruce and pine were considerably lower (Table 2). Subject
beech trees surrounded by Scots pines benefited from a com-
petitive advantage due to stress release and/or facilitation in
mixed forests (Milios 2004; Condés et al. 2013), especially
at the low-precipitation and sandy SCH sites with soils of
low water retention capacity. This may have been due to the
strongly different morphological and physiological proper-
ties of the two species (Pretzsch et al. 2015). The small Scots
pine crowns (cf. TLS-derived Crown Surface Areas (=CSA)
of competing neighbors in Table 2) that form more light-
transmissive and less water transpirating canopies (Pacala
et al. 1996; Primicia et al. 2013; Pretzsch et al. 2015), may
have benefited the subject beech trees through improving
resource availability in comparison to beech monocultures
(Metz et al. 2016; Forrester et al. 2017; Gonzélez de Andrés
et al. 2017). Furthermore, beeches in the neighborhood of
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Scots pines exhibited the largest crown surface areas carry-
ing assimilation apparatus (Table 2). This is in line with the
results of other studies indicating more distinct crown exten-
sion of European beech when growing in mixture (Dieler
and Pretzsch 2013). Packing density and light interception
are increased in mixture (Forrester et al. 2017). Improve-
ments in belowground resource acquisition in mature mixed
stands of European beech and Scots pine due to comple-
mentary rooting strategies may also play a role (Bonnemann
1939; Pretzsch et al. 2015). For example, Curt and Prévosto
(2003) detected higher beech fine-root biomass in all soil
layers of natural mixed stands consisting of Pinus sylves-
tris and Fagus sylvatica to a depth of 75 cm. When mixed
with pine, the root system of mature beech is known to be
exceedingly adaptive and to become predominant during
stand development (Curt and Prévosto 2003 ).

Competitive neighborhoods composed of valuable hard-
woods or Norway spruce also induced superior relative
growth performance compared to the subject beech trees
from monocultures in the same growing area (Fig. 4a, b).
However, at HAI and ALB, the differences in relative basal
area growth of subject trees in either con- or allospecific
competitive environments were less pronounced than at
SCH and failed to achieve the common level of statistical
significance in three out of four nonparametric two sample
tests (Fig. 4a, b). The CCSA index indicates that subject
beech trees at HAT growing in the neighborhood of con-
specifics or valuable hardwoods faced similar aboveground
stress levels (Table 2). This suggests that competition-related
morphological, physiological, or phenological properties of
European beech and the broad-leaved competitor tree spe-
cies tested in this study (primarily ash and sycamore maple)
are closely related (Metz et al. 2016). However, a number
of possible mechanisms may have resulted in the observed
promoting effect of diverse neighborhoods on beech growth
at HAI (cf. Molder and Leuschner 2014 ). Light availability,
soil water or nutrient status of subject beech trees in com-
petitive neighborhoods consisting of valuable hardwoods
might be improved as a consequence of abrasion (Frech
2006), differing water consumption strategies (Gebauer et al.
2008; Kocher et al. 2009), unequal rooting profiles, nutri-
ent pumping or hydraulic lift of water (Rothe and Binkley
2001; Pretzsch et al. 2013b), faster leaf litter decomposition
and nutrient release rates (Jacob et al. 2009, 2010a), mycor-
rhizal symbiosis (Lang 2008; Molder and Leuschner 2014),
variation in the timing of leaf phenology, or differences in
the seasonal course of stem growth between (diffuse- and
ring-porous) tree species (¢f. Suzuki et al. 1996, Barbaroux
and Bréda 2002; Michelot et al. 2012).

In mixture with Norway spruce (ALB), the difference
in growth between subject beech trees in conspecific and
spruce neighborhoods was less intense than aboveground
competitive release suggested by the index CCSA led us
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initially to expect (cf. Metz et al. 2016). In mixed stands,
European beech is known to be superior in belowground
competitiveness compared to Norway spruce (Schmid and
Kazda 2001; Schmid 2002; Bolte and Villanueva 2006;
Bolte et al. 2013). However, long-term deficits in plant
available water do not often occur at the ALB sites due to
its typical high precipitation rate during the growing sea-
son (Table 1). This suggests that there was enough water
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for beech not only in mixed but also in pure stands. The
observed poor growth-stimulating effect of spruce neighbor-
hoods on subject trees was possibly due to more efficient
canopy space occupation and higher photosynthetic perfor-
mance by beech in mixture with Picea abies (Pretzsch and
Schiitze 2005, 2009; Pretzsch 2014). However, it was not
as pronounced as expected because the availability of the
‘pre-emptable’ resource light (Schwinning and Weiner 1998)
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and hence subject tree growth performance at our ALB sites
may have been limited as total tree height of the surround-
ing spruce competitors was on average higher (+ 1.02 m, cf.
Table 2) than that of the subject beeches (cf. Pretzsch and
Schiitze 2005, 2009; Pretzsch et al. 2010). It is also possi-
ble that despite complementary crown shapes and increased
canopy filling (Pretzsch 2014), the growing space efficiency
of beech in mixture with spruce was inhibited due to primary
biomass investment in crown extension by subject beech
trees (Pretzsch and Schiitze 2005; Table 2).

Influence of the competitive neighborhood
on intra-annual subject tree radial growth

During the 2-year investigation, radial growth of our sub-
ject trees started between early (1st) and late (24th) May,
peaked in the period from mid-June (17th) to mid (14th) of
July and ended during August (2nd to 29th). Several other
FEuropean studies on beech growth dynamics have reported
similar growth patterns (Barbaroux and Bréda 2002; Hauser
20073; Bouriand et al. 2004; Knott 2004; van der Werf et al.
2007; Cufar et al, 2008a, b; JeZik et al. 2011, 2016; Michelot
et al. 2012). Inter-regional and year-to-year temporal shifts
in growth activities are due to differences in local climates
(Fig. 1) as well as changing intra-annual weather conditions
(Table 1 and Fig. S1). But it seems that intra-annual growth
patterns of subject beech trees from pure and mixed stands in
the same Exploratory did not fundamentally diverge. How-
ever, there was one important exception: Fagus sylvatica
surrounded by Pinus sylvestris in the Schortheide-Chorin
area. Hence, as detailed below, our second hypothesis was
only partly confirmed.

Weibull parameters T and m

Irrespective of study area, stand type, and year of investiga-
tion, the scale parameter values (=T varied between 92.75
and 113.38 (Table $3). With the exception of the maximum
T'values derived from ALB beech growth profiles, our curve
parameter range corresponded to that provided by Wipfler
et al. (2009) and van der Maaten (2013). In contrast to
these two studies, we did not find (significantly) higher T'
values or delayed growth activity of beech under reduced
competition. Instead, initial growth trends (=7 values) of
our local subject beech tree collectives in either intra- or
interspecific neighborhoods did not diverge until the 63%
point of reference was reached (Fig. 3a, b). In the case of
broad-leaved tree species such as beech, photosynthetic per-
formance increases with increasing leaf area (MacDougal
1938; Michelot et al. 2012). Thus, it seems that irrespective
of the competitor tree species, all subject trees in the same
Exploratory were fully foliated within an interval of a few
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days and reached maximum photosynthesis almost simulta-
neously (Figs. 6, 7).

In dendrometer analyses, the curve parameter m serves
as an absolute (dimensionless) measure for the time nec-
essary to finish wood formation (Wipfler et al. 2009; van
der Maaten 2013). At HAI, the lower competitive effect of
valuable hardwoods on beech (Table 2) did not affect growth
duration of our subject trees (Fig. 5c, d). In contrast, in the
neighborhood of Scots pines (SCH), the Weibull module m
of subject beech trees was (significantly) lower than in the
pure stands of the same Exploratory, implying longer growth
durations. This corresponds to the results of beech thinning
trials in southern Germany, which suggest that reduced com-
petition intensity through (heavy) thinning induces a pro-
longation of wood formation (Hauser 2003; van der Maaten
2013). Wipfler et al. (2009) likewise observed increased
shape parameter values (=m) of suppressed beech trees indi-
cating shortened growth durations due to higher competi-
tion. In contrast to the extended growth period of European
beech in mixture with Scots pine, the picture is less clear for
trees in neighborhoods exclusively consisting of Picea abies.
It seems as if neighboring Picea abies induced slightly
shorter subject tree growth durations (Fig. 5S¢, d). This cor-
responds with Wipfler et al. (2009), who stated that espe-
cially in competitive environments dominated by Norway
spruce, the growth duration of beech tended to be curtailed
with increasing intertree interference. In the present case,
there are two potential explanations. As mentioned above,
Picea abies may have pre-empted light through vigorous
height growth (Pretzsch and Schiitze 2005, 2009; Pretzsch
et al. 2010). Second, on the limestone-derived ALB soils
which are characterized by low available water capacity,
during the 2013 vegetation period, drought stress may have
resulted from low precipitation levels (Fig. S1/Table §2) that
occurred in July (54.8 mm) and August (76.7 mm). Thus,
the shallow rooting habit of Picea abies (Schmid 2002) may
have reduced water availability for deep-rooted beech in the
topsoil stratum (Pretzsch et al. 2010) and hence impaired
subject tree growth duration.

Onset, cessation and total duration of wood
formation in days {since April 1st)

The total durations of wood formation in days were cal-
culated as the period between the points in time at which
5% and 95% of annual growth had been reached. Across
all Exploratories and stand types, the time needed for ter-
mination of secondary growth ranged from 81 to 111 days
(Fig. 5i, j and Table S4). These values confirm the results
of other studies (cf. Hauser 2003; Beck 2003; Cufar et al.
2008a, b; Michelot et al. 2012).
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Distinet but insignificant mixture-related extensions of
wood formation were observed in the neighborhood of Pirus
sylvestris at the Schortheide-Chorin sites only (17 days in
2012, and 11 days in 2013). Wood formation of the subject
trees in Scots pine neighborhoods began not only (signifi-
cantly) earlier but ended several days later than in the nearby
pure beech stands in both years of investigation (Fig. 5).
As budburst of pine occurs after that of beech (Michelot
et al. 2012), the earlier growth onset of beech may reflect
some kind of phenological escape or competition-avoidance
(Richardson and O’ Keefe 2009; Cuny et al. 2012) of decidu-
ous beech in mixed stands with evergreen Scots pine. In
contrast, the premature basal area increment cessation in
monocultures may confirm low self-tolerance ascribed to
Fagus sylvatica (Zeide 1985; Pretzsch and Biber 2005).
Leaf unfolding and the beginning of beech stem growth are
essentially triggered by air temperature and light intensity at
the start of the vegetation period (Heide 1993; Suzuki et al.
1996; Cufar et al. 2008a; Mund et al. 2010; JeZik et al. 2011;
Michelot et al. 2012; JeZik et al. 2016). Compared to mixed
stands of Pinus sylvestris and Fagus syvlvatica, sparse pure
pine canopies were considered to have a positive impact on
these microclimatic variables (Primicia et al. 2013; Pretzsch
et al. 2015). The date of growth end was found to have a
much stronger influence on total ring width than growth
initiation (Michelot et al. 2012). It appears that the growth
end in mixture with Pinus sylvestris was positively influ-
enced by improved resource availability to beech due to the
thinner, more translucent and water-permeable crowns of
Scots pine (Pacala et al. 1996) as well as greater dimensions
of subject tree crowns (cf. Table 2). Our findings suggest
that variations in intra-annual growth patterns of beech in
both pure and mixed stands of the Exploratory Schorfheide-
Chorin were triggered by microclimatic differences. Within
the Exploratories HAI and ALB, multiannual data analy-
sis did not reveal a consistent frend towards significantly
extended growth durations under interspecific competi-
tion. Instead, (especially in 2012) the evaluation procedure
based on inverse Weibull functions affirmed the tendency
for shorter wood formation time of the subject trees in the
beech-spruce mixtures (Fig. 5i, j). It seems as if in these
mixtures, potential beneficial effects of lower competition
on the growth patterns of subject trees were weak and may
have been counterbalanced by small-scale differences in site
or weather conditions.

Culmination of radial growth

It is known that the synchronization of intra-seasonal stem
growth culmination is driven by photoperiod and that the
maximum number of daylight hours occurs during June
(JeZik et al. 2011, 2016). This month is, therefore, crucial for
wood formation particularly at lower elevaticn sites (Cufar
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et al. 2008a; JeZik et al. 2011, 2016). In the HAI region,
growth rate maxima of beech exposed to intra- or interspe-
cific interference occurred almost synchronously during
both years (Fig. 6). This may be explained by the rather
similar traits of beech and the surrounding hardwood species
{cf. Metz et al. 2013, 2016). However, at SCH sites, Scots
pine neighborhoods led to a clear trend towards an earlier
culmination of subject tree growth compared to monospe-
cific beech stands (Fig. 6). During summer and fall, mixed
pine-beech canopies are characterized by lower LAI values
with associated greater understory day length, soil humidity,
and throughfall (cf. Primicia et al. 2013) than beech mono-
cultures, due to the multi-layered leaf arrangement in the
crowns of mature Fagus sylvatica trees (Horn 1971). This
may have resulted in an earlier dormancy release of sub-
ject beech trees in mixture with pine, as sprouting of beech
buds is mainly determined by photoperiodism and winter
chilling (Heide 1993). The significantly postponed growth
culmination of beech in mixture with Norway spruce in 2013
(Fig. 6) may be attributable to another mechanism. As illus-
trated in Table 52 and Figure S1, in July 2013 the ALB sites
were affected by very low precipitation (54.8 mm). It may
be that the soil water reservoirs under pure beech stands
were exhausted earlier than in mixture due to the anisohydric
traits of Fagus sylvafica (Pretzsch et al. 2013b; Zang et al.
2014). This may have resulted in earlier weather-induced
growth cessation in beech monocultures. It is well known
that decreased soil water potential has a negative effect on
stem growth of (young) beech trees (Mund et al. 2010; Jezik
et al. 2016).

Comparisons of daily stem growth rates in pure
and mixed stands as a proxy for intra-seasonal
productivity

In our third hypothesis, we stated that throughout the
entire growing season, subdivided into monthly segments
(Fig. 7), interspecific interference induces higher daily
stem growth rates in subject beech trees than intraspe-
cific competition. With one exception (ALB), the results
of our study confirm this assumption. Furthermore, Fig. 7
indicates that irrespective of the competitive environment,
intra-seasonal progress of European beech stem growth
can be subdivided into three main parts. After a phase of
swelling and initial growth in spring (April and May), the
period of main wood formation occurs during the sum-
mer months from June to July followed by growth redue-
tion, cessation and dehydration at the end of the vegeta-
tion period. This pattern is well known from other tree
species of the northern hemisphere (Belyea et al, 1951;
Tardif et al. 2001; Turcotte et al. 2009; Duchesne and
Houle 2011). In our study, the monthly progress of daily
stem growth rates under intra- or interspecific competition
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within the same Exploratory was almost synchronous
(Fig. 7). This suggests that beech growth dynamics are
primarily controlled by environmental conditions such
as spring temperatures or summer precipitation (JeZik
et al. 2011; van der Maaten 2013; JeZik et al. 2016). The
species-specific neighborhood identity, and accordingly,
the mixing effects, can positively influence daily growth
rates of subject tree beeches at a given site, but they are
not strong enough to change fundamental growth—environ-
ment interactions of Fagus sylvatica (Mo6lder and Leusch-
ner 2014).

Conclusions

In all three Exploratories, (relative) stem growth of sub-
ject trees from mixed stands composed of Fagus sylvatica
and different site-adapted co-ocecurring species was higher
compared to beech monocultures. Compared to subject
trees from pure beech stands within the same Exploratory,
greater relative basal area growth of beeches in interspe-
cific neighborhoods was observed both under conditions of
somewhat different (SCH) or very similar (HAT and ALB)
seasonal growth patterns. It appeared that comulative effects
of temporal, spatial, morphological, and physiological niche
separation between European beech and Scots pine at SCH
induced a more distinct resource-use optimization by beech
than was the case in the other interspecific competitive situ-
ations. The greater relative annual basal area growth of sub-
ject trees in the neighborhood of valuable hardwoods and
spruce was not clearly related to differing seasonal beech
growth dynamics in intra- or interspecific competitive neigh-
borhoods. Instead it was most likely linked to other species
interaction mechanisms, leading to higher (daily) growth
rates during (certain phases of) the vegetation period. In
conclusion, the positive impact of interspecific neighbor-
hoods on subject tree growth varies greatly, and is, therefore,
context dependent. In other words, competition-related prop-
erties of the mixed species, edaphic and climatic conditions,
and hence growth-limiting key resources, determine the
outcome of competition reduction and/or facilitation. Our
results support recent approaches using small-scale enrich-
ment plantings of conifers with different functional traits
in pure beech stands across their entire natural range. They
also corroborate a conclusion of Kelty and Cameron (1995).
These authors stated that if positive species interactions
depended on reduced crown or root competition, single-tree
mixtures instead of block-wise species combinations would
be assumed to improve resource-use efficiency (see also:
Pretzsch et al. 2012). Such mixed forests with close inter-
specific intermingling (Kelty 2006; Pretzsch et al. 2012) may
be a reasonable strategy for addressing not only economic
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needs but also the challenges and uncertainties related to
climate change.
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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 (cm?) 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-Dun region,

comparisons of absolute increment rates (in cm?) 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).

mean monthly air temperatures [°C]

2012 2013

month SCH HAI ALB SCH HAI ALB
Jan 14 14 -0.2 -05 -0.9 -13
Feb -2.1 -3.2 -5.3 -0.2 -14 -34
Mar 6.7 7.0 6.0 -1.6 -20 0.0
Apr 8.7 7.7 6.7 8.3 7.5 6.8
May 145 13.7 12.6 14.0 11.0 9.1
Jun 15.8 141 15.1 16.7 14.7 13.9
Jul 18.2 16.5 15.7 19.9 18.6 184
Aug 18.0 18.0 17.3 18.6 17.7 16.1
Sep 144 13.2 12.2 12.9 12.6 12.1
Oct 8.9 8.2 7.5 10.9 10.0 9.1
Nov 5.1 4.6 3.7 5.2 3.8 2.2
Dec -0.2 1.3 -04 3.9 3.7 0.8

monthly precipitation sums [mm]
2012 2013

month SCH HAI ALB SCH HAI ALB
Jan 74.9 1141 120.1 46.4 57.9 32.9
Feb 23.3 215 24.1 28.5 36.4 93.6
Mar 12.1 16.6 28.5 26.6 28.1 48.3
Apr 34.0 23.8 62.9 19.0 40.1 69.7
May 26.3 45.2 51.8 78.0 145.9 160.2
Jun 52.3 115.6 115.6 81.6 24.8 113.2
Jul 102.3 123.9 103.6 18.0 47.2 54.8
Aug 64.4 56.2 115.4 47.3 37.1 76.7
Sep 30.4 18.7 55.3 32.4 82.9 102.6
Oct 50.6 35.0 64.2 34.8 96.5 105.3
Nov 41.8 325 95.3 36.2 718 85.2
Dec 30.7 80.9 102.9 34.4 38.2 335
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Table S3 (inverse) Weibull parameter function values

Exploratory

Schorfheide-Chorin

year 2012 2013
competitor species 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
r (coefficient of correlation) 0.96 0.04 1.00 0.00 0.99 0.00 0.99 0.00
Exploratory Hainich-Dln
year 2012 2013

competitor species

European beech

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 39 481 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
r (coefficient of correlation) 0.99 0.01 0.98 0.01 0.98 0.01 0.98 0.00
Exploratory Swabian Alb
year 2012 2013
competitor species European beech 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 0.13 412 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
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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. Molder 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-Din 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).

96



Chapter 5 Synthesis

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.

Citation Metz et al. 2016 Metz et al. 2013 Metz et al. 2019
Spatial scale Within . Across . Within _ Within .
Exploratories  Exploratories  Exploratories  Exploratories
Test procedure Pair-wise All-pairs Pair-wise Pair-wise
Reference year / period 1970-2011 2012 2012 2013
Measuring unit Ring width BAI BAzl BAI BAzl BAI BAzl
(mm) %) (m) () (m) (%) (cm)

Competitor Species

Pinus sylvestris
Valuable hardwoods
Picea abies

= 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 size-
ratio 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 um) 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-Din
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 (Mdlder 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 growth-
neighborhood 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; Molder 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.

Citation
Spatial scale
Test procedure
Reference year

w

Metz et al. 2016
ithin Exploratories

Pair-wise (intra vs. interspecific);
1975 1976 1977 1978 2002 2003 2004 2005

Competitor species

Measuring unit

Ring width (mm)
813Ccorr (%0)
Pinus sylvestris Resistance (R,) . /. S
(Explorarory SCH)  rel. 8'°C increase AL, AL,
Recovery (R.) s o / jrf WJ
Resilience (Rs) Jﬁ'
Ring width (mm)
813Ccorr (%")
x;rlgsvtgg s Resistance (R,) W LSS S S, LSS,
(Explorarory HAI) rel. °C increase  [### A IS
Recovery (R) ’ ’ ALY, S
Resilience (Rs) 7 jﬁ ffj(f f ff
Ring width (mm)
813Ccorr (%0) -
Picea abies Resistance (Ry) ’ Y A,
(Explorarory ALB)  rel. §'°C increase AL LSS, (S
Recovery (R,) ?fj{f i 7
Resilience (Rs) W ﬁ }?

= 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 (R;) 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 (R;) 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 post-
drought 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) ring-
width 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 (Ry), recovery (R.) 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 (R;) or recovery (R.) 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 §*C-
values 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 8*3C 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 §Cgy-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 8*3C-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 8*3C-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 5"*C-
values 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 &'*C signatures (Skomarkova et al. 2006; Mélder
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 TLS-
derived crown surface areas (in m?) 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).

Factors influencing belowground processes Factors supporting higher photosynthetic gain
* higher throughfall e contrasting transpiration pattern
+ different rooting pattern * reduced vapour pressure deficit in lower canopy
+ different foraging strategy

|

|

Improved belowground resource availability,

l balanced-growth hypothesis 1

=z

(a)

Disparate competitiveness l | | I | I

[]
I
1
1 % DROUGHT %
I
I
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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 stand-
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level data on individual trees or vice versa (cf. Mélder 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 (llek 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
(Gonzéalez 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-Din 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; Kdcher 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; Mdolder 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 (CSA+T) 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-Din, internal comparisons show that mean crown
surface areas of target trees (CSArr) with interspecific neighborhoods which were exposed to
lower (aboveground) competitive pressure are bigger (SCH: + 44.82 m?, ALB: + 73.12 m?
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-Din 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 5°C 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-Din 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 2002-
2005 (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 low-
precipitation 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-Dun 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
Schitze 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 Schitze 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 Schiitze 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 Schiitze 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 Schiitze 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-Din 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 5'*C-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 broad-
leaved forests of the Hainich-Diin 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-Dun.
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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; Gonzalez de Andrés et al. 2017).

In the Exploratories Hainich-Diin 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 Schiitze 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 co-
occurring 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
(Molder 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 site-

adapted 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
Schiitze 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 Schitze 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 out-
competed 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 (Kolling 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 (Sutmoller et al. 2008). Therefore,
recommendations for the silvicultural management of (temperate European) beech stands
given by Bolte (2005), Sutmoller 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:

e The establishment of mixed forests

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

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

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

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

e 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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