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Summary
Oaks (Quercus spp.) are of high ecological value since they feature the highest associated
biodiversity of all Central European tree species. Due to their centuries‐long facilitation
through management, little is known about the current and future role of oaks in natural
dynamics of Central European forests. On the one hand, reduced management may lead to
oaks being increasingly outcompeted by more shade‐tolerant tree species; on the other
hand, oaks may gain relative competitiveness because of their drought tolerance as climate
change proceeds. Hence, the overall goal of my thesis is the assessment of the natural po‐
tential of Central European oaks by investigating their growth and mortality under the exclu‐
sion of management. To this end, monitoring and tree‐ring data collected in eleven forest
reserves that comprise a large environmental gradient in Switzerland are analyzed. Particular
emphasis is placed on (1) assessing the performance of oaks in changing stand structures
after the abandonment of management, (2) identifying the key drivers of oak growth and
mortality, and (3) developing a method for non‐destructive estimation of tree age for oak.
In a first step, changes in stand structures after the abandonment of management were
investigated, including the consequences for tree mortality (Chapter I). By using repeated
diameter measurements from more than 17 600 individually tagged trees, stand dynamics in
the reserves over the past 50 years were analyzed. Moreover, generalized linear mixed‐
effects models were fitted to quantify the effects of tree diameter, stand basal area, precipi‐
tation and slope on annual mortality rates of oak (Q. petraea, Q. robur, Q. pubescens) and its
strongest competitor beech (Fagus sylvatica). Stand basal area strongly increased over time,
whereas tree density decreased. The relative importance of oak decreased compared to
beech at most sites. Mortality rates increased over time, with the increase being stronger for
oak than for beech. Mortality rates of both species strongly decreased with increasing tree
diameter, and showed an increasing tendency with precipitation. In addition, oak mortality
strongly increased with stand basal area, whereas no such correlation was found for beech.
These results indicate that (1) natural oak mortality in Central European oak‐beech forests is
mainly driven by stand structure, and (2) oaks are at risk of being increasingly outcompeted
by beech, unless competition is reduced through management or disturbances.
As a second step in my thesis, the most important climatic drivers of oak diameter growth
were identified along a gradient of soil moisture (Chapter II). To this end, tree‐ring data from
more than 300 oaks representing different vitality classes were sampled in the forest re‐
serves. Response functions were calculated between tree‐ring indices and monthly values of
mean temperature, precipitation and a drought index. The time span from June of the previ‐
ous year until September of the current year was considered as potentially influencing tree‐
ring widths. In general, tree‐ring widths responded more strongly to precipitation than to
temperature, with precipitation of the current summer months resulting in the highest posi‐
tive responses. For the drought index, similar growth responses as for precipitation were
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identified. Whereas positive responses to precipitation and the drought index in June were
identified along the whole soil moisture gradient, more positive responses for other months
were identified at sites with comparably dry soil conditions. These growth responses indicate
that, despite their drought‐tolerance, oaks show reduced growth during dry summer peri‐
ods, in particular if they are growing on dry soils.
In a third step, the development of oak diameters with age was investigated (Chapter III).
The age‐diameter relationships of the oaks growing in the Swiss forest reserves were deter‐
mined based on the tree‐ring samples introduced in Chapter II. To identify the key drivers
that shape this relationship, nonlinear mixed‐effects models were fitted with environmental
variables included as covariates. Furthermore, a mean model was developed and its accura‐
cy in predicting the age‐diameter curves of independent oaks was assessed. The fixed effects
elevation, slope and soil water holding capacity were identified as the most important co‐
variates. Larger maximum diameters were associated with lower elevations, steeper slopes,
north‐facing aspects, higher water holding capacities and moister summers. Predictions
based on the fixed effects were fairly accurate for most trees (root mean squared error
between predicted and observed diameter < 6 cm for 75% of the trees) and the inclusion of
random effects increased the accuracy for 86% of the trees. These results suggest that runoff
plays a key role for oak diameter growth, likely accompanied by limiting temperature effects
at higher elevations.
The fourth step of this thesis dealt with developing a method for the non‐destructive esti‐
mation of tree age (Chapter IV). Age estimations derived from a traditional polynomial
approach were compared to those derived from two alternative approaches that allow for
bypassing tree‐ring sampling in the future. In the first of these two alternative approaches
(approach I), sequences of repeated diameter measurements from the monitoring in the re‐
serves were fitted to a range of systematically varying age‐diameter curves. In the second
approach (approach II), the diameter sequences were fitted to the age‐diameter curves that
were predicted site‐specifically for every tree from the fixed effects of the mean nonlinear
model developed in Chapter III. The polynomial approach and approach II produced similarly
accurate age estimations, whereas approach I was less accurate. Additionally including the
random effects strongly improved the age estimations from approach II, such that relative
errors were below 40% for 98% of the oaks. The included site information and the non‐
linearity of this approach obviate the need for calibration in further applications, making it
an entirely non‐destructive alternative for tree age estimation.
Overall, the study of monitoring data revealed competition as the key driver of oak mortali‐
ty, and the analysis of tree‐ring data indicated strong effects of site characteristics and
drought on oak growth. These findings indicate that targeted management is needed to
retain the current proportion of oaks in Central European forests. The combination of moni‐
toring and tree‐ring data delivered a non‐destructive method for tree age estimation, which
is suggested to find application in the context of oak‐related conservation.
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Zusammenfassung
Eichen (Quercus spp.) sind ökologisch sehr wertvoll, da sie von allen Baumarten in Zentral‐
europa die höchste assoziierte Biodiversität aufweisen. Aufgrund ihrer jahrhundertelangen
Förderung durch gezielte Bewirtschaftung ist wenig über ihre derzeitige und zukünftige Rolle
in der natürlichen Dynamik zentraleuropäischer Wälder bekannt. Einerseits könnte vermin‐
derte Bewirtschaftung dazu führen, dass Eichen zunehmend von schattentoleranteren
Baumarten verdrängt werden; andererseits könnten Eichen aufgrund ihrer Trockenheitstole‐
ranz im Zuge des fortschreitenden Klimawandels an relativer Konkurrenzstärke gewinnen.
Das Hauptziel meiner Dissertation ist deshalb die Beurteilung des natürlichen Potenzials
zentraleuropäischer Eichen anhand der Untersuchung ihrer Wachstums‐ und Mortalitäts‐
prozesse unter Ausschluss von Bewirtschaftung. Zu diesem Zweck werden Monitoring‐ und
Jahrringdaten analysiert, die in elf Waldreservaten entlang eines umfangreichen Umweltgra‐
dienten in der Schweiz erhoben wurden. Besondere Schwerpunkte sind dabei (1) die Beurtei‐
lung des Verhaltens von Eichen in sich ändernden Bestandesstrukturen nach der Einstellung
der Bewirtschaftung, (2) die Identifizierung der Haupteinflussgrössen auf Eichenwachstum
und ‐mortalität, und (3) die Entwicklung einer nicht‐destruktiven Methode zur Alters‐
schätzung bei Eichen.
In einem ersten Schritt wurde die Entwicklung der Bestandesstruktur nach der Einstellung
der Bewirtschaftung untersucht, inklusive der Folgen für die Baummortalität (Kapitel I).
Wiederholte Durchmessermessungen von mehr als 17 600 individuell gekennzeichneten
Bäumen wurden verwendet, um die Bestandesdynamik in den Reservaten über die vergan‐
genen 50 Jahre zu analysieren. Ausserdem wurden generalisierte lineare gemischte Modelle
angepasst, um den Einfluss von Baumdurchmesser, Grundfläche des Bestandes, Nieder‐
schlag und Hangneigung auf die jährlichen Mortalitätsraten von Eichen (Q. petraea, Q. robur,
Q. pubescens) und Buchen (Fagus sylvatica) zu quantifizieren. Die Grundfläche der Bestände
stieg im Laufe der Zeit stark an, während die Baumdichte abnahm. Die relative Bedeutung
der Eiche nahm im Vergleich zur Buche an den meisten Standorten ab. Die Mortalitätsraten
stiegen über die Zeit an, wobei der Anstieg für die Eiche stärker ausfiel als für die Buche. Die
Mortalitätsraten beider Arten nahmen mit zunehmendem Baumdurchmesser stark ab und
zeigten eine zunehmende Tendenz mit zunehmenden Niederschlagsmengen. Ausserdem
stieg die Eichenmortalität mit zunehmender Grundfläche des Bestandes stark an, die
Buchenmortalität zeigte jedoch keine solche Abhängigkeit. Diese Resultate deuten darauf
hin, dass (1) die natürliche Eichenmortalität in zentraleuropäischen Eichen‐Buchen Wäldern
hauptsächlich von der Bestandesstruktur beeinflusst wird und (2) Eichen Gefahr laufen, zu‐
nehmend von Buchen verdrängt zu werden, falls der Konkurrenzdruck nicht durch Bewirt‐
schaftung oder Störungen reduziert wird.
Als zweiter Schritt in meiner Dissertation wurden die wichtigsten klimatischen Einfluss‐
grössen auf den Durchmesserzuwachs von Eichen entlang eines Bodenfeuchtegradienten
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bestimmt (Kapitel II). Dazu wurden in den Reservaten Jahrringdaten von mehr als 300 Eichen
verschiedener Vitalitätsklassen erhoben. Response‐Funktionen zwischen Jahrringindizes und
monatlichen Werten der Durchschnittstemperatur, des Niederschlags und eines Trocken‐
heitsindex wurden berechnet. Als potenziell beeinflussende Zeitspanne wurde Juni des ver‐
gangenen Jahres bis September des laufenden Jahres berücksichtigt. Im Allgemeinen re‐
agierten die Jahrringbreiten stärker auf den Niederschlag als auf die Temperatur, wobei der
Niederschlag im laufenden Sommer die grössten positiven Effekte erzielte. Der Trockenheits‐
index äusserte sich in ähnlichen Wachstumseffekten wie der Niederschlag. Während die
positiven Effekte des Niederschlags und des Trockenheitsindex im Juni entlang des gesamten
Bodenfeuchtegradienten identifiziert wurden, traten für andere Monate mehr positive Effek‐
te an Standorten mit vergleichsweise trockenen Bodenverhältnissen auf. Die identifizierten
Wachstumseffekte zeigen, dass Eichen trotz ihrer Trockenheitstoleranz während trockenen
Sommerperioden reduziertes Wachstum aufweisen, insbesondere auf trockenen Böden.
In einem dritten Schritt wurde die Entwicklung der Eichendurchmesser mit dem Alter unter‐
sucht (Kapitel III). Die Alters‐Durchmesser Beziehung der Eichen in den Schweizer Waldreser‐
vaten wurde anhand der in Kapitel II erwähnten Jahrringdaten bestimmt. Um die Haupt‐
einflussgrössen auf diese Beziehung zu ermitteln, wurden nichtlineare gemischte Modelle
angepasst, in denen Umweltvariablen als Kovariablen einbezogen wurden. Ausserdem
wurde ein gemitteltes Modell entwickelt und dessen Genauigkeit für die Vorhersage der
Alters‐Durchmesser Beziehung unabhängiger Eichen beurteilt. Die festen Effekte der Höhe
über Meer, der Hangneigung und der Bodenwasserspeicherkapazität waren die wichtigsten
Kovariablen. Grössere maximale Durchmesser standen in Zusammenhang mit tieferer
Höhenlage, steileren Hängen, Nordexposition, höherer Bodenwasserspeicherkapazität und
feuchteren Sommerperioden. Vorhersagen basierend auf den festen Effekten waren für die
meisten Bäume ziemlich genau (die Wurzel aus der mittleren quadrierten Abweichung zwi‐
schen den vorhergesagten und den beobachteten Durchmessern betrug < 6 cm für 75% der
Bäume), und der Einbezug von zufälligen Effekten erhöhte die Genauigkeit für 86% der
Bäume. Diese Resultate deuten darauf hin, dass der Abfluss von Wasser eine zentrale Rolle
für das Durchmesserwachstum der Eichen spielt, vermutlich in Kombination mit limitieren‐
den Temperatureffekten in höheren Lagen.
Der vierte Schritt dieser Dissertation befasst sich mit der Entwicklung einer Methode zur
nicht‐destruktiven Schätzung des Baumalters (Kapitel IV). Die mittels eines traditionellen
polynomialen Ansatzes geschätzten Baumalter wurden mit den Altersschätzungen zweier
alternativer Ansätze verglichen, mit denen das Erheben von Jahrringdaten zukünftig
umgangen werden könnte. Im ersten dieser zwei alternativen Ansätze (Ansatz I) wurden
Durchmessersequenzen aus dem Monitoring der Reservate in systematisch variierende
Alters‐Durchmesser‐Kurven eingepasst. Im zweiten Ansatz (Ansatz II) wurden die Durch‐
messersequenzen in diejenigen Alters‐Durchmesser‐Kurven eingepasst, die für jeden Baum
standortsabhängig aus den festen Effekten des gemittelten Modells aus Kapitel III geschätzt
wurden. Der polynomiale Ansatz und Ansatz II produzierten ähnlich genaue Altersschätzun‐
gen, während Ansatz I weniger genau war. Die zusätzliche Berücksichtigung von zufälligen
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Effekten verbesserte die Altersschätzungen von Ansatz II, sodass der relative Fehler für 98%
der Eichen geringer als 40% ausfiel. Die Standortsinformation und die Nichtlinearität dieses
Ansatzes machen den Kalibrierungsschritt in weiteren Anwendungen unnötig, weshalb er
eine vollständig nicht‐destruktive Alternative für die Baumaltersschätzung darstellt.
Aus der Untersuchung der Monitoring‐Daten ging die Konkurrenz als Haupteinflussgrösse
der Eichenmortalität hervor, und die Analyse von Jahrringdaten zeigte starke Effekte von
Standortsgrössen und Trockenheit auf das Eichenwachstum. Diese Resultate deuten darauf
hin, dass gezielte Massnahmen nötig sind, um den derzeitigen Eichenanteil in den Wäldern
Zentraleuropas zu erhalten. Die Kombination von Monitoring‐ und Jahrringdaten lieferte
eine nicht‐destruktive Methode zur Baumaltersschätzung, die in Eichenförderungsprojekten
Anwendung finden könnte.

6

Zusammenfassung

General introduction

7

General introduction
Background
The ecological and economic importance of oaks
The increasing loss of biodiversity has become one of the most challenging topics in environ‐
mental sciences over the last decades (Pimm et al. 1995; Cardinale 2012). Current extinction
rates are likely the highest ever in Earth’s history, with estimations that 21‐52% of the
present species are becoming extinct in the near future (Barnosky et al. 2011). In the fight
against biodiversity loss, forest ecosystems have an important role, since they harbour a dis‐
proportionately high amount of global biological diversity, with many of the involved species
being endemic or endangered (Szaro and Johnston 1996; Hunter Jr. 1999).
In the context of the conservation of biodiversity in Central European forests, oak species
(Quercus spp.) are exceedingly important because they feature the highest associated diver‐
sity of all present tree species. The presence of oak has been shown to be related to the
diversity of a wide range of organisms, ranging from insects (Ranius and Jansson 2000) and
birds (Caprio et al. 2009) to fungi (Bernicchia et al. 2008) and lichens (Frei 2003). In addition,
the understory and herb layer in oak forests is typically highly species‐rich (Barbier et al.
2008). According to their exceptionally high associated biodiversity, oaks are seen as umbrel‐
la species (cf. Wilcox 1984; Ehrlich and Murphy 1987). Hence, they have become the main
focus of conservation efforts in many Central European forests (Bonfils et al. 2005).
In Switzerland, there are four native oak species (Quercus petraea, Q. robur, Q. pubescens
and Q. cerris), which dominate in 2.1% of the forested area (Brändli 2010). Concerning rela‐
tive volume proportions and relative stem numbers within these species, Q. petraea is the
most abundant species, followed by Q. robur (Brändli 2010; Table 1). The occurrence of Q.
pubescens is mainly restricted to the southwestern part of Switzerland and the Jura Moun‐
tains. Hence, it is much less frequent than Q. petraea and Q. robur. Since Q. cerris has its
origin in southeastern Europe, its only occurrence in Switzerland lies in the southernmost
part of the Ticino. Therefore, Q. cerris is not considered in this thesis.
The natural distribution of oaks in Switzerland is determined by a combination of their habi‐
tat requirements and their low competitiveness. Q. petraea, Q. robur and their strongest
competitor Fagus sylvatica all show approximately the same optimum growth ranges,
namely in mesic, moderately acid to alkaline and warm conditions (Ellenberg 2009). How‐
ever, under such conditions F. sylvatica is much more competitive because of its higher
shade tolerance. Therefore, oaks thrive close to the edges of their ecological amplitudes
only, where F. sylvatica increasingly loses competitiveness. This results in the dominance of
Q. petraea and Q. robur only in areas that are too dry or too acidic for beech (Table 1).
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Additionally, Q. robur is able to grow under conditions that are too wet for beech (Ellenberg
2009). Q. pubescens mainly occurs at dry sites in competition to Pinus sylvestris.
The current distribution of oaks in Switzerland is heavily influenced by former forest
management. Most of Switzerland’s forests have been managed at some point in their
history, but goals and priorities have varied strongly through the centuries. In medieval
times, agroforestry and the coppice‐with‐standards management dominated, thus leading to
an increased proportion of oak trees in the Swiss lowlands compared to natural conditions
(Bürgi 1999b). For instance, semi‐open stands of oak often served as pastures for pig feeding
with acorns (Küchli and Thomet 2005). Big oak standards were used e.g. for barrels and ship
building, whereas young coppiced stems often served as vine stakes, or their bark was
collected for tanning (Küchli and Thomet 2005). Similar management histories have been
described for oak forests in other parts of Europe (Haneca et al. 2005; Haneca et al. 2009).
The high importance of oaks for pasturing and wood production essentially shaped the
appearance of many forests, landscapes and villages at that time, which is still reflected in
various toponyms and coats of arms throughout Europe (Meyer 1931; Figure 1).
(a)

(b)

(c)

(d)

Figure 1. Local coats of arms containing oak motifs from (a) Siebnen in Switzerland, (b)
Eberswalde in Germany, (c) Eichhoffen in France and (d) Eichenberg in Austria.

As a result of their centuries‐long intensive facilitation through management, many oak trees
are growing at sites where beech naturally would have been more competitive (cf. Mühle‐
thaler 2008). Yet, in the course of the last two centuries, agroforestry and the coppice‐with‐
standards management have largely been abandoned and replaced by high forest manage‐
ment (Bürgi 1999a). This transition has caused many oak stands to become denser, entailing
increased competitive pressure among the trees. Due to the low relative competitiveness of
oaks, their abundance in many Central European forests is thus likely to decrease in favour
of beech.

Table 1. Distribution aand abundance off oak species in Eu
urope and in Swittzerland.
Quercus robur

Quercus pubeescens
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In recent times, oak regained attention not only because of conservation, but also in the
context of adaptation strategies to climate change. For Switzerland, an increase in seasonal
mean temperatures by 1.2‐4.8°C is projected until the end of the 21st century (Weigel and
Fischer 2011). Mean summer precipitation is simultaneously expected to decrease by 8‐28%.
In addition, more frequent and longer‐lasting summer heat waves are likely (Fischer 2011).
Under such generally warmer and drier conditions, the drought‐tolerant and thermophile
oak species may become more competitive relative to other co‐occurring tree species (cf.
Contran et al. 2012). For example, Q. pubescens has been shown to start replacing P. syl‐
vestris, which experiences high mortality rates due to drought stress in several Central‐
Alpine dry valleys such as the Valais (Rebetez and Dobbertin 2004; Rigling et al. 2006; Weber
et al. 2007). The question whether oaks could benefit from climate change in other parts of
Central Europe, especially compared to beech, is discussed controversially (Rennenberg et
al. 2004; Ammer et al. 2005; Rebetez and Kienast 2005; Brang et al. 2008). To be prepared
for possible climate‐induced changes in the performance of currently co‐occurring tree
species, oaks are increasingly becoming a focus in forest planning and policy (e.g.
Mühlethaler 2008).
To determine the potential role of oaks in biodiversity conservation and climate adaptation
strategies, accurate knowledge on their – possibly changing – behavior as a function of envi‐
ronmental factors is required. Such knowledge is a prerequisite to optimize Central Euro‐
pean forest management in the face of current and future conservational and economic
challenges. One crucial question is whether a less intensive management, e.g. complete pro‐
tection or near‐to‐nature silviculture, would lead to oak being outcompeted through
increased competitive pressure e.g. on the Swiss Plateau, or whether its relative competi‐
tiveness has already shifted as a consequence of climate change, and thus intensive manage‐
ment is not needed to retain an intended oak stock. The key to determine this natural poten‐
tial of oak lies in the intensive, long‐term investigation of the natural dynamics of oak
forests.

Elements of natural forest dynamics
Natural forest dynamics are based on three key processes: growth, mortality and regener‐
ation. Bearing in mind a tree’s lifespan, it becomes obvious that extraordinarily long‐lasting
investigations are needed to capture these processes. In addition, all of them operate on
multiple spatial scales, ranging from single trees to landscapes.
The study of tree growth has a long history in forest science and forestry. First systematic
investigations concentrated on height growth under varying site conditions and emerged in
the form of yield tables in the early 19th century (Tesch 1981). Thereafter, attention was in‐
creasingly paid to diameter growth, which was usually studied based on either repeated
diameter measurements or tree rings. Indeed, the systematic study of tree rings created
dendrochronology as an important branch of forest science (Douglass 1941; Stokes and
Smiley 1968; Fritts 1976). In recent years, ecosystem‐level aspects like total biomass, carbon
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stocks or the exchange of matter between forests and the atmosphere have additionally
gained importance (McMahon et al. 2010). All of these efforts together revealed consensus
about some general growth drivers: climate variability has been shown to strongly affect
tree growth (Fritts 1976), but also soil properties or topographical characteristics such as
aspect and slope (Oberhuber and Kofler 2000; Weber et al. 2007). As a further major
growth‐influencing feature, competition among trees plays a key role (Biging and Dobbertin
1995). However, quantifications of these influences – and their interactions – are largely
missing for most tree species, as is the case for oak.
Natural tree mortality has become a main focus in forest science towards the end of the 20th
century only (Manion 1981; Franklin et al. 1987). The conceptual theory by Manion (1981)
suggests that predisposing, inciting and contributing factors together act in processes
related to tree death. Four main mortality processes have been described. First, young trees
usually grow closely together or are overtopped by larger trees and thus experience very
high competition for light and other resources. Only the most vigorous trees succeed in
growing older, whereas the majority dies – a process usually described as ‘competitive self‐
thinning’ (Adler 1996; Reynolds and Ford 2005). A second pulse of natural mortality occurs
when trees reach their physiological age limit and die from senescence. Although reduced
growth has been shown to often precede this mortality process (Bigler and Bugmann 2003),
its physiological background is still poorly understood. As a third mortality process, pro‐
longed physiological stress can lead to tree death, e.g. as a consequence of drought (Allen et
al. 2010). A fourth mortality process that potentially affects trees of all ages is mechanical
damage from disturbances such as avalanches, windstorms and fires. Since disturbances
generally occur in a spatially and temporally unpredictable manner and forest dynamics
driven by disturbances are not a main target of this thesis, this mortality process is not con‐
sidered here.
Tree regeneration typically follows mortality events, when gaps in the formerly closed cano‐
py allow high light levels to reach the ground (Szwagrzyk et al. 2001). Species present in the
regeneration are not necessarily the same as those that are dominating the canopy (Parker
and Leopold 1983), thus giving rise to succession and changes in species composition.
However, the focus of this thesis is on growth and mortality processes.
Forest management strongly influences all these key elements of forest dynamics. Growth is
affected mainly by the facilitation of target trees through thinning. Cutting of trees for eco‐
nomic reasons is human‐induced mortality. Generation times in managed forests are usually
set much shorter than in natural forest ecosystems to avoid a deterioration of wood quality
and mortality from senescence. Thus, the omnipresent forest management in Central
European oak forests is strongly modifying the processes of natural forest dynamics, which
renders it very difficult to assess the natural potential of oak. Thus, there is only little
knowledge on the natural dynamics of oak forests in Central Europe – both before and
during the debate of climate change. The key to fill this gap lies in the study of long‐term
dynamics in forests actively protected from management.
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Research approach
Swiss forest reserve network
With the goal in mind to provide a solid basis for reliable studies on natural forest dynamics,
the Swiss forest reserve network was initiated by Professor Leibundgut at ETH Zurich in the
late 1940s. From then on, reserves were established all over Switzerland, mostly in forests
that had not been managed already for decades. The reserves were selected to represent as
many of Switzerland’s forest types as possible. After a re‐organization in 2006, the reserve
network is now jointly operated by ETH Zurich and the Swiss Federal Institute for Forest,
Snow and Landscape Research (WSL Birmensdorf), with considerable funding coming from
the Swiss Federal Office for the Environment. Currently, the network consists of 49 reserves,
which are guaranteed by contract and comprise areas between 1 ha and more than 5300 ha.
Detailed information on the network can be found on www.waldreservate.ch or in Wunder
(2007), Heiri (2009) and Brang et al. (2011).
A detailed guideline for setting up reserves and performing the monitoring activities was for‐
mulated in the early days of the network (Leibundgut 1959; Leibundgut 1962) and applied
with only minor adjustments until today. The monitoring system aims for repeated data
collection approximately every 5‐10 years and includes three spatial scales with varying
monitoring intensities (Figure 2):
(1) Full cruises are conducted in compartments, which represent subdivisions of the reserves
that are homogeneous regarding site characteristics. During the full cruises, among
others data on the tree species, diameters at breast height and whether a tree is dead or
alive are collected.
(2) Within every reserve, one or more permanent plots (mostly < 1 ha) were established on
which all trees are permanently tagged, allowing for individual‐based analyses. In addi‐
tion to the data collected in the compartments, several measures of vitality are assessed
qualitatively for every tree, and tree height is determined for a random subsample.
(3) Detailed sketches on the size and location of all trees were drawn along transects of 6‐
10 m width (‘profile strips’). However, these transects were given up in the 1980s due to
financial constraints.
On the occasion of the re‐organization in 2006, the monitoring system was complemented
by guidelines concerning coarse woody debris, habitat structures, permanent photo series
and inventory sampling procedures, which in the larger reserves are replacing the full cruises
(Brang et al. 2011). With every additional monitoring campaign, the captured time frame of
natural forest dynamics prolongs – and hence the value of the dataset increases.
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Figure 2. Design sketch for the establishment of a forest reserve according to the origi‐
nal guidelines by Leibundgut (1962). Adapted from Matter (2004).

The data collected in this way bear tremendous potential for long‐term studies of natural
forest dynamics as they are among the longest ecological data series worldwide and cover a
wide range of environmental conditions (Brang et al. 2011). First analyses were restricted to
descriptions of the initial data sets gathered in a few forest reserves (e.g. Hartl 1967; Eiberle
1969). Over time, the increasing amount of repeated measurements allowed also to focus
on dynamic processes. Although their systematic analysis is still in the early stages, the re‐
serve data have already delivered significant insights in some aspects of forest dynamics, e.g.
growth‐related mortality (Wunder 2007) and structural changes (Heiri 2009). While previous
studies intensively dealt with F. sylvatica (Wunder et al. 2007; Heiri 2009), Abies alba
(Wunder et al. 2007) and Picea abies (e.g. Hillgarter 1971), the reserve data have never been
explored with respect to oak. Because the permanent plot data allow for a much richer
analysis of key variables of forest dynamics, the present thesis focuses on this dataset rather
than the full cruise data.

Dendrochronology
Besides monitoring data, tree‐ring chronologies provide long‐term information on tree
growth, as mentioned above. The annual resolution of tree rings in the temperate and bore‐
al zone contains a higher information content compared to the decadal resolution of moni‐
toring data, allowing for different research foci. For instance, tree‐ring widths have been

14

General introduction

shown to be highly sensitive to climate variability (Fritts 1976), but also to competition and
site characteristics (Oberhuber and Kofler 2000; Weber et al. 2007). Dendrochronological
studies thus provide the potential to deepen the understanding of growth responses of oak
to climate and competition and how these responses vary among sites. For example, dif‐
fering growth responses to drought have been identified for Q. pubescens and P. sylvestris in
southwestern Switzerland (Weber et al. 2007). Insights in varying growth patterns of oaks
excluded from management could contribute strongly to the assessment of their natural
potential under climate change, but this has not been exploited so far.
Tree‐ring studies have been employed in the Swiss forest reserve project right from the
beginning. While first dendrochronological investigations intended to determine growth
variability among trees in individual reserves (e.g. Leibundgut 1959), more recent studies
focussed e.g. on mortality processes (e.g. Bigler and Bugmann 2003; Rohner 2008). In par‐
ticular the typical growth decline prior to death was studied intensively based on increment
cores taken in the reserves (Bigler and Bugmann 2003). However, only very few (yet large)
tree‐ring samples have been collected from living trees within the reserves so far, exclusively
covering conifers (e.g. Leibundgut 1959; Hillgarter 1971).

The potential of combining monitoring and tree‐ring data
A certain caution has evolved regarding the coring of living trees in protected and monitored
forests, because negative impacts for the cored trees and thus biases in the collected data
are feared. Dendrochronology always depends on invasive or even destructive data collec‐
tion. While taking stem cross sections definitely kills a tree, there is large uncertainty regard‐
ing the long‐term impacts of taking increment cores, e.g. the spread of pathogenic fungi
(Hart and Wargo 1965). Coring seems to have no direct impact on the mortality of Picea
abies (Wunder et al. 2011), but little is known on the susceptibility of other conifers, let
alone deciduous tree species.
Besides studying growth processes, trees are often cored to determine their age, which is a
crucial information in forest science and practice. For example, many forest growth models
rely on tree age information (Thürig et al. 2005). In nature conservation, age acts as an indi‐
cator for the ecological value of a tree, because structural diversity generally increases with
tree age (Michel and Winter 2009). Accurate tree age estimation is particularly important for
oaks, because subsidies for their protection in the context of nature conservation projects
are often determined as a function of their age (e.g. Kantonsforstamt St. Gallen 2003).
Combining monitoring data and tree‐ring chronologies has the potential to obviate the need
for future tree‐ring sampling in attempts to determine tree age. If the age information
stored in tree rings can be calibrated using monitoring data from the same trees, the age of
further trees may be estimated based on monitoring data alone. Following this approach,
invasive methods are only needed during calibration.
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Objectives and research questions
The overall objective of this thesis is the assessment of the natural potential of Central Euro‐
pean oaks by evaluating their growth and mortality under the exclusion of management im‐
pacts. Particular foci lie in (1) the identification of environmental variables that drive these
processes, (2) the evaluation of whether oaks suffer from increased competition in unman‐
aged forests, or whether climate change is leading to an opposite trend, and (3) the develop‐
ment of a new approach for tree age estimation, which should satisfy the long‐standing call
for accurate, non‐destructive methods for age determination. Hence, this thesis forms a
basis for decisions in the context of forest‐related nature conservation and attempts to
adapt European forests to a changing climate, and delivers a non‐destructive tool for the
determination of tree age, which is important for both scientific and practical reasons.
From an ecological perspective, the following main questions are addressed regarding
(1) Stand structure
 How does stand structure in oak forests change after the abandonment of management?
(2) Mortality
 Do oak and its strongest competitor beech show changing mortality patterns under the
development towards near‐natural stand conditions?
 What environmental variables are decisive for the mortality of oak and beech?
(3) Growth
 What are the most important climatic drivers of natural oak growth?
 What environmental variables limit the growth of oak diameters with age?
The following research questions focus on methodological aspects:
 How accurate are age‐diameter relationships of oaks that are predicted based on site
characteristics?
 How accurate are non‐invasive tree age estimations for oaks based on nonlinear models?

Structure of the thesis
This thesis is structured in four steps. In the first step, monitoring data with a decadal resolu‐
tion are used to evaluate the development of stand structure in oak‐beech forests after the
abandonment of management, including the consequences for tree mortality (Chapter I). In
the subsequent two steps, environmental drivers of oak growth are identified based on tree‐
ring data, first by focussing on growth responses to climate variability (Chapter II) and second
by focussing on the age‐diameter relationship (Chapter III). In the last step, the monitoring
and tree‐ring data are combined to develop a method that allows for non‐destructive tree
age estimation in the future (Chapter IV).
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Chapter I: Fifty years of natural succession in Swiss forest reserves: changes in stand
structure and mortality rates of oak and beech
Qualitative descriptions of succession have suggested an increasing dominance of the shade‐
tolerant beech after management stops in Central European oak‐beech forests. Under cli‐
mate change, this trend may reverse as a consequence of the higher drought tolerance of
oak compared to beech. However, structural changes and mortality processes in oak‐beech
forests developing towards natural conditions have only rarely been quantified. Thus, the
first part of this thesis deals with identifying changes in stand structure and mortality rates –
and their drivers – in twelve forest sites in ten forest reserves located along a large environ‐
mental gradient in Switzerland. Based on repeated measurements from more than 17 600
individually tagged trees, the development of stand basal area, stand density and the relative
proportion of oak and beech are analyzed. In addition, generalized linear mixed‐effects
models are fitted to determine the differing effects of tree diameter, stand basal area, pre‐
cipitation and slope on mortality rates of oak and beech.

Chapter II: Annual growth responses of oaks to temperature, precipitation and a
drought index along a gradient of soil moisture in Swiss forest reserves
Knowledge on the relationship between climate and growth is a prerequisite for assessing
the natural potential of oak, particularly under climate change. The second part of this thesis
therefore aims at identifying the most important climatic drivers of natural oak growth in
Central Europe. Furthermore, the question how these growth responses differ with site char‐
acteristics is addressed. To this end, increment cores from a total of 333 oaks representing
different vitality classes are taken within the Swiss forest reserves, which represent a gra‐
dient of soil moisture conditions. Response functions of annual tree‐ring indices to monthly
temperature means, monthly precipitation and a monthly drought index are calculated. The
time frame from June of the previous year until September of the current year is considered
as potentially influencing oak growth. Furthermore, relating the responses to soil moisture
conditions allows for identifying characteristically varying response intensities.

Chapter III: Estimating the age‐diameter relationship of oak species in Switzerland
using nonlinear mixed‐effects models
The development of tree height growth with increasing age has been studied intensively in
the context of traditional yield tables. However, the relationship between age and diameter
has reached less attention so far, although a tree’s diameter is a fundamental measure in
forest science and forestry. Therefore, the main goal of the third part of this thesis is to iden‐
tify the key environmental variables that shape the age‐diameter relationship of oaks. For
that purpose, the tree‐ring samples introduced in Chapter II are used to determine the age‐
diameter relationship for the oaks growing in the Swiss forest reserves. Nonlinear mixed‐
effects models are fitted, with elevation, slope, aspect, soil water holding capacity and the
most important climatic driver from Chapter II included as covariates. In addition, a mean
model is developed and its accuracy in predicting age‐diameter curves is assessed.
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Chapter IV: Towards non‐destructive estimation of tree age
Accurate tree age information is a prerequisite for many conservational, silvicultural and
scientific questions such as assessing expected future growth. Although dendrochronological
methods for tree age estimation have proved to be accurate, they are invasive or even de‐
structive and thus often not applicable, e.g. in protected forests. The fourth part of this
thesis therefore aims at developing a method for the non‐destructive tree age estimation for
oaks. To this end, age estimations derived from a traditional method are compared to those
derived from two alternative approaches that allow for bypassing dendrochronological
sampling in the future. In the first of these two approaches, diameter sequences determined
during the forest reserve monitoring are fitted to a range of systematically varying age‐
diameter curves. In the second approach, the diameter sequences are fitted to the age‐
diameter curves that are predicted site‐specifically for every individual tree from the mean
model developed in Chapter III.
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Abstract
Question: What are the drivers of structural changes and mortality in oak–beech forests over
50 yrs of natural succession?
Location: Twelve unmanaged forest sites, comprising a large environmental gradient in the
Swiss lowlands.
Method: By using repeated inventory data from more than 17 600 individually tagged trees,
the dynamics of oak–beech stands over the past 50 yrs were analysed. Generalized linear
mixed‐effects models were fitted to quantify annual mortality rates of oak and beech based
on DBH, stand basal area, precipitation and slope.
Results: Stand basal area increased, whereas tree density decreased over time. At most sites,
the relative importance of oak decreased gradually compared to beech. Mortality increased
over time for both oak and beech, but the increase was stronger for oak. Oak and beech
mortality decreased with increasing DBH and tended to increase with precipitation. Addi‐
tionally, oak mortality increased with stand basal area, whereas no such trend was found for
beech.
Conclusion: Our study indicates that mortality in Central European oak–beech forests is
driven by a combination of stand structures (i.e. tree size and stand basal area) and climate.
However, the influence of climate on oak mortality is comparably low. Increasing oak mor‐
tality with stand basal area is a plausible consequence of its lower relative competitiveness
and higher demand for light. Thus, in forests developing towards higher stand basal area, the
ecologically important oak is increasingly outcompeted by beech, unless competition is
reduced through management or disturbances.

Keywords: Akaike weight; Fagus sylvatica; forest dynamics; forest succession; generalized
linear mixed‐effects model; Quercus spp.; tree population.
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Introduction
Natural forest succession has been a strong focus in vegetation ecology for a long time (Watt
1947; Peterken 1996). Understanding successional pathways in forests is crucial for a wide
range of issues, among others timber production, conservation objectives and the assess‐
ment of ecological processes. A key driver of forest succession is tree mortality, as it causes
changes in species composition and structural diversity (Franklin et al. 1987; Slik 2004).
In Central Europe, much attention has been paid to succession in mixed oak–beech forests
since oak species are highly valuable for biodiversity (Ranius & Jansson 2000; Bernicchia et
al. 2008; Bertiller & Müller 2010) whereas beech is the naturally dominant tree species of
most lowland forests (Brzeziecki et al. 1993; Ellenberg & Leuschner 2010). Both taxa have
approximately the same optimum growth ranges in mesic, moderately acidic to alkaline con‐
ditions (Ellenberg & Leuschner 2010). This causes high competitive pressure, under which
succession typically leads to a dominance of beech due to its higher shade tolerance
(Leibundgut 1984; Ellenberg & Leuschner 2010). Towards the edges of their range, relative
competitiveness inverts, resulting in the dominance of oaks in areas that are too dry, too
wet or too acidic for beech (Ellenberg & Klötzli 1972; Ellenberg & Leuschner 2010). However,
human facilitation has increased the proportion of oak in many beech‐dominated forests
(Ellenberg & Leuschner 2010).
These descriptions of natural oak–beech succession are mainly of observational nature,
whereas quantifications based on empirical data are largely lacking. Therefore, it is basically
unknown to what extent and how rapidly stand structures change after the abandonment of
forest management. In addition, little is known about natural mortality rates in oak–beech
forests and the underlying drivers.
As a consequence of climate change, successional patterns are potentially shifting (Eastaugh
2008; Walther 2010). In Central Europe, increased temperatures, moister winters, drier
summers and more frequent extreme events such as heatwaves and droughts are expected
(Schär et al. 2004; OcCC 2008). Changes in the climate and its variability have been sug‐
gested to influence species ranges and mortality processes in forest ecosystems all over the
world (e.g. Mueller et al. 2005; van Mantgem et al. 2009; Allen et al. 2010). There is an on‐
going debate whether oaks could benefit from climate change in Central Europe, especially
compared to beech (Brzeziecki et al. 1995; Bugmann 1997; Wohlgemuth et al. 2006;
Wallnöfer & Hotter 2008).
The study of natural forest succession requires long‐term data series from forests that have
not been affected by human interventions. Such data sets are rare, which is likely the reason
for the lack of quantitative studies on natural oak–beech succession. Unmanaged, but regu‐
larly inventoried, forest reserves provide an opportunity to fill this gap. However, relatively
few long‐term studies on successional pathways and tree mortality have been conducted in
forest reserves (Bigler & Bugmann 2003; Wolf et al. 2004; Coomes & Allen 2007; Wunder et
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al. 2008; Heiri et al. 2009), and no study has focussed on the relationship between oak and
beech. Therefore, we use a large set of permanent plots in Swiss forest reserves to quantify
changes in stand structures and mortality rates of oak and beech and their potential drivers
after the abandonment of management. We aim to elucidate whether natural succession
leads to the dominance of beech over oak, or whether changes in climate variability may
lead to an opposite trend. Hence, we focus on three main questions:
1) How do diameter distributions, stand basal area and the relative importance of oak and
beech develop after the abandonment of management?
2) To what extent do mortality rates vary over time and differ between oak and beech?
3) What are the drivers of oak and beech mortality under natural succession?

Methods
Forest inventory data
We used data from the Swiss forest reserve network, which is jointly managed by the Swiss
Federal Institute for Forest, Snow and Landscape Research (WSL Birmensdorf), ETH Zurich
and the Swiss Federal Office for the Environment (FOEN). The network currently consists of
49 unmanaged forests located throughout Switzerland (for details see Wunder et al. 2007;
Brang et al. 2008, 2011). Within many of these reserves, permanent plots have been estab‐
lished in which every tree with a diameter at breast height (DBH) ≥ 4 cm was individually
tagged and its species recorded. During repeated inventory campaigns at intervals of ap‐
proximately 5–10 yrs, the DBH and the status (dead/alive) of all trees was recorded. In‐
growing trees with a DBH ≥ 4 cm were also tagged and measured. The first campaigns took
place in the late 1940s, and although the exact date of the last management interventions is
unknown, it is documented that most forests had not been managed for several decades
prior to incorporation in the reserve network (Brang et al. 2011). Thus, the data set covers
more than half a century of natural forest succession.

Study sites
Twelve study sites were selected within the reserve network, which represent a wide range
of oak and beech habitats varying in phytosociological associations, climatic conditions and
slope (Table 1, see Appendix S1 for locations of the sites). The following criteria had to be
met by the study sites: (1) the proportion of oaks, calculated as the importance value (IV =
[relative density + relative basal area] / 2 × 100; Parker & Leopold 1983), was at least 10% in
the last inventory; (2) at least three inventory campaigns have taken place; and (3) the
phytosociological association had to be homogeneous within every study site. To meet the

Site

Coordinates Elevation Slope Aspect* Main soil
(northing, easting) (m a.s.l.)
(°)
type

Phyto‐sociological association

Area Number
(ha) of plots

Inventory Distance to
campaigns
climate
station (km)
1970, 1980,
4.3
1990, 2002

47° 36' 50''
8° 33' 40''

490‐520

10

NW Cambisol

Galio odorati‐Fagetum

2.25

5

Bannhalde
(Ba)

47° 31' 28''
8° 31' 15''

420

0

‐ Cambisol

Galio odorati‐Fagetum

0.50

1

1973, 1984,
1994, 2000

0.8

Bois de Chênes
(Bo)

46° 26' 17''
6° 13' 33''

510‐520

5

N‐S Cambisol

Carici albae‐Fagetum
caricetosum montanae

2.67/4.46

7

1970‐1974, 1984,
1995, 2007

4.2

Les Follatères
(Fo)

46° 7' 39''
7° 4' 26''

620‐880

35

SE

Leptosol

Arabidi turritae‐Quercetum
pubescentis

3.17

14

1974, 1984‐1986,
1995‐1997

22.0

Josenwald
(Jo)

47° 8' 5''
9° 15' 19''

480‐780

45

S

Leptosol

Sileno nutantis‐Quercetum

0.84

3

1980‐1981,
1990‐1991, 2007

13.0

Krummenlinden 47° 33' 27''
(Kr)
8° 20' 8''

550

0

‐ Cambisol

Galio odorati‐Fagetum
luzuletosum

0.74

3

1956, 1966, 1976,
1986, 1996

7.6

Langgraben
(La)

47° 32' 49''
8° 31' 36''

420

0

‐

Luvisol

Galio odorati‐Fagetum luzuletosum
(Galio silvatici‐Carpinetum)

0.49/0.92

4

1973, 1983,
1994, 2004

3.1

Strassberg
(St)

47° 31' 55''
8° 29' 40''

470‐490

5 NW‐SW Cambisol

Galio odorati‐Fagetum

2.03/2.16

5

1976, 1987, 2001

2.8

Vorm Stein 1
(Vo1)

47° 33' 7''
8° 27' 13''

540

0

Luvisol

Luzulo silvaticae‐Fagetum
typicum

0.49/1.79

5

1972, 1986,
1999‐2000

3.2

Vorm Stein 2
(Vo2)

47° 33' 7''
8° 27' 13''

500‐540

20

SW Cambisol

Coronillo coronatae‐Quercetum
(Cytiso‐Pinetum silvestris)

0.24/0.93

3

1972, 1986, 2000

3.2

Vorm Stein 3
(Vo3)

47° 33' 7''
8° 27' 13''

480‐500

10

SW Cambisol

Galio odorati‐Fagetum
(Pulmonario‐Fagetum melittetosum)

0.74

3

1972, 1986, 1999

3.2

47° 24' 47''
7° 59' 33''

600‐680

25

Asperulo taurinae‐Tilietum,
Cardamino‐Fagetum typicum

1.31

2

1976, 1987, 1998

1.9

Weidwald
(We)

* For sites with slope = 0°, aspect is not defined.

‐

S

Leptosol

27

Adenberg
(Ad)

Stand structure and mortality rates

Table 1. Detailed information on the study sites. ‘Area’ denotes the sum of the areas of the plots within one site; two values are given if the number of
inventoried plots varied between campaigns. Phytosociological associations are indicated according to Ellenberg and Klötzli (1972), soil types are based on the
FAO system (FAO 1998).
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third criterion, the reserve Vorm Stein was split into three homogeneous sites. To keep the
focus on late‐successional processes, we excluded permanent plots with documented large‐
scale disturbances (mainly windthrow). The 12 selected study sites comprise a total area of
nearly 20 ha.

Tree species
The three main oak species of Switzerland, Quercus petraea (Mattuschka) Liebl., Quercus
robur L. and Quercus pubescens Willd., were analysed collectively (referred to as ‘oak’) for
the following reasons: (1) in the inventory campaigns, Q. petraea and Q. robur were not dis‐
criminated because of their overlapping morphological attributes (cf. Kissling 1980; Aas
1998); (2) all three species tend to hybridize (Kissling 1980; Aas 1998); (3) the question
whether they are different species at all is controversial (Aas 1998; Muir et al. 2000). The col‐
lective analysis of the three species resulted in a total of 8533 oak trees in the selected study
sites.
Fagus sylvatica L. (referred to as ‘beech’) is the main competing species in most of the study
sites. However, at two sites (Les Follatères and Josenwald; Table 1) beech was only margin‐
ally present. Therefore, the represented ecological gradient is slightly narrower for beech
than for oak (e.g. slope, see Table 1). Nevertheless, 9086 beech trees were incorporated in
the data set.

Data analysis
Development of stand structure
The temporal development of stand basal area was investigated for every study site. Site‐
specific changes in the relative importance of oak and beech were analysed based on stem
density, basal area and IV. In addition, temporal changes in the diameter distributions of oak
and beech were tested using a Kolmogorov–Smirnov test. All variables were standardized to
1 ha.
Mortality rates
Annual mortality rates

(Sheil & May 1996) were calculated at a population level as

1

⁄

⁄

(1)

where
and are the numbers of living trees at the beginning and at the end of the inter‐
val, respectively, and is the inventory interval in years. Mortality rates were only calcu‐
lated if
≥ 10. We did not investigate individual‐based mortality since (1) most variables
explaining variability in mortality (see below) were available only at the population level, and
(2) comparisons among sites would have been difficult due to the differing inventory peri‐
ods.

Stand structure and mortality rates

29

In populations containing trees with differing mortality probabilities, mortality rates decline
with increasing inventory intervals, because the fraction of the population with a high mor‐
tality probability declines faster than the fraction with a low mortality probability (Sheil &
May 1996). It follows that mortality rates calculated from diverse interval lengths can only
be compared when calculated for subpopulations with homogeneous mortality probabilities
(Sheil & May 1996). To account for the varying inventory intervals in our data set (Table 1),
mortality rates (equation 1) were calculated separately for oak and beech, as well as for
three DBH classes (‘small’, ‘medium’, ‘large’) to achieve the highest possible comparability.
For each site and inventory, we grouped all measured trees according to their DBH into
three bins with equal numbers of trees (‘small’, ‘medium’, ‘large’). The mean bin size across
the three to five inventories per site was used to define the DBH classes for a specific site.
The resulting site‐specific variation of bin sizes takes into account that a tree with a given
DBH can be completely suppressed at a productive site, while it may dominate at an unpro‐
ductive site.
A paired Wilcoxon rank sum test was performed to analyse whether changes in mortality
rates differed between oak and beech. For this purpose, the differences between the mor‐
tality rates of the first and the last inventory period were calculated separately for all sites
and DBH classes, and pairs were defined as the corresponding differences of oak and beech.
Mortality models
Relationships between annual mortality rates and explanatory variables were identified
using generalized linear mixed‐effects models for proportions based on maximum likelihood,
i.e. logistic regression models (Zuur et al. 2009). Models were fitted to the oak and beech
data separately.
As fixed effects, characteristics related to the subpopulations, stands and sites were jointly
considered. The DBH classes were treated as a factor with three levels (referred to as ‘DBH’).
As an indicator for the competitive situation in the stands, stand basal area (in m2ha‐1) at the
beginning of the respective interval was included as a further fixed effect (referred to as
‘BA’). More complex competition indices could not be calculated due to the lack of spatial in‐
formation at the tree level. Moreover, site‐specific variations were considered based on
both topography and regional climate. Topography was represented via the mean slope of
all permanent plots within the individual study sites in degrees (referred to as ‘SL’). Elevation
was not considered as an explanatory variable due to the low variability among sites. To re‐
present climate variability, precipitation sums during the growing season (April–September,
referred to as ‘PG’) from the nearest climate station (Table 1) were included, since precipita‐
tion tends to be a limiting factor for trees in the Swiss lowlands (Ellenberg & Leuschner
2010). Mean precipitation sums of the intervals were standardized for every site separately
to focus on within‐site variations and thus to allow for comparisons among sites with differ‐
ent precipitation levels. Temperature was not included since it is not a limiting factor in the
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Swiss lowlands (Ellenberg & Leuschner 2010), and it showed only low variability among the
investigated sites.
Random effects were defined for the intercept with study sites as grouping factor. The inclu‐
sion of additional random effects for the variables did not improve the model performance
and is therefore not shown in the results.
The four explanatory variables DBH, BA, SL and PG were tested for collinearity, which was
quantified using variance inflation factors (VIF). All VIFs were < 1.5, indicating the absence of
any critical collinearity (Zuur et al. 2009). Based on all possible combinations of the four ex‐
planatory variables, a set of 15 competing candidate models was formulated (Table 2). Inter‐
actions between explanatory variables were not considered due to limited sample sizes.
Table 2. Complete set of competing mixed‐effects models for the mortality rates of oak
and beech, and their results in the model ranking.
Model

1

Fixed effects
Random effect
DBH SL BA PG
intercept
×

2

0.1

6.2

2.3

×

365.1

0.0

205.0

0.0

×

366.9

0.0

206.2

0.0

×

366.8

0.0

204.2

0.0

×

12.5

0.1

8.3

0.8

×

0.5

23.4

5.3

3.6

×

2.2

9.6

0.0

51.2

×

367.3

0.0

207.2

0.0

×

×

367.1

0.0

205.3

0.0

×

×

369.0

0.0

204.4

0.0

×

1.5

13.7

7.4

1.3

×

×

3.0

6.4

2.2

17.3

×

×

×

0.0

29.4

2.1

17.8

×

×

×

×

369.4

0.0

205.7

0.0

×

×

×

×

1.1

17.3

4.4

5.8

×

4

×

6

×

7

×

×
×
×

8

×

9

×

10
11

×

×

12

×

×

13

×

15

×

×

14
×

Weight
(%)

12.0

3

×

Beech

×
×

5

Oak
Weight
(%)

×

Diameter at breast height (DBH), slope (SL), stand basal area (BA) and standardized pre‐
cipitation (PG) were considered as explanatory variables. The best‐fitting models for oak
and beech are highlighted in grey.
is the difference in
of the particular
model and the model with the lowest
. Weight indicates the Akaike weights (equa‐
tion 3) of the models. These weights can be interpreted as the probability of the particu‐
lar model to be the best‐fitting model for describing the data, given the complete set of
candidate models (Burnham & Anderson 2002; Johnson & Omland 2004).
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Model selection and model performance
The models that best explained mortality (referred to as ‘best‐fitting models’) were identi‐
fied according to an information‐theoretic approach based on the corrected Akaike informa‐
tion criterion (
, Burnham & Anderson 2002), which is unbiased for small samples. For
every model, the
was calculated as

2

1 /

1

(2)

where is the sample size, the number of parameters in the model, and
is defined as
‐2 × log(likelihood) + 2 × (Burnham & Anderson 2002). The models were ranked based on
Akaike weights, which are defined as

∑

(3)

where
is the difference in
between model and the model with the lowest
(Burnham & Anderson 2002; Johnson & Omland 2004). Akaike weights may be interpreted
as the probability that model best describes the observed data, given the set of candidate
models (Johnson & Omland 2004). Using this approach, the models with the best fit were
identified separately for oak and beech.
In addition to single‐model inference, multi‐model inference (Burnham & Anderson 2002)
was performed, since more than one model described mortality rates for oak fairly well.
Therefore, the relative importance of the individual variables was calculated as the sum of
the Akaike weights of all models in which the particular variable occurs (Burnham & Ander‐
son 2002). We did not perform model averaging since quantitative prediction was not the
main goal of the study (Burnham & Anderson 2002; Johnson & Omland 2004).
Model diagnostics were checked for the best‐fitting models based on deviance residuals that
were plotted against all variables and against the fitted values to detect possible undesirable
structures in the residuals. In addition, Pearson correlations between observed and pre‐
dicted mortality rates were calculated as an indicator of model performance. To assess the
robustness of the results, we followed a leave‐one‐out approach by re‐running the model se‐
lection procedure multiple times, each time excluding one study site.
All analyses were performed using R, a language and environment for statistical computing
(R for Windows version 2.11.1; R Foundation for Statistical Computing, Vienna, Austria). For
most visualizations, the packages lattice (R package version 0.18‐8) and latticeExtra (R pack‐
age version 0.6‐14) were used. Models were fitted using the package lme4 (R package ver‐
sion 0.999375‐37).
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Figure 1. Development of diameter distributions of oak and beech at the study sites (4 cm ≤ DBH ≤
100 cm). Site abbreviations are according to Table 1.
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Results
Development of stand structure
Diameter distributions changed over time and differed between oak and beech as well as
among sites (Fig. 1). For both species, trees up to 50 cm DBH were frequent at most sites;
only Adenberg and Bannhalde contained a substantial proportion of larger trees (18% and
23% in the last inventory, respectively). For oak, the DBH distributions were generally bell‐
shaped with a positive skew, whereas for beech, variations from bell‐shaped with a positive
skew to inverse J‐shaped were present. Overall, beech was relatively more frequent in the
lowest diameter classes than oak. The diameter distributions of oak significantly shifted to
larger DBHs at all sites, accompanied largely by a decreasing frequency of the lowest diame‐
ter trees (Kolmogorov–Smirnov test between the first and the last inventory, P = 0.02 at
Bannhalde, P < 0.01 at all other sites). For beech, DBH distributions changed significantly at
ten sites (P = 0.02 at Vorm Stein 1, P < 0.01 at all other sites), while only for Josenwald was
no significant change recorded (P = 0.51). In Les Follatères, there were too few beech trees
to perform a Kolmogorov–Smirnov test (n = 5 in the last inventory).
60
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Figure 2. Development of stand basal area over time for all study sites (site abbrevia‐
tions according to Table 1). At some sites, the inventoried areas changed between in‐
ventories (cf. Table 1).
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Stand basal area monotonically increased over time at nine of the 12 study sites (Fig. 2). The
increase from the first to the last inventory ranged from 4% (Weidwald) to 68% (Vorm Stein
1), with an average of 33% over all sites with an increase. In eight of the sites (Adenberg,
Bois de Chênes, Les Follatères, Josenwald, Krummenlinden, Vorm Stein 1, Vorm Stein 3,
Weidwald), the increase was more pronounced in earlier than later inventories. Stand basal
area temporarily decreased at three sites (Bannhalde, Krummenlinden, Vorm Stein 2), al‐
though at Krummenlinden, only a marginal decrease was observed in the last inventory peri‐
od. For Vorm Stein 2, the decrease was an artefact of the substantial expansion of the in‐
ventoried area from the first to the second inventory.
Oak

Beech

Density (stems ha-1)

1000
800
600
400
200
0

Basal area (m2ha -1 )

25
20
15
10
5

Importance Value (%)

0

60

40

20

0
1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010

Year
Ad
Ba
Bo

Fo
Jo
Kr

La
St
Vo1

Vo2
Vo3
We

Figure 3. Development of stem density, basal area and importance values of oak and
beech over time. Importance values were calculated as [relative density + relative basal
area] / 2 × 100 (Parker & Leopold 1983). Site abbreviations are according to Table 1.
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Stem density decreased from the first to the last inventory at all sites, and this effect was
typically more pronounced for oak than for beech (Fig. 3, Appendix S2). Basal area of beech
increased at all sites except Weidwald and Les Follatères, whereas no consistent trend was
found for oak (Fig. 3). The combination of these patterns resulted in slightly decreasing IVs
for oak and slightly increasing IVs for beech at the majority of the sites.

Mortality patterns
Annual mortality rates differed among tree sizes and species (Fig. 4). For oak, they ranged
between 0% and 26% and thus were more variable and generally higher than those of beech,
which did not exceed 9%. This holds true even if the highest two mortality rates of oak are
omitted from the data set. Mortality rates showed an increasing trend over time, and the in‐
crease was significantly higher for oak than for beech (paired Wilcoxon rank sum test, P =
0.006). Furthermore, both species generally showed decreasing mortality rates with
increasing tree size (cf. Appendix S3).
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5
0
10

small

medium

large

6
4

Beech

Beech

8

Beech
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Figure 4. Annual mortality rates of small, medium and large oak and beech trees plotted
against the years at the beginning of the corresponding periods. ‘Small’, ‘medium’ and
‘large’ refer to the diameter ranges of the smallest, medium and largest third of all trees
over the complete investigated period within the particular sites (site abbreviations ac‐
cording to Table 1). For intervals in which the number of living trees at the beginning
(ܰ ) was < 10, mortality rates were not calculated, which resulted in some mortality
rates being unconnected in the figure. Please note the varying y‐axis scales.
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Drivers of oak and beech mortality
Based on the Akaike weights, model 7 clearly described the mortality rates of beech best,
whereas for oak several models (models 6, 13 and 15) described the mortality rates similarly
well (Table 2).
DBH reached a relative importance of 100% for describing both oak and beech mortality
rates (Table 3), reflecting the fact that all candidate models without DBH had an Akaike
weight of 0% (Table 2). The correlation between DBH and mortality was negative (for a de‐
tailed model outcome see Appendix S4), indicating consistently decreasing mortality rates
with increasing DBH. The decrease in mortality with increasing DBH was significant (P <
0.001) for both oak and beech, although more pronounced for oak (Fig. 5, Appendix S4).
The relative importance of PG was 92% for beech, whereas it was almost 30% lower for oak.
PG was positively correlated with mortality (Appendix S4), indicating higher mortality during
more humid periods relative to the mean conditions of the individual sites. Beech had a
higher effect size and a higher significance than oak (Fig. 5, Appendix S4).
BA reached a relative importance of 84% for describing oak mortality but only 29% for de‐
scribing beech mortality. It was not included in the best‐fitting beech model, whereas a sig‐
nificant positive correlation with mortality was found in the best‐fitting oak model (Appendix
S4). Thus, oak mortality was generally higher in stands with higher stand basal area (Fig. 5).
SL was not included in the best‐fitting models for either oak or beech (Table 2). Thus, it
showed by far the lowest relative importance of all explanatory variables (38% for oak and
25% for beech, Table 3).
Table 3. Relative importance of variables for oak and beech mortality. The relative im‐
portance of the explanatory variables diameter at breast height (DBH), slope (SL), stand
basal area (BA) and standardized precipitation (PG) is defined as the sum of the Akaike
weights of those models, in which the variables occur (Burnham & Anderson 2002;
Akaike weights according to Table 2).
Oak

Beech

100

100

SL (%)

38

25

BA (%)

84

29

PG (%)

63

92

DBH (%)
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The fixed effects of the best‐fitting oak model fitted the observed mortality rates better than
those of the best‐fitting beech model (see Appendix S5). For both species, the inclusion of a
random effect clearly improved model predictions. Residual diagnostics based on deviance
residuals did not show any undesirable patterns for either the oak or the beech model. Fur‐
thermore, leaving out individual sites in the model did not affect the results for beech and
generally not for oak. However, leaving out Krummenlinden or Strassberg slightly changed
the order of the relative importance of PG, BA and SL for oak, whereas DBH reached 100% of
relative importance in every case.
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Figure 5. Best‐fitting models for (a) oak and (b) beech. Mortality estimates are plotted
against the included explanatory variables per DBH class (small, medium, large). For oak,
stand basal area and standardized precipitation were kept constant within the visualiza‐
tion of the other variable (stand basal area = 40 m2ha‐1, standardized precipitation = 0).
Observed values of the explanatory variables are indicated with a rug plot (top of the
panels).
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Discussion
Development of stand structure
The analysis of repeated inventory data from 12 oak–beech stands in Swiss forest reserves
revealed shifts in the DBH distributions and IVs during the past 50 yrs, indicating that the
species composition underwent considerable changes, leading to an increased abundance of
beech compared to oak. A change in the proportions of the two tree species is particularly
evident from the increasing relative frequency of beech in the small diameter classes over
time. Similar shifts in the DBH distribution of shade‐tolerant tree species compared to
shade‐intolerant tree species were found in other naturally developing forests, e.g. in an old‐
growth oak forest in the USA (Parker et al. 1985) and in several forest types in the Białowieża
National Park in Poland (Bernadzki et al. 1998). Among our sites, the only exceptions were
Les Follatères and Josenwald, where no trend towards increased beech dominance was
found, probably because the dry conditions of these forests lie outside the range of strong
competitiveness of beech (Ellenberg & Klötzli 1972).
The more pronounced decrease in stem density for oak and the opposite trends in the IVs of
oak and beech at many of our study sites further indicate an increasing dominance of beech,
which coincides with developments in other natural forests throughout Europe (Koop &
Hilgen 1987; Emborg et al. 2000). However, some abrupt changes in stem density, basal area
and IVs are likely due to changes in the inventoried area (cf. Table 1).
Stand basal area of most forests studied here increased substantially after management had
been abandoned. In the last inventory, stand basal area reached or even exceeded values
observed in old‐growth beech forests (Commarmot et al. 2005). This finding may be inter‐
preted as a further indicator for the development towards more natural stand structures (cf.
Heiri et al. 2009). Particularly in stands with a strong increase in stand basal area at earlier
inventories, this development may already be further advanced. The observed changes in
stem density and basal area of oak and beech indicate that stand basal area increased due to
radial growth rather than due to additional trees (for details cf. Appendix S2). Furthermore,
the decrease in tree numbers suggests that mortality plays a crucial role in these forests.

Mortality patterns
The decrease in relative oak abundance is consistent with their higher mortality rates com‐
pared to beech. The generally higher mortality for oak than for beech is in accordance with
findings from southern France (Kunstler et al. 2005), but contrasts with observations from
Austria (Monserud & Sterba 1999); however, both of these studies included mainly managed
forests, and the former was located in a warmer area with drier summers resulting in re‐
duced comparability. The decrease in relative oak abundance became more evident over
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time, which is further indicated by the significantly higher increase in mortality for oak than
for beech.
Mortality rates of both oak and beech were, compared to results from other studies in
Europe, higher in the small DBH class but similar in the large DBH class (Monserud & Sterba
1999; Mountford et al. 1999). Mortality rates of the medium DBH class were comparably
high for oak but not for beech. Annual mortality rates of oak and beech did not exceed 2% in
Austria (Monserud & Sterba 1999) and 4.5% in the United Kingdom (Mountford et al. 1999),
whereas values ≥ 5% were frequent for small and medium‐sized oak and small beech trees in
our study. These high mortality rates are probably due to the absence of management in our
sites, at least compared to the observations in Austria (Monserud & Sterba 1999).

Drivers of oak and beech mortality
Observed mortality rates were described fairly accurately by the variables included in the
statistical models, although better for oak than for beech. Predictions based on DBH, BA and
PG achieved a Pearson correlation of 0.77 with observed oak mortality, whereas beech mor‐
tality showed a correlation of 0.67 with predictions based on DBH and PG. Bearing in mind
how many complex and interacting factors have been supposed to influence mortality (cf.
Franklin et al. 1987), this model performance is relatively high.
Mortality rates consistently decreased with increasing DBH for both oak and beech. Similar
patterns were found in a variety of managed (Monserud & Sterba 1999; Adame et al. 2010)
and natural forests (Lorimer et al. 2001; Coomes & Allen 2007). They were mostly inter‐
preted as a result of competitive self‐thinning, in which smaller trees compete less success‐
fully for light than larger trees (Adler 1996; Reynolds & Ford 2005; Coomes & Allen 2007). In
our data, this effect was more pronounced for oak, which coincides with its higher demand
for light compared to beech (Ellenberg & Leuschner 2010). Additionally, several studies sug‐
gested a U‐shaped relationship between DBH and mortality, indicating that mortality in‐
creases for the largest trees as a result of senescence and disturbance (Goff & West 1975;
Lorimer et al. 2001; Coomes & Allen 2007; Lines et al. 2010; Hurst et al. 2011). However, in
the present study, trees larger than 50 cm were rare and sites with documented stand‐wide
disturbances were excluded, hence this supposed increase in mortality rates could not be
evaluated here.
Oak mortality was considerably higher in stands with higher BA, whereas beech mortality re‐
mained unaffected. This difference can be used to explain the observed shift in relative
abundance from oak towards the more shade‐tolerant beech, as stand basal area consistent‐
ly increased over time at most sites. The increasing stand basal area has likely enhanced
competitive pressure and thus the struggle for light (cf. Heiri et al. 2009), leading to in‐
creasing mortality rates of the light‐demanding oak, whereas the shade‐tolerant beech was
less affected. Stand basal area has previously been discussed as a driver of species‐specific
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tree mortality (Fridman & Ståhl 2001; Klos et al. 2009; Lines et al. 2010), however, differen‐
tial responses of European oak and beech species have not been shown to date.
Climate variability affected mortality rates by slightly increasing beech and oak mortality
during more humid periods. Since PG did not systematically increase over time, a spurious
correlation due to a simultaneous increase in stand basal area is unlikely. However, PG did
not explain much of the observed variability in mortality rates, especially not for oaks. The
small positive effect of PG on mortality seems rather unexpected because precipitation is
usually assumed to be a limiting factor in the Swiss lowlands (Ellenberg & Leuschner 2010)
and particularly under severe drought, tree mortality is assumed to increase (Allen et al.
2010). Thus, under conditions of limited precipitation, more humid periods are expected to
enhance growing conditions and consequently reduce mortality. However, an indirect effect
possibly led to an increased mortality of weakened trees, because trees tend to enlarge leaf
area during humid periods (Jose & Gillespie 1997; Dobbertin et al. 2010). Vigorous trees may
have benefited from increased leaf area as they could absorb more light, whereas smaller
and weakened trees, which did not reach the canopy or did not develop a full crown, may
have suffered from reduced light availability below and within the main canopy. This expla‐
nation is in line with the observation that especially the mortality of small trees increased
with PG.

Current and future roles of oak and beech in near‐natural forests
The present study indicates that tree size, stand basal area and precipitation explain a large
amount of the mortality in Central European oak–beech forests that are developing towards
more natural states. Therefore, the observed mortality patterns may be interpreted as com‐
bined effects of stand structures and climate. Furthermore, differences in relative competi‐
tiveness are likely to have caused higher mortality of oak compared to beech, especially in
stands with high stand basal area.
A possible climate‐induced relative benefit of the drought‐tolerant oak has not been de‐
tected in our data set, although it has been suggested as an emerging pattern for Central
Europe (Brzeziecki et al. 1995; Wohlgemuth et al. 2006). Moreover, if the trend of increasing
stand basal area holds, oak may further be outcompeted by beech. However, this effect is
likely to decelerate by the time when stand basal area is close to its maximum.
The effects of stand structure and climate on mortality were analysed collectively for the
three oak species. These species are likely to respond somewhat differently to climate varia‐
tions; for example, Q. petraea copes with a fairly large amplitude of moisture conditions
whereas Q. robur is more adapted to moist soils and Q. pubescens performs best under dry
conditions (Ellenberg & Leuschner 2010). Thus, further studies based on single oak species
would be desirable to yield more differentiated insights regarding the effects of climate
variability on oak mortality. Unfortunately, this was not possible in our case since the three
species are not consistently distinguished in the inventory data. Yet, the three oak species
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are far more light‐demanding and thus less competitive in dense canopies than beech (Ellen‐
berg & Leuschner 2010). Therefore, our finding regarding increased oak mortality due to in‐
creased competitive pressure is likely to be representative for a wide range of oak–beech
forests in Central Europe.
The shift from oak towards increased beech dominance indicates a development towards
proximity to natural conditions, since site conditions in most investigated forests are more
favourable for beech than for oak. The formerly high proportion of oaks largely resulted
from human facilitation (Ellenberg & Leuschner 2010) and has consequently been decreasing
in the course of the development towards natural conditions. Due to the high importance of
oaks for many associated species (Ranius & Jansson 2000; Bernicchia et al. 2008; Bertiller &
Müller 2010), this replacement is likely to entail a variety of ecological consequences for the
affected forests, including a loss of biodiversity. Thus, in order to maintain the current pro‐
portion of oaks and to prevent the loss of the associated diversity in European forests, man‐
agement needs to create favourable conditions for oaks, especially by reducing competitive
pressure.
Up to half a century of natural succession was covered in the forest reserve data set, reflect‐
ing a time span matched in only a few other studies on natural forest dynamics (e.g. Parker
et al. 1985; Bernadzki et al. 1998; Mountford et al. 1999). Despite this long record, the re‐
sults presented here are capturing a fairly short time period of both tree life and forest suc‐
cession. In addition, it should be kept in mind that only undisturbed sites were included in
our study. Disturbances may initiate pulses of oak regeneration (cf. Mountford et al. 1999),
and thus in the longer term the currently observed decline of oak may be reversed e.g. by
more frequent disturbances such as windstorms or forest fires under a warmer and drier cli‐
mate. However, many Central European forests have experienced widespread oak decline
for the last ca. 15 yrs, often accompanied by infections of pathogenic fungi (Thomas et al.
2002). Even though Swiss forests seem to have been unaffected so far (Engesser 2005), it
cannot be ruled out that oaks in Switzerland are on the verge of a similar decline. The con‐
tinued monitoring of forest reserves will improve our understanding of the differential re‐
sponses of oak and beech to a changing climate and to disturbances.
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Appendix S2. Development of stem densities.
Table S2. Development of stem densities for oak, beech and the combination of oak and beech. Changes in stem densities over time are indicated as the per‐
centage relative to the first inventory (Inv.). For the combination of oak and beech, absolute stem densities (stems ha‐1) are indicated in brackets, whereas
separate absolute stem densities for oak and beech are shown in Figure 3.
Site

Oak
Inv. 1

Inv. 2

Inv. 3

Adenberg

100%

90%

76%

Bannhalde

100%

91%

Bois de
Chênes
Les
Follatères

100%

Beech
Inv. 1

Inv. 2

Inv. 3

Inv. 4

58%

100%

75%

51%

42%

100% (761) 77% (589) 55% (422) 45% (342)

72%

66%

100%

71%

52%

48%

100% (457) 74% (340) 56% (255) 51% (233)

52%

44%

36%

100%

102%

89%

80%

100% (720) 83% (596) 72% (516) 63% (453)

100%

90%

79%

*

*

*

100% (1048) 90% (945) 79% (828)

Josenwald

100%

92%

70%

100%

108%

119%

100% (853) 93% (795) 73% (626)

Krummen‐
linden

100%

89%

76%

59%

100%

107%

133%

123%

Langgraben

100%

46%

40%

37%

100% 1174%

738%

577%

Strassberg

100%

52%

29%

100%

79%

62%

100% (1476) 66% (972) 46% (677)

Vorm Stein 1 100%

87%

70%

100%

140%

120%

100% (628) 118% (738) 99% (619)

Vorm Stein 2 100% 121%

87%

100%

88%

85%

100% (759) 101% (770) 86% (654)

Vorm Stein 3 100%

73%

56%

100%

100%

93%

100% (538) 88% (473) 76% (410)

Weidwald

85%

71%

100%

89%

73%

100% (432) 87% (376) 72% (312)

100%

Inv. 4 Inv. 5

Oak + Beech

43%

Inv. 5

118%

Inv. 1

Inv. 2

Inv. 3

Inv. 4

Inv. 5

100% (431) 99% (427) 107% (460) 94% (404) 84% (362)
100% (610) 159% (970) 110% (671) 88% (535)
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* Since no beech trees were recorded in Les Follatères in the first inventory campaign, relative percentages are not indicated.
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Appendix S3. Relationship between possible explanatory variables and annual mortality
rates.
a) Diameter at breast height (DBH)
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Figure S3. Annual mortality rates of oak and beech vs. the explanatory variables (a) diameter at
breast height (DBH) class, (b) slope, (c) stand basal area, and (d) standardized precipitation. Lines
indicate the chronological sequence. Abbreviations for sites are according to Table 1.
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c) Stand basal area
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0.2

0.4

Ad
Ba
Bo
Fo
Jo
Kr
La
St
Vo1
Vo2
Vo3
We

Stand structure and mortality rates

51

Appendix S4. Coefficients of the best‐fitting mortality models according to Akaike weights.
Table S4. Coefficients of the best‐fitting mortality models according to Akaike weights for oak and
beech. Model numbers and abbreviations of variables may be found in Table 2.
Species

Oak

Beech

Model

13

7

Intercept

DBH

BA

medium

large

‐1.59

‐3.52

PG Random intercept
(standard
deviation)

Coefficient

‐3.69

(± standard
error)

(± 0.72)

(± 0.12) (± 0.22) (± 0.019) (± 0.28)

p‐value

< 0.001

< 0.001 < 0.001

Coefficient

‐3.55

(± standard
error)
p‐value

‐1.55

0.04

0.027

0.47

0.40

0.093

‐2.82

1.03

(± 0.21)

(± 0.17) (± 0.36)

(± 0.36)

< 0.001

< 0.001 < 0.001

0.004

0.62

Notes: Since the variable DBH was defined as a factor, a coefficient was fitted for both the medium
and large DBH classes with the smallest DBH class as base level.
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Appendix S5. Performance of the best‐fitting models.
fixed effects
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Figure S5. Performance of the best‐fitting models for oak (model 13) and for beech (model 7). Pre‐
dicted annual mortality rates are plotted versus observed values for oak (above) and beech (below).
Mortality rates were fitted using fixed effects only (left), vs. both fixed and random effects (right).
The Pearson correlation coefficient r was calculated between predicted and observed annual mor‐
tality rates.
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Chapter II
Annual growth responses of oaks
to temperature, precipitation and a drought index
along a gradient of soil moisture in Swiss forest reserves
Brigitte Rohner, Harald Bugmann, Christof Bigler
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Abstract. Tree rings have often been used to identify growth responses to climate, with re‐
sponse functions being a standard method. Growth responses of oaks are especially impor‐
tant since oaks play a key role in the conservation of biodiversity and in the adaptation of
European forests to climate change. For many studies dealing with the ecological role of oak,
knowledge on the relationships between climate and growth is a prerequisite. To lay the
groundwork for the subsequent chapter of this thesis, we focus here on climate‐growth re‐
sponses of oaks in Swiss forest reserves. The main goal was (1) to identify the most impor‐
tant climatic drivers for oak growth in Central Europe, and (2) to assess the variability of the
climate‐growth relationships along a gradient of soil moisture. As climate variables we con‐
sidered monthly mean temperatures, monthly precipitation, and a monthly atmospheric
drought index that combines temperature and precipitation. The time span from June of the
previous year until September of the current year was investigated as potentially influencing
tree‐ring widths. In general, more significant response coefficients were found for precipita‐
tion than for temperature, with precipitation of the current summer months resulting in the
highest positive coefficients. The drought index revealed very similar response patterns com‐
pared to precipitation. Positive responses to precipitation and to the drought index in June
were identified along the whole gradient of soil moisture, whereas for other months more
positive responses were found at sites with comparably dry soil conditions. These results in‐
dicate that, although oaks are known to survive in fairly dry environments, they show re‐
duced growth during dry summers, particularly if they are growing on dry soils. Since sum‐
mers in Central Europe are expected to become dryer under climate change, future oak
growth may be reduced compared to the past. From a methodological point of view, we sug‐
gest focusing on either precipitation or drought indices over the summer months as explana‐
tory climate variables in future empirical studies on growth variability of Central European
oaks.
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Introduction
Besides regeneration and mortality, growth is the most important driver of tree population
dynamics. Therefore, various measures of tree growth such as height and diameter incre‐
ment have been a focus in forest science for a long time. In particular, the annual diameter
growth in form of tree rings has received high attention, since tree rings proved to be useful
for reconstructing climate parameters (Büntgen et al. 2011), for identifying growth reactions
after disturbances (Black and Abrams 2003) and for relating growth responses to climate
variability (Rozas 2005).
Understanding climate‐growth relations of oak species is especially important because a
large potential in the adaptation of European forests to climate change is ascribed to oaks
due to their comparably high drought tolerance (Peñuelas and Boada 2003; Weber et al.
2007). In addition, oaks play a crucial role in biodiversity conservation. Oaks feature the
highest number of associated species of all Central European tree species, covering a variety
of organisms ranging from fungi (Bernicchia et al. 2008) to insects (Ranius and Jansson 2000)
and birds (Caprio et al. 2009). Predicting oak growth depending on environmental variables
and age is therefore an important task, with which we deal in the next chapter of this thesis.
However, this task requires well‐founded knowledge on the growth response of oaks to cli‐
mate.
For analysing the influence of climate variability on tree‐ring widths, statistical methods have
been established already in the 1930s (Diller 1935; Fritts et al. 1971; Blasing et al. 1984).
Since then, two types of statistical analyses between climate variables and tree‐ring indices
have been proposed: correlations vs. response functions. While correlation functions are
based on univariate estimations of Pearson correlations, response functions are based on
multivariate principal components regression (Fritts et al. 1971; Biondi and Waikul 2004).
Compared to correlation functions, response functions have the advantage of taking the
multicollinearity among the climate variables into account. Since significance levels of re‐
sponse coefficients turned out to be biased due to the omission of the principal components
with the lowest amount of information, bootstrapped confidence intervals (cf. Efron and
Tibshirani 1993) have become more important (e.g. Biondi and Waikul 2004). Over the past
decade, correlation and response functions with bootstrapped confidence intervals have
been used in a variety of studies concerning climate effects on tree growth (e.g. Lebourgeois
et al. 2004; Zang et al. 2011; Michelot et al. 2012). Thus, they have evolved into the standard
procedures to identify climate signals in tree‐ring series.
Tree‐ring widths of the most widespread European temperate oaks (Quercus petraea, Quer‐
cus robur) have been shown to be strongly related to climate variability in the summer
months (Lebourgeois et al. 2004; Friedrichs et al. 2008; Zang et al. 2011; Michelot et al.
2012). For Q. petraea, the summer months of the current year are most important (Fried‐
richs et al. 2008; Michelot et al. 2012), whereas for Q. robur, the climate variability in the
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previous year shows additional effects (Friedrichs et al. 2008). In general, tree‐ring widths
were shown to be positively related to precipitation (Friedrichs et al. 2008; Zang et al. 2011;
Michelot et al. 2012), whereas mostly negative, but rarely significant correlations were
found with temperature (Friedrichs et al. 2008; Michelot et al. 2012). Several attempts have
been made to determine the combined effect of temperature and precipitation on tree‐ring
widths of oaks by calculating correlation and response functions for various drought indices,
which consistently revealed increased tree‐ring growth in years with humid summers
(Lebourgeois et al. 2004; Friedrichs et al. 2008; Michelot et al. 2012).
Although first insights about how climate variability may affect oak growth have already
been gained, most previous studies have focussed on dominant trees in managed forests
(e.g. Zang et al. 2011; Michelot et al. 2012). Therefore, little is known about whether these
findings are also valid for co‐dominant and suppressed trees, as they are common in un‐
managed forest reserves like the ones studied in this thesis. Furthermore, previous studies
about growth responses to climate were usually conducted at individual sites, which entails
uncertainty about how robust the identified responses are along environmental gradients.
Therefore, in this chapter we address three main questions based on tree‐ring series of more
than 300 oaks, covering suppressed, co‐dominant and dominant trees from 11 unmanaged
forest sites along a gradient of soil moisture in Switzerland:
1) How are temperature and precipitation from the previous and the current year related to
tree‐ring widths of oaks?
2) How do these relationships change when combining temperature and precipitation in an
atmospheric drought index?
3) How do the growth responses to temperature, precipitation and the atmospheric drought
index change along a gradient of soil moisture?

Material and Methods
Study sites and tree species
All study sites belong to the Swiss forest reserve network, which consists of 49 unmanaged
forests located all over Switzerland (for details see Brang et al. 2011; Rohner et al. 2012a).
The network is a joint project by the Swiss Federal Institute for Forest, Snow and Landscape
Research (WSL Birmensdorf), ETH Zurich, and the Swiss Federal Office for the Environment
(FOEN). The establishment of the first reserves dates back to the late 1940s, but most forests
had not been managed for several decades before their integration into the network (Leib‐
undgut 1957; Brang et al. 2011). In permanent plots within the reserves, inventories have
been repeated every 8‐12 years. For the present study, we selected the same reserves as
study sites as in the other chapters of this thesis (Rohner et al. 2012a; Rohner et al. 2012b).
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All of them contained at least 10% Quercus species in the last inventory (calculated as
[relative density + relative basal area] / 2 x 100; Parker and Leopold 1983) and only reserves
with at least three inventories were considered. The eleven selected reserves comprise a
total area of more than 600 ha (cf. Rohner et al. 2012b) and represent a wide range of cli‐
matic conditions and site characteristics (Table 1, Figure 1).
We collectively analyzed the three most frequent oak species in Switzerland (Q. petraea, Q.
robur, Q. pubescens, referred to as ‘oaks’), because they overlap in their morphological at‐
tributes, which makes a reliable discrimination of the species problematic (Aas 1998; Kissling
1980). In addition, the three oak species are known to hybridize, thus entailing uncertainty
about whether they are different species at all (Kissling 1980; Aas 1998; Muir et al. 2000).

Figure 1. Location of the study sites and the climate stations in Switzerland. The symbol‐
filling style indicates for which study sites data from the particular climate stations were
used. © swisstopo.

Tree‐ring sampling and preparation
Tree‐ring sampling was conducted in summer 2009 and 2010. We selected 30 or 31 oaks per
site, leading to a total of 333 sampled oaks. The oaks were selected in such a way that the
sample in every reserve represented the DBH distribution determined in the last inventory.
Thus, not only dominant but also co‐dominant and suppressed oaks were included in the
sample. From every oak, one increment core was taken parallel to the contour line at 1.2 m
above ground.

Site

Pfynwald

Coordinates
(northing,
easting)
46° 17' 36''
7° 33' 48'‘

Elevation Water
(m a.s.l.) holding
capacitya
570‐605
3

Slope
(°)

Mean summer Main soil
drought indexb
type

Main phyto‐sociological
association

13 – 38

‐147

Regosol

Erico‐Pinetum silvestris

Mean Years used
correlation of in statistical
analysis
tree‐ring series
0.52 1969‐2008

46° 7' 39''
7° 4' 26''

685‐870

2

5 – 36

‐9

Leptosol

Arabidi turritae‐Quercetum
pubescentis

0.57

1884‐2008

Josenwald

47° 8' 5''
9° 15' 19''

480‐520

1

28 – 42

255

Leptosol

Teucrio‐Quercetum,
Asperulo taurinae‐Tilietum

0.62

1911‐2008

Weidwald

47° 24' 47''
7° 59' 33''

610‐640

3

6 – 36

37

Leptosol

Asperulo taurinae‐Tilietum,
Cardamino‐Fagetum,
Seslerio‐Fagetum

0.69

1866‐2008

Strassberg

47° 31' 55''
8° 29' 40''

465‐475

4

6 – 31

24 Cambisol

Galio odorati‐Fagetum

0.59

1934‐2008

Bois de
Chênes

46° 26' 17''
6° 13' 33''

500‐520

5

0 – 15

‐36 Cambisol

Carici Fagetum caricetosum
montanae, Aro‐Fagetum

0.55

1873‐2008

Langgraben

47° 32' 49''
8° 31' 36''

420

4

0

‐10

Luvisol

Galio odorati‐Fagetum luzuletosum
(Galio silvatici‐Carpinetum)

0.67

1913‐2008

Vorm Stein

47° 33' 7''
8° 27' 13''

475‐495

4

0 – 27

33

Luvisol

Galio odorati‐Fagetum,
Pulmonario‐Fagetum melittetosum

0.63

1916‐2008

Adenberg

47° 36' 50''
8° 33' 40''

490‐530

5

0 – 17

‐4 Cambisol

Galio odorati‐Fagetum

0.66

1892‐2008

Bannhalde

47° 31' 28''
8° 31' 15''

425

5

0 – 14

‐5 Cambisol

Galio odorati‐Fagetum

0.65

1866‐2008

Krummen‐
linden

47° 33' 27''
8° 20' 8''

545‐555

6

0

42 Cambisol

Galio odorati‐Fagetum luzuletosum

0.59

1908‐2008

Categories indicate the following values: 1: < 15 l/m2; 2: 15‐30 l/m2; 3: 30‐45 l/m2; 4: 45‐60 l/m2; 5: 60‐100 l/m2; 6: > 100 l/m2.
b
The summer drought index is calculated as the sum of precipitation minus potential evapotranspiration from May to July. The mean was calculated over the
years 1960‐2006.
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Table 1. Detailed information about the study sites and the preparation of the tree‐ring chronologies. For elevation and slope, the range represented in the
sample is shown. Phyto‐sociological associations are indicated according to Ellenberg and Klötzli (1972), soil types are based on the FAO‐system (FAO, 1998).
The study sites are ordered according to increasing soil moisture. Parts of this table are published in Rohner et al. (2012a).
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The core samples were cut with a microtome (Gärtner and Nievergelt 2010) and prepared
with chalk to enhance the visibility of the ring boundaries. We used a Lintab 5 measuring sys‐
tem and the TSAP‐Win software (RINNTECH, Heidelberg, Germany) to measure the ring
widths. Site‐level crossdating was performed both visually based on pointer years and quan‐
titatively using the software COFECHA (Holmes 1983). Nine oaks had to be excluded from
the study because crossdating was not possible. Mean correlations of the remaining tree‐
ring series are shown in Table 1. The crossdated tree‐ring series were detrended by a
smoothing spline with a rigidity of 0.67 × series length, and a residual chronology per site
was built (Figure 2) using the package dplR (Bunn 2008) in the statistical computing environ‐
ment R (R Development Core Team 2010).

Climate data
Homogeneous monthly temperature means and precipitation sums since 1864 were taken
from climate stations operated by MeteoSwiss (Begert et al. 2005). For every study site, data
from the nearest climate station were used (Figure 1). Temperature and precipitation data
were further combined in a monthly atmospheric drought index, calculated as precipitation
minus potential evapotranspiration (Thornthwaite 1948; Bigler et al. 2006). The monthly po‐
tential evapotranspiration was calculated based on day length (estimated on the basis of the
latitude according to Forsythe et al. 1995) and monthly temperature means using a modified
Thornthwaite (1948) method (Willmott et al. 1985).

Statistical analysis
To identify the influence of monthly temperature means, precipitation and the drought in‐
dex on the residual tree‐ring chronologies, response functions were calculated at the site
level. Climate variables from June of the previous year until September of the current year
were considered as potentially influencing radial growth, which is in accordance with Weber
et al. (2007) and Zang et al. (2011). The previous year was considered because its climate in‐
fluences the amount of stored resources and the formation of buds, which can have a strong
influence on tree‐ring growth in the current year. The response functions were calculated
based on a principal component regression (cf. Fritts et al. 1971; Fritts 1976). The confidence
intervals of the response coefficients were estimated based on bootstrap simulations (cf.
Efron and Tibshirani 1993) with 1000 repetitions. For calculating the response functions as
well as the corresponding confidence intervals, we used the DendroClim2002 software
(Biondi and Waikul 2004). The range of years used for these calculations is shown in Table 1
for every study site.
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1.4

Pfynwald (n=29)

1.0
0.6

Les Follatères
(n=30)

1.4
1.0
0.6

1.4

Josenwald (n=29)

1.0
0.6

Weidwald (n=31)

1.4
1.0
0.6

1.4

Strassberg (n=29)

1.0
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0.6

Bois de Chênes (n=27)
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1.0
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1.4

Langgraben (n=30)

1.0
0.6

Vorm Stein (n=30)

1.4
1.0
0.6

1.4

Adenberg (n=29)
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0.6

Bannhalde (n=31)

1.4
1.0
0.6

1.4

Krummenlinden (n=29)

1.0

2010

2000

1990

1980

1970

1960

1950

1940

1930

1920

1910

1900

1890

1880

1870

0.6

Year

Figure 2. Residual chronologies. The residual chronology of every study site is shown for the time
span used in the statistical analysis (see Table 1). The number of trees used to build the respective
chronology is indicated by n (the chronology is not shown for years with a sample size < 5 trees since
they were not used in the analysis). The study sites are ordered according to increasing soil moisture.
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To identify patterns of growth responses among the different study sites, we compared the
response coefficients along a gradient of soil moisture. For assessing the soil moisture of the
particular sites, we considered (1) the water holding capacity taken from the soil suitability
map of Switzerland (Bundesamt für Raumplanung (EJPD) et al. 1980), (2) the mean slope,
which was determined for every tree during the field work by assessing the local topography
within a radius of ca. 10 m (see Table 1), and (3) the mean atmospheric summer drought in‐
dex, which was calculated analogously to the drought index used for the response functions,
however, based on a different data source, i.e. temperature and precipitation data that were
spatially interpolated on the basis of the DAYMET model (Thornton et al. 1997). From these
interpolated data, we calculated the sum of the drought indices from May to July and aver‐
aged them over the available time period (1960‐2006) separately for every study site. We
used the spatially interpolated climate data rather than the homogenized data from the cli‐
mate stations because a site‐specific measure for the general summer drought conditions
was needed for the soil moisture ranking (please note: we did not use the interpolated data
for calculating the response functions because of the shorter available timeframe). For rank‐
ing the study sites according to their soil moisture, we determined their mean rank over the
three considered characteristics (see Table 2).
Table 2. Ranking of the study sites according to their soil moisture. As indicators of soil
moisture, we considered the water holding capacity, the mean slope and the mean
atmospheric summer drought index. The absolute values of the considered criteria are
shown in Table 1.
Site

Pfynwald

Rank of individual indicators
Water
Mean
Slope
holding
summer
capacity
drought index
3
3
1

Mean
rank

Final
rank

2.3

1

Les Follatères

2

1

4

2.3

1

Josenwald

1

1

11

4.3

3

Weidwald

3

3

9

5

4

Strassberg

5

5

7

5.6

5

Bois de Chênes

8

7

2

5.6

5

Langgraben

5

9

3

5.6

5

Vorm Stein

5

5

8

6

8

Adenberg

8

7

6

7

9

Bannhalde

8

9

5

7.3

10

11

9

10

10

11

Krummenlinden
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Results
Effects of temperature and precipitation on tree‐ring widths
For all study sites, the response coefficients of temperature and precipitation are shown in
Figure 3. The current year showed more significant coefficients than the previous year for
both temperature (9 vs. 6 coefficients) and precipitation (13 vs. 8 coefficients). Only few sig‐
nificant coefficients were found for temperature and precipitation in the winter months. In
general, more significant response coefficients were found for precipitation than for tempe‐
rature (21 vs. 15 coefficients).
The precipitation sums of June of the current year showed significant positive response coef‐
ficients at eight of the eleven study sites (Figure 3). At Vorm Stein, current June precipitation
had a marginally significant positive coefficient, whereas even a negative coefficient was
found at Weidwald. At three of the eight sites with a significant positive response to June
precipitation, further significant positive coefficients were found for precipitation in either
April or May of the current year. In addition, nine study sites showed positive but insignifi‐
cant response coefficients for precipitation in July. Although not significant, precipitation at
Pfynwald showed positive coefficients for all months of the current year except September.
In addition to the responses of the current year, precipitation in June or July of the previous
year was significantly negatively related to the tree‐ring index at three study sites.
In contrast to precipitation, temperature in June of the current year showed negative re‐
sponse coefficients at all sites except Weidwald, although only three of them were signifi‐
cant (Figure 3). In addition, four sites showed significant positive responses to temperature
in May. Furthermore, the temperature in June of the previous year had positive coefficients
at all sites except Weidwald, being significant at four of them. In general, a tendency of op‐
posite patterns of temperature and precipitation coefficients was evident during the sum‐
mer months.

Relations between the drought index and tree‐ring widths
The combined consideration of temperature and precipitation via the drought index re‐
vealed very similar response coefficients compared to precipitation (Figure 3). The same
eight sites that showed significant positive coefficients for precipitation in June of the cur‐
rent year also showed significant positive coefficients for the drought index in June of the
current year. Again, at nine study sites we found positive coefficients for the drought index
in July of the current year. As for both temperature and precipitation, the drought index only
showed few and scattered significant coefficients during winter. Regarding the previous
year, negative responses to the drought index of June were found at most sites – similar as
for precipitation. In general, most of the study sites showed positive coefficients for the
drought index over large parts of the investigated time span.
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Figure 3. Response coefficients of monthly temperature means (T, left panels), monthly precipitation
sums (P, middle panels) and monthly atmospheric drought index (DI, right panels) with residual tree‐
ring chronologies from all study sites. The 95% confidence interval is indicated by the dashed lines.
Red asterisks indicate significant (P < 0.05) response coefficients. Months of the previous year are in‐
dicated in capital letters, months of the current year in lower case letters. The study sites are ordered
according to increasing soil moisture.

64

Chapter II

Growth responses to climate variables along a gradient of soil moisture
The driest soil conditions considering water holding capacity, slope and mean summer
drought index were ascribed to the study sites in the southern part of Switzerland (canton of
Valais, Table 2). At the other end of the soil moisture gradient, the flat study sites in the
northern lowlands were assessed as providing the moistest soil conditions.
For temperature, trees growing under mesic to moist soil conditions generally showed
stronger positive responses in May of the current year than trees growing under drier soil
conditions (Figure 4a). In addition, the strongest negative responses to current June tem‐
peratures were found in the study sites with the driest soil conditions. However, the identi‐
fied tendency towards positive responses to temperatures in June of the previous year was
identified along the whole gradient of soil moisture.
The positive response coefficients for precipitation in current June were identified irrespec‐
tive of soil moisture (Figure 4b). However, in general, a higher number of positive responses
to precipitation were found in study sites with drier soil conditions. Especially for previous
autumn and winter, many significant positive coefficients were found under dry soil condi‐
tions, whereas no significant coefficient was found under moist soil conditions. Regarding
precipitation in May, the response coefficients showed a decreasing tendency with in‐
creasing soil moisture.
The higher number of positive responses at drier soil conditions also became apparent for
the drought index (Figure 4c). Furthermore, the tendency of decreasing response coeffi‐
cients in May with increasing soil moisture seemed to be even slightly stronger for the
drought index than for precipitation. However, the positive response to drought in June of
the current year was identified along the whole gradient of soil moisture.

Discussion
Effects of temperature and precipitation on tree‐ring widths
The effects of climate variability on tree‐ring widths that we identified in this study are large‐
ly supported by previously published results from other Central European oak forests. One of
the most noticeable dependency in our data was the positive effect of current summer pre‐
cipitation on tree‐ring indices, which is in accordance with findings for Q. petraea in France
(Michelot et al. 2012), for Q. robur in Germany (Zang et al. 2011) and for both species in
Great Britain (Pilcher and Gray 1982). The general tendency of precipitation being positively
related to radial growth of oaks, but temperature showing weaker negative or varying
effects, was already described by Friedrichs et al. (2008) and Michelot et al. (2012). Similar
results were also found by Vogel and Schweingruber (2001) for oaks in Switzerland, although
their results cannot be directly compared to ours since they were based on the ‘Gleichläufig‐
keit’ measure (Eckstein and Bauch 1969) rather than on response functions.
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Figure 4. Response coefficients along the gradient of soil moisture. The response coefficients for (a)
temperature, (b) precipitation and (c) the atmospheric drought index are shown for all study sites,
which are ordered according to increasing soil moisture. Significant response coefficients are indi‐
cated by asterisks. Months of the previous year are written in capital letters and months of the
current year are written in lower case letters.
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The stronger responses to precipitation than to temperature reflect the fact that precipi‐
tation acts as the main limiting factor for trees in the European lowlands (Ellenberg and
Leuschner 2010), with temperature showing a less pronounced gradient across the sites we
investigated. Our study showed that particularly precipitation in June and the adjacent
months limits oak growth in Switzerland. This clearly illustrates the role of summer drought
caused by a lack of precipitation. The opposite response coefficients for temperature and
precipitation indicate that this summer drought stress may even be intensified if low precipi‐
tation coincides with high temperature, which is a likely consequence of increased evapo‐
transpiration under higher temperatures.

Relations between the drought index and tree‐ring widths
The combination of temperature and precipitation in a drought index enables the interpreta‐
tion of the combined effect of these two variables on growth, confirming the interpretations
established separately for temperature and precipitation, i.e. increased tree‐ring growth in
years with comparably humid summers. The fact that the drought index in June had the
highest effect further emphasizes that drought stress during the summer months acts as a
crucial limiting factor for oak growth in Central Europe. Similar results based on the same
drought index were described by Lebourgeois et al. (2004), although they identified May in‐
stead of June as the most important month. In addition, reduced oak growth due to summer
drought has also been shown based on other measures of drought, e.g. the Palmer Drought
Severity Index (Friedrichs et al., 2008) and the water balance calculated with the model
BILJOU© (Granier et al. 1999; Michelot et al. 2012).
Three physiological processes have mainly been discussed to cause reduced growth during
extraordinarily dry periods (cf. Kaufmann 1990). Firstly, trees may close their stomata as a
consequence of loss of turgor under reduced water supply (Zweifel et al. 2006). Consequent‐
ly, net CO2 assimilation is reduced, and thus fewer carbon resources are available for growth.
Secondly, shedding of foliage and twigs may occur in response to water stress, leading to a
reduced photosynthetic capacity of the crown (Kaufmann 1990; Rust and Roloff 2004).
Thirdly, severe droughts are expected to cause dieback of roots, which in turn reduces the
absorption of soil water (Kaufmann 1990). We assume that a combination of these three
processes led to the drought‐related growth reductions we identified for oak, probably de‐
pending on the severity and duration of the particular drought events. While the closure of
stomata is an immediate reaction to water stress, shedding of foliage and dieback of roots
usually occur after severe longer‐lasting drought periods (Kaufmann 1990). However,
whether these explanations also apply to the trees studied here remains speculative since
no information on physiological properties (e.g. crown transparency) was available.
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Growth responses to climate variables along a gradient of soil moisture
The strongest response we detected, i.e. reduced growth during dry summers, was observed
along the entire gradient, indicating that oak growth is sensitive to dry summer conditions
no matter how dry soil conditions are on an absolute level. This is in line with similar results
from a variety of forests in France (Michelot et al. 2012), Germany (Friedrichs et al. 2008;
Scharnweber et al. 2011; Zang et al. 2011) and Switzerland (Vogel and Schweingruber 2001).
Furthermore, Scharnweber et al. (2011) identified a strong response of oak growth to sum‐
mer drought irrespective of the position along a precipitation gradient. These findings indi‐
cate that oak growth reduction during dry summers is a general feature in Central Europe.
However, some differing responses along the soil moisture gradient were identified. For ex‐
ample, more significant positive responses to drought were found at sites with drier soil con‐
ditions, i.e. growth is reduced more strongly if dry episodes occur at sites with generally dry
soil conditions. For this effect, especially the previous year turned out to be important. Re‐
duced growth in response to dry conditions during the previous late summer and autumn is
likely to be a consequence of reduced storage of resources at the end of the growing season,
which may hinder growth at the beginning of the subsequent growing season. This is in line
with Zweifel et al. (2006) who showed that early growth of Q. pubescens depends entirely on
internal storage of carbon. Our results indicate that this effect is more important at sites
with generally dry soil conditions. To answer the question whether this difference is due to a
higher proportion of earlywood at sites with drier soil conditions, intra‐annual growth varia‐
bility along a soil moisture gradient would need to be investigated.
A further difference along the soil moisture gradient concerned the growth response to dry
winters and early springs, i.e. dry winter and early spring conditions resulted in reduced oak
growth under dry but not under moister soil conditions. This result is likely connected to soil
water storage. Since sites ranked at the dry end of the soil moisture gradient generally have
a low water holding capacity (Table 2), oaks from these sites may struggle more intensively
with drought after dry winters and springs because soil water supply is drawn down more
quickly than at sites with a high water holding capacity. This effect may also explain the
stronger growth reduction in response to drought in May on dry compared to moist soils.

Perspectives
Our study shows that oak growth is susceptible to summer drought, although oaks are
known to be fairly drought tolerant (Ellenberg and Leuschner 2010). Since we focussed on
growth rather than mortality, our results do not contradict the general drought tolerance as‐
cribed to oaks – they rather indicate that, although oaks are able to survive under rather dry
conditions, their growth may still be reduced. Such potential growth reductions should be
taken into account in studies dealing with future oak growth. Concerning the potential of
oaks in the adaptation of European forests to climate change, climate responses should be
investigated relatively to competing tree species. Regarding growth, relative benefits have
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been discussed compared to Pinus sylvestris in the southern part of Switzerland (Weber et
al. 2007) and to Fagus sylvatica in Germany (Scharnweber et al. 2011). However, concerning
mortality, no benefit has been identified recently compared to F. sylvatica in Switzerland
due to high competitive pressure (Rohner et al. 2012a).
The fact that previously identified effects of climate variability on tree‐ring widths of oaks
were confirmed by our study indicates that these general patterns are valid for a broad
range of Central European oak forests. The present data set covers decades of natural tree
development that was protected from any kind of human interventions. Thus, the described
responses to climate variability can be assumed to be independent of human (i.e. manage‐
ment) activities. Furthermore, our results indicate that these patterns are valid not only for
dominant trees (cf. Lebourgeois et al. 2004; Friedrichs et al. 2008; Zang et al. 2011; Michelot
et al. 2012), but also for trees in all other canopy positions. We therefore suggest to focus on
either precipitation or drought indices during the summer months as explanatory climate
variables in further empirical studies on Central European oak growth.
For calculating the response functions, we used a dataset of climate variables that covers an
extraordinarily long time span. Due to the attempts to homogenize the measured climate
variables over the whole time span, this dataset is very reliable (Begert et al. 2005). How‐
ever, these homogenized long‐term climate data are only available at twelve climate stations
in Switzerland. Thus, some of the study sites are located within quite different topographic
settings in considerable distance from these climate stations. Therefore, spatially interpo‐
lated climate data, which have the potential to take into account also the local topography,
may lend themselves to more accurate results in further studies about the impacts of cli‐
mate on tree growth.
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Abstract. Diameter growth plays a key role in forest dynamics, yet little attention has been
paid to quantifying tree age‐diameter relationships. Predicting diameter growth of oaks is
especially important due to their role in nature conservation and adaptive forest manage‐
ment under climate change. Thus, we (1) identified environmental variables that shape age‐
diameter relationships of oaks and (2) quantified the accuracy of predictions (root mean
square error between predictions and observations) based on these variables. We deter‐
mined the age‐diameter relationship of 243 oaks (Quercus spp.) growing in Switzerland by
using tree‐ring samples. Nonlinear mixed‐effects models based on a modified Chapman‐
Richards equation were fitted with environmental variables included as covariates. The fixed
effects elevation, slope and water holding capacity were most important in shaping the age‐
diameter relationships. Lower elevations, steeper slopes, north‐facing aspects, higher water
holding capacities and moister summers resulted in larger maximum diameters. Predictions
based on the fixed effects reached a high accuracy for 75% of the oaks; the inclusion of
random effects increased model accuracy for 86% of the trees. These results suggest that
runoff plays a key role for the age‐diameter relationships, accompanied by limiting
temperature effects at higher elevations. The fixed effects explained variability in site
quality, whereas the random effects included tree‐specific deviations from expected age‐
diameter relationships due to e.g. neighborhood effects.

Keywords: Chapman‐Richards growth equation; diameter growth; model averaging; Quercus
spp.; tree age.
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Introduction
Tree growth is a key driver of forest dynamics. Therefore, identifying the environmental in‐
fluences that determine tree growth is central for (1) an improved understanding of the
abiotic and biotic growth‐limiting factors such as climate (Fritts 1976); (2) quantifying quali‐
tatively well‐known processes influencing tree growth such as release effects following dis‐
turbances (Black and Abrams 2003); (3) developing models of tree growth that can be imple‐
mented in succession models (cf. Bugmann 2001); and (4) forecasting future growth, e.g.
concerning expected timber yield (Hall and Clutter 2004). Thus, understanding the processes
that operate on tree growth is crucial from the point of view of ecology, forest science and
forest management.
Estimating tree growth has been a focus of scientific research for a long time. First attempts
emerged in the form of yield tables in the early 19th century (Tesch 1981; Weiskittel et al.
2011). The use of nonlinear growth equations gained popularity in the mid‐20th century,
when e.g. the equation by von Bertalanffy (1957) and its generalization by Chapman‐
Richards (Richards 1959) were established. Subsequently, continuous progress in statistical
techniques led to the widespread use of regression methods for estimating tree growth
(Tesch 1981). Recent developments have been dominated by increasing computing power,
which opened the way for both simulation modelling and sophisticated empirical techniques
such as mixed‐effects models (Weiskittel et al. 2011).
To date, many empirical growth models have been developed to estimate the age‐height re‐
lationship (e.g. Fang and Bailey 2001; Nothdurft et al. 2006), whereas the age‐diameter rela‐
tionship has attracted less attention. The focus on tree height may originate from traditional
yield and site considerations, because height growth is a useful proxy of site productivity
(Tesch 1981). However, a tree’s diameter at breast height (DBH) is an equally fundamental
variable in forestry. For instance, several silvicultural characteristics including basal area or
standing crop are calculated based on DBH measurements, and DBH distributions may be
used to infer the successional phase of a forest (Heiri et al. 2009). In addition, growth models
based on DBH may reach a higher applicability in practice since the DBH of a tree is easier to
measure than its height.
Diameter growth has often been modelled empirically in relation to tree height (e.g. Adame
et al. 2008), but less frequently in relation to age. The few models available for the age‐DBH
relationship are typically based on linear relationships (Martin‐Benito et al. 2011), which re‐
stricts their applicability to the range of observed ages and diameters (cf. Pinheiro and Bates
2000). Promising nonlinear modelling approaches have attracted attention in recent times
(Crecente‐Campo et al. 2010; Subedi and Sharma 2011). However, empirical modelling of
growth curves – for height as well as for diameter – has often focussed on curve fitting,
whereas ecological influences determining the shape of the growth curves have not often
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been considered. Thus, imposing linear relationships and mere curve fitting have limited the
generality of many findings achieved so far.
A high potential for studying the development of DBH with age lies in the use of tree‐ring
data, since they allow for reconstructing the age‐DBH relationship retrospectively at an an‐
nual resolution. While tree‐ring data are ideally suited for the model fitting step to calibrate
age‐DBH relationships based on environmental influences, applications of such models may
also involve repeated DBH measurements e.g. from forest inventories to estimate future
growth of the inventoried trees.
Identifying environmental influences that affect the growth of oak is especially important
due to their potential role in the adaptation of European forests to climate change (e.g.
Weber et al. 2007) and their high ecological value, e.g. with respect to insect and bird diversi‐
ty, which has been shown to be closely related to tree size (Caprio et al. 2009; Ranius and
Jansson 2000). However, the age‐DBH relationship of oak has attracted only little attention
so far.
Therefore, the present study aims at (1) identifying the ecological influences that underlie
the age‐DBH relationships of oaks across a large environmental gradient, and (2) predicting
the age‐DBH relationship using nonlinear mixed‐effects models with covariates. For these
purposes, we investigated the growth curves of more than 240 oaks from 10 unmanaged for‐
est reserves in Switzerland. The models were fitted to tree‐ring data covering ages up to 270
years. We focussed on two main questions:
1) What environmental variables are important for shaping the age‐DBH relationship of oak?
2) How accurate are estimations of the age‐DBH relationship based on these variables?

Material and Methods
Study sites and tree species
Study sites were selected within oak forests belonging to the Swiss forest reserve network
(http://www.waldreservate.ch), which is jointly managed by the Swiss Federal Institute for
Forest, Snow and Landscape Research (WSL Birmensdorf), ETH Zurich, and the Swiss Federal
Office for the Environment (FOEN; for details see Brang et al. 2011; Rohner et al. 2012).
From this network, we selected those reserves that contained a minimum of 10% Quercus
species in the last inventory, calculated as the importance value ([relative density + relative
basal area] / 2 x 100; Parker and Leopold 1983). The composition of further tree species
within the selected reserves differs strongly, ranging from mainly Pinus sylvestris in south‐
western Switzerland to mainly Fagus sylvatica in northern Switzerland. Additionally, only re‐
serves with at least three inventories were considered. These criteria were met by eleven
reserves, from which we excluded one located in the south‐west of Switzerland (Les Follatè‐
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res); the extreme site conditions (south‐facing aspect, steep slopes, shallow soils) in combi‐
nation with the continental climate led to implausible model predictions for some trees (i.e.
negative diameter growth). The remaining ten study sites cover more than 140 km of lati‐
tude and 230 km of longitude and represent a wide range of oak habitats varying in climatic
conditions and site characteristics (Table 1).
The most frequent oak species in Switzerland are Q. petraea, Q. robur and Q. pubescens,
with relative stem numbers of 61%, 24% and 15%, respectively (National Forest Inventory;
Brändli 2010). We sampled and analyzed these oak species collectively (referred to as ‘oak’)
because (1) the discrimination of the species in the field (i.e. without subsequent genetic
analyses) is not reliable due to overlapping morphological attributes (Aas 1998); (2) the spe‐
cies also overlap in their physiological attributes (Kleinschmit and Kleinschmit 2000), thus we
did not expect fundamentally different growth responses to environmental variables, espe‐
cially not for Q. petraea and Q. robur; (3) the three species are genetically not completely
isolated because all of them tend to hybridize, leading to controversies whether they are dif‐
ferent species at all (Muir et al. 2000). As a consequence, oak species are often not discrimi‐
nated in large‐scale monitoring (cf. Rohner et al. 2012) and in practical applications such as
Payment for Ecosystem Services schemes (e.g. Bolliger et al. 2008), i.e. efforts towards a
distinct analysis may have hindered its application.

Data collection and preparation
Field methods
Field work was conducted in summer 2009 and 2010. We selected a total of 303 oaks com‐
prising 30‐31 living individuals per site, with the sample being representative of the DBH dis‐
tribution recorded in the last inventory campaign. From every selected tree, one increment
core was taken parallel to the contour line. Since this study was conducted within forest re‐
serves, only one core per tree was taken to minimize the impact on the cored trees. We
cored at 1.2 m above ground to avoid an impact on stem geometry at 1.3 m above ground,
where DBH is measured in the inventory campaigns.
For every cored tree, we recorded site characteristics, i.e. elevation, slope and aspect (Ta‐
ble 1). Slope and aspect (both in degrees) were determined based on the local topography
within a radius of ca. 10 m. The azimuth of the aspect was converted into a north‐south indi‐
cator (NSI) calculated as
NSI = cos(azimuth / 360 × 2π)

(1)

A NSI of ‐1 represents a south‐facing aspect, whereas a NSI of 1 represents a north‐facing as‐
pect. For a slope of 0°, NSI was set to zero. NSI was included because we expected growth to
be correlated with solar radiation and evapotranspiration, whereas we did not expect such a
correlation for the east‐west indicator.

Table 1. Characteristics of the study sites. For elevation, slope and the north‐south indicator (NSI), the range represented in the tree sample is shown.
Coordinates Reserve
area
(northing,
(ha)
easting)

Elevation
(m a.s.l.)

Slope
(°)

NSIa

Water Drought
holding indexc
capacityb
(mm)

Main soil
typed

Main phyto‐sociological
Reserve
e
association foundation
(year)

Adenberg

47° 36' 50''
8° 33' 40''

5

490‐530

0 – 17

0.00 – 0.77

5

‐4

Cambisol

Galio odorati‐Fagetum

1970

Bannhalde

47° 31' 28''
8° 31' 15''

2.5

425

0 – 14

‐0.91 – 0.64

5

‐5

Cambisol

Galio odorati‐Fagetum

1972

Bois de
Chênes

46° 26' 17''
6° 13' 33''

83

500‐520

0 – 15

‐1.00 – 0.00

5

‐36

Cambisol

Carici Fagetum caricetosum
montanae, Aro‐Fagetum

1969

Josenwald

47° 8' 5''
9° 15' 19''

85

480‐520

28 – 42

‐1.00 – ‐0.42

1

255

Leptosol

Teucrio‐Quercetum,
Asperulo taurinae‐Tilietum

1976

Krummen‐
linden

47° 33' 27''
8° 20' 8''

3

545‐555

0

0.00

6

42

Cambisol Galio odorati‐Fagetum luzuletosum

1955

Langgraben 47° 32' 49''
8° 31' 36''

4.5

420

0

0.00

4

‐10

Luvisol Galio odorati‐Fagetum luzuletosum
(Galio silvatici‐Carpinetum)

1972

Pfynwald

46° 17' 36''
7° 33' 48'‘

7

570‐605

13 – 38

‐1.00 – 0.97

3

‐147

Regosol

Erico‐Pinetum silvestris

1957

Strassberg

47° 31' 55''
8° 29' 40''

6.5

465‐475

6 – 31

‐0.98 – 1.00

4

24

Cambisol

Galio odorati‐Fagetum

1975

Vorm Stein

47° 33' 7''
8° 27' 13''

10

475‐495

0 – 27

‐1.00 – 0.00

4

33

Luvisol

Galio odorati‐Fagetum,
Pulmonario‐Fagetum melittetosum

1971

Weidwald

47° 24' 47''
7° 59' 33''

5

610‐640

6 – 36

‐1.00 – ‐0.50

3

37

Leptosol
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Asperulo taurinae‐Tilietum,
1963
Cardamino‐Fagetum,
Seslerio‐Fagetum
a
Calculated according to Eq. 1 (see text). A NSI of ‐1 represents a south‐facing aspect, whereas a NSI of 1 represents a north‐facing aspect. For slope = 0°, the
NSI was set to zero.
b
Categories indicate the following values: 1: < 15 l/m2; 2: 15‐30 l/m2; 3: 30‐45 l/m2; 4: 45‐60 l/m2; 5: 60‐100 l/m2; 6: > 100 l/m2.
c
The drought index is calculated as the sum of precipitation minus potential evapotranspiration from May to July. Bigger values of the drought index indicate
moister summers.
d
Nomenclature based on the FAO system (FAO 1998).
e
Indicated following Ellenberg and Klötzli (1972).
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As an indicator of soil susceptibility to drought, water holding capacity was determined from
the soil suitability map of Switzerland (Bundesamt für Raumplanung (EJPD) et al. 1980),
where it is indicated in the following categories: < 15 l/m2, 15‐30 l/m2, 30‐45 l/m2, 45‐
60 l/m2, 60‐100 l/m2, > 100 l/m2. For the statistical analysis, we transformed these categories
into integers from 1 to 6 to reduce the number of coefficients to estimate, and thus to im‐
prove model convergence.
Laboratory analyses
We used standard dendrochronological methods to prepare and analyze the tree cores. The
surface of the cores was cut with a microtome (Gärtner and Nievergelt 2010) and prepared
with chalk. The ring widths were measured using a Lintab 5 measuring system in combina‐
tion with the TSAP‐Win software (RINNTECH, Heidelberg, Germany). In addition to visual
crossdating based on pointer years, we used the software COFECHA to quantitatively cross‐
date the tree‐ring series at the site level (Holmes 1983).
To determine the distance and number of missing rings between the pith and the first com‐
plete ring on the core, the graphical method developed by Rozas (2003) was used. This
method is based on the convergence of xylem rays and therefore allows an accurate estima‐
tion also under eccentric growth, as is often the case for oak (Rozas 2003). We excluded
trees from the study (1) when crossdating failed, (2) when the distance between the pith
and the first complete ring could not be determined (e.g. because the missing distance was
too large), (3) when the series had both > 15% missing rings and > 10 missing rings; and (4)
when values were missing for site characteristics. In total, 47 trees (15.5%) had thus to be
excluded.
Data preparation
DBH beneath the bark (DBHbb) was estimated as 2 × (cumulative sum of ring widths + esti‐
mated missing distance to the pith). The age at a tree height of 1.2 m was approximated as
the sum of measured rings and the estimated number of missing rings between the pith and
the first complete ring on the core.
As a proxy for the climatic conditions at the different sites, we used a drought index calcu‐
lated as precipitation minus potential evapotranspiration (PET, Bigler et al. 2006; Thornth‐
waite 1948). The underlying data for this calculation were monthly precipitation sums and
temperature means from 1960–2006, which were spatially interpolated to a 1‐ha grid in
Switzerland based on the DAYMET model (Thornton et al. 1997) by the research unit Land‐
scape Dynamics at WSL Birmensdorf. From these data, the drought index was determined
for the sites shown in Table 1. We calculated PET based on day length (estimated according
to Forsythe et al. 1995) and monthly temperature means using a modified Thornthwaite
(1948) method (Willmott et al. 1985). We used the sum of drought index values from May to
July because tree rings showed the highest correlation with climate data from this period (B.
Rohner, unpublished).
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Statistical analysis
Model formulation
The age‐DBHbb relationship of the sampled oaks was modelled using nonlinear mixed‐effects
models with covariates (Pinheiro and Bates 2000). As the nonlinear growth function, we
used the Chapman‐Richards function (Richards 1959) with an expected value parameteriza‐
tion for the asymptote (Fang and Bailey 2001; Hall and Clutter 2004):

DBHbb =

× ((1 –

))c

)/(1 –

(2)

where the parameter represents estimated DBHbb at age , is a slope parameter, and
defines the type of the curve (i.e. presence of an inflection point). The value
was set to
1200 years, the maximum age reported for Q. robur (Godet 1986). The slope parameter
defines how fast a tree approaches its asymptotic diameter (Richards 1959). The asymptotic
diameter (DBHbb_asym) can be calculated as (Fang and Bailey 2001):

DBHbb_asym =

/ (1 –

)c

(3)

Initially, we had several other growth equations (e.g. von Bertalanffy, Gompertz, logistic
growth; cf. Zeide 1993) taken into consideration, but the modified Chapman‐Richards func‐
tion clearly fitted the data best. We used the modified rather than the original Chapman‐
Richards growth equation because of improved convergence.
For all three parameters ( , , c), we estimated fixed effects, whereas an additional random
intercept for the parameter was estimated at the tree level. The decision whether to
include random effects for the particular parameters was based on the ratio between the
standard deviation of the random effect and the corresponding parameter estimation in the
initial model fits (Pinheiro and Bates 2000). This ratio was relatively high for (0.3), but very
low for and (both < 10‐7). The fixed effects for and were modelled as linear combi‐
nations of various covariates (Pinheiro and Bates 2000) with the tree‐specific parameters in
Eq. 2 estimated as
(4)
(5)
where and are matrices containing the covariates, and are vectors representing the
coefficients of the covariates, and indicates the vector of the random intercepts for pa‐
rameter . No covariates for explaining parameter were considered; although we expected
the temporal development of competition to have the highest influence on c, we lacked the
necessary data to reconstruct competition along time.
A set of 100 competing models was formulated with varying combinations of covariates in‐
cluded in (Eq. 4) and (Eq. 5); a complete list of all considered models is shown in the On‐
line Resource 1. All possible combinations among topographical variables (i.e. elevation,
slope and the NSI), water holding capacity and drought index, and additional combinations
with the interaction between water holding capacity and drought index were considered.
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We included the interaction between water holding capacity and drought index because we
expected a stronger effect of the drought index at sites with a low water holding capacity,
and vice versa. No other interactions were included because no intensifying effect was ex‐
pected among topographical variables and water holding capacity, and the interaction bet‐
ween topographical variables and the drought index would have entailed too many addition‐
al parameters to estimate, thus leading to convergence problems.
We randomly selected a total of 200 trees with 20 trees per study site to fit each of the 100
models, whereas the remaining 43 trees were subsequently used as independent data for
model evaluation (13 trees had to be excluded due to convergence problems caused by al‐
most linear growth curves). In the fitting procedure, we incorporated a first order autore‐
gressive process to model the temporal autocorrelation of the residuals (Pinheiro and Bates
2000). In addition, all covariates were centred and scaled to avoid convergence problems
and to achieve comparability among parameter estimates (means and standard deviations
used for scaling and centring are shown in the Online Resource 2). All pairwise Pearson cor‐
relations between the covariates were < |0.6|, with the only exception of slope and water
holding capacity (r = ‐0.8).
Model evaluation and averaging
We evaluated the models following an information‐theoretic approach based on the Akaike
Information Criterion (AIC, Burnham and Anderson 2002). Thus, we ranked all models ac‐
cording to their Akaike weights , which are defined as

∑

(6)

with
being the difference in AIC between model and the model with the lowest AIC
(Burnham and Anderson 2002). The Akaike weight of a model may be interpreted as the pro‐
bability that this model best describes the data at hand among the 100 models that we fitted
(Johnson and Omland 2004).
Since several models reached a notable Akaike weight, and since quantitative prediction was
the main goal of the study, multi‐model inference was performed (Burnham and Anderson
2002; Johnson and Omland 2004). Thus, we averaged the model‐specific vectors of coeffi‐
cients over all models based on a weighting scheme representing the s, according to

∑
and analogously for

(7)

. When a covariate was not present in a model, its coefficient

was set to zero (Burnham and Anderson 2002; Johnson and Omland 2004). The correspond‐
ing standard errors were averaged from the model‐specific vectors of standard errors
, as

∑

,

and analogously for

,

,

(8)

. Only those models were considered in which the particular

covariate was present, because setting the standard error to zero in models in which the cor‐
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responding covariate does not occur would bias the averaged standard error towards zero.
Therefore, we linearly adjusted the s that they sum up to 100% when considering only
those models in which the respective covariate was present. P‐values could not be specified
for the averaged coefficients; however, since the coefficients are assumed to be normally
distributed, the interval ± 1.96 ×

can be used as an indicator of the significance.

The goodness of the averaged model fit was quantified based on the root mean square error
(RMSE) between the observed and predicted DBHbb.
Model validation
The generality of the averaged model was evaluated by applying it to the 43 control trees,
which had not been used for the model fitting procedure. Since no random effects had been
estimated for these trees, their age‐DBHbb relationship was predicted based on the fixed ef‐
fects of the averaged model only. Again, we calculated the RMSE between the observed and
predicted DBHbb to quantify the goodness of the prediction.
All statistical analyses were performed using the packages nlstools (Baty and Delignette‐
Muller 2011) and nlme (Pinheiro et al. 2011) in R, a language and environment for statistical
computing (version 2.11.1, R Development Core Team 2010).

Results
Model evaluation and averaging
Nine models reached Akaike weights between 0.03% and 62%, the remaining 91 models had
Akaike weights < 0.01% (Table 2, Online Resource 1). For describing the parameters and ,
the same three covariate combinations were present in the models with Akaike weights
> 0.01%, i.e. (1) topography and water holding capacity; (2) topography, water holding ca‐
pacity and drought index; and (3) topography, water holding capacity, drought index and the
interaction between the water holding capacity and the drought index. Thus, topography
and water holding capacity were present for both parameters and in every model with
an Akaike weight > 0.01%.
Model averaging resulted in the coefficients and standard errors shown in Table 3. Parame‐
ter was strongly negatively correlated with elevation, and strongly positively correlated
with slope and water holding capacity. In addition, the NSI and the drought index showed a
weakly positive correlation with , but the interval ± 1.96 ×
included zero. By far
the weakest correlation with parameter was found for the interaction between water
holding capacity and the drought index. For parameter , all coefficients showed opposite
algebraic signs compared to parameter , with the intercept being the only exception (Ta‐
ble 3). In fact, the estimates of the parameters and were strongly negatively correlated
(Pearson correlation coefficient = ‐0.94, see Online Resource 3).
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Table 2. Models with Akaike weights > 0.01%. A complete list of all considered models is shown in
the Online Resource 1.
Model
number

Topo‐
graphyb

Parameter a
Water Drought
holding
index
capacity
×

50

×

53

×

×

×

55

×

×

×

77

×

×

80

×

×

×

82

×

×

×

95

×

×

98

×

×

×

100

×

×

×

Inter‐
actionc

Topo‐
graphyb
×

×

×

×

Parameter a
Water Drought Inter‐
holding
index
actionc
capacity
×

Akaike
weight
(%)
0.03

×

×

0.59

×

×

0.6

×

×

×

4.06

×

×

×

1.23

×

×

×

1.43

×

×

×

×

62.2

×

×

×

×

22.27

×

×

×

×

7.6

a

The parameters (Eq. 4) and (Eq. 5) are from the modified Chapman‐Richards growth equation
(Eq. 2; Fang and Bailey 2001; Hall and Clutter 2004; Richards 1959).
b
Topography includes elevation, aspect and the north‐south indicator.
c
Interaction between water holding capacity and the drought index.

Table 3. Coefficients ± standard errors of the averaged model.
Parame‐ Intercept
ter

a

67.52
± 2.38

a

0.0042
± 0.00021

ca

Topography
Elevation
Slope

‐19.31
± 2.15

17.95
± 3.20

b

Water
holding
capacity

Drought
index

2.36
± 3.26

24.49
± 3.12

0.83
± 3.10

NSI

0.0013
‐0.0015
‐0.00034
± 0.00012 ± 0.00016 ± 0.00015

Random
intercept
(standard
deviation)
‐0.083
19.23
± 2.40

Inter‐
actionc

‐0.0017 ‐0.000069
‐0.00022
± 0.00021 ± 0.00024 ± 0.00011

0.86
± 0.0070
a
The parameters are from the modified Chapman‐Richards growth equation (Eq. 2; Fang and Bailey
2001; Hall and Clutter 2004; Richards 1959).
b
North‐south indicator; calculated according to Eq. 1 (see text).
c
Interaction between water holding capacity and the drought index.
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The averaged model predicted values of the parameter between 14.3 and 109.1 for the
trees used in the model selection procedure (Online Resource 3), which corresponds to the
expected DBHbb when oaks reach an age of 1200 years. For parameter , values between
9.4 × 10‐4 and 8.1 × 10‐3 were predicted. DBHbb_asym resulting from these parameter esti‐
mates (Eq. 3) covered a range between 14.3 cm and 148.3 cm, with 50% of the trees
reaching a predicted DBHbb_asym between 60 cm and 80 cm (Fig. 1).
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Predicted asymptotic diameter (cm)

Figure 1. Predicted asymptotic diameters. The asymptotic diameter of every tree used
for the model fitting procedure was calculated from the parameter estimation as / (1 –
)c, where was set to 1200 years.

The age‐DBHbb curves that were predicted using the fixed effects of the averaged model
fitted the observed curves of the trees included in the model fitting procedure fairly well
(Fig. 2, for predictions of all trees see Online Resource 4). The RMSE was < 3 cm for 47% of
the trees, and for 80% of the trees it did not exceed 6 cm. The inclusion of a random term re‐
duced the RMSE for 86% of the trees (Fig. 2). This reduction was generally larger for trees
whose predictions based on the fixed effects had a high RMSE. Those 14% of the trees for
which the inclusion of a random term increased the RMSE had an RMSE < 6 cm based on the
fixed effects only (Fig. 2).

Model validation
The application of the averaged model (Table 3) to the control trees revealed a similar distri‐
bution of the RMSE as for the trees used for model fitting (Fig. 3, model predictions for all
control trees are shown in the Online Resource 5). Again, almost half of the trees (49%) had
an RMSE < 3 cm between the observed and predicted DBHbb, and a further 26% had an
RMSE < 6 cm (Fig. 3). For some trees, the predictions fitted the observations fairly well until
a certain age was reached, but abrupt growth changes subsequently led to an increasing di‐
vergence between the two curves (e.g. Fig. 3c and 3d).
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Figure 2. Accuracy of the averaged model (see Table 3). In the upper part, the root mean square error (RMSE) of the model fit based on the fixed
effects is plotted against the RMSE of the model fit including both fixed and random effects. For all points below the dashed line, the inclusion of the
random effect reduced the RMSE. Five classes were formed according to the RMSE based on the fixed effects (RMSE 0‐3 cm, 3‐6 cm, 6‐9 cm, 9‐
12 cm, > 12 cm; indicated by vertical dotted lines), for which n indicates the number of trees in the corresponding class. Three trees outside the
range of the graph are not shown (RMSE of the fixed effects: 16.2 cm, 19.3 cm, 21.1 cm). In the lower part, the model predictions are shown for the
trees with the lowest (above) and highest (below) RMSE of the corresponding class, respectively. DBHbb indicates diameter beneath the bark at a
height of 1.2 m. Predictions for all trees used in the model fitting procedure are shown in the Online Resource 4.
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Figure 3. Application of the averaged model (see Table 3) to the control trees. The trees of the control sample were grouped according to the root
mean square error (RMSE) the same way as the trees used for model fitting (a‐e, see Fig. 2). For every group, n indicates the number of trees, and
the model prediction is shown for the tree with the lowest (above) and the highest (below) RMSE. DBHbb indicates the diameter at 1.2 m beneath
the bark. Predictions for all control trees are shown in the Online Resource 5.
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Discussion
Parameter estimation of the Chapman‐Richards function
The use of nonlinear mixed‐effects models for describing the age‐diameter relationships of
oaks in Switzerland resulted in accurate predictions and entailed several methodological ad‐
vantages compared to alternative modelling approaches. First, the accuracy of the pre‐
dictions is likely to result from the relatively flexible nonlinear Chapman‐Richards growth
equation. Second, this equation allows for projections outside the range of available data,
e.g. for higher ages. Such projections are more reliable than those from linear mixed‐effects
models, e.g. polynomial models (Pinheiro and Bates 2000). Third, the Chapman‐Richards
growth equation has a biologically motivated background (Zeide 1993), which implies that
estimating its parameters is equivalent to quantifying the ecological processes underlying
the function (e.g. the growth constraint reflected in parameter ). Lastly, the inclusion of co‐
variates allows for quantifying ecological influences on these processes.
The parameter was estimated to be < 1, suggesting that the age‐diameter relationship was
most appropriately modelled without an inflection point. This contrasts von Bertalanffy’s
(1957) growth equation, where equals 3 based on theoretical considerations. However,
these considerations were mainly geared towards animal rather than plant growth. The
shape of the growth curves of the individual trees likely depends on the competitive situ‐
ation within their neighbourhood, with strong competition leading to flat sections in the
growth curve and release from competition to steep parts of the curve. The estimation of a
fixed value for all trees in the sample neglects individual variation in the form of the
growth curves possibly induced e.g. by suppression and release phenomena; therefore, this
is likely to entail an increased RMSE for at least some trees in the sample. It would be
possible to adjust the parameter individually across time if the competitive situation of
every tree could be reconstructed (cf. Weber et al. 2008), but due to the decay of dead trees
this is feasible only for the past 10‐20 years. Such an endeavor is not feasible in forest
reserves because a dendrochronological analysis of all trees in the plot would be required.
The estimated values of DBHbb_asym and the parameter (DBHbb at the age of 1200 years)
seem rather low. However, representative reference values are rare and often speculative,
since most trees are cut or die prior to reaching such high ages. Maximum diameters
reported in the literature range between 250 and 300 cm for Q. petraea, 200 to 380 cm for
Q. robur, and around 90 cm for Q. pubescens (cf. Bugmann 1994) and thus are considerably
higher than those predicted by the averaged model, especially if we assume that Q. pubes‐
cens represents the lowest estimated DBHbb_asym. Furthermore, Q. robur trees with an age of
only 250 to 450 years have been recorded with DBHs similar to or even exceeding the
DBHbb_asym estimated in the present study (Rozas 2005). An explanation for this discrepancy
may be that reported maximum DBHs are likely to originate from exceptionally vigorous
sites, whereas many dry sites with shallow soils were included in the present study. A dif‐
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ference of a few centimeters between DBH and DBHbb due to the bark (bark thickness varied
between 0.2 cm and 2.5 cm; B. Rohner, unpublished) provides another explanation. And fi‐
nally, a further reason for the underestimation of the diameters in our model is the assump‐
tion of concentric growth, which is reflected in the fact that only one core per tree was
sampled and the tree‐ring widths were measured perpendicular to the ring boundaries. This
assumption has been shown to be often violated for oaks (Rozas 2003) and to potentially
bias long‐term increment projections for both coniferous and deciduous tree species (Russell
et al. 2011). Hence, for a sound comparison with DBH values measured by calliper, correc‐
tions of the DBHbb related to bark thickness and eccentric growth would be necessary.
The estimated values of the slope parameter need to be interpreted in combination with
the corresponding values of because they are strongly negatively correlated. This correla‐
tion likely results from annual diameter growth being restricted to a biologically plausible
range. For example, if we compare two trees with an expected DBHbb_asym of 15 cm vs.
150 cm, the same value of for these two trees would imply the same time available for ap‐
proaching DBHbb_asym – this would likely entail implausible annual growth rates for either of
them (for a visualization see Online Resource 6). This holds particularly true for oak, because
a minimum tree‐ring width is produced in most years (Rozas 2003). Accordingly, a lower
value of in combination with a higher value of may still represent higher annual growth
over a certain time span (see Online Resource 6). Hence, the slope parameter does not
have a consistent biological interpretation (cf. Richards 1959), and this is why we hereafter
focus on parameter .

Environmental variables shaping the age‐diameter relationship
The estimated coefficients of several covariates for indicate that, although water stress
seems to be a key process limiting the age‐DBHbb relationship of oak, the amount of water
being potentially present at a particular site is less important than the capability of retaining
this amount. For instance, the highest correlation was found between parameter and the
water holding capacity, representing increasing DBHbb at 1200 years with increasing water
holding capacity. A likely explanation for this correlation is that trees on soils with a high
water holding capacity experience prolonged water supply during dry periods, whereas tree
growth on soils with a low water holding capacity may already be limited by drought early on
in rainless periods. The water holding capacity has been shown to be important in the age‐
height relationship of various tree species in Europe, including Q. petraea (e.g. Piedallu et al.
2011), whereas influences on diameter growth have been found mainly in the context of an‐
nual increments (Weber et al. 2007). We are not aware of quantitative studies on possibly
limiting effects on maximum tree diameter. The impact of the water balance on maximum
diameter is further corroborated by the positive coefficient of the NSI, which indicates a
higher DBHbb at 1200 years on north‐facing aspects, where lower evapotranspiration is ex‐
pected. Although the positive correlation between parameter and the drought index is
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weak, this relationship further supports the conclusion that water stress is limiting the maxi‐
mum diameter of oak.
The comparably high negative correlation between elevation and DBHbb at 1200 years may
be indicative of frost conditions. Reduced tree dimension with increasing elevation due to
temperature limitation is a well‐known process that usually occurs at the upper end of a tree
species’ distribution range. The upper elevation limit of oaks in Central Europe is located at
around 1000 m a.s.l. (Ellenberg and Leuschner 2010). The elevation gradient represented in
our study thus covers a considerable amount of this distribution range. Lower temperatures
at higher elevations may increase the risk of frost damage, for which oak is known to be sus‐
ceptible (Ellenberg and Leuschner 2010). Furthermore, in the European Alps the length of
the growing season decreases by seven days per 100 m of elevation gain (Gensler 1946). At
higher elevations, these well‐known effects of reduced temperature are likely to limit the
maximum diameter of oak.
The positive effect of slope on parameter indicates an increased DBHbb of 1200 year old
oaks on steeper slopes. This is rather unexpected as steep slopes are commonly associated
with adverse growing conditions (e.g. Costa et al. 2008), e.g. due to high runoff and shallow
soils. However, a geometrical effect may have caused increased asymptotic diameter values:
the horizontal projection of a tree crown to the ground represents a larger area on steep
compared to flat terrain. As a consequence, the root zone – and thus accessible water and
nutrients – per tree may be larger on steeper slopes if identical soil depth is assumed. How‐
ever, such a potential benefit has not been documented so far. Thus, the possibility that the
positive coefficient for slope could be an artefact caused by the comparably high correlation
with water holding capacity cannot be ruled out.
It is worth emphasising that our interpretations regarding the importance of water stress do
not contradict the drought tolerance ascribed to oak. In fact, Q. robur and Q. petraea are
able to grow under fairly dry conditions, although their optimum growth range lies in moist
conditions, where they are usually suffering from high competition by more shade‐tolerant
species such as European beech (F. sylvatica; Ellenberg and Leuschner 2010). From this per‐
spective, it is not surprising that reduced parameter values for and associated DBHbb_asym
are predicted under drier conditions. Our model does not investigate whether oaks are able
to grow, but it quantifies how they grow under specific conditions along an environmental
gradient.

Accuracy and applicability of the age‐diameter model
Although the present study generated an empirical growth model with possible applicability
in a wide range of Central European oak forests, the simultaneous consideration of a south‐
facing Q. pubescens forest that is characterized by shallow soils located in the comparably
dry Valais (Les Follatères) did not produce plausible results. This is likely due to the fact that
Les Follatères covers the upper end of the elevation gradient (up to 870 m a.s.l.) as well as
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the lower end of the NSI (‐1 to 0.71). Furthermore, Les Follatères has the second lowest
water holding capacity (category 2, 15‐30 l/m2) among all study sites, only topped by Josen‐
wald, where the drought index is higher (precipitation ‐ PET from May to July = ‐9 mm at Les
Follatères). Oaks from Les Follatères therefore struggle with adverse conditions, comparable
to those in the Mediterranean area. The inability of the model to cope with such conditions
indicates that its applicability to oaks from southern Europe is highly restricted.
The fixed effects of the averaged model reflected well the general variability in the age‐
diameter curves for the majority of the oaks in our sample. Since a broad range of growth‐
relevant site characteristics were represented by the fixed effects, they are likely to have
captured site quality fairly well. The similar RMSE distributions of the model fitting and the
control sample indicate that predictions from the averaged model are robust within the
range of incorporated site characteristics. However, under specific site conditions, there is
substantial variability in the age‐diameter curves that cannot be explained by the fixed ef‐
fects alone.
The inclusion of an additional random effect led to considerable improvement in the pre‐
dictions for trees whose age‐diameter relationship was captured only poorly by the fixed ef‐
fects. In general, estimations based on both fixed and random effects fitted the observations
very accurately. Similar improvements by adding random effects were found in a variety of
empirical growth‐modelling studies based on linear (Martin‐Benito et al. 2011) and nonlinear
relationships (Adame et al. 2008; Nothdurft et al. 2006; Subedi and Sharma 2011). However,
tree‐specific random effects are estimated during the fitting procedure, and are therefore
not available for independent trees, even though it is exactly for those trees that model pre‐
dictions would be most desirable. Our findings may thus be applied in two different con‐
texts: (1) in the case of oaks for which only site information is available, the age‐diameter
relationship may be predicted based on the fixed effects alone; (2) in the case of trees for
which additional tree‐ring data or repeated diameter measurements are available, an ana‐
logue fitting procedure may be followed to base the predictions on both fixed and random
effects.
The random effects in the present study accounted for individual deviations from expected
site‐specific age‐diameter relationships that cannot be explained by the fixed effects. A con‐
siderable part of these deviations probably reflects variability in the competitive situation
among individual trees as well as local nutrient availability. Growth effects caused by compe‐
tition have not been included in the fixed effects because their reconstruction over longer
time spans is a very cumbersome task (cf. Weber et al. 2008). However, efforts to solve this
issue would be desirable, since the inclusion of information on the temporal development of
the competitive situation in the fixed effects would be highly likely to improve the pre‐
dictions based on the fixed effects alone.
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Conclusion
Nonlinear mixed‐effects models with covariates are a promising approach to model tree
growth and specifically the age‐diameter relationship of oak trees, because they are a flexi‐
ble tool for the identification of environmental drivers acting on growth and for the pre‐
diction of tree growth. The model that we derived indicates that water runoff in combination
with frost damage and a restricted length of the growing season towards the upper eleva‐
tion limit are crucial factors shaping the age‐diameter relationship of oak. Predictions based
on the fixed effects of the model are fairly accurate, and the accuracy can be increased con‐
siderably by including an additional tree‐specific random effect. The present findings can be
used in future attempts to predict oak growth in Central Europe, be it for purposes of bio‐
diversity conservation or for adaptive management strategies under climate change.
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Supporting information
Online Resource 1
Table S1. Complete list of considered models. The parameters and are from the Chapman‐
Richards growth equation with an expected value parameterization for the asymptote (Eq. 2, Fang
and Bailey 2001; Hall and Clutter 2004; Richards 1959). Models with an Akaike weight > 0.01% are
shaded in grey. Topography includes elevation, aspect and the north‐south indicator. ‘Interaction’ in‐
dicates the interaction between the water holding capacity and the drought index.
Model
number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Parameter
Topo‐ Water Drought Inter‐
graphy holding
index action
capacity

Topo‐
graphy

Parameter
Water Drought Inter‐
holding
index
action
capacity

×
×
×
×
×
×
×

×
×
×
×
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×
×
×
×
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×
×
×
×
×
×
×
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×
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×
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×
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×
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×
×
×
×
×
×
×
×

×
×
×
×
×

×
×
×
×
×
×

×
×
×
×
×

×
×

Akaike
weight
(%)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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35
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39
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44
45
46
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57
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60
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66
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76
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81
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×
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×
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0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.03
0
0
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0
0.6
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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0
0
1.23
0
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82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

×
×

×

×

×

×

×
×
×
×
×
×
×

×
×
×
×
×

×
×
×
×
×

×
×

×
×
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×
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×

×
×
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×
×
×
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×
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×
×
×
×
×
×
×
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×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

×
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×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

1.43
0
0
0
0
0
0
0
0
0
0
0
0
62.2
0
0
22.27
0
7.6
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Online Resource 2
Table S2. Mean and standard deviation (SD) used for scaling and centring the covariates.
No additional scaling and centring was done for the north‐south indicator since it ranges
between ‐1 and 1.
Elevation
(m a.s.l.)

Slope (°)

Water holding
capacity

Drought
index

500

11.7

4.2

21.7

70

10.5

1.2

73.9

Mean
SD

0.006
0.004
0.002

values of b

0.008

Online Resource 3
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Figure S1. Correlation between the parameters
is ‐0.94.

and . The Pearson correlation coefficient
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Figure S2. Predictions based on the averaged model for all trees used in the model fitting procedure.
DBHbb denotes the diameter beneath the bark at 1.2 m above ground.
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Figure S3. Predictions based on the averaged model for all control trees. DBHbb denotes the diameter
beneath the bark at 1.2 m above ground.
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Figure S4. Visualization of varying combinations of the parameters ܽ and ܾ in the Chapman‐Richards
growth equation with an expected value parameterization for the asymptote (Eq. 2). In all visualiza‐
tions, the parameter ܿ was set to 0.863 as estimated in the averaged model (Table 3).
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Abstract
1. Accurate tree age information is required in many contexts ranging from nature conserva‐
tion to forest science and management. Currently available methods for tree age estimation
are either destructive or often inaccurate, the latter mostly because they do not tap the full
potential of available data and knowledge on tree growth.
2. We compared two new approaches for tree age estimation based on nonlinear age‐
diameter relationships to a traditional polynomial approach. The nonlinear approaches were
based on repeated diameter measurements. One of them included environmental covariates
(slope, elevation, aspect, water holding capacity and a drought index) based on the fixed ef‐
fects of a mixed‐effects model. The accuracy of the approaches was evaluated for 243 oaks
growing along an environmental gradient in Switzerland that comprised ages from 23 to 284
years. The potential of the nonlinear approach with covariates was assessed by additionally
including the random effects of the mixed‐effects model.
3. The nonlinear approach with covariates and the polynomial approach were of similar ac‐
curacy except for extreme sites, where the polynomial approach performed better. The non‐
linear approach without covariates was least accurate. Additionally including the random
effects in the nonlinear approach with covariates strongly improved the age estimations and
reduced the relative errors below 40% for 98% of the trees.
4. Including repeated diameter measurements and environmental covariates led to similarly
accurate age estimations as the traditional polynomial approach. However, the accuracy of
the nonlinear approach with covariates has a high potential for further improvements. Addi‐
tionally, the nonlinearity and the site information that is explicitly included allow for applica‐
tions beyond the calibrated sites and ages. This transferability and the potential for extrapo‐
lation obviate the need for calibration in further applications, making it entirely non‐destruc‐
tive, which is a large advantage over the polynomial approach, which requires new fitting for
new sites. Thus, the nonlinear approach with covariates is highly suitable e.g. in protected
forests, where destructive age determination is not allowed.

Keywords: Age‐diameter relationship; Age estimation; Chapman‐Richards growth equation;
dendrochronology; forest reserve; nonlinear mixed‐effects model; Quercus spp.
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Introduction
Knowledge of tree age distributions is important for several scientific and practical reasons.
Tree age information is needed in many forest growth models as well as for projections of
expected timber yield and carbon sequestration in forests (Hall & Clutter 2004; Thürig et al.
2005). Nature conservation relies on tree age information, e.g. because subsidies for the
non‐utilization of protected trees are often determined based on the age of the protected
trees. Additionally, tree age is an indicator for a tree’s ecological value, since structural diver‐
sity and the associated biodiversity generally increase with tree age (Michel & Winter 2009).
A range of methods have been developed to determine tree age. Identifying the number of
annual growth rings proved to be an accurate method for trees in the temperate zone (Villal‐
ba & Veblen 1997; Wong & Lertzman 2001; Rozas 2003). However, such dendrochronologi‐
cal methods are invasive if based on increment cores and even destructive if based on stem
cross sections. Therefore, dendrochronological age determination is not applicable in many
cases, for example in the context of quality timber production or nature conservation. Non‐
invasive methods based on satellite data have evolved during the last decade, but have
usually concentrated on stand rather than tree age (e.g. Sivanpillai et al. 2006). Alternative
attempts have focussed on the relationship between tree diameter and tree age, which has
usually been modelled empirically based on polynomials (Abrams 1985; Loewenstein,
Johnson & Garrett 2000; Rozas 2003; Trotsiuk, Hobi & Commarmot 2012) although there is
no biological motivation for using polynomials. In fact, these models, which are linear in their
coefficients, are invalid outside the range of ages and diameters used for calibration
(Pinheiro & Bates 2000; Rozas 2003). Furthermore, the age‐diameter relationship is mostly
tainted with high variability (Tyrrell & Crow 1994; Loewenstein, Johnson & Garrett 2000;
Piovesan et al. 2005; Nagel, Levanic & Diaci 2007).
Various site and stand characteristics have been shown to influence tree growth and, conse‐
quently, the relationship between the diameter and age of trees. Regarding site characteris‐
tics, topographic attributes such as elevation, slope and aspect as well as soil properties such
as water holding capacity are usually considered as key variables influencing tree growth
(Parker 1982; Oberhuber & Kofler 2000; Rohner, Bugmann & Bigler 2012). Furthermore, tree
growth responds sensitively to climatic conditions, i.e. temperature, precipitation or drought
(Fritts 1976). Concerning stand characteristics, competition is thought to be the main
growth‐limiting feature (cf. Biging & Dobbertin 1995).
Although environmental variables have been shown to strongly influence tree growth, they
have rarely been considered for tree age estimation (cf. Abrams 1985; Suarez et al. 2008). In
fact, empirical age‐diameter relations (e.g. polynomials) have often been calibrated for indi‐
vidual sites with rather homogeneous environmental conditions (e.g. Veblen 1986; Loewen‐
stein, Johnson & Garrett 2000; Rozas 2003). Although being highly accurate for a specific
site, such models are usually of limited generality and cannot be easily transferred to other
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conditions. Thus, including site characteristics in addition to diameter for the estimation of
tree age should increase both its accuracy and generality.
Further potential to improve tree age estimation arises from repeated diameter measure‐
ments. In comparison to single diameter measurements, they provide additional, biologically
relevant information in terms of the temporal development of diameter. The growth change
within a sequence of repeated diameter measurements in combination with absolute diame‐
ter data might be used to infer the position of the sequence along a calibrated age‐diameter
curve. However, we are not aware of studies that have used this information to estimate tree
age. Repeated diameter measurements are available for many forests all over the world, e.g.
from national forest inventories or from monitoring in forest reserves (e.g. Brändli 2010;
Brang, Heiri & Bugmann 2011). Such data sets often cover broad spatial and temporal ranges,
and it would be desirable to use them to improve tree age estimations.
We compare a traditional polynomial approach with two new approaches for tree age esti‐
mation based on tree‐specific nonlinear age‐diameter relationships, which include repeated
diameter measurements. The two nonlinear approaches differ insofar as one of them consid‐
ers environmental influences on tree growth as covariates (Table 1). We focus on oak species
in Switzerland because of their high conservation value and role in current Payment for Eco‐
system Services (PES) schemes (Bolliger, Schnidrig & Stadler 2008). Our study aims at (1) com‐
paring the accuracy of the age estimations arising from the three approaches for oaks in forest
reserves along a large environmental gradient in Switzerland, and (2) quantifying the potential
that lies in the nonlinear approach with covariates if knowledge about growth‐influencing
processes was increased. Based on up‐to‐date statistical methods, our study provides entirely
new prospects for the long‐standing need of accurate tree age estimation.

Methods
Study sites and tree species
All study sites belong to the Swiss forest reserve network, a joint project of the Swiss Federal
Institute for Forest, Snow and Landscape Research (WSL Birmensdorf), ETH Zurich and the
Swiss Federal Office for the Environment (for details see Brang, Heiri & Bugmann 2011; Roh‐
ner et al. 2012; Rohner, Bugmann & Bigler 2012). Hence, all forests considered in this study
have not been managed for decades. We considered the same 10 study sites as in Rohner,
Bugmann and Bigler (2012). All of the forests contain > 10% oak (calculated as the importance
value = [relative density + relative basal area] / 2 x 100; Parker & Leopold 1983), whereas the
composition of the further tree species differs strongly, ranging from Pinus sylvestris‐domi‐
nated sites in the dry, inner‐Alpine southwest of Switzerland to Fagus sylvatica‐dominated
sites under mesic conditions in northern Switzerland. Thus, the sites cover a wide variety of
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Table 1. Overview of the approaches.
Polynomial

Nonlinear without covariates

Nonlinear with covariates

Repeated diameter
measurements

No

Yes

Yes

Environmental
influences on growth

No

No

Yes

Tree ring data needed
for calibration

Yes

No

Yes

Age (years)

Age (years)

300

250

200

150

0

100

0

50

40

0

Diameter (cm)

60

20

300

300

250

200

150

100

50

0

80

20

250

20

40

200

40

Nonlinear model
(diameter beneath bark)
Corrected model
Observation
Prediction

100

60

150

60

80

100

Diameter (cm)

80

0

Diameter (cm)

Visualization

Exemplary growth curves
(5 out of 78‘000)
Observation
Prediction

100

50

Polynomial model

100

0

Approach

Age (years)
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environmental conditions regarding topography, soil properties and climate (see Rohner, Bug‐
mann & Bigler 2012) and represent a broad range of oak habitats in Central Europe.
The most frequent oak species in Switzerland is Quercus robur with 61%, followed by Quer‐
cus petraea with 24% and Quercus pubescens with 15% (based on stem numbers; Brändli
2010). Q. petraea and Q. robur overlap in many physiological and morphological attributes
(Aas 1998). In addition, hybridization is frequent among the three species, leading to various
intermediate forms (Kissling 1980; Aas 1998). Because a reliable distinction in the field is not
feasible, we conducted the age estimation for the three oak species collectively.

Data collection and processing
Every forest reserve comprises permanent plots in which all trees are tagged individually. At
regular intervals of 8‐10 years, the diameter of all living tagged trees is recorded (cf. Brang,
Heiri & Bugmann 2011). We considered the same sample of trees (total of 303 oaks) as in
Rohner, Bugmann and Bigler (2012), where 30 – 31 tagged oaks per reserve had been se‐
lected according to the diameter distribution observed in the last inventory campaign. For
every selected oak tree, a sequence of at least three diameter measurements was available
from the inventory campaigns. One additional diameter measurement was collected during
our field work.
The field work was conducted in summer 2009 and 2010 (for details see Rohner, Bugmann &
Bigler 2012). To determine the age of the selected oaks, one increment core per tree was
taken parallel to the contour line at 1.2 m above ground. The core samples were cut with a
core microtome (Gärtner & Nievergelt 2010). Tree‐ring widths were measured with a Lin‐
tab 5 measuring system using the software TSAP‐Win (RINNTECH, Heidelberg, Germany) and
cross‐dated visually and quantitatively with the software COFECHA (Holmes 1983). For cores
that missed the pith, the missed distance and the missed number of rings were determined
according to the graphical method by Rozas (2003). The age at 1.2 m height of the individual
oaks was approximated as the sum of the tree rings on the core and the estimated number
of missed rings to the pith.

Subsamples for calibration and validation
After excluding some trees due to methodological difficulties, Rohner, Bugmann and Bigler
(2012) eventually used 243 trees for estimating a nonlinear model that forms the basis of
the nonlinear approach with covariates. In the development of their model, Rohner, Bug‐
mann and Bigler (2012) divided the trees into a calibration subsample of 200 randomly se‐
lected trees (20 trees per reserve) and a validation subsample comprising the remaining 43
trees. In the present study, we used the same sample of calibration trees to achieve compa‐
rability among the approaches. Consequently, all age estimations were evaluated based on
the same sample of validation trees. However, five calibration trees and one validation tree
considered in Rohner, Bugmann and Bigler (2012) could not be used for the present study
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because these trees could not be assigned unequivocally to trees in the inventory data base.
Thus, in the present study, we used 195 trees for calibration and 42 trees for validation pur‐
poses.

Polynomial approach
According to previous studies on tree age estimation (Loewenstein, Johnson & Garrett 2000;
Rozas 2003; Trotsiuk, Hobi & Commarmot 2012), we considered first‐ to third‐order polyno‐
mials for describing the relationship between diameter and age (Table 2). We did not include
intercepts in the polynomials. All polynomials were fitted to the ages and diameters of the
calibration trees in the year of the coring (2009/2010). For model selection, we compared
both the adjusted R2 and the Akaike weights
of the respective polynomials, which indi‐
cate the relative probability of the individual models to be best suited to describe the data at
hand (Burnham & Anderson 2002); they are defined as

∑

(eqn 1)

with denoting the difference in AIC (Akaike Information Criterion) between model and
the model with the lowest AIC among all considered models (Burnham & Anderson 2002).
The polynomial with the highest adjusted R2 and the highest was used for estimating the
age of the validation trees.
Table 2. Considered polynomials for modelling the relationship between diameter at
breast height (DBH, in cm) and age.
Akaike weight (%)*

Adjusted R2

Age ~ DBH

0

0.92

2

Age ~ DBH + DBH2

0

0.92

3

Age ~ DBH2

0

0.71

4

Age ~ DBH + DBH2 + DBH3

0

0.93

5

Age ~ DBH + DBH3

0

0.92

6

Age ~ DBH2 + DBH3

0

0.85

7

Age ~ DBH3

0

0.46

8†

Age ~ DBH + DBH1.5 + DBH2

100

0.94

Model number

Model structure

1

* Akaike weights indicate the relative probability of the individual polynomials for being
best suited to describe the data at hand (see Equation 1, Burnham & Anderson 2002).
† Model structure according to Loewenstein, Johnson and Garre (2000).

Nonlinear approach without covariates
The nonlinear approach without covariates was based on a modified Chapman‐Richards
growth function (Richards 1959; Fang & Bailey 2001; Hall & Clutter 2004), which is defined as
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1

/ 1

.

(eqn 2)

In this function, parameter represents the estimated diameter at age , parameter de‐
fines how fast the asymptotic diameter is approached, and parameter defines the inflec‐
to 1200 years according to the maximum
tion point of the curve (Richards 1959). We set
age reported for Q. robur (Godet 1986). By systematically varying the three parameters, a
set of 78 000 growth curves was defined: parameter was varied between 10 and 200 in
steps of 5, parameter between 0.0002 and 0.01 in steps of 0.0002, and parameter
between 0.1 and 4 in steps of 0.1. These ranges were motivated by the results of Rohner,
Bugmann and Bigler (2012).
The age of the validation trees was estimated by individually determining the optimum posi‐
tion of their diameter sequences along the simulated 78 000 growth curves, which was iden‐
tified by systematically fitting the diameter sequences to all positions along all growth curves
and comparing the mean absolute error (MAE) of the fits. The fit with the lowest MAE was
selected and the corresponding age was recorded as the age estimate for that particular tree
(Table 1); the reason for using the MAE as the quality criterion is explained below. All age
estimations were restricted to a maximum of 1000 years.

Nonlinear approach with covariates
The nonlinear approach with covariates was built on the model by Rohner, Bugmann and
Bigler (2012), which is also based on the modified Chapman‐Richards growth equation
(Equation 2). However, in this model the parameters and were estimated separately for
every tree as a function of the covariates slope, elevation, aspect, soil water holding capacity
and a drought index. These covariates were used to reflect growth‐influencing characteris‐
tics regarding topography, soil and climate. The model was fitted to data derived from the
same core samples that were used for the age determination here, with diameters being ap‐
proximated as diameter = 2 × (cumulative sum of tree‐ring widths + estimated missed dis‐
tance to the pith).
Slope, elevation and aspect were recorded for each tree during the field work; water holding
capacity was estimated for individual study sites from the Swiss soil suitability map (Bundes‐
amt für Raumplanung (EJPD), Bundesamt für Landwirtschaft (EVD) & Bundesamt für Forst‐
wesen (EDI) 1980); and the drought index was calculated as precipitation minus potential
evapotranspiration during summer (for details see Rohner, Bugmann & Bigler 2012). The
model was designed as a mixed‐effects model, i.e. fixed effects for the covariates and a ran‐
dom intercept per tree were estimated for the calibration trees. Random effects could be
estimated for the calibration trees only; thus, the basis for the age estimation were the age‐
diameter curves predicted separately for every validation tree based on its environmental
conditions, using the fixed effects of the model developed by Rohner, Bugmann and Bigler
(2012; Table 1).
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Before fitting the diameter sequences from the inventory campaigns, three corrections were
made to achieve comparability with the diameters predicted by the model:
1) The model predicts diameters beneath the bark, whereas the diameters were measured
with a calliper outside the bark during the inventories. We measured bark thickness when
extracting the cores and applied a linear regression with the diameter measured at coring
height as explanatory variable. Since diameter measurements with the calliper include the
bark twice, the following correction resulted:
DiameterCorrection_1 = DiameterModel + 2 × (0.3764 + 0.0120 × DiameterModel).
2) The cores were taken 1.2 m above ground, whereas the diameter was measured 1.3 m
above ground during the inventories. To overcome this discrepancy, we measured the
diameters at both heights during field work and applied a linear regression, resulting in
the following correction: DiameterCorrection_2 = ‐0.2484 + 0.9957 × DiameterCorrection_1.
3) Although eccentric growth is known to be frequent for oak (Rozas 2003), the model im‐
plies completely concentric growth since the tree rings are measured perpendicular to the
boundaries and the diameters are approximated with the cumulative sum of the ring
widths. Therefore, we modelled the difference between the bark‐ and height‐corrected
diameters derived from the tree rings and the measured diameters from the inventories
with a linear regression, which resulted in the following correction:
DiameterCorrection_3 = 0.5979 + 1.0765 × DiameterCorrection_2.
All three steps were determined based on the calibration sample. They were finally combined
to the aggregated correction formula DiameterCorrected = 1.1374 + 1.0976 × DiameterModel,
which was applied to modify all diameter predictions from the nonlinear model with co‐
variates before using them for the age estimation.
For the age estimation of the validation trees, we fitted their diameter sequences to the cor‐
rected individual age‐diameter curves predicted from the model. Similar to the previous
approach, we restricted the growth curves to a maximum age of 1000 years. The best‐fitting
position of the diameter sequence along the corresponding growth curve was again identi‐
fied by minimizing the MAE (Table 1). Several other quality criteria were initially considered
(root mean square error, root mean square relative error, mean relative error), but the MAE
resulted in the most accurate age estimations for the calibration sample. To achieve com‐
parability, we used the MAE for both nonlinear approaches.

Comparison of the approaches
The accuracy of the age estimations derived from the three approaches (polynomial ap‐
proach, nonlinear approach without covariates, nonlinear approach with covariates) was
compared based on both absolute and relative errors between predicted and observed ages.
The relative errors were defined as (observed age – predicted age) / observed age, with age
in the year of coring used for the error calculation.
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Potential of the nonlinear approach with covariates
The fixed effects in the nonlinear model represent known environmental influences on the
age‐diameter relationship (Rohner, Bugmann & Bigler 2012), whereas the random effects
represent variability in the age‐diameter relationship that cannot be explained by the con‐
sidered covariates. It can be assumed that further research and additional data will provide
improved knowledge regarding the determinants of the age‐diameter relationship (e.g.
when including competition). Thus, the proportion of explained variability in such models
should increase in the future. Accordingly, more variability may be covered by fixed effects,
entailing more accurate age estimations when using the nonlinear approach with covariates.
To identify the maximum potential of this approach, we based the age estimations addi‐
tionally on the fixed and the random effects of the nonlinear model with covariates, which
reflects the assumption that all unexplained variability currently covered by the random ef‐
fects may once be explained by the fixed effects. However, since random effects are only
available for the calibration sample, this analysis could not be based on the validation
sample. Instead, we estimated the ages of the calibration trees in this analysis, which is why
the results are not directly comparable to the results from the three approaches above. The
same procedure was followed for fitting the diameter sequences to the model predictions
from the fixed and the random effects as described above for the fixed effects only.
All analyses were conducted in R, a language and environment for statistical computing and
graphics (R Development Core Team 2010). For the development of the nonlinear model
with covariates, the packages nlstools (Baty & Delignette‐Muller 2011) and nlme (Pinheiro et
al. 2011) were used. The plotrix package (Lemon 2006) was used for some visualizations.

Results
Polynomial approach
The second‐order polynomial that additionally includes Diameter1.5 best described the data
of all polynomials that we considered (model 8 in Table 2). The adjusted R2 (0.94) indicated a
marginally better performance compared to some other polynomials, whereas the Akaike
weights identified model 8 as being by far best suited to describe the data. The correspond‐
ing model formula was estimated as Age = 11.67 × Diameter – 2.3 × Diameter1.5 + 0.15 ×
Diameter2.
Based on this polynomial, all ages of the validation trees were predicted within a range of 40
to 260 years, with most predictions around 100 years (Fig. 1). The comparison of predicted
vs. observed ages showed that the age of younger trees tended to be overestimated, where‐
as the age of older trees was somewhat underestimated (Fig. 2).
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a) Polynomial approach
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b) Nonlinear approach without covariates
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c) Nonlinear approach with covariates
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Figure 1. Distribution of the predicted ages based on (a) the polynomial approach, (b) the nonlinear
approach without covariates and (c) the nonlinear approach with covariates. Please note the axis
interruption between ages of 500 and 800 years.
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The absolute error was less than 20 years for more than one third and less than 40 years for
two thirds of the validation trees. For two trees, the predictions missed the observations by
more than 100 years. Concerning relative errors, for 40% of the trees the model missed the
observed ages by less than 20%, and for 70% of the trees by less than 40%. One tree had a
relative error larger than 100%.

Nonlinear approach without covariates
The distribution of predicted ages from the nonlinear approach without covariates showed a
peak at around 50 years and was generally flat over a wider range than the distributions
from the other two approaches (Fig. 1). Except for two trees with age predictions higher
than 800 years, all validation trees were predicted to be younger than 500 years. The com‐
parison with observed ages revealed a rather random pattern for most predicted ages
(Fig. 2).
Absolute errors were less than 20 years for 20% and less than 40 years for 40% of the trees.
For 43% of the trees, the absolute error exceeded 100 years. The relative errors showed a
similar pattern: for 20% of the trees, the model missed the observed age by less than 20%,
and for 35% of the trees by less than 40%. For 30% of the trees, the relative error was larger
than 100%.

Nonlinear approach with covariates
The age predictions from this approach covered a similar range as those from the polynomial
approach, except for four trees with predictions between 400 and 500 years and two trees
with predictions at the upper end of the considered age range (Fig. 1). The age of most old
and some medium‐aged trees was overestimated considerably, whereas most young trees
did not show a clear pattern of over‐ or underestimation (Fig. 2).
The absolute error of the age estimations based on the nonlinear approach with covariates
was less than 20 years for 40% and less than 40 years for 70% of the validation trees. For six
trees, the absolute error was more than 100 years, and for two of them more than 800
years. The relative error was less than 20% for 45% of the trees and less than 40% for 70% of
the trees. Three trees had a relative error larger than 100%.
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Figure 2. Accuracy of the predicted ages for (a) the polynomial approach, (b) the nonlinear approach
without covariates and (c) the nonlinear approach with covariates. The Pearson correlation
coefficient r is indicated for each approach.
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Comparison of the approaches
Concerning both absolute and relative errors, the age predictions from the nonlinear ap‐
proach without covariates were least accurate (Fig. 3). Predictions were strongly improved
by including covariates in the nonlinear approach, except for two trees. Both nonlinear ap‐
proaches showed a tendency towards overestimating the ages, whereas the polynomial ap‐
proach had a slight tendency to underestimate the ages regarding absolute errors. Except for
the two outliers, the nonlinear approach with covariates and the polynomial approach pro‐
duced similarly accurate age predictions regarding relative errors. Regarding absolute errors,
the polynomial approach clearly produced the most accurate age predictions.
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Nonlinear approach
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Nonlinear approach
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Figure 3. Absolute and relative errors of the predicted ages. The relative errors were cal‐
culated as (observed age ‐ predicted age) / observed age.
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Potential of the nonlinear approach with covariates
The age predictions based on the fixed and the random effects of the nonlinear model
ranged between 10 and 350 years (Fig. 4a). The comparison of the predicted and the ob‐
served ages did not show any pattern of over‐ or underestimation (Fig. 4b). In general, these
age predictions improved strongly compared to the nonlinear approach with covariates
based on the fixed effects only (Fig. 4c). Concerning the absolute errors, half of the trees
missed the observed age by less than 10 years, 75% of the trees by less than 20 years, and
92% of the trees by less than 40 years. The relative errors were below 10% for 48% of the
trees, below 20% for 76% of the trees and below 40% for all but one tree.
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Figure 4. Theoretical accuracy of the nonlinear approach with covariates based on the
fixed and the random effects. The Pearson correlation coefficient r is indicated in (b).

122

Chapter IV

Discussion
In this study, we aimed to improve the accuracy and to broaden the applicability of sta‐
tistically‐based tree age estimation methods by including (1) repeated measurements that
reveal diameter development over time, and (2) environmental covariates that reflect site‐
specific influences on tree growth.

Applicability of the three approaches
The nonlinear approaches have a higher applicability and generality compared to the poly‐
nomial approach due to their nonlinearity and the biologically motivated formulation of the
underlying growth equation (cf. Zeide 1993). These features allow the approaches to be ap‐
plied beyond the range of ages and diameters used for calibration (cf. Pinheiro & Bates
2000). This is a considerable advantage over the polynomial approach, because extrapo‐
lations from polynomials are often implausible beyond the calibrated range (Pinheiro &
Bates 2000).
Strictly speaking, the polynomial approach and the nonlinear approach with covariates are
not entirely non‐invasive, since tree‐ring data are needed for calibration. However, in the
nonlinear approach with covariates, the calibration step can be skipped for further applica‐
tions once a reliable model is available. Since environmental conditions are included explicit‐
ly, such transfers are likely to be more reliable than if a site‐specifically calibrated polynomial
was used. In contrast to the polynomial approach, the nonlinear approach with covariates
thus has the potential for a completely non‐invasive tree age estimation.

Accuracy of the three approaches
The traditional polynomial approach produced fairly accurate age estimations. In the best‐
fitting polynomial, diameter accounted for 94% of age variability, which is much more than
reported in other empirical studies dealing with age‐diameter relationships. For example, an
R2 between 40% and 60% was achieved by several polynomials fitted to data from an oak
forest in the central United States, among them the polynomial used here (Loewenstein,
Johnson & Garrett 2000). For a virgin beech forest in the Ukraine, a third‐order polynomial
reached an R2 of 82% (Trotsiuk, Hobi & Commarmot 2012), whereas linear regressions
showed an R2 between 19% and 92% for beech and oak in Spain depending on the age co‐
hort considered (Rozas 2003). The R2 achieved in our study is particularly remarkable given
the broad range of site conditions, which would rather give reason to expect a highly vari‐
able age‐diameter relationship (cf. Abrams 1985; Piovesan et al. 2005; Suarez et al. 2008).
Still, the model missed the true age of some trees by more than 100 years, caused by the
fact that trees with similar diameters differed in age by up to 150 years. Such age differences
are not exceptional and have been reported especially for old‐growth forests (Piovesan et al.
2005; Trotsiuk, Hobi & Commarmot 2012). The well‐established polynomial approach for
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tree age estimation may thus be characterized as being quite accurate, though prone to
some uncertainty.
Solely considering repeated diameter measurements in the nonlinear approach, without
taking into account environmental covariates, resulted in poorer age estimations compared
to the polynomial approach. Despite the additional information in repeated diameter meas‐
urements, the age estimations were rather random and thus largely inaccurate. A possible
reason for this inaccuracy is that growth variations over five to ten years, e.g. release effects
(Black & Abrams 2003), are reflected as abrupt slope changes in the diameter sequences,
and the fit procedure in the nonlinear approach without covariates is highly sensitive to such
abrupt changes. Furthermore, the set of growth curves that we considered includes curves
that have highly similar features over parts of their range, but these similar parts can be
located at very different positions along time. Consequently, minor differences in the quality
criterion may cause age estimations to differ by hundreds of years.
The inclusion of environmental covariates generally improved the age estimations strongly
compared to the nonlinear approach without covariates. For some trees the estimation was
highly accurate, whereas for some trees the method failed – ages at the upper limit of 1000
years were erroneously estimated. The nonlinear approach with covariates is highly sensitive
if the underlying model predicts extremely flat age‐diameter curves, which is the case mainly
towards the extremes of the site conditions that we evaluated. For example, in Weidwald,
where soils are shallow and slopes are steep (Rohner, Bugmann & Bigler 2012), the modelled
asymptotic diameter for some trees was lower than the measured diameter data, resulting
in the highest possible age being estimated. Thus, despite the additional information of re‐
peated measurements and environmental covariates, the accuracy achieved by the tradi‐
tional polynomial approach was matched, but not exceeded by the nonlinear approach with
covariates.
Overall, the inclusion of additional information in tree age estimations yielded similarly accu‐
rate results as the polynomial approach for most trees, although at some sites it performed
considerably worse. Importantly, the nonlinear approach without covariates proved useless
due to its instability. Thus, if solely the accuracy of the age estimation at the investigated
sites was considered and the advantages regarding general applicability were ignored, in‐
cluding additional information proved not to be worthwhile – at the current stage of de‐
velopment of the underlying nonlinear model with covariates – because too much variability
in the age‐diameter relationship remains unexplained.

Potential of the nonlinear approach with covariates
By taking into account the fixed and the random effects, we were able to illustrate that tree
age estimations could be improved considerably if more accurate nonlinear models with co‐
variates were available. In fact, the ages estimated using this approach reached an accuracy
that is undisputed by any other non‐destructive method suggested so far, including the tra‐
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ditional polynomial approach and multiple regressions (e.g. Matthes, Kelly & Larson 2008).
On the basis of this high potential for improved accuracy, in combination with the possibility
for sound extrapolation to older ages and for non‐invasive transfers to further sites, we
judge the potential of this approach as being quite high. This judgement is supported by the
fact that the nonlinear approach with covariates already now reaches a similar accuracy as
the polynomial approach for most trees.
The amount of variability explained by the covariates of the underlying model limits the ac‐
curacy of age estimations from the nonlinear approach with covariates. Therefore, attempts
to increase the amount of explained variability by incorporating further covariates in non‐
linear models would not only enhance our quantitative understanding of ecological relation‐
ships, but would also contribute to improved age estimations. On the one hand, such at‐
tempts could involve well‐known processes such as competition for light, which was not in‐
cluded in the model that we used here simply due to methodological constraints (Rohner,
Bugmann & Bigler 2012), although a substantial influence on the age‐diameter relationship
is expected (cf. Biging & Dobbertin 1995). On the other hand, further research on still poorly
understood growth drivers such as belowground processes (Coomes & Grubb 2000; Heine‐
man et al. 2011) are likely to contribute to further improve nonlinear growth models.

Application of the nonlinear approach with covariates for tree age estimations
Non‐invasive methods for tree age estimations are important because the goals of forest
management are often incompatible with the coring of trees, which has an impact on wood
quality and possible negative consequences for other tree characteristics. Scientists and
practitioners have debated intensively on possible impacts of tree coring such as the spread
of pathogenic fungi (Hart & Wargo 1965) and reduced physical stability (Jaeger 1970). Al‐
though impacts on mortality have not been detected for conifers (van Mantgem & Stephen‐
son 2004; Wunder et al. 2011), little is known about the susceptibility of deciduous trees,
which generally seem to be more sensitive to injuries from coring (Jaeger 1970). These pos‐
sible negative consequences in addition to the direct wood damage are underlying the wide‐
spread scepticism of forest owners and managers towards invasive methods, particularly in
endangered and protected forests, even though the accurate determination of tree age is
considered to be particularly important in such forests (Commarmot et al. 2005; Matthes,
Kelly & Larson 2008; Suarez et al. 2008).
Provided that a reliable model is available, the nonlinear approach with covariates would not
only be an accurate and widely applicable, but also a cheap substitute for destructive tree
age estimations. Measuring the diameter of a tree is much faster than extracting an incre‐
ment core and performing the associated laboratory work.
Accurate age estimations derived from the nonlinear approach with covariates have applica‐
tions for various tasks that must be based on non‐destructive methods. One example is the
calculation of subsidies for the non‐usage of protected trees (mostly oaks) in Central Europe
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(e.g. Kantonsforstamt St. Gallen 2003). Another application lies in the study of natural dy‐
namics in virgin forests (cf. Commarmot et al. 2005), which may allow important conclusions
to be drawn for close‐to‐nature forest management. In addition, the use of improved age
estimations in forest growth models based on inventory data would entail more reliable pro‐
jections e.g. regarding future forest dynamics and carbon sequestration (Thürig et al. 2005).
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Synthesis
This thesis aimed at assessing the natural potential of Central European oaks by investigating
their growth and mortality in unmanaged forest reserves. Particular emphasis was placed on
(1) the identification of environmental variables that influence oak growth and mortality, (2)
the potential performance of oaks under climate change and without targeted facilitation,
and (3) the development of a non‐destructive method for tree age estimation. Keeping these
key objectives in mind, the main insights from this thesis are synthesized first. Then, meth‐
odological considerations that span the entire thesis are summarized, and finally, an outlook
on implications for forest management and on further research priorities is made.

Insights from this thesis
Drivers of oak growth and mortality
This thesis shows that oak growth in the Swiss forest reserves is to a large extent limited by
drought. Their annual growth variability is heavily influenced by climatic conditions during
the summer months, with dry summers leading to reduced growth, especially on dry soils
(Chapter II). In addition, cumulative growth over the whole lifetime of the oaks is strongly
affected by water availability (Chapter III). However, for this latter aspect, the site‐specific
capability to retain rainwater is more important than the amount of rainwater per se.
Regarding oak mortality, the strongest driver that I identified is tree size, with smaller oaks
showing highest mortality rates (Chapter I). This represents a mortality process that is well‐
known as ‘competitive self‐thinning’ (cf. General Introduction; Adler 1996). The second most
important driver is stand basal area, indicating stand‐scale competitive pressure. Further po‐
tential drivers of oak mortality that I considered, such as site characteristics (slope) and cli‐
mate (precipitation) seem to have a weaker influence.
Overall, this thesis revealed that growth of oaks is strongly influenced by site characteristics
and climate, whereas mortality is mainly driven by competition. The inversion of this conclu‐
sion holds true for mortality, i.e. site characteristics and climate only play a secondary role
for oak mortality (Chapter I). However, concluding that competition does not affect oak
growth would be inappropriate, because this relationship could not be addressed here due
to the lack of long‐term information on competition at the individual tree level. In fact, a
considerable part of the unexplained growth variability that could not be addressed within
this thesis is highly likely to result from differing competitive pressure (cf. Chapter III and Re‐
commendations for further research, below).
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The natural performance of oaks in Central Europe
Currently, there are two main contrasting hypotheses about the natural role of oaks in
Central European forests. First, many oaks have been facilitated through human interven‐
tions (Bürgi 1999) and thus, if management was abandoned, they may largely disappear as a
consequence of their lower competitiveness relative to other, more shade‐tolerant species
such as European beech (Fagus sylvatica; cf. Mühlethaler 2008). Second, the ongoing climate
change – particularly increasing temperature and more frequent droughts – may invert the
relative competitiveness in favour of the thermophile and drought‐tolerant oaks (Weber et
al. 2007; Contran et al. 2012). The results presented in this thesis tend to support the first
hypothesis. In the absence of management, stand basal area increased within the investi‐
gated forests, which resulted in increased mortality rates for oak (Chapter I), whereas in‐
creasing stand basal area did not affect beech mortality. This pattern likely reflects the
higher relative competitiveness of beech compared to oak due to its higher shade tolerance.
A beneficial effect of climate change for oak has not been identified over the investigated
time period within this thesis. Despite this support for the first hypothesis, it should be kept
in mind that the last monitoring campaign dates back 10 to 15 years in most reserves (Chap‐
ter I). Thus, it cannot be ruled out that the relative competitiveness in Central European
forests has started to shift in the meanwhile, or will do so in the near future. Furthermore,
climate effects on mortality were investigated on a ca. decennial resolution. For additionally
analyzing the effect of individual drought years, annual mortality rates would be required.
Regarding oak growth, my thesis indicates that considerable growth reductions are likely if
summers become warmer and drier, which is expected under climate change. However, the
observed negative correlation between drought and oak growth (Chapter II and III) does not
contradict the drought tolerance ascribed to oaks. This correlation rather reflects the fact
that oaks are able to grow under fairly dry conditions, although their optimum growth range
tends to be in moist conditions (cf. Ellenberg 2009). Consequently, my results regarding re‐
duced oak growth under water stress do not allow for ruling out a potential benefit of oak in
a changing climate (since this would have required a simultaneous investigation of the com‐
peting species; see Recommendations for further research, below); the pattern I found only
permits the conclusion that reduced growth compared to past decades may be expected.

Non‐invasive tree age estimation for oak
Tree age information is often needed in scientific and practical applications that do not allow
for the sampling of tree‐ring information. My thesis contributes to identifying an alternative
approach for tree age estimation that makes use of monitoring data alone and requires tree‐
ring information during an initial calibration stage only (Chapter IV). The resulting nonlinear
and site‐dependent age‐diameter relationship allows the method to be applied also to other
sites and to other ages than those considered during calibration. For most oaks, this new
approach produced similarly accurate age estimations as the currently most often used
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method of fitting polynomials, which requires tree‐ring data for calibration at every site and
for every age range for which it is applied. The similar accuracy in combination with its po‐
tential for transfer and extrapolation make the new approach a promising alternative to the
traditional method for tree age estimation.
However, since the new approach for tree age estimation does not exceed the accuracy of
the traditional polynomial approach even though it includes additional information (i.e. re‐
peated diameter measurements and site information), it could be argued that the traditional
approach is more efficient. However, it should be kept in mind that further research is likely
to considerably increase the accuracy of the newly developed method, whereas no such im‐
provements are expected for the traditional approach. Additionally, irrespective of further
improvements in accuracy, only the new approach opens the way for completely non‐inva‐
sive age estimation.

Methodological aspects
Study sites
The Swiss forest reserve network, which includes all study sites of this thesis, owes its ex‐
istence to the pioneering spirit of Prof. Leibundgut and the huge effort of all people having
been involved in planning and conducting the monitoring campaigns since the early 1950s.
Realizing this thesis within the framework of the reserve network entailed two major advan‐
tages:
(1) Within the reserves, forest dynamics proceed under the exclusion of human interven‐
tions. This fact has been a key precondition to assess the performance that can be ex‐
pected from oaks under less intensive management, e.g. under close‐to‐nature manage‐
ment or under complete exclusion of management related to conservational goals. A ma‐
jor rationale behind the foundation of the Swiss forest reserve network was indeed the
establishment of a scientific reference system for close‐to‐nature silviculture (Leibundgut
1993; Bugmann et al. 2011). A few comparable reserve networks exist in other countries
such as in Slovakia (Korpeľ 1995), in the Czech Republic (Průša 1985), and the forest re‐
serve Białowieża in Poland (Bernadzki et al. 1998). Thus, for my thesis, the Swiss forest
reserve network provided a nearly unique opportunity to study forest dynamics unaffect‐
ed by human interventions.
(2) The endeavour of Prof. Leibundgut to establish forest reserves in various forest types in
Switzerland led to a highly diverse range of sites in the network. This high variability is a
key advantage for studying how site characteristics influence tree growth and mortality,
as done in Chapters I‐III of this thesis. Furthermore, it formed the basis for a fairly broad
application range of the method for tree age estimation that I developed in Chapter IV.
However, although a considerable gradient of site characteristics is covered by the study
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sites of this thesis, not the entire gradient is represented equally well. Forests with fairly
moist and deep soils in the northern lowlands of Switzerland, where mainly beech occurs
besides oak, tend to be overrepresented compared to mixed oak forests e.g. in the Jura
Mountains or oak‐pine forests in the dry inner‐Alpine parts of Switzerland. This im‐
balance probably caused the age‐diameter model developed in Chapter III to fail for oaks
growing in the dry site Les Follatères, which is fairly far off climatically relative to the
other study sites. A more balanced set of sites would have been beneficial from a statis‐
tical perspective; however, this would have required the inclusion of further – thus
managed – forests, which was not considered for reasons of consistency and because of
the unique advantages of unmanaged forests as explained above.

Tree species
The three most frequent oak species in Switzerland (Q. petraea, Q. robur, Q. pubescens)
were analyzed collectively in all chapters of this thesis. From an ecological perspective, this
combined consideration could be justified with their pronounced tendency to hybridize,
which may even blur the boundaries of the species concept within the genus Quercus (Aas
1998; Kleinschmit and Kleinschmit 2000). Furthermore, all three oak species are described as
being less competitive than their strongest opponent in the area of their optimum growth
range (i.e. F. sylvatica; Ellenberg 2009). Consequently, comparable growth and mortality pat‐
terns are expected among the oaks in response to competitive pressure. However, consider‐
able differences in ecological features among the three species have been described, e.g.
related to drought tolerance (Ellenberg 2009). Therefore, especially regarding the influence
of climate variables on growth and mortality, separate analyses of the three oak species
would have been beneficial and could have revealed important insights. The reason why no
species‐specific analyses were conducted is partly of methodological nature: the oak species
were not distinguished consistently during the monitoring campaigns, simply because a reli‐
able distinction in the field based on morphological attributes alone is difficult. Although for
chapters II – IV the identification of oak at the species level would have been theoretically
possible during the field work (although time‐consuming and expensive due to the necessity
of genetic analyses), a retrospective determination of the oak species in the reserve data
was clearly beyond the scope of my work, among others due to the progressing decay of
oaks that died since the monitoring had started. Additionally, also in practical forest man‐
agement, hybridization and ambiguous morphology of oak make the species identification
difficult. Species‐specific models for the age estimation would therefore likely have impeded
their application in practice, rather than to facilitate it. For these reasons, the combined con‐
sideration of the three oak species was indeed appropriate for the purposes of this thesis,
and species‐specific analyses are left to other research projects (e.g. the project Querco at
WSL Birmensdorf, see Contran et al. 2012; Fonti et al. 2012).
It should be kept in mind that with Q. cerris a further oak species exists at the boundary of its
natural distribution in the southernmost part of Switzerland (cf. General Introduction). So
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far, this species has been restricted to eastern sub‐Mediterranean areas due to its high
sensitivity to late frost events (Ellenberg 2009). However, if summers become increasingly
warmer in the course of climate change, it cannot be ruled out that Q. cerris will expand to
the north of the Alps at some point. Unfortunately, within the Swiss forest reserve network
Q. cerris does not have a sufficient abundance yet that would have allowed for a statistical
analysis.

Data sources
The monitoring methods within the forest reserves have been applied consistently since the
establishment of the network; this allows for comparing the monitoring data not only among
sites but also over time. This consistency was a necessary precondition for investigating
changes of stand structure and mortality patterns over time (Chapter I) as well as for the use
of diameter sequences (Chapter IV). Despite the consistent monitoring procedure, the area
of some investigated plots has changed considerably over the observed time span, which
may have entailed biases in site‐scale measures. Indeed, an abrupt change in stand basal
area within one investigated plot was ascribed to a substantial expansion of the respective
plot size (see Figure 2 in Chapter I). However, this case remained an exception, probably be‐
cause the plots were explicitly defined in such a way that they were homogeneous with re‐
gard to site characteristics (cf. Matter 2004).
The length of the data series collected within the forest reserves is matched only by few
forest‐related data series worldwide (e.g. Korpeľ 1995; Bernadzki et al. 1998). The study of
processes that operate as slowly as tree growth or occur as infrequently as tree mortality
makes a long‐term perspective an undisputable precondition. However, even though the
monitoring data reflect an extraordinary foresight in the light of a scientific project (longer
than a scientist’s career), the time span captured to date (maximum of ca. 50 years in just a
few reserves) is still exceedingly short relative to a tree's natural life expectancy and the
temporal scale on which forest dynamics proceed. Hence, when interpreting results derived
from the monitoring data, it should be kept in mind that still only a small time slice of natural
forest dynamics has been captured (cf. Discussion in Chapter I and the Outlook in this chap‐
ter). This fact underlines the importance of continuing the monitoring within the reserves in
the long term.
The tree‐ring data used in this thesis enhanced the time span of my investigations to the life‐
time of the cored trees, which is considerably longer than the length of the monitoring data
series in most cases (e.g. up to seven times longer in the forest reserve Bannhalde). Studying
one tree generation may still be short, e.g. if changes in species composition are the main
goal of investigation. However, the annually resolved tree‐ring samples allowed me to quan‐
tify the influence of climate variability on oak growth (Chapter II). Since most of the cored
trees had germinated before the foundation of the reserves, it cannot be ruled out that they
experienced management impacts in their early days. Although such impacts cannot be re‐
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constructed exactly, their bias is likely rather low because most reserves were established in
forests in which the last interventions had taken place several decades earlier.
The tree‐ring data were further used to reconstruct diameter increment with age (Chap‐
ter III). For this analysis, concentric growth had to be assumed, although it is known that
oaks often show eccentric growth (Rozas, 2003). Variability in tree‐ring widths caused by ec‐
centric growth could have been taken into account if stem disks or multiple core samples per
tree had been collected. However, felling trees to remove stem disks is certainly not appro‐
priate within forest reserves. Furthermore, to minimize the impact on the investigated trees,
I decided to take only one core per tree. Therefore, I deliberately renounced quantifying
within‐tree growth variability.
By combining monitoring data and tree‐ring chronologies, this thesis brought together the
two probably most comprehensive and most widely used data types in forest science. After
having performed separate analyses, Chapter IV of this thesis explicitly focussed on the po‐
tential that lies in combining both data types. This combination aimed at developing a
method for tree age estimation for which no further tree‐ring information is needed. In
contrast, a previous attempt that combined monitoring and tree‐ring data focussed on the
possibility of using both data types together for further estimations of tree age (Clark et al.
2007). In addition, completely different applications arising from a combined consideration
are conceivable, e.g. an assessment how lagged growth responses to climatic events may in‐
fluence diameter measurements in decennial monitoring.

Statistical analyses
In this thesis, a range of statistical methods was applied. While I used descriptive statistics to
analyze stand structures in Chapter I, I modelled the mortality rates with generalized linear
mixed‐effects models. Chapter II identified annual growth responses based on a principle
component regression, i.e. a multivariate method. In Chapter III, nonlinear mixed‐effects
models with covariates were fitted to describe age‐diameter relationships, and an averaged
model was then applied besides polynomials for the tree age estimation in Chapter IV. In ad‐
dition, an information‐theoretic approach was used for model selection in Chapter I and for
model averaging in Chapter III. While detailed descriptions of these methods can be found in
the respective chapters, this short overview illustrates that forest science has left behind a
mainly observational character and increasingly uses sophisticated statistical methods (cf.
Ellison and Dennis 2010). Accordingly, the choice of appropriate statistical methods and ac‐
counting for the corresponding pros and cons has been a crucial task in this thesis.
Mixed‐effects models such as those fitted in Chapters I and III of the thesis have only recent‐
ly gained importance in forest science, with early applications e.g. by Biging (1985) and Lappi
and Bailey (1988). In contrast to traditional regression approaches that account just for fixed
effects, mixed‐effects models are able to take into account that many ecological data are
grouped and that within‐group measurements are often correlated (Pinheiro and Bates
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2000). Accordingly, these models are an appropriate tool for studying longitudinal data, re‐
peated measures and multilevel data such as those analyzed in this thesis, i.e. repeated
measurements from trees (grouping level 1) within different reserves (grouping level 2). By
taking into account the grouped structure of the data, mixed‐effects models simultaneously
estimate ‘fixed’ effects that are valid for all included units (e.g. tree populations in Chapter I)
and ‘random’ effects that quantify the variability caused by the different groups of units (e.g.
sites in Chapter I). By treating the groups as random effects, fewer parameters need to be
estimated than if they were included as levels of a fixed factor or if separate models were
fitted for every group, which is often done in traditional regression studies with just fixed
effects. The associated saving of degrees of freedom is advantageous, especially because the
(random) influence of the groups on the response variable is mostly not the key issue
anyway.
Besides providing the appropriate model structure for dealing with grouped data as in
Chapter I of the thesis, mixed‐effects models further allowed for quantifying the unexplained
variability in the age‐diameter relationship among trees as discussed in Chapters III and IV.
However, if mixed‐effects models are used for predictions, the random effects are only ap‐
plicable within the groups included in model fitting. Hence, variability that is not captured by
the fixed effects is unpredictable for groups that have not been considered during model
fitting, as it was the case for the validation trees in Chapters III and IV of this thesis. This re‐
striction is mentioned only rarely in empirical studies based on mixed‐effects models.
Model selection in Chapters I and III was based on an information‐theoretic approach, which
is explained in the respective chapters and in more detail in Burnham and Anderson (2002).
For a long time, most statistical textbooks have proposed the use of stepwise comparisons of
pairs of nested models – an approach that is based on null hypothesis testing (e.g. Stahel
2008). However, the information‐theoretic approach has increasingly been applied in recent
ecological studies due to four key advantages over traditional null hypothesis testing (cf.
Johnson and Omland 2004): (1) the considered models do not need to be nested, (2) the se‐
lection is not based on an arbitrary threshold such as a P‐value of 0.05; (3) instead of identi‐
fying one single ‘winner model’, all models are ranked according to their relative support by
the data; and (4) if the relative support is similar among several models, model averaging
with a weighting according to the particular relative support can be performed easily. In my
thesis, the use of the information‐theoretic approach for model selection has proved to be a
good choice because the models developed in Chapters I and III were only partly nested, no
model was clearly superior to the others (especially in Chapter I), and model averaging was
beneficial for the predictions made in Chapter III.
In accordance with the use of recently developed statistical methods, the edge of current
statistical knowledge and computing was touched at several points in this thesis. For exam‐
ple, the structure of the data analyzed in Chapters III and IV would have allowed for in‐
cluding environmental variables and random effects also for the parameters b and c as well
as a second hierarchical level of random effects on the scale of the reserves. However, all
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attempts in doing so failed, because the currently available numerical algorithms did not
converge. In addition, the way how temporal autocorrelation and overdispersion can be ac‐
counted in mixed‐effects models (cf. Chapters I and III) is still intensively discussed (cf. Zuur
et al. 2009).

Outlook
Recommendations for forest management
The maintenance of oak in Central European forests has increasing importance in nature
conservation projects (e.g. Bonfils et al. 2005), since oaks feature a high associated biodiver‐
sity (Ranius and Jansson 2000; Barbier et al. 2008; Bernicchia et al. 2008; Caprio et al. 2009).
The results in Chapter I of this thesis indicate that the complete protection of oak forests
from management is likely counter‐productive in the Swiss lowlands. Mixed deciduous
forests released from management are expected to experience an increasing stand basal
area, which likely entails increased oak mortality (cf. Chapter I). Therefore, in the context of
nature conservation related to oaks, a combination of protection from management (i.e.
restriction of cutting oaks) and targeted interventions for reducing competitive pressure is
suggested. In Switzerland, this concept of forest reserves allowing for interventions with a
specific purpose already exists under the name ‘Sonderwaldreservate’ (special forest re‐
serves, Bundesamt für Umwelt 2005). My thesis provides the quantitative background that
justifies the establishment of special forest reserves with respect to oak conservation.
Forest managers are faced with the task of assessing the future development of their for‐
ests, among others regarding future growth. Within this thesis, strong evidence was found
that oaks show reduced growth both during dry years (Chapter II) and at sites prone to per‐
sistent water stress (Chapter III). Since drier and warmer conditions are expected with pro‐
gressing climate change (Fischer 2011; Weigel and Fischer 2011), expecting growth rates as
in the past is likely not realistic for the future. Despite the drought tolerance of oaks (cf.
Ellenberg, 2009), forest managers are therefore recommended to lower their expectations
regarding future oak growth, at least if competition remains unchanged.
In addition to forest reserves, the specific protection of groups of old oaks in Switzerland is a
legal instrument at the cantonal level. For the resulting agreements, the age of the particular
oaks plays a crucial role, on the one hand for the decision whether a group of oaks is a suit‐
able target for protection, and on the other hand for the calculation of age‐related subsidies
that aim to compensate for the loss of timber revenue. In such applications, determining the
age based on tree‐ring samples is not optimal for financial and conservational reasons. The
method for tree age estimation developed in Chapter IV of this thesis is suggested as an
alternative. The further development of the underlying model and the inclusion of data from
further sites are likely to improve the accuracy of the estimated ages – and consequently the
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acceptance that the method obtains. Increased accuracy may compensate for the fact that in
many applications only one diameter measurement will be available (e.g. at the time the
subsidies are determined). Therefore, I recommend further developing the model before it is
applied in practice. In this improvement process, collaboration between forest science and
practice would be desirable, e.g. to adapt the method to the demands of practitioners, or to
share data about the age‐diameter relationship from management plans and felled oaks.

Recommendations for further research
Specific recommendations for further research have been mentioned at several points in this
thesis. However, I would like to particularly emphasize the following areas:
(1) Further development of the nonlinear model with covariates: As mentioned above, a fur‐
ther development of the nonlinear model with covariates to increase the amount of vari‐
ability that is explained by the fixed effects would enhance its applicability for tree age
estimation in practice (cf. Chapter IV). Improvements can be expected when including
further environmental covariates such as nutrient availability (perhaps in a simple form
such as site index) or the presence of pathogens. In addition, including covariates for the
parameters that are currently modelled as being independent of site information would
likely increase the performance of the model. A further feature whose inclusion is ex‐
pected to considerably increase model performance is competition, which can be as‐
sumed to be time‐varying. Moreover, at several points in this thesis, the potential for
transfers and extrapolations of the nonlinear age estimation method has been suggested.
A quantitative assessment of this potential would be highly desirable.
(2) Competitive pressure on individual trees: Competitive pressure on individual oaks could
not be considered in this thesis although it has likely a strong influence on growth and
mortality processes. Reconstructing the competitive situation around a tree over decades
is impossible if no information about the location of individual trees, including now dead
trees, is available. Although dendrochronology can help to reconstruct the competitive
situation around individual trees (Weber et al. 2008), this is not possible over multiple
decades due to the proceeding decay of dead trees. Since the reorganization of the Swiss
forest reserve network in 2006, the exact location of all trees within the permanent plots
is recorded. These spatially explicit data will allow for the identification of every tree’s in‐
dividual neighbourhood at every monitoring campaign. In the long run, competitive pres‐
sure on the individual trees, e.g. calculated as distance‐dependent competition indices
(cf. Biging and Dobbertin 1995), can thus be included as an explanatory variable in indi‐
vidual‐based models of tree growth and mortality.
(3) Disturbances and regeneration: Forest fires, storms and other natural events commonly
known as disturbances can act as key drivers of forest dynamics through the initiation of
successional phases related to tree mortality and subsequent regeneration. In this proc‐
ess, the tree species composition of the dying trees does not necessarily agree with the
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species composition of the regeneration (cf. Parker and Leopold 1983), leading to com‐
positional changes in the long term. For instance, disturbances that hit forests with dense
canopies may enable the light‐demanding oak to re‐establish (cf. Mountford et al. 1999).
However, broad‐scale infestation of oaks with pathogenic fungi or insects may contribute
to their disappearance from currently mixed stands (Thomas et al. 2002). Therefore, both
disturbances and regeneration require intensive investigation before an overall assess‐
ment of the long‐term natural potential of oaks in Central Europe is possible.
(4) Management: This thesis has explicitly aimed at excluding impacts of forest management
on natural stand dynamics and has therefore been realized within unmanaged forest re‐
serves. After having pointed out that the proportion of oak is likely to decrease in many
Central European forests without targeted measures, and that growth reductions are ex‐
pected with the progression of climate change, the next step could focus on the investi‐
gation of possible counteracting activities. Hence, comparing the influences of different
management practices on growth and mortality of oaks could reveal highly relevant in‐
sights for both forest science and silviculture.
(5) Further tree species: While oak mortality was investigated in relation to the mortality of
its strongest competitor beech (Chapter I), the growth analyses focussed on oak alone
(Chapters II‐III). For assessing how the identified growth patterns may be classified in re‐
lation to the growth patterns of competing species, the analyses performed in this thesis
could be repeated for further common tree species in Central Europe. For example, the
negative growth responses of oaks to drought that I found may be smaller than for less
drought‐tolerant tree species within the reserves (Weber et al. 2007). Furthermore, the
suggested method for tree age estimation is not restricted to oaks. If relevant data were
available, the method could easily be adopted for applications to other tree species by
recalibrating the underlying model according to the methods described in Chapter III of
this thesis.
(6) Long‐term effects of coring: The cored oaks are individually tagged since they are located
within permanent plots of the Swiss forest reserve network, which allows them to be
traced in the future. Consequently, they provide a valuable basis for a long‐term evalua‐
tion of the consequences of coring on the vitality of oaks. So far, only few studies have
dealt with the long‐term impacts of dendrochronological samplings on trees, and most of
them focussed on conifers (van Mantgem and Stephenson 2004; Wunder et al. 2011).
Therefore, such an investigation would significantly contribute to reducing the uncertain‐
ty related to the consequences of coring for deciduous trees. However, many cored oaks
are located on permanent plots that were given up after the reorganization in 2006. To
enable long‐term recognition, the individual tags would need maintenance irrespective
of the continuation of intensive monitoring.
(7) Statistical developments: The last recommendation may appear trivial at first sight: For‐
est scientists and ecologists are strongly encouraged to follow (if not actively advance)
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developments in the fields of applied statistics and statistical computing (cf. Ellison and
Dennis 2010). As pointed out above, complex statistical methods are increasingly applied
in forest ecology. In fact, some methods used in this thesis were close to the limit of what
is currently possible in statistical computing (e.g. convergence problems in Chapter III).
An active tracking of statistical developments by forest scientists and ecologists is thus
desirable for immediate implementation in forest science.

Conclusion
The study of monitoring data in my thesis revealed competition as the key driver of oak
mortality, whereas strong effects of site characteristics and drought on oak growth were
identified by analyzing tree‐ring data. These findings indicate that for retaining the current
proportion of oaks in Central European forests targeted management is needed. By com‐
bining monitoring and tree‐ring data I developed a non‐destructive method for tree age esti‐
mation, which is suggested to find application in the context of oak‐related conservation.
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