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SUMMARY

Summary

Forest ecosystems significantly contribute to global carbon (C) sequestration and therefore play
a crucial role for climate change mitigation. At the same time, forests were and are subjected to past
and current environmental changes with consequences for the functioning of forest ecosystems and
their associated ecosystem services.

Forests in Central Europe are highly influenced by former settlement activities and land-use
changes, as well as silvicultural management measures. Until the beginning of the 19" century
anthropogenic activities caused a tremendous decline of the forest area. The resulting timber
shortage led to large scale afforestations on previously agriculturally used land (e.g. heathlands,
grasslands and croplands) during the 19" and 20" century. Widespread afforestation programs
created recent forest ecosystems (i.e. young forest systems in terms of their development history).
Despite the positive effect of increasing the forest area of Central Europe, the ecological effects of
these land-use changes on forest ecosystems remain poorly understood. In addition, most forests in
Central Europe are under silvicultural management, while the knowledge about the consequences
of management measures on forest ecosystem functioning, particularly in the face of ongoing global
environmental changes, is also still limited.

In order to increase the understanding of ecosystem processes in forests, an assessment of
conceivable shifts in ecosystem functions caused by former land-use changes and forest
management is required. By analysing aboveground growth rates of European beech (Fagus
sylvatica L.) in response to environmental change drivers, such as climate extremes and nitrogen
(N) deposition, the presented thesis aims to assess the role of land-use and management legacies in
modulating present responses to drivers of environmental change.

To this end, annual radial growth rates of individual trees were measured in mature beech stands.
The investigated stands differed either in their land-use history (i.e. ancient forest sites with a forest
continuity > 230 years versus recent forests afforested on former arable land ~ 100 years ago) or
their forest management history (i.e. managed forest sites versus short-term and long-term
unmanaged forest sites). Measurements of radial growth rates were complemented by analyses of
the fine root systems, soil chemical properties and crown projection areas to gain insights into the
mechanisms underlying alterations in tree growth. Within the projects of the presented thesis, shifts
in the climate-growth relationships driven by land-use and management legacies were analysed. In
addition, land-use legacy mediated differences in the climate-nitrogen-growth relationships were
assessed.

The key findings are: (1) Soil legacy driven alterations in the fine root systems cause a higher
sensitivity of radial increment rates to water deficits in summer for trees growing on recent forest
sites than for trees growing on ancient forest sites. (11) Management legacies (in terms of tree
release) enhance the sensitivity of beech’s radial growth to water deficits in spring through changes

in crown sizes. (111) Interacting effects of spring water deficits and co-occurring high deposition of
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reactive N compounds lead to stronger radial growth declines in trees growing in ancient forests.
This is likely caused by resource allocation processes towards seed production, which is, in turn,
mirrored by decreasing radial growth rates. In this context, high N deposition likely boosts mass
fructification in beech trees.

Overall, it has been demonstrated that the ecological continuity plays a crucial role in modulating
both climate sensitivity and the growth response to interacting effects of water deficits and nitrogen
deposition in beech trees. The presented thesis identified a trade-off between the climate sensitivity
and maximised growth rates within beech trees, depending on forest history. The results show that
the growth of beech in ancient, unmanaged beech forests is less sensitive to water deficits than in
recent and managed beech forests. Additionally, interacting effects of spring water deficits and N
deposition likely increase the reproductive effort of beech trees, particularly in ancient forests. Thus,
the results of this thesis once again underpin the uniqueness of ancient, unmanaged beech forests,
whose importance for the conservation of biodiversity has been widely acknowledged. In summary,
the presented thesis highlights the need to consider the ‘ecological memory’ of forest ecosystems

when predicting responses to current and future environmental changes.

Keywords: Dendroecology e Ecological continuity @ European beech e Fine root inventory
Global environmental change e Land-use legacies ® Management legacies

Reproduction-growth trade-off e Soil legacies e Structural overshoot
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Zusammenfassung

Walddkosysteme tragen wesentlich zur globalen Kohlenstoff (C) -speicherung bei und spielen
daher eine entscheidende Rolle fir den Klimaschutz. Gleichzeitig werden die 6kologischen
Prozesse in Waldern durch aktuelle und vergangene Klima- und Umwelteinfllisse verandert. Diese
Prozessverdnderungen wiederum beeinflussen die gegenwartigen und zukinftigen Funktionen in
Waldokosystemen und damit auch die durch sie bereitgestellten Okosystemdienstleistungen.

Die Walder in Mitteleuropa sind stark von historischen Landnutzungs- und Siedlungsaktivitaten
sowie waldbaulichen Bewirtschaftungsmanahmen gepragt. Bis zum Beginn des 19. Jahrhunderts
flhrten diese Aktivitaten zu einem erheblichen Rickgang der bewaldeten Flache. In Folge einer
zunehmenden Holzknappheit kam es im 19. und 20. Jahrhundert zu grol3flachigen Aufforstungen
auf ehemals landwirtschaftlich genutzten Fl&chen (z.B. Heide-, Griinland- und Ackerflachen). Im
Zuge dieser Aufforstungsprogramme entstanden rezente Waldokosysteme, also im Hinblick auf
ihre Entwicklungsgeschichte vergleichsweise junge Walder. Trotz des generell positiven Effekts
einer Zunahme der Waldflache in Mitteleuropa sind die ©kologischen Auswirkungen dieser
Landnutzungsanderungen fur die Walddkosysteme selbst nach wie vor kaum verstanden. Daruiber
hinaus werden die meisten Walder in Mitteleuropa waldbaulich bewirtschaftet, wobei das Wissen
tiber die Folgen von Bewirtschaftungsmafnahmen fiir die Walddkosystemfunktionen, insbesondere
angesichts fortschreitender globaler Umweltverdnderungen, noch immer begrenzt ist.

Fir ein verbessertes Verstiandnis von Okosystemprozessen in Waldern ist eine Bewertung der
moglichen Veranderungen der Okosystemfunktionen durch friihere Landnutzung und
Waldbewirtschaftung erforderlich. Anhand der Analyse des oberirdischen Wachstums von
Rotbuchen (Fagus sylvatica L.) untersucht diese Arbeit, inwiefern vergangene
Landnutzungsanderungen und waldbauliche MaBnahmen die gegenwartigen Reaktionen auf
globale Umweltveradnderungen, wie Klimaextreme und Stickstoff (N) -deposition, beeinflussen.

Zu diesem Zweck wurden die jahrlichen Zuwachsraten einzelner Baume in hiebsreifen
Buchenbestanden gemessen. Die untersuchten Bestdnde unterschieden sich entweder in ihrer
Landnutzungsgeschichte (d.h. historisch alte Wélder, welche durch eine Bestockungskontinuitét
von mehr als 230 Jahren charakterisiert sind im Vergleich zu rezenten Walder, die auf ehemaligen
landwirtschaftlichen Nutzflachen vor etwa 100 Jahren aufgeforstet wurden) oder ihrer
Bewirtschaftungsgeschichte (d.h. bewirtschaftete Bestdnde im Vergleich zu kurz- und langfristig
unbewirtschafteten Bestidnden). Ergénzend zu den Messungen des Radialzuwachses wurden
Analysen der Feinwurzelsysteme, der chemischen Bodeneigenschaften und Messungen der
Kronen-projektionsflachen genutzt, um neue Erkenntnisse tber die Mechanismen zu gewinnen,
welche die auf ehemaliger Landnutzung und ehemaligem Management beruhenden Verénderungen
in der klimagesteuerten Wachstumsreaktion erkléren.

Die wichtigsten Erkenntnisse der durchgefiihrten Studien sind: (I) Die durch ehemalige

Landnutzung hervorgerufenen Unterschiede in den chemischen Bodeneigenschaften bedingen
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Unterschiede in den Feinwurzelsystemen der untersuchten Bestande. Dies fiihrt dazu, dass die
Klimasensitivitat bei Baumen auf rezenten Waldstandorten stérker ausgeprégt ist als bei Bdumen,
welche an historisch alten Waldstandorten wachsen. (11) Eine Bewirtschaftung, also eine
Freistellung einzelner Baume durch Einschlagsereignisse, erhéht die Empfindlichkeit des radialen
Zuwachses von Buchen gegentber Frihjahrswasserdefiziten durch managementbasierte
Anderungen der KronengréRe. (111) Wechselwirkungen zwischen Wasserdefiziten im Frihjahr und
gleichzeitig auftretenden hohen Eintragen reaktiver N-Verbindungen fiihren zu einem hdéheren
Rickgang des radialen Zuwachses der Bdume in historisch alten Waldern. Dies wird
wahrscheinlich durch Allokationsprozesse zu Gunsten einer erhdhten Buchecker-Produktion
verursacht, welche sich wiederrum in geringeren Radial-zuwéchsen widerspiegeln. In diesem
Zusammenhang scheinen hohe N-Depositionen eine erhohte Samenproduktion in der Buche zu
fordern.

Insgesamt wurde gezeigt, dass die 6kologische Kontinuitét eine entscheidende Rolle bei der
Auspragung der Klimasensitivitdt als auch der Wachstumsreaktion auf interagierende
Wasserdefizite und Stickstoffdepositionen in Buchen spielt. Die vorliegende Arbeit hebt eine
gegenlaufige Abhéngigkeit zwischen Klimasensitivitat und maximierten Radialzuwéchsen bei der
Buche hervor, wobei ihre Auspragung nachweislich von der Waldgeschichte beeinflusst wird. Die
Ergebnisse zeigen, dass das Wachstum von Buchen in historisch alten, nicht bewirtschafteten
Buchenwéldern weniger empfindlich auf Wasserdefizite reagiert als in rezenten und
bewirtschafteten Buchenwaldern. Dartiber hinaus erhéhen interagierende Effekte wvon
Fruhjahrswasserdefiziten und N-Deposition wahrscheinlich die Reproduktionsanstrengungen von
Buchen, insbesondere an historisch alten Waldstandorten. Somit unterstreichen die Ergebnisse der
vorliegenden Arbeit einmal mehr die Sonderstellung von historisch alten, unbewirtschafteten
Buchenwaéldern, welche schon durch ihre Funktion fiir die Erhaltung der typischen Biodiversitat
von Buchenwdldern bekannt sind. Zusammenfassend hebt die vorliegende Arbeit die
Notwendigkeit hervor, das ,,6kologische Gedichtnis® von Walddkosystemen zu beriicksichtigen,

wenn Reaktionen auf globale Umweltverdanderungen vorhergesagt werden.
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1. General Introduction

1.1 Background: The socioeconomic importance of forest ecosystems

Since the 1990s there has been a noticeable increase of public and political interest in ecosystem
functions. Ecosystem functions describe structures and processes of ecosystems as fundamental
ecosystem properties, potentially providing desirable ecosystem services (Gomez-Baggethun et al.
2010). Ecosystem services, which are grouped in provisioning, regulating, cultural and supporting
services, are defined as the benefit people gain from ecosystems (MEA 2005).

With regard to forest ecosystems, the highest socioeconomic importance has been attributed to
their regulating (i.e. climate regulation) and provisioning (i.e. food, water, raw materials and
medicinal resources) services, followed by their cultural and supporting ecosystem services (De
Groot et al. 2012). Especially the ability of forest ecosystems to act as a carbon sink has fostered a
public debate about the importance of forest protection and sustainable forest management (Naudts
et al. 2016; Luyssaert et al. 2018; Box 1). Forests have the potential to sequester as much as 30%
of annual global anthropogenic CO; emissions, hence forest productivity directly contributes to
climate warming mitigation and climate regulation (Bellassen and Luyssaert 2014). Beyond carbon
sequestration, forests are known to provide a wealth of further services. On one hand, the formal

forest sector employs about 13.2 million
Box 1

people across the world and accounts for o )
Productivity, measured as the annual change in

about 0.9% of the global economy (SOFO

aboveground wood biomass, is one of the most
2014). On the other hand, non-wood forest | )
) ) important functions of forest ecosystems and has
products play a crucial role for food security ) o
] always been an integral part of silviculture
across the globe, especially for the ) )
(Boisvenue and Running 2006). Moreover, the

livelihood of many people in the tropics and
subtropics (SOFO 2018). In addition, forest

ecosystems play an important role for

increased awareness of forests acting as a carbon
sink has led to a broader interest in forest
] . . productivity as a measure of carbon sequestration
recreation, especially in densely populated ) )
rates in above- and belowground biomass

regions (e.g. Central Europe). Many o )
(Bellassen and Luyssaert 2014). Within this

cultural and spiritual sites are associated
with forests as well (FOREST EUROPE,
UNECE and FAO 2011). Of outstanding

importance is the exceptional value of

thesis annual tree-ring width  (TRW)
measurements were used as a proxy for individual

tree aboveground productivity.

(intact) forest ecosystems in terms of biodiversity conservation (Watson et al. 2018). Forest
ecosystems host the majority of terrestrial biodiversity across the globe (MEA 2005). Beside the
intrinsic importance of biodiversity there is evidence that tree species richness supports important

ecosystem functions such as tree productivity (Fichtner et al. 2018).
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Overall, forest ecosystems are key for mitigating climate warming, for providing timber and
food for the livelihood of billions of people, for protecting the planet’s biodiversity and for
supporting the maintenance of human health and cultural heritage. Thus, a deeper understanding of
forest ecosystem functioning, defined as the complex network of interactions and processes which
sustain the system and its trajectory (Jax 2005), is crucial for assessing and securing forest

ecosystem services for future generations in the face of unprecedented environmental changes.

1.2 Forest ecosystems in the midst of global environmental changes

The constant growth of the world population and its increasing impact on the earth and
atmosphere underlines the central role of mankind in geology and ecology. This has been
emphasised by naming the current geological epoch ‘anthropocene’ (Crutzen and Stoemer 2000).
This epoch is characterised by such anthropogenic pressure that abrupt global environmental
changes (‘tipping points’) cannot be excluded (Rockstrom et al. 2009). Increasing global
anthropogenic greenhouse gas emissions (e.g. carbon dioxide, methane and nitrous oxide), for
example, have led to profound changes in the climate system, including an increase of the mean
global surface temperature and more frequent climate extremes (e.g. warm temperature extremes;
IPCC 2013).

The ongoing climate change has profound consequences for forest ecosystems in particular, as
trees are long-living individuals, unable to rapidly adapt to climate change via fast generational
change (Lindner et al. 2010; Greenwood et al. 2017). Increased warm-season vapour-pressure
deficit, which is largely controlled by temperature, was identified to be a key driver of forest
drought-stress caused by climate change (Williams et al. 2013). Particularly at generally dry sites,
drought-induced physiological stress (and therefore tree mortality) has been observed for different
tree species across the world with fundamental consequences for tree species composition, forest
structure and thus forest ecosystem functioning (Allen et al. 2010; Steinkamp and Hickler 2015).
In fact, the increased frequency of extensive droughts during the last decades has led to decreasing
growth rates of many tree species. This might hold true not only for a tree species’ distribution
edge, since — in the case of Fagus sylvatica — susceptibility to drought was found to be highest in
the core of the species’ distribution range (Cavin and Jump 2016). Moreover, drought-mediated
bark-beetle infestations have caused tree-dieback of overstorey trees on subcontinental scales
(Breshears et al. 2005). Further threats are large-scale wild-fires following dry periods which
destroy millions of forest hectares every year (San-Miguel-Ayanz et al. 2018).

In contrast to these negative effects, a few positive effects of climate change on forest ecosystem
productivity were documented. Due to climate warming a shift in the phenology of different tree
species was reported (Chmielewski and Rotzer 2001). The inherent sensitivity of phenology to

temperature has caused a longer vegetation period (i.e. climate warming causes an earlier bud break
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in spring and later leaf fall in autumn), thereby increasing the net carbon uptake of forests
ecosystems (Keenan et al. 2014). Furthermore, a fertilising effect of elevated carbon dioxide
concentrations of the atmosphere is discussed but a lasting effect has not been proven yet (Gedalof
and Berg 2010; Norby et al. 2010).

Next to climate change, the excessive synthetical fixation of nitrogen (N) and its usage as
fertiliser has contributed to many environmental problems such as eutrophication, acidification and
biodiversity loss (Galloway et al. 2003). In fact, a European cost-benefit analysis of reactive N
losses (caused by the increased use of reactive N as fertiliser in agriculture) showed that the overall
environmental costs in the form of negative effects on the environment outweigh the direct
economic benefit in agriculture (Sutton et al. 2011). Since the peak of reactive N emissions in
Europe occurring in the 1980s, political interventions and new technologies have led to a decrease
in emissions during the past decades (Sutton et al. 2011). Nevertheless, N deposition was shown to
be the main driver of changes in species composition across all ecosystem types by driving the
competitive interactions that lead to composition change (Bobbink et al. 2010). In forest
ecosystems, species compositional changes are mainly limited to the shrub/herb layer and epiphytic
lichens (Bobbink et al. 1998; Clark et al. 2013). Moreover, atmospheric N deposition was shown to
be one key environmental variable influencing large-scale ectomycorrhizal fungi diversity in forests
(Van der Linde et al. 2018), thus having an indirect effect on tree growth, as tree growth depends
on interconnected mycorrhizal networks (Helgason et al. 1998; Simard et al. 2012). Trees of the
temperate and boreal zone were shown to respond to atmospheric N addition with increased
aboveground biomass production (Ferretti et al. 2014; Gentilesca et al. 2018; Schulte-Uebbing and
De Vries 2018).

Studies on the combined effects of climate change and N deposition on ecosystem functions
remain rare, although a physical and chemical interaction of theses drivers in the atmosphere can
cause a variety of environmental impacts on different spatial scales (Bytnerowicz et al. 2007;
Gaudnik et al. 2011). The understanding of ecosystem responses to these combined global change
drivers is crucial for predicting future forest growth and adapting management strategies (Greaver
et al. 2016). For forests ecosystems in particular, the interactive effects of climate change and N
deposition are assumed to impact soil processes, tree growth, species composition and distribution,
as well as the plants’ susceptibility to other stressors (Bytnerowicz et al. 2007; Law 2013).
Multifactorial studies on tree growth showed that alternations in allocation processes (caused by
higher nutrient availability through N deposition) increased the susceptibility to drought (Dziedek
et al. 2017; Hess et al. 2018). Moreover, non-additive impacts of combined environmental change
drivers on fruit production patterns of beech trees are under debate (e.g. Muller-Haubold et al. 2015;
Braun et al. 2017; Hacket-Pain et al. 2018).
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1.3 Forests of Central Europe: The uniqueness of European beech forests

In Central Europe, forest development has strongly been linked to the history of human
settlement after the last glacial period. In the Holocene, Central Europe was reforested as a result
of the immigration of different tree taxa which had survived the ice age in their southern refuges
(Ellenberg and Leuschner 2010). Woody species of early successional stages such as birch (Betula),
pine (Pinus) and hazelnut (Corylus) were most frequent in the Boreal, until oaks (Quercus) and
other broadleaved taxa arrived in the Atlantic. As the last step of reforestation European beech
(Fagus sylvatica L.) became the dominant tree species in large parts of Central Europe 3,300 years
ago (Hardtle et al. 2008).

Due to its ecological, morphological and geographical plasticity, European beech is superior
against other tree species, and beech forests are the potential natural vegetation in large parts of
Central Europe (Ellenberg and Leuschner 2010). About one quarter of the total natural area of
European beech forests is located in Germany, the centre of the distribution area of European beech.
However, due to anthropogenic influences in recent centuries, forests dominated by European beech
actually cover only a small fraction of their potential area (Knapp et al. 2008). The substantial and
permanent use of the forests in Central Europe led to a degradation of many forest areas, but also
to a fundamental change in forest structure and tree species composition (Ellenberg and Leuschner
2010). Shortage in timber and firewood occurring in the middle of the 18™ century caused a wave
of afforestation in Central Europe, but mainly with fast growing coniferous species (Héardtle et al.
2008). As a consequence, ancient forest sites (dominated by deciduous trees) are rare in Central
Europe, and remnants of primeval forests did not survive at all in Central Europe (Glaser and Hauke
2004; Box 2).

The uniqueness of European beech forests is reflected by the recognition of ancient beech forest

areas across ten European countries as
a UNESCO World Heritage called

Box 2

In this context, ecological continuity is defined as the
‘Ancient and Primeval Beech Forests o .
) ) continuity in forest cover and soil development of a
of the Carpathians and Other Regions
of Europe’ (UNESCO 2017). Ancient

beech forests are of high nature

given site, thus focusing on the continuity of forest
ecosystem development regarding anthropogenic

) disturbances (e.g. former land-use changes or degree of
conservation value (Westphal et al.

2004). For example, more than 5,000

animal species are associated with

natural forest development). Consequently, ecological
continuity (in terms of forest history or management
history) is assumed to have long-lasting impacts on

these beech forests (Assmann et al.
forest ecosystem processes.

2007). Moreover, ancient beech

forests are often associated with a high number of typical forest species and the occurrence of relict
species (Fichtner and Lideritz 2013). These species are characterised by low dispersion rates like
ant-dispersed species with a dispersal rate of 30 cm per year (Brunet and von Oheimb 2008). There

are also numerous stenotopic species among epiphytic bryophytes and lichens, as well as saproxylic
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insects and fungi with high demands on the quality and continuity of their habitats because of low
dispersion rates (Fritz et al. 2008; Brunet et al. 2010). Many of these species, particularly fungal
species, are of high importance for ecosystem processes and functions (Dighton 2003).

In contrast to the remaining patches of ancient forests, most of the forested areas in Central
Europe are characterised by recent forests, which were planted during the last two centuries on
former arable lands, grasslands or heathlands. The resulting disruption in forest continuity is
reflected in the current diversity (species and genetic diversity) as well as in the ecological-
biogeochemical and microbial conditions in recent forests (e.g. Fraterrigo et al. 2006; von Oheimb
et al. 2008; Baeten et al. 2010). Even if suitable habitats are available in recent forests, low
dispersion rates of typical forest species hamper a successful recolonisation (Flinn and Vellend
2005). There are also indications of a long-lasting effect of ecological continuity interruption in
relation to different soil variables and related microbial communities, and thus on essential
ecosystem processes (e.g. N and C cycles; Fraterrigo et al. 2005; von Oheimb et al. 2008; Fichtner
et al. 2014; Blondeel et al. 2018; Box 2). Above all, context-dependent elevated levels of
phosphorus (P) were found in formerly used soils, associated with lower C:P and C:N ratios in
recent forest soils compared to ancient forest soils (Blondeel et al. 2018). Even 250 years after

reforestation these land-use legacies were shown to be still present (Dupouey et al. 2002).

1.4 Objectives, research questions and methods

Legacy effects are known to alter the contemporary state of an ecosystem and system dynamics
(Perring et al. 2016). However, it is largely unknown how legacy effects and environmental changes
(e.g. climate change, atmospheric N deposition) interact. Therefore, revealing interactions of legacy
effects and current global environmental change is crucial for predicting future ecosystem
functioning under ongoing environmental changes. The overall objective of the presented thesis is
to assess the importance of ecological continuity for ecosystem functions in beech forests in the

midst of climate and environmental changes.

The following questions were addressed:

)} Are beech trees growing in ancient forests (i.e. sites associated with a long forest
continuity) less sensitive to climate extremes (i.e. water deficits) than those growing on
sites afforested on former farmland?

1)) Are tree growth responses to negative climatic water balances modulated by legacy
effects of forest management, and is the sensitivity to water deficits mediated by the

length of abandonment of forest management?
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1)) Does forest history (in terms of former land-use legacies) alter the response of adult

beech trees to interacting effects of water deficits and N deposition?

V) Which mechanisms can explain potential differences in climate-growth and climate-

nitrogen-growth relationships?

Two types of ecological continuity (i.e. continuity of forest cover and degree of natural forest

development) were used to detect differences in continuity-mediated climate-growth and climate-

nitrogen-growth relationships in beech forests in Northern Germany. In all studies presented in this

thesis, tree-ring width (TRW) measurements were used to infer annual aboveground biomass

productivity. The effects of forest continuity on climate-growth (paper I) and climate-nitrogen-

growth (paper I11) dynamics were assessed by using TRW chronologies of 243 adult beech trees

growing in eight beech stands differing in ecological continuity (recent forests versus ancient

forests). Additionally, annual records of mast intensity were used to take aboveground allocation

patterns into account. Land-use legacy effects (Box 3) were characterised by analysing soil

Box 3

Legacy effects: Within this thesis
legacy effects of former land-use
(land-use legacies) and management
intensity (management legacies) were
investigated. Legacy effects are
defined as the long-lasting effects of
anthropogenic disturbances on forest

ecosystem processes.

chemical properties. To explore possible mechanisms
explaining differences in climate-(nitrogen)-growth
relationships, analyses of the fine root system (i.e. root
biomass and morphology; for a conceptual framework
see Fig. 1.1) were conducted.

The effects of management legacies on the climate-
growth relationships (paper I1) were identified by using
118 TRW chronologies from four more mature beech
stands along a management intensity gradient (i.e.
long-term unmanaged versus short-term unmanaged
versus managed stands). In addition to the analyses of

the soil chemical properties, measurements of the

crown projection areas were used to identify possible mechanisms causing differences in the

climate-growth response of trees growing on forest sites with different management histories.
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Figure 1.1 Conceptual framework illustrating how legacy effects of former land-use and forest management
might modulate the response of trees to climate change and nitrogen deposition. Climate extremes influence
a tree’s radial-growth pattern (tree-ring width), and climate and nitrogen are key drivers for the frequency of
seed production (masting). Such growth responses, however, might be modulated by effects of former land-
use: Land-use changes can impose long-lasting impacts on abiotic and biotic soil characteristics, such as
changes in soil carbon and soil nutrient contents and changes in the soil microfauna and microbial
communities. Altered edaphic conditions in turn can modulate the fine root system, which is crucial for a
tree’s nutrient and water uptake (sensitivity to water deficits). Thus, land-use legacies can impact a tree’s
susceptibility to adverse climatic conditions by influencing the root biomass or root morphology. Legacies of
forest management can impose long-lasting impacts on crown traits of trees (such as crown size). Crown size
is considered as a key parameter for tree growth by controlling photosynthetic carbon gain and transpiration
water loss due to its relation to leaf area. Thus, management legacies can influence climate-growth
relationships indirectly by altering the evaporative demand of a tree in managed forests. Illustration by
Carolina Levicek.
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2. Legacy effects of land-use modulate tree growth responses to

climate extremes

Published article

Katharina Mausolf, Werner Hardtle, Kirstin Jansen, Benjamin M. Delory, Dietrich Hertel,
Christoph Leuschner, Vicky M. Temperton, Goddert von Oheimb and Andreas Fichtner,
Oecologia, 187, 825-837.

2.1 Abstract

Climate change can impact forest ecosystem processes via individual tree and community
responses. While the importance of land-use legacies in modulating these processes have been
increasingly recognised, evidence of former land-use mediated climate-growth relationships remain
rare. We analysed how differences in former land-use (i.e. forest continuity) affect the growth
response of European beech to climate extremes. Here, using dendrochronological and fine root
data, we show that ancient forests (forests with a long forest continuity) and recent forests (forests
afforested on former farmland) clearly differ with regard to climate-growth relationships. We found
that sensitivity to climatic extremes was lower for trees growing in ancient forests, as reflected by
significantly lower growth reductions during adverse climatic conditions. Fine root morphology
also differed significantly between the former land-use types: on average, trees with high specific
root length (SRL) and specific root area (SRA) and low root tissue density (RTD) were associated
with recent forests, whereas the opposite traits were characteristic of ancient forests. Moreover, we
found that trees of ancient forests hold a larger fine root system than trees of recent forests. Our
results demonstrate that land-use legacy-mediated modifications in the size and morphology of the
fine root system act as a mechanism in regulating drought resistance of beech, emphasising the need
to consider the ‘ecological memory’ of forests when assessing or predicting the sensitivity of forest

ecosystems to global environmental change.

Keywords: Climate change ® European beech e Fine roots e Forest continuity e Plant-climate

interactions
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2.2 Introduction

Forest ecosystems significantly contribute to global carbon sequestration (Bellassen and
Luyssaert 2014), and tree species’ above- and belowground wood production is a major determinant
for long-term carbon storage (Chambers et al. 2001). The future role of individual tree productivity
in contributing to total net primary production (NPP) of forests, however, critically depends on how
rates of tree carbon accumulation vary with ongoing global climate change (Reyer et al. 2014).
Specifically, increased temperatures and water deficits during the growing season are expected to
become more frequent worldwide (IPCC 2013), and these climatic changes are considered to have
negative effects on tree growth and vitality in many regions of the world (Allen et al. 2010; Williams
et al. 2013).

Beech forests represent the potential natural vegetation in large parts of Central Europe, and
European beech (Fagus sylvatica) is considered an economically important tree species (Leuschner
and Ellenberg 2017). Numerous studies have shown that F. sylvatica is sensitive to climatic
extremes, e.g. reflected by significant growth declines after drought events or heat waves during
the growing season (e.g. Di Filippo et al. 2007; Scharnweber et al. 2011; Hardtle et al. 2013;
Zimmermann et al. 2015; Cavin and Jump 2016; Hacket-Pain et al. 2016). Moreover, increasing
summer temperatures can trigger seed production of beech in the following year (Drobyshev et al.
2010; Miiller-Haubold et al. 2015; Hacket-Pain et al. 2015) and thus impose an additional negative
effect on radial growth and carbon storage in the trunk. Additionally to climate-induced tree radial
growth reductions or shifts in above-ground allocation patterns due to more frequent masting
events, plants also respond belowground to climate variation via modifications of their fine root
system (Bardgett et al. 2014; Fig. Al). For example, Hertel et al. (2013) found that mature beech
trees exhibit a high allocational plasticity and are capable of increasing the size of the fine root
system in response to water shortage.

More recently, global change research has focused on understanding not just single global
change drivers (e.g. drought, carbon dioxide concentrations, nitrogen deposition) but also their
interactions, since co-occurring drivers may not act additively (i.e. the summation of single effects),
but have non-additive effects on ecosystem responses (i.e. show antagonistic or synergistic
interactions; Zavaleta et al. 2003; Bradford et al. 2012; Meyer-Griinefeldt et al. 2015). For example,
there is evidence that co-occurring effects of drought and nitrogen addition can amplify drought-
induced growth reduction of young (Dziedek et al. 2016) and mature (Hess et al. 2018) beech trees.
The response of forests to global environmental change might also depend on land-use changes in
the past (Perring et al. 2016), which can have strong impacts on ecosystem functioning as well as
above- and belowground community composition (Foster et al. 2003; Flinn and Vellend 2005;
Fraterrigo 2013; Fig. Al). Former land-use such as temporary crop cultivation has been shown to
critically alter abiotic soil characteristics, resulting in, e.g. lower phosphorus and higher carbon
contents in the soil of ancient compared to recent forests (Compton and Boone 2000; von Oheimb

et al. 2008; Leuschner et al. 2014). Such soil legacies in turn can alter carbon and nutrient cycling
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(Fraterrigo et al. 2006; Fichtner et al. 2014) due to changes in the soil microfauna (De la Pefa et al.
2016) and microbial communities (e.g. Buckley and Schmidt 2001). Although these legacy effects
can persist for centuries in forest soils (Fichtner et al. 2014), possible long-lasting impact on tree
growth has only rarely been studied (but see von Oheimb et al. 2014). For example, legacies of
former fertilisation may impose long-lasting impacts on trees’ current fine root system, which in
turn may modulate its capacity to respond to adverse climatic conditions (see Fig. Al). There is an
increasing awareness of the importance of land-use legacies in the context of global environmental
change (Perring et al. 2016), but how such legacy effects influence the responsiveness of tree
species to climate extremes remains unclear. This knowledge, however, is a key to improving our
ability to develop adaptive management strategies in response to multiple, interacting drivers of
global change (Johnstone et al. 2016).

Here, we use individual tree-ring chronologies (i.e. the tree-ring series of single trees) from
temperate European beech forests to examine how land-use history determines the radial growth of
F. sylvatica during fluctuating climatic conditions. We used individual tree rather than site
chronologies (i.e. pooled tree-ring chronologies of a given site) to account for the variability in
individual growth responses, which has been shown to be fundamental when assessing the response
of forest ecosystems to climate change (e.g. Zang et al. 2014). We hypothesise that changes in biotic
and abiotic soil conditions resulting from former land-use play an important role in determining
drought sensitivity of beech via modifications of the fine root system. Thus, beech trees growing in
ancient forests (i.e. sites associated with long forest continuity) are less sensitive to adverse climatic
conditions than those growing on sites afforested on former farmland (grassland or arable land). To
test these hypotheses, we quantified changes in soil chemical properties, above- (i.e. radial growth
rates) and belowground responses (i.e. fine root biomass and root morphological traits) allowing us

to explore processes underlying climate-growth relationships.

2.3 Material and Methods

2.3.1 Study sites and study design

The study was conducted in mature beech forests (Galio-Fagetum community) of Northern
Germany (state of Schleswig-Holstein, 54°19'N, 10°7'E). The area is characterised by a sub-oceanic
climate with a mean annual precipitation of 777 mm and a mean annual temperature of 8.5 °C
(DWD Climate Data Center 2017). Elevation ranges from 32 to 81 m a.s.l., and the predominant
soil types are (pseudogleyic) Luvisols. The management regime (i.e. individual-tree selection
cutting) was consistently similar over the past 100 years.

To examine the effect of former land-use on growth response of F. sylvatica to varying climatic
conditions, we identified eight forests that differed in former land-use and forest continuity (i.e. the
temporal extent of the biotic and abiotic development of a focal forest without land-use change):

ancient forests (n = 4), which are characterised by a continuity in forest cover of at least 230 years
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(note that the forests are not defined by the stand or tree age, but that the area must have been a
forest habitat for over 230 years), and recent forests (n = 4), which were afforested between 1870
and 1930 on former farmland (grassland: n = 3, arable land: n = 1). Information on land-use history
was derived from historical maps of the “Vahrendorfsche Landesaufnahme” (1789-1796) and
“PreuBische Landesaufnahme™ (1879). All stands were dominated by beech trees (> 90% of stems)
of 85-130 years in age and had similar structure (Table Al). Within each forest, we randomly
selected 2-5 study plots (40 m x 40 m), resulting in a total of 28 plots (recent forests: 13, ancient
forests: 15). To account for edge effects, the minimum radial distance of the study plots to forest
edges was 70 m. All trees with a diameter at breast height (DBH; at 1.30 m) > 7 cm were measured
within a plot. For each measured tree, DBH and species identity were recorded. To avoid
confounding effects between land-use history and stand or site characteristics (Fraterrigo 2013), we
restricted the analyses to stands that were similar in tree species composition, stand structure,
management, soil type and topography, but differed in their former land-use (i.e. forest continuity;
Table Al).

2.3.2 Dendrochronological data

For each plot, we randomly selected ten dominant beech trees of the upper canopy resulting in
a total of 280 target trees. To determine radial growth rates, we cored target trees at 1.30 m above
ground and extracted two bark to pith increment cores (using a 0.5 cm diameter and 40 cm length
increment borer, Suunto 400, Vantaa, Finland) at right-angled positions from the southern and
eastern side of the tree. Wood cores were fixed with pushpins and air dried on core-mountings,
before core surfaces were cut off (using a core-microtome; WSL, Birmensdorf, Switzerland).
Annual tree-ring width (TRW) was measured from bark to pith with a measuring table (resolution
of 0.01 mm; Instrumenta Mechanik Labor GmbH, Wiesloch, Germany) combined with a
microscope (Wild, Heerbrugg, Switzerland). To minimise measurement errors, we cross-dated and
averaged each of the paired samples to one composite growth series per tree (Holmes 1983).
Crossdating was done visually and statistically based on the cross-dating index (CDI) given by
TSAP-Win (Version 4.69 k, Rinntech, Heidelberg, Germany). The CDI combines both, the values
of Gleichlaeufigkeit and t-values, which describe the similarity between tree-ring series (see
Dulamsuren et al. 2017). According to Miiller (2007) a CDI of > 20 was used as threshold value.
As a result, we omitted 37 trees (13%) for subsequent analyses which did not meet this criterion.
To minimise the effect of tree age on annual growth rates, TRW data of individual tree chronologies
were standardised. Standardisation was performed in TSAP-Win by first calculating the five-year
moving average trend of each chronology. In a second step measured tree-ring series were divided
through the 5-year moving average trends, resulting in a dimension-less index of tree-ring width
(TRI) (for more information see Dulamsuren et al. 2017). Radial growth measurements were

performed using IML software T-Tools Pro (Version 1.4, Instrumenta Mechanik Labor GmbH,
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Wiesloch, Germany). Descriptive dendrochronological statistics were based on individual tree

chronologies and calculated using TSAP-Win (Table A2). Plot chronologies are shown in Fig. A2.

2.3.3 Soil data

To characterise soil chemical properties at each of the 28 plots, we randomly selected five soil
samples from two soil depths (0-10 cm and 10-30 cm) of the mineral horizon by using a
“Piirckhauer” driller. The cores were taken in spring 2015 and were immediately kept cool at 4 °C.
For subsequent analyses the five subsamples were thoroughly mixed to obtain one composite
sample per plot and soil depth. Total carbon (C), nitrogen (N) and phosphorus (P) concentrations,
plant available nitrogen (N, i.e. the total amount of salt extractable NHs" and NOs"), base
saturation (BS), cation exchange capacity (CEC) and pH-value (measured in H,O and CaCl,) were
determined from the homogenised soil samples. All samples were sieved (< 2 mm), ground and
dried (with exception of samples destined for N,a measurements) prior to soil chemical analyses.
Total C and N concentrations were determined with a gas chromatographic analyser (Vario EL,
Elementar, Hanau, Germany). For the determination of total P concentration, we used microwave
assisted digestion (MARS Xpress, CEM GmbH, Kamp-Lintfort, Germany) with HNOs as described
by Ozbay et al. (2016) and measured total P content after digestion with an ICP-OES (Optima 3300
RL, Perkin Elmer Inc., Waltham, USA). Concentrations of Nga-fractions were analysed by
spectrophotometry after CaCl; extraction according to Hoffmann (1997). Determination of CEC
and pH-values followed standard procedures as described by Steubing and Fangmeier (1992).

2.3.4 Fine root data

To characterise beech fine root traits at each of the 28 plots, we randomly selected six sampling
locations per plot and took soil samples from two soil depths (0-10 cm and 10-30 cm) of the mineral
horizon by using a corer (3.5 cm in diameter) per sample location. The cores were taken in October
2015 and then stored in plastic bags at 4 °C in the laboratory. Prior to analysis, roots were cleaned
from soil residues with running water over a sieve (mesh size: 0.5 mm) and fine roots (> 10 mm in
length, < 2 mm in diameter) were separated from larger diameter rootlets using a pair of tweezers.
Fine roots were further divided into living and dead roots under the stereo-microscope and species
identity (beech vs. other species) was determined. Selection criteria (i.e. colour, root elasticity and
cohesion of the cortex, periderm and stele) following Hertel et al. (2013). Only living fine roots of
beech trees were used for subsequent analyses. Morphological traits were analysed by using a
scanner (Flatbed Scanner EPSON Perfection VV800/V850 1.9; resolution: 200 dpi). Scanned roots
were processed by using the software WinRhizo (Régent Instruments Inc., Quebec, Canada) to
determine root surface area, total root length and mean root diameter. After scanning, roots were

dried at 70 °C and fine root biomass was determined for each soil depth. On this basis, we
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determined total biomass and five root traits for each soil depth separately: mean root diameter
(MRD, mm), specific root area (SRA, cm? g 1), specific root length (SRL, m g %), root tissue density
(RTD, g cm™®) and root area index (RAI, m>m~2). SRA and SRL were calculated from root area and
root length divided by dry root biomass, while RAI was calculated from specific root area multiplied
by dry root biomass. RTD was obtained from dry root biomass divided by root volume. For
subsequent analyses we used the median values across sampling locations to characterise the
biomass and fine root traits of each plot.

2.3.5 Climate data

To characterise climatic conditions, we obtained regional temperature and precipitation data
from a weather station in Kiel (Kiel-Holtenau, DWD Climate Data Center 2017a, Germany), which
is most representative for the study sites. We selected three seasons that have been shown to have
strong impact on tree growth: current spring and summer, as well as previous summer (Hacket-Pain
et al. 2016). On this basis, we calculated seasonal (spring: March, April, May; summer: June, July,
August) means for the period 1993-2013 by aggregating monthly mean temperatures and
precipitation sums. To simplify selection of bioclimatic variables, we applied the De Martonne
humidity-aridity index (DMI; De Martonne 1926) based on seasonal means (see Zang et al. 2014
for a related approach). We selected the DMI as climate index for the following reasons: First, it
allows to obtain climate data based on regional measurements. Second, Buyan et al. (2017) showed
that DMI is an appropriate climate index to investigate the effects of short-term and intermediate
climate events on radial growth rates of beech. DMI was calculated as seasonal precipitation sums
(in cm) divided by mean seasonal temperature (in °C + 10). This resulted in climate indices for
current spring (DMI-spring) and summer (DMI-summer), as well as for previous summer (DMI-

summer,) conditions. Lower DMI-values indicate warm-dry and larger values cool-wet conditions.

2.3.6 Data analysis

We used linear mixed-effects models to test whether climate-growth relationships vary with
former land-use (i.e. forest continuity). TRI was used as response variable, and climate indices
(DMlI-spring, DMI-summer, DMI-summer,), tree age and former land-use type (ancient versus
recent forests) were used as explanatory variables. To test for a possible land-use history
dependency of climate effects, we additionally considered all possible two-way interaction terms
between former land-use type and climate indices. To account for spatial dependency, study plot
was used as a random effect. Moreover, we used a first-order autoregressive covariance structure
(AR-1) to account for temporal autocorrelation in observations among years (tree nested within

plot; Zuur et al. 2009). Different competing models were evaluated by sequential comparison
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(backward selection) based on the Akaike Information Criterion (AIC) and maximum likelihood
(ML) estimation, using the stepAlC function in R. We further simplified the model with the lowest
AIC value by removing all terms that were not significant according to likelihood ratio tests.
Parameter estimates of the final model were fitted using the restricted maximum likelihood (REML)
method (Zuur et al. 2009). All continuous predictors were standardised (mean = 0; SD = 1) before
analysis.

To explore the link between land-use legacies and climate sensitivity of beech, we used data for
the recent (1994-2013) climate regime. We limited the time span of our analysis for several reasons:
First, trees in recent forests were younger compared to those growing in ancient forests (Table Al).
Thus, age-related differences in masting frequencies may cause spurious correlations between
climate-related changes in TRI and forest type. To avoid such bias, beech trees must be older than
40 years, thus ensuring equivalent potential seed production (Wagner et al. 2010). Second, climatic
changes were strongest during recent decades (IPCC 2013). Thus, effects of land-use legacies on
climate-growth relationships should be most relevant for this period. Moreover, to separate the
effects of seed production from the interrelation between land-use legacies and climate-growth
relationships, we derived information on masting events of F. sylvatica for our study region for the
past two decades (Dammann et al. 2016). Masting frequency was high during the period 1994-2013,
which matches the observed frequency increase of mast events in Central Europe (Overgaard et al.
2007). Although local information on masting events was not available for our study stands, we
assume that the regional masting patterns also hold for our local study stands, because beech is a
wind-pollinated, self-incompatible species (i.e. self-pollination produces mainly empty nuts), and,
therefore, masting events generally occur synchronously over larger spatial scales (Packham et al.
2012). According to Dammann et al. (2016), we defined years where less than 10% of the trees
exhibited a strong fruit production as non-mast years. Models were fitted for all years (1994-2013;
n = 20) and non-mast years (non-mast; n = 10) within this period separately.

Changes in overall fine root trait composition in response to former land-use were evaluated by
multivariate permutational analysis of variation (PERMANOVA; Anderson 2001) using 1000
permutations. The analysis was performed on a matrix of Bray-Curtis dissimilarities based on
square-root transformed and standardised (Wisconsin double standardisation) fine root trait data
(biomass, MRD, SRA, SRL, RTD, RAI). To visualise differences between former land-use types,
we performed non-metric multidimensional scaling (NMDS) ordinations based on the same Bray-
Curtis dissimilarity matrix. To examine how changes in fine root trait composition were associated
with chemical soil properties, we calculated Pearson correlation coefficients between soil variables
and NMDS-axis scores. The multivariate analyses were performed for each soil depth separately.
The effect of former land-use on total fine root biomass (log-transformed) and specific
morphological traits was analysed using analysis of variance (ANOVA).

At plot level, we built structural equation models (SEMs) to evaluate the linkage of soil nutrient

availability and fine root traits (biomass and morphology) and their impact on drought resistance of
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F. sylvatica. For each target tree, we calculated drought resistance (see Supplementary Methods)
and used the median values of drought resistance across all target trees within a given plot to
characterise climate sensitivity at plot level. For each soil depth, we first selected those soil
chemical properties that were most strongly related to drought resistance and yielded stable models
as indicators for soil nutrient availability. Second, we chose RTD as an indicator for root
morphology, because it is associated with plant species’ resource use strategy (Kramer-Walter et
al. 2016). Given the close correlation between RTD and SRL and SRA, respectively (Table A3),
plots with higher RTD were assumed to be those with lower SRA and SRL. We hypothesise that a
higher soil nutrient availability would result in a lower fine root biomass and lower RTD (and higher
SRL and SRA, respectively), leading to a lower drought resistance. Additionally, we hypothesise
that variation in fine root biomass has an indirect effect on drought resistance via altering fine root
morphology. SEMs were fitted for each soil depth separately (0-10 cm, 10-30 cm). Drought
resistance, biomass and RTD were log-transformed to improve their linearity with other variables
in the model (Grace et al. 2010). Model fit statistics were evaluated following Kline (2014): Chi
square test with associated P value (P > 0.05 indicates that sample and observed covariance matrices
are not statistically different), root mean square error (RMSEA), standardised root mean square
residual (SRMR) and comparative fit index (CFI). Low values of RMSEA (< 0.05; note that the
generality of RMSEA thresholds is a matter of debate; see Kline 2014) and SRMR (< 0.10) and
high values of CFI (= 0.90) indicate a good model fit.

Prior to analyses, data exploration was performed following Zuur et al. (2010) and model
assumptions were visually checked and confirmed according to Zuur et al. (2009). All analyses
were conducted in R (version 3.3.1) using the packages MASS (Venables and Ripley 2002), lavaan
(Rosseel 2012), nmle (Pinheiro et al. 2016) and vegan (Oksanen et al. 2016).

2.4 Results

2.4.1 Legacy effects of land-use on soil properties

Overall, former land-use had a long-lasting impact on soil chemical properties. On average, total
P concentration of recent forest soils was 29% (0-10 cm: P = 0.099) and 53% (10-30 cm: P = 0.036)
higher than of ancient forest soils. Similarly, C:P ratio was 30% (0-10 cm: P = 0.011) and 32% (10-
30 cm: P = 0.111) lower in recent than in ancient forests. C:N ratio was lower in recent forest soils
and differed significantly between former land-use types in 10-30 cm soil depth (P = 0.012). Former
land-use effects on plant available N, total N and C concentrations or soil pH, CEC and BS were
less distinct (Table Al).
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2.4.2 Legacy effects of land-use on trees’ aboveground response

On average, standardised annual basal area increment of beech was 38% higher (P = 0.013) and
more variable (coefficient of variation recent forests: 44.7%, ancient forests: 35.0%) in recent than
in ancient forests during the past two decades (1994-2013; Table A2). The importance of land-use
legacies as a driver of climate-growth relationships during the past two decades was highlighted by
the significant interaction between former land-use type and current and previous summer climatic
conditions, respectively, for all years (DMI-summer: P < 0.001, DMI-summer,: P = 0.009) and for
non-mast years (DMI-summer: P < 0.001, DMI-summerp: P < 0.001; Table A4). Growth reduction
due to elevated summer temperatures and drought (i.e. reduced DMI-summer values) was
significantly higher in recent than in ancient forests, while the positive effect of higher summer
precipitation and lower summer temperatures (i.e. elevated DMI-summer values) on growth rates
was significantly stronger in recent than in ancient forests (Fig. 2.1a). This pattern became even
stronger when excluding masting events, meaning that beech trees growing in ancient forests
exhibited smaller changes in growth rates during extreme climate events and were not negatively

affected by adverse climatic conditions (i.e. positive values of TRI along the DMI-gradient).
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Figure 2.1 Effect of former land-use type (ancient versus recent forests) on the growth (tree-ring width index,
TRI) responsiveness of European beech (Fagus sylvatica L.) to interannual fluctuations in climate during the
last two decades (1994-2013) considering (a, b) all years (n = 20) and (c, d) years without masting events (n
= 10). The climatic gradient is characterised by the De Martonne aridity-humidity index (DMI) based on
current and previous summer climatic conditions (temperature and precipitation). The climate index ranges
from warm-dry (low values of DMI) to cool-wet (high values of DMI) climatic conditions. Lines correspond
to the predicted response based on mixed-effects models and shaded areas indicate the 95% confidence
interval. DMI-spring parameter estimate was fixed at its mean value.
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In contrast, growth rates of trees from recent forest sites declined under adverse climatic summer
conditions (Fig. 2.1 a, ¢). Differences between former land-use types were less distinct for the effect
of previous year summer conditions, although the sensitivity to changes in DMI-summer, was
stronger for ancient than recent forests (Fig. 2.1). Moreover, high precipitation and low temperature
during spring (i.e. elevated DMI-spring values) increased the growth rates of beech trees, regardless
of former land-use (P < 0.001). This effect became stronger when excluding masting events, as
indicated by the higher effect size (i.e. estimates for the standardised regression coefficients; Table
Ad).

2.4.3 Legacy effects of land-use on trees’ belowground response

The spectrum of fine root traits characterising the two forest types differed significantly between
recent and ancient forests (0-10 cm: P = 0.002, 10-30 cm: P = 0.013), and this effect was most

evident for the upper 10 cm of the mineral soil (Fig. 2.2).
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Figure 2.2 Non-metric multidimensional scaling (NMDS) ordination of fine root traits of Fagus sylvatica in
a) 0-10 cm and b) 10-30 cm soil depth. The NMDS ordination was based on Bray-Curtis dissimilarities and
used two dimensions (stress: 0.04 for 0-10 cm and 0.05 for 10-30 cm). The linear fit between ordination
distances and root data (R? = 0.99, for both soil depths) indicated an appropriate representation of the variation
in fine root trait composition between former land-use types (black dots: ancient forests, grey dots: recent
forests); P-values indicate the statistical significance of compositional differences between former land-use

types.

Former land-use types were clearly separated along the first NMDS axis, while the land-use
effect was less evident along axis 2 (Table A5). The main functional traits driving the differences
between former land-use types were specific root length (SRL), specific root area (SRA) and root
tissue density (RTD). On average, beech trees growing in recent forests had 46% (0-10 cm: P <
0.001) to 50% (10-30 cm: P = 0.005) higher SRL, 33% (10-30 cm: P = 0.007) to 37% (0-10 cm: P
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=0.003) higher SRA and 22% (10-30 cm: P = 0.038) to 27% (0-10 cm: P = 0.034) lower RTD than
trees in ancient forests.

Differences in mean root diameter and root area index between former land-use types were less
distinct (both P > 0.05). In addition, mean fine root biomass was 26% (10-30 cm, P = 0.168) to
55% (0-10 cm, P = 0.006) higher in ancient than in recent forests (Table 2.1).

Table 2.1 Differences in fine root biomass, fine root morphological traits (MRD, SRA, SRL, RTD) and root
area index (RAI) of European beech growing in stands with different forest continuity (ancient versus recent
forests) in 0-10 cm and 10-30 c¢cm soil depth.

Recent forests Ancient forests

Biomass (g m?)

0-10 cm 106.38 (21.94) 164.99 (14.88)
10-30 cm 45.25 (5.63) 56.92 (6.52)
MRD (mm)
0-10cm 0.41 (0.01) 0.43 (0.01)
10-30 cm 0.45 (0.02) 0.48 (0.01)
SRA (cm?g?)
0-10 cm 219.26 (14.53) 159.95 (10.92)
10-30 cm 184.37 (12.89) 139.03 (9.15)
SRL (mg™?)
0-10cm 16.94 (1.13) 11.64 (0.62)
10-30 cm 13.88 (1.31) 9.26 (0.81)
RTD (gcm®)
0-10 cm 0.48 (0.05) 0.66 (0.06)
10-30 cm 0.53 (0.03) 0.68 (0.06)
RAI (m?m?)
0-10 cm 2.13 (0.36) 2.68 (0.26)
10-30 cm 0.70 (0.07) 0.75 (0.09)
n(plots) 13 15

Values are means and their standard error (in brackets). Significant
(P < 0.05) differences between former land-use types are
highlighted in bold

MRD mean root diameter, SRA specific root area, SRL specific root
length, RTD root tissue density, RAI root area index
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Variation in fine root traits showed a strong response to soil chemical properties. For 0-10 cm
soil depth, axis 1 scores corresponded significantly to a nutrient availability gradient characterised
by decreasing P concentration (r = -0.66, P < 0.001) and increasing C:P ratio (r = 0.56, P = 0.002),
thus reflecting the lower nutrient availability generally found in ancient forest soils (Table Al).
Likewise, axis 1 scores for 10-30 cm soil depth were significantly related to C:N ratio (r = -0.60, P
= 0.001), C:P ratio (r = -0.43, P = 0.027) and C concentration (r = -0.43, P = 0.026; Table A6).
Note that NMDS axis 1 score configuration differed between the two soil depths (Fig. 2.2).

2.4.4 Linking above- and belowground responses

Forest continuity increased the resistance of individual radial growth rate to drought. On
average, drought resistance was significantly higher for trees growing in ancient forests (P = 0.010;
Fig. A3).

The SEM for 0-10 cm soil depth provided a good fit to the data (> = 0.17, df = 1, P = 0.681;
RMSEA = 0.000; CFI = 1.000; SRMR = 0.013) and explained 41% of the variation in drought
resistance (Fig. 2.3 a). Total P concentration had a strong effect on fine root biomass (P < 0.001),
but not on fine root morphology (RTD; P = 0.790). Moreover, fine root biomass was positively
related to drought resistance (P < 0.001) and RTD (P = 0.023). Thus, drought resistance was
promoted by an increase in fine root biomass, which in turn was largely the result of lower P
availability. Alternative models, using C:P ratio or specific root length, gave similar results (Fig.
A4), indicating that fine root biomass acts as a mechanism for the negative effect of soil fertility on
drought resistance in the upper soil layer.

The SEM for 10-30 cm soil depth provided a good fit to the data (x> = 0.21, df = 1, P = 0.147;
RMSEA = 0.199; CFI = 0.958; SRMR = 0.059) and explained 25% of the variation in drought
resistance (Fig. 2.3 b). Contrary to the model in 0-10 cm, C:P ratio was positively related to fine
root biomass (P = 0.063) and RTD P =0.001), but drought resistance increased via increasing RTD
(P = 0.003) and not via increasing fine root biomass (P = 0.150). An alternative model, using
specific root length as an indicator for morphology gave similar results (Fig. A5 a). Note that using
total P concentration, which had the strongest effect on drought resistance, resulted in an unstable
model (Fig. A5 b). However, C:P ratio was closely related to total P concentration (r = -0.73, P <
0.001), providing equivalent support for the importance of soil fertility for regulating fine root
morphology.
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(a) (b)

Soil P Soil C:P ratio
-0.73 *** 0.48 ***
Fine root 0.54* Fine root Fine root 037" Fine root
hiomass morphology biomass morphology
R2=0.53 R?=0.25 Rz=0.11 R?=0.49
0.59 *** 0.58 **
Drought Drought
resistance resistance
R2=0.41 R?=0.25

Figure 2.3 Structural equation models linking drought resistance, soil nutrient availability and fine root traits
(biomass and morphology) in a) 0-10 cm and b) 10-30 cm soil depth. Fine root tissue density was selected as
an indicator for morphology. Black lines denote significant and grey lines non-significant pathways. Numbers
at arrows are standardised regression coefficients; thus the magnitude of the coefficients is proportional to
their effect size. Asterisks denote a significant pathway in the model (*P < 0.05, **P < 0.01, ***P < 0.001).
R? values for each endogenous variable are given below the boxes. C total carbon concentration, P total
phosphorus concentration.

2.5 Discussion
Our results provide evidence that legacy effects of land-use play an important role in determining

radial stem growth rates in response to climate variation. As hypothesised, growth reduction in hot
and dry summers was substantially lower in trees growing in ancient compared to trees in recent
forests. We further obtained evidence that land-use legacies may influence the standing fine root
biomass of beech as well as fine root morphological properties. Consistent with these findings, we
found that legacies of former fertilisation (particularly increased level of soil phosphorus) are a key
driver for variation in drought resistance via regulating the size and morphology of the fine root
system. These data suggest that the differential climate response of the two forest types may depend
on fine root properties, which in turn result-at least in part-from soil legacies of the former land-
use. Our results point to the importance of considering interactions between historical land-use and
drivers of global change when evaluating or predicting the trajectory of forest ecosystem change.
Overall, radial growth rates of F. sylvatica were negatively affected by increasing temperatures
and higher drought intensity during summer and spring. This is in agreement with earlier studies on
F. sylvatica reporting high growing season temperatures and low growing season precipitation as
the driving climate factors for growth reductions across Europe (Zimmermann et al. 2015; Cavin
and Jump 2016; Hacket-Pain et al. 2016; Knutzen et al. 2017). Growth reduction in hot and dry
summers may result from partial stomatal closure and reduced carbon assimilation, leaf area

reduction, turgor loss in the stem cambial cells or increased carbohydrate allocation to root and fruit
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production (Aranda et al. 2012). Climate events of the previous year can also lead to growth
reductions in the following year through masting events, which are triggered by high temperatures
in the previous summer, or other carry-over effects related to carbohydrate depletion in the previous
summer (Drobyshev et al. 2010; Hacket-Pain et al. 2015; Mdller-Haubold et al. 2015). In this
context, we found that land-use legacies modulated growth response to changing climatic
conditions during the current and previous summer. The climate sensitivity to the current summer
conditions was significantly higher for trees growing in recent compared to ancient forests. This
positive effect of forest continuity on climate sensitivity of F. sylvatica became even stronger after
accounting for masting effects. While growth reductions (i.e. negative TRI values) still occurred
for recent forests during low summer precipitation and high summer temperature of the current
year, growth rates of ancient forests were not negatively affected (i.e. positive TRI values) by
climate variations, suggesting that forest continuity is a key determinant of the sensitivity of beech
trees to adverse climatic conditions. This is consistent with the results of a previous study, in which
oak trees growing in ancient forests in northern Germany were found to be less sensitive to climate
variation than those growing at afforested sites (von Oheimb et al. 2014). In contrast, differences in
climate sensitivity between former land-use types were less distinct for the effects of previous
summer conditions, with trees in ancient forests showing stronger responses than trees in recent
forests. This may be attributable to differences in tree age, as seed production is positively related
to tree age (Genet et al. 2010) and the sampled trees in ancient forests were on average 25 years
older than trees in recent forests.

In general, the negative effects of previous summer temperature and precipitation extremes were
stronger than those of the current year, indicating that patterns of carbohydrate and nutrient
allocation to above- and belowground sinks and related to mast fruiting are fundamental for
identifying mechanisms underlying climate-growth relationships in beech. Indeed, when taking
masting events into account we found that growth responses of trees in recent forests to previous
summer conditions were largely driven by seed production (as indicated by positive TRI values
during adverse climatic conditions in hon-mast years), while the trees’ responses in ancient forests
were driven by both masting events and the carry-over of carbohydrate depletion in the previous
summer (as indicated by negative TRI values during adverse climatic conditions in non-mast years).
This aligns with ecophysiological studies on N remobilization within trees in relation to elevated
atmospheric carbon dioxide availability that show that the previous year’s uptake of N affects
current year growth significantly (Temperton et al. 2003; Millard and Grelet 2010).

Climate-growth relationships for F. sylvatica have been shown to vary with elevation (Di Filippo
et al. 2007; Dulamsuren et al. 2017), social status of the trees (Lebourgeois et al. 2014) and tree
neighbourhood (Mdlder and Leuschner 2014; Metz et al. 2016). Given that all target trees were
similar in social status and the studied stands were comparable with respect to structure, species
composition, soil type and topographic conditions (Table Al), these effects probably do not

contribute significantly to explaining the differences between ancient and recent forests. Instead,
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our fine root data suggest that contrasting climate-growth relationships between ancient and recent
forests may in part result from land-use legacy-mediated modifications of the fine root system. We
found that the fine root trait spectrum significantly differed between the two former land-use types.
These differences might be caused by differences in soil P concentration, C:P and C:N ratio that
have been shown to be higher (P) and lower (C:P ratio, C:N ratio), respectively, in recent forests
soils in the study region (von Oheimb et al. 2008; see Table Al). Moreover, microbial enzyme
activities in recent forest soils with former arable cultivation were found to be considerably higher
than in ancient forest soils (Fichtner et al. 2014), leading to higher decomposition rates, and thus
nutrient availability. Higher availability of P in recent forest soils likely is promoting radial stem
growth (von Oheimb et al. 2014; see Table Al and A3), while it might negatively affect the amount
of carbon allocated to roots which could reduce the trees’ drought resistance in the recent forests.
This is in line with the prediction of optimal resource partitioning theory, according to which plants
allocate less carbon to roots with increasing nutrient availability, decreasing root-shoot ratio
(Thornley 1972). As root-shoot ratio is considered a key trait that strongly determines a tree’s
susceptibility to drought (Aranda et al. 2012; Dziedek et al. 2017), our results suggest that the
observed higher drought sensitivity of the trees in recent forests may be linked to the 32% lower
fine root biomass in the topsoil (0-30 cm) of these stands. Indeed, we found that drought resistance
of beech decreased in stands with high soil P availability indirectly via decreasing the size of the
fine root system in the uppermost 10 cm of the mineral soil. This coincides with findings where
trees exhibited lower fine root biomass in response to higher soil P availability (Yuan and Chen
2010). Clearly, deep roots may be more decisive for maintaining tree water uptake in periods of
drought (Meier et al. 2017), but surface roots with higher N and P uptake capacity may be important
as well, since drought can expose trees to nutrient shortage during dry spells.

Fine roots represent a small but functionally highly active part of tree biomass, which supply
water and nutrients to the tree, contribute considerable amounts of organic C and nutrients to carbon
and nutrient cycling in forest soils and are critically linked to the drought susceptibility of trees
(Brunner et al. 2015). Studies across latitudes have shown that both temperature and N availability
are the main determinants of root trait variation in temperate and boreal tree species (Ostonen et al.
2011; Freschet et al. 2017). Our study demonstrates that land-use legacies can also have a strong
impact on fine root trait variation of a single tree species at a local scale. While most studies agree
on the existence of a unidimensional resource economics spectrum aboveground (i.e. trait
syndromes associated with resource acquisition or conservation; see Reich 2014), the existence of
a root economics spectrum is still a matter of debate, mainly because of a lack of consistency among
and within studies (Mommer and Weemstra 2012; Weemstra et al. 2016). Evidence for a root
economics spectrum was found in herbaceous and shrub species (Roumet et al. 2016), but not in
trees (Weemstra et al. 2016). In trees, there is growing evidence that fine root traits are
multidimensional (Kramer-Walter et al. 2016). Some traits, such as RTD, seem to be negatively

correlated with relative growth rate, while others like fine root diameter and SRL may not be related
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to the plant economics spectrum. Thus, trees seem to be less constrained when building fine roots
in comparison with leaves, because high root tissue density can be related to either a high or low
SRL (Kramer-Walter et al. 2016). Our finding that the fine root trait spectrum of beech is related to
former land-use suggests that land-use legacy indirectly impacts the belowground resource
acquisition strategy of trees via its effects on soil properties, thus affecting the susceptibility of trees
to climate events. The higher soil fertility (largely due to higher P concentration) of the recent
forests was associated with a significantly higher SRL, SRA and a lower RTD in comparison to
ancient forests. These results are in line with previous studies showing that (1) fast and productive
tree species often exhibit low RTD, and (2) low RTD is often associated with greater soil nutrient
availability (Kramer-Walter et al. 2016; Freschet et al. 2017).The much higher specific root surface
area and substantially lower root tissue density in recent forest stands may well have increased the
trees’ sensitivity to summer droughts, as fine root mortality typically is higher in fine roots with
lower density (Eissenstat and Yanai 1997). This coincides with or finding that drought resistance
of beech strongly depended on RTD in 10-30 cm soil depth. That is, trees growing in more fertile
soils (recent forests) exhibited thinner, less dense fine roots (low RTD), which in turn resulted in a
lower resistance to drought. The lower SRL observed in ancient forests, however, likely is
associated with a greater root lifespan and an enhanced colonization of fine roots by
ectomycorrhizae (Comas et al. 2014; Weemstra et al. 2016).

Although we found significant differences in climate sensitivity and fine root characteristics
(biomass and morphology) between the former land-use types, an important caveat is related to the
temporal resolution of our data as data on fine root dynamics were not available in this study. The
likelihood that seasonal variation of fine root traits, however, has a strong effect on results obtained
from a single inventory is relatively small: First, both beech’s fine root biomass and morphology
were found to be less variable over time, even during drought events (Leuschner et al. 2001; Hertel
et al. 2013). Second, morphological traits are generally considered as a function of root age and
diameter, resulting in a higher turnover of young and thin roots (i.e. fine roots) compared to older
and larger rootlets (Eissenstat et al. 2000; McCormack et al. 2012). Thus, fine roots should be those
with lowest morphological response to interannual variation in climate due to their comparable low
longevity.

Enhanced mycorrhizal associations in ancient forest soils as reported by Fraterrigo et al. (2006)
could also explain the lower susceptibility of beech trees to drought through enhanced water
transport capacity under situations where water availability is low (Brunner et al. 2015). On the
other hand, several studies have shown that root tips of European beech did not show differences
in the degree of ectomycorrhizal symbiosis between contrasting soil water or nutrient conditions
(Leuschner et al. 2004; Hertel et al. 2013).

Our results indicate that climate-growth relationships of F. sylvatica in northern Germany
depend critically on former land-use, suggesting that ancient beech forests are less susceptible to

climate extremes. In ancient beech forests, annual radial growth rates were less affected by adverse
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climatic conditions such as hot and dry summers, which highlights the importance of forest
continuity for forest stability and the maintenance of productivity and carbon sequestration in the
face of rapid climatic change. Preserving ancient forests could thus benefit both biodiversity
conservation and the mitigation of climate warming. This has important policy implications, as
global biodiversity loss and climate change are amongst the most important ecological challenges
for humanity in the twenty-first century. A legacy-based perspective on forest ecosystems can,
therefore, enhance our mechanistic understanding of climate-growth relationships in the face of
global environmental change, and this new understanding will have important implications for land-

use and conservation or restoration practice.
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A Supplementary Material

Supplementary Methods

Assessing climate sensitivity To assess the effect of climate extremes on individual tree
productivity, we used drought resistance as a measure of climate sensitivity. For each target tree,
we quantified drought resistance as the ratio between the individual growth rate during drought and
before a drought event (Lloret et al. 2011). We used non-mast years with the lowest (i.e. strongest
summer drought) and highest (i.e. lowest summer drought) climate indices for current summer
conditions (DMI-summer) as drought (2003, which coincides with the pan-European drought years;
see Zang et al. 2014) and pre-drought (2001) years. Drought resistance was calculated based on
standardised annual basal area increment (SBAI, cm? cm2 year™) to account for differences in tree
age between the former land-use types. SBAI was obtained by dividing annual basal area increment
at time t by the basal area of each target tree at time t.;. To examine the effect of former land-use
on drought resistance, we used a mixed-effects model with plot as random factor and a variance

function allowing for different variances per former land-use type (Zuur et al. 2009).
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Table A1 Summary statistics of structural and edaphic properties of the 28 study stands. Values are means
and their standard deviation (in brackets). Significant (P < 0.05) differences between former land-use types
are highlighted in bold. Note that the effects of former land-use on total P (0-10 cm) and C:P ratio (10-30 cm)
were marginally significant (P <0.1).

Recent forests Ancient forests

Forest continuity (years) 100-140 > 230
Elevation (m) 53.31 (18.54) 57.53 (11.51)
Stand density (stems ha't) 198.08 (51.37) 177.94 (72.05)
Stand basal area (m? ha't) 34.41 (7.44) 34.48 (6.75)
Adetarget trees (Years) 101.30 (23.98) 126.90 (17.14)
Mean diameter at breast height (cm) 41.79 (6.73) 43.61 (14.82)
Species composition (%)

beech 91.70 (11.07) 95.84 (5.25)

other deciduous species 3.57 (6.20) 4.16 (5.25)

other coniferous species 4.74 (9.64) 0

Soil type (pseudogleyic) Luvisol (pseudogleyic) Luvisol
pH (H20)
0-10 cm 4.36 (0.59) 4.22 (0.76)
10-30 cm 4.57 (0.63) 4.47 (0.44)
pH (CaCly)
0-10 cm 3.50 (0.63) 3.40 (0.76)
10-30 cm 3.91 (0.76) 3.75(0.35)
Total C (%)
0-10 cm 4.55 (1.72) 5.25 (1.24)
10-30 cm 1.33(0.49) 1.49 (0.41)
Total N (%)
0-10 cm 0.27 (0.08) 0.31 (0.06)
10-30 cm 0.09 (0.03) 0.08 (0.02)
Total P (mg g})
0-10 cm 0.36 (0.16) 0.28 (0.09)
10-30 cm 0.26 (0.14) 0.17 (0.06)
C:N ratio
0-10 cm 16.31 (1.56) 17.06 (1.74)
10-30 cm 14.55 (2.97) 17.64 (3.41)
C:P ratio
0-10 cm 140.50 (49.50) 201.30 (64.68)
10-30 cm 69.43 (43.53) 102.11 (58.84)
Npa (Mg g7
0-10 cm 0.05 (0.02) 0.04 (0.02)
10-30 cm n.a. n.a.
CEC (mmol kg?)
0-10 cm 11.59 (2.80) 11.05 (1.82)
10-30 cm 8.35 (3.83) 7.61 (2.18)
BS (%)
0-10 cm 34.35 (19.61) 25.70 (6.40)
10-30 cm 41.35 (7.57) 43.24 (14.18)
n(plots) 13 15

C carbon, N nitrogen, P phosphorus, Npa amount of plant available nitrogen (total NH4* and NOs’
concentration), CEC cation exchange capacity, BS base saturation, n.a. not available.
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Table A2 Tree-ring series characteristics of target trees (Fagus sylvatica) for their entire lifespan and during
the last two decades (1994-2013). Significant (P < 0.05) differences between former land-use types are
highlighted in bold; P-values were obtained from mixed-effects models using study plot as random effect.

Recent forests Ancient forests

Mean (SE) CV (%) Mean (SE) CV (%)
Entire lifespan
Mean TRW (mm) 2.79 (0.06) 22.2 2.33(0.03) 14.6
Maximum TRW (mm) 5.52 (0.10) 19.5 4.87 (0.07) 16.2
Minimum TRW (mm) 0.82 (0.04) 54.1 0.54 (0.02) 39.6
SD (TRW) 1.00 (0.02) 21.2 0.89 (0.02) 19.7
AC (TRW) 0.70 (0.01) 16.0 0.67 (0.01) 18.0
1994 to 2013
Mean TRW (mm) 2.52 (0.06) 35.5 2.09 (0.08) 32.2
Maximum TRW (mm) 4.16 (0.12) 30.0 3.61(0.08) 25.9
Minimum TRW (mm) 1.14 (0.07) 62.9 0.75 (0.03) 53.6
SD (TRW) 0.82 (0.02) 29.3 0.80 (0.02) 25.7
AC (TRW) 0.28 (0.02) 85.9 0.21 (0.02) 108.4
n(trees) 109 134

BAI annual basal area increment, SBAI standardised annual basal area increment, TRW tree-ring
width, SE standard error, CV coefficient of variation, SD standard deviation AC first-order
autocorrelation, expressing the interannual TRW persistence.

Table A3 Pairwise relationships (Pearson correlation coefficients based on log-transformed traits) between
three key morphological fine root traits in 0-10 cm and 10-30 cm soil depth. SRA specific root area, SRL
specific root length, RTD root tissue density.

0-10cm SRA SRL RTD
SRA 1.00 0.94 -0.96
SRL 1.00 -0.82
RTD 1.00
10-30 cm SRA SRL RTD
SRA 1.00 0.97 -0.87
SRL 1.00 -0.78
RTD 1.00
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Table A4 Standardised regression coefficients from the best-fitting mixed-effects models for tree-ring width
index (TRI) of European beech (Fagus sylvatica). The magnitude of the estimates is proportional to the effect
size in the model. Note that the effect of tree age was not significant (all years: P = 0.897; non-mast years: P
= 0.546).

All years (1994-2013) Non-mast years (1994-2013)

Estimate (SE) P-value Estimate (SE) P-value

Intercept -0.018 (0.013) 0.176 0.118 (0.015) <0.001
DMI-MAM 0.195 (0.010) <0.001 0.286 (0.012) <0.001
DMI-JJA 0.058 (0.013) <0.001 0.026 (0.015) 0.095
DMI-JJA, 0.220 (0.012) <0.001 0.157 (0.015) <0.001
Former land-use type (RF) 0.004 (0.020) 0.849 -0.022 (0.023) 0.341
DMI-JJA x former land-use type (RF) 0.079 (0.019) <0.001 0.119 (0.023) <0.001
DMI-JJA, x former land-use type (RF) -0.049 (0.019) 0.009 -0.086 (0.022) <0.001

Table A5 Results from analysis of variance (ANOVA) testing the effect of former land-use (ancient versus
recent forests) on fine root trait composition (NMDS axes scores) in 0-10 cm and 10-30 cm soil depth.

F-value P-value
Axis 1
0-10 cm 11.95 0.002
10-30 cm 6.83 0.015
AXis 2
0-10 cm 0.49 0.491

10-30 cm 1.03 0.321
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Table A6 Correlation between NMDS axes scores of fine root traits and chemical soil properties for 28
mature beech (Fagus sylvatica) stands in 0-10 cm and 10-30 cm soil depth. Values indicate Pearson
coefficients and significant (* P < 0.05, ** P < 0.01, *** P < 0.001) correlations are highlighted in bold.

0-10 cm 10-30 cm

Axis 1 AXis 2 Axis 1 AXis 2
pH (H.0) -0.21 -0.18 0.02 -0.25
pH (CaCly) -0.13 -0.17 0.02 -0.20
Total C (%) -0.08 0.00 -0.43 * 0.07
Total N (%) -0.08 -0.02 -0.21 -0.35
Total P (mg g %) -0.66 kol 0.22 -0.22 *x -0.38 *
C:N ratio 0.05 0.03 -0.60 * 0.44 **
C:P ratio 0.56 e -0.10 -0.43 0.37
Npa (Mg g 1) -0.30 0.29 n.a. n.a.
CEC (mmol kg ) 0.08 -0.20 -0.31 -0.01
BS (%) -0.25 -0.14 0.15 -0.26

For abbreviations see Table Al.
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Figure Al Conceptual framework illustrating how land-use legacies might modulate the response of trees to
climate change. Climate extremes influence a trees’ radial-growth pattern (tree-ring width) and frequency of
seed production (masting). Such growth responses, however, might be modulated by effects of former land-
use: Land-use changes can impose long-lasting impacts on abiotic and biotic soil characteristics, such as soil
carbon and nutrient changes and changes in soil microfauna and microbial communities. These altered
edaphic conditions in turn can modulate the fine root system, which is crucial for a trees” nutrient and water
uptake (drought resistance). Thus, land-use legacies can impact a trees’ susceptibility to adverse climatic
conditions indirectly through influencing the composition of root traits. Illustration by Carolina Levicek.

35



36

CLIMATE-GROWTH RELATIONSHIP AND LAND-USE LEGACIES

~

TRW

® - W o /‘ f \’\

\""\ A
RV w\“
j\,‘#\_’*} IAA\ \’J;;-,‘w-,\

A / VA / [

1954 1964 1974

(b)

TRW

1984

1994

2004

2013

1954 1964 1974

Figure A3 Differences in mean
(x SE) drought resistance of
European beech growing in
stands with different forest
continuity (AF ancient forests, RF
recent forests). The dotted line
indicate equivalent growth rates
in drought and pre-drought years;
n(target trees): 243.

1984

Year

AF

RF

Figure A2 Temporal variation
in tree-ring width (TRW) of
European beech growing in (a)
recent and (b) ancient forests.
Data represent plot chronologies
for the common interval (1954-
2013) based on 243 target trees
(recent forests: n(plots) = 13,
n(trees) = 109; ancient forests:
n(plots) = 15, n(trees) = 134).
Dotted lines correspond to
minimum and maximum values
of TRW.

P =0.01

086

08

1.0

1.2 1.4

Drought resistance



Soil C:P ratio
0.58 ***
Fine root 0.46* Fine root
i morphology
biomass e
R2=0.34 R2=0.25
0.59 **
Drought
resistance
R*=041

CLIMATE-GROWTH RELATIONSHIP AND LAND-USE LEGACIES

(b)
Sail P
-0.73***
Fine root -0.83* Fine root
i [——————* morphology
biomass fE
R*=1053 Rz=0.34
0.56*
Drought
resistance
R2=0.41

Total model: = 0.05,df= 1, P=0.83;
RMSEA = 0.000; CF| = 1.000; SRMR = 0.008

Total model: y*=0.16,df =1, P= 0.69;
RMSEA = 0.000; CFI=1.000; SRMR = 0.013

Figure A4 Structural equation models assessing the effects of soil nutrient availability and fine root traits
(biomass and morphology) on drought resistance in 0-10 cm soil depth. Black lines denote significant and
grey lines non-significant causal pathways. Numbers at arrows are standardised regression coefficients.
Asterisks denote a significant pathway in the model (*P < 0.05, ** P < 0.01, *** P < 0.001). R? values for
each endogenous variable are given below the boxes. (a) C:P ratio as an indicator for soil nutrient availability,
(b) specific root length (SRL) as an indicator for fine root morphology. RTD root tissue density, C total carbon
concentration, P total phosphorus concentration.
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Figure A5 Structural equation models assessing the effects of soil nutrient availability and fine root traits
(biomass and morphology) on drought resistance in 10-30 cm soil depth. Black lines denote significant and
grey lines non-significant causal pathways. Numbers at arrows are standardised regression coefficients.
Asterisks denote a significant pathway in the model (*P < 0.05, ** P < 0.01, *** P < 0.001). R? values for
each endogenous variable are given below the boxes. (a) specific root length (SRL) as an indicator for fine
root morphology (b) P as an indicator for soil nutrient availability. Note that the model in (b) provided a poor
fit to the data. RTD root tissue density, C total carbon concentration, P total phosphorus concentration.
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3. Higher drought sensitivity of radial growth of European beech in
managed than in unmanaged forests

Published article

Katharina Mausolf, Paul Wilm, Werner Hérdtle, Kirstin Jansen, Bernhard Schuldt, Knut Sturm,
Goddert von Oheimb, Dietrich Hertel, Christoph Leuschner and Andreas Fichtner; Science of the
Total Environment, 642, 1201-1208.

3.1 Highlights

* Climate sensitivity of beech is strongly related to forest management history.

* Drought-induced growth decline is critically higher in managed stands.

» Management legacies have long-lasting impacts on climate-growth relationships.
* Trade-off between maximum individual tree growth and drought resistance.

* Management legacies and climate change drivers are interacting.

3.2 Graphical Abstract

Sensitivitiy to drought

Unmanaged

Crown projection area

lllustration by Wemer Kreuser
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3.3 Abstract

Climate extremes are predicted to become more frequent and intense in future. Thus,
understanding how trees respond to adverse climatic conditions is crucial for evaluating possible
future changes in forest ecosystem functioning. Although much information about climate effects
on the growth of temperate trees has been collected in recent decades, our understanding of the
influence of forest management legacies on climate-growth relationships is still limited. We used
individual tree-ring chronologies from managed and unmanaged European beech forests, located in
the same growth district (i.e. with almost identical climatic and soil conditions), to examine how
forest management legacies (recently managed with selection cutting, > 20 years unmanaged, > 50
years unmanaged) influence the radial growth of Fagus sylvatica during fluctuating climatic
conditions. On average, trees in managed stands had higher radial growth rate than trees in
unmanaged stands during the last two decades. However, the beech trees in the unmanaged stands
were less sensitive to drought than those in the managed stands. This effect was most pronounced
in the forest with longest management abandonment (> 50 years), indicating that the drought
sensitivity of mature beech trees is in these forests the lower, the longer the period since forest
management cessation is. Management-mediated modifications in crown size and thus water
demand are one likely cause of the observed higher climate sensitivity of beech in the managed
stands. Our results indicate a possible trade-off between radial growth rate and drought tolerance
of beech. This suggests that reducing stem density for maximising the radial growth of target trees,
as is common practice in managed forests, can increase the trees' drought sensitivity. In the prospect
of climate change, more information on the impact of forest management practices on the climate-

growth relationships of trees is urgently needed.

Keywords: Canopy release e Climate change ® Drought sensitivity @ Forest thinning

Management legacy e Radial growth
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3.4 Introduction

Forests dominated by European beech (Fagus sylvatica; hereafter: beech) represent the natural
vegetation of large parts of Central Europe (due to its oceanic to sub oceanic climate; Leuschner
and Ellenberg 2017) and they play an important role for Europes' forestry sector. The increasing
variability of climate and the more frequent occurrence of climatic extremes such as heat waves
and severe droughts (IPCC 2013), however, will impact tree growth in future (Easterling et al. 2000;
Anderegg et al. 2015). Specifically, there is increasing evidence that beech is more sensitive to
climatic extremes than most other Central European broadleaf tree species (Kdcher et al. 2009;
Zang et al. 2014; Zimmermann et al. 2015; Kunz et al. 2018), and the species shows a recent growth
decline at sites even in the core of its distribution range, which was attributed to climate warming
(Cavin and Jump 2016; Knutzen et al. 2017). In this context, various forest management practices
have been proposed to reduce the climate change impact on temperate forests, e.g. reducing stand
density, promoting structural diversity and tree species richness or introducing drought tolerant tree
species or genotypes (Keenan 2015; Ammer 2017). For example, numerous studies have shown
that thinning can mitigate the impact of drought on tree growth due to a reduced water demand at
the stand level (e.g. D'’Amato et al. 2013; Bosela et al. 2016; Sohn et al. 2016). Other studies,
however, indicate that the short-term benefits of thinning may in the longer term enhance the trees'
susceptibility to drought due to altered tree architecture and physiological constitution (e.g. leaf
area/sapwood area ratio) (McDowell et al. 2013; Clark et al. 2016; Jump et al. 2017). Given that
trees are long-lived organisms which may have an ‘ecological memory’ (Johnstone et al. 2016),
legacy effects of land-use and silvicultural treatments should have an important influence on the
trees' climate sensitivity (Perring et al. 2016). Recent research has provided evidence that the
drought sensitivity of beech depends partly on the type of former land-use (i.e. farmland versus
forest) and forest continuity (Mausolf et al. 2018a). However, studies investigating legacy effects
of forest management in paired managed and unmanaged forests remain rare. Although Bosela et
al. (2018) found recently in a cross-European study that the climate sensitivity of beech seems not
to depend on forest management, as the long-term response of the trees to adverse climatic
conditions was similar in unmanaged and managed forests, our understanding of legacy effects of
forest management on climate-growth relationships at the local neighbourhood level remains
rudimentary.

Here, we use individual tree-ring chronologies (i.e. the tree-ring series of individual trees) from
managed and long-term (> 50 years) and short-term (> 20 years) unmanaged European beech forests
to explore, how forest management history affects the radial growth of F. sylvatica during
fluctuating climatic conditions. To examine the link between forest management and climate
sensitivity, we applied a local neighbourhood approach to model climate-growth relationships of
target trees in response to neighbour removal. Specifically, we asked the following questions: (i)
Are there legacy effects of forest management which modulate the growth of individual trees in

response to climate extremes? (ii) Is drought sensitivity mediated by the length of abandonment of
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forest management? and (iii) What are the underlying mechanisms driving possible differences in

climate-growth relationships in managed and unmanaged forests?

3.5 Material and Methods

3.5.1 Study design and stand characteristics

The study was conducted in Baltic beech forests (Galio-Fagetum community) of the forest
district Stadtwald Liibeck (53°47' N, 10°37' E; total forest area: 4657 ha), which is located in the
moraine landscapes of south-eastern Schleswig-Holstein, Northwest Germany (Fig. B1). Elevation
ranges from 0 to 90 m a.s.l. The study area is characterised by a sub oceanic climate with a mean
annual precipitation of 789 mm and a mean annual temperature of 8.3 °C (DWD 2017hb). Edaphic
conditions of the beech forests investigated are characterised by moderately moist to moist moraine
soils originating from the last (Weichselian) glaciation. Soil texture consists of till (clay/sandy
loam) with varying carbonate content in the deeper layers of the mineral soil, providing an optimal
nutrient and water supply for tree growth.

We selected four stands in European beech forests located at four different study sites (Fig. B1).
The study stands reflect a gradient of forest management history that ranged from long-term (> 50
years; U50-SZ) and short-term (> 20 years; U20-HEV) unmanaged (U) to managed (M; M-BKS,
M-RIZ; abbreviations of localities see Table 3.1) beech forests. M-BKS and M-RIZ are managed
according to a low-impact approach (e.g. single-tree harvest with minimal thinning interventions
and the development of high growing stocks) based on the protection of natural disturbance regimes
within managed stands (for more detailed information see Sturm 1993). Since differences in the
forest continuity of a site can modulate tree growth responses to climate extremes (Mausolf et al.
2018a), we chose study sites that had a forest continuity for at least 200 years according to Glaser
and Hauke (2004) to allow a meaningful comparison between managed and unmanaged stands.
Moreover, to avoid confounding effects between forest management history and stand or site
characteristics, we restricted the analyses to stands that were similar in tree species composition,
stand age, topography and soil type, but differed in their management history. All stands were
dominated by F. sylvatica (> 95%), were located in level terrain and had (pseudogleyic) Luvisols
as the predominant soil type (Table 3.1). Tree age of the canopy trees ranged between 105 and 120
years (Table 3.2).

To characterise stand structure, we selected a representative 40 x 40 m plot within each stand.
All trees with a diameter at breast height (DBH; at 1.30 m) larger than 7.5 cm were measured, and
for each measured tree, species identity and DBH were recorded. Tree height was measured for ten
randomly selected trees of the upper canopy. Structurally, the studied stands are multi-layered and
uneven-aged and developed from natural regeneration (Fig. B2). Mean stem density amounted to
281 trees ha! in the unmanaged stands, and to 172 trees ha™* in the managed stands, reflecting the

harvest of target trees. Correspondingly, mean stand basal area was 37% larger in unmanaged
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compared to managed stands (U: 46.4 m? hat, M: 33.9 m? ha®). Soil chemical properties were
analysed based on four randomly selected soil samples of the upper mineral soil horizon (A-
horizon).Within each stand, soil samples were taken using a metallic corer (volume: 100 cm?3).
Analyses were performed following the detailed protocol described by Leuschner et al. (2014).
Total carbon (C), nitrogen (N) and resin-extractable phosphorus (Presin), base saturation (BS), cation
exchange capacity (CEC) and pH-values (measured in H>O) were determined from sieved and
homogenised soil samples. Soil carbonate content was estimated through the evolution of CO; after
adding HCI, showing that all topsoil samples were free of carbonate. Therefore, all measured soil
carbon was assumed to represent soil organic carbon (SOC). Stand characteristics and soil
properties are summarised in Table 3.1. Soil chemical properties did not significantly vary between
managed and unmanaged stands (PERMANOVA: F = 1.28, P = 0.292; Fig. B3). However, there
was a trend towards slightly higher soil fertility at the U50-SZ and M-BKS sites than at U20-HEV
and M-RIZ (Table 3.1).

3.5.2 Tree data

Within each study stand, we randomly selected 30 beech trees from the upper canopy with
similar DBH (57-62 cm; Table 3.2) resulting in a total of 120 target trees. For each target tree, DBH,
tree height and crown projection area (CPA) were determined in spring 2016. CPA was calculated
as the area of a disc derived from averaging over four crown diameter measurements. Wood volume
was calculated based on DBH and tree height measurements using the allometric function for
European beech of Bergel (1973). Tree volume was then converted in aboveground biomass (AGB,
in MgC) by applying the wood density value of beech for monocultures (665.43 kg m~3; Zeller et
al. 2017) and the standard conversion of 0.5 gC per gram of biomass.

To assess the impact of forest management on climate-growth relationships, all selected target
trees in the managed stands were located north to a management-induced gap created by single tree
harvesting, and defined by the closest cut stump (target stump) of a crop tree. Mean estimated target
stump diameter was 72 cm, and mean distance between target tree and cut target stump amounted
to 7 m. Mean number of cut stumps within the local neighbourhood (i.e. closest neighbours) of a
target tree amounted to 2.8. All stumps were associated with later decay stages, meaning that the
estimated stump age was > 10 years. To ensure meaningful comparisons between managed and
unmanaged stands, selected target trees growing in unmanaged stands were surrounded by

neighbours to avoid effects of natural gaps.

3.5.3 Wood coring and tree-ring analysis

For each target tree, we collected one bark-to-pith increment core at 1 m height above the ground

in spring 2016. Cores were taken from the cardinal points west to east using an increment borer
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(Suunto 400, Vantaa, Finland, 0.5 cm diameter and 40 cm length). Each core was air-dried in the
laboratory and annual tree-ring width (TRW) was measured from bark to pith with 0.01 mm
resolution (see Mausolf et al. 2018a for more detailed information). To minimise measurement
errors, cross-dating of single tree chronologies was performed by using site chronologies from
former studies conducted in the same study region as a reference (Mausolf et al. 2018a). Cross-
dating was done following Mausolf et al. (2018a). Due to incomplete and broken wood cores, we

omitted two trees from subsequent analyses.



Table 3.1 Summary statistics of structural and edaphic properties of the study stands. Values are means and their standard error (in brackets). Different superscript
letters indicate significant (Tukey-HSD: Pqgj. < 0.05) differences between study sites. DBH diameter at breast height, H/D-ratio height:diameter-ratio, C carbon, N

nitrogen, Presin resin extractable phosphorus, CEC cation exchange capacity, BS base saturation. Average harvested timber volume since 1994: M-BKS 30.73 m® ha'%;
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M-RIZ 55.07 m® ha™l).

Schattiner Zuschlag (U50-SZ)

Hevenbruch (U20-HEV)

Berkenstriicken (M-BKS)

Ritzerau (M-RIZ)

Stand characteristics
Management history
Tree species composition
Beech (%)
Oak (%)
Stand volume (m? hat)!
Stand basal area (m? ha?)
Stem density (n ha't)
DBH (cm)
Tree height (m)?
H/D-ratioB

Soil properties

Soil type

pH (H20)

Oﬁoﬁm_ Aoév

Z§m_ Aoév

C:N

Presin (Mg g Q._\j..pv
C:Presin

CEC (umol; g d.m. )
BS%

unmanaged > 50 years

100

0

903

58.83

368.75

43.96 (1.31) "
40.94 (0.14) @
0.77 (0.01) @

(pseudogleyic) Luvisol
4.10(0.07) @

4.35 (0.47) %

0.28 (0.03) ®

15.87 (0.34) ®

0.10 (0.02) s

453.26 (63.65) "=
97.41 (10.08) ®
23.72(3.93) s

unmanaged > 20 years

100
0

690

33.97

193.75

44.50 (2.90) "
36.33 (0.29) °
0.64 (0.01) ®

(pseudogleyic) Luvisol
3.71(0.08) ®

8.60 (1.44)*

0.49 (0.07) @

1757 (0.32) @
0.13(0.03) "

689.19 (82.68) "=
123.36 (7.93) °

11.75 (2.47) "

managed

100
0

652

39.40

187.50

46.51 (4.20) "
39.29 (0.23) ©
0.61 (0.01)°

(pseudogleyic) Luvisol
4.42 (0.21) @
3.69(0.42)®
0.26 (0.02) ®

14.31 (0.58) ®

0.08 (0.03) "=
513.90 (118.98) "=
77.51(11.45) 2
30.91 (7.52) "

managed

96
4

613

28.48

156.25

45.05 (3.48) "
36.72 (0.28) b
0.63 (0.01) b

(pseudogleyic) Luvisol
3.57(0.03)®

6.86 (1.53) ®

0.38 (0.07) ®

17.81 (0.69) @

0.16 (0.03) "=

471.87 (98.26) "
82.16 (11.76) *

16.74 (3.42) "

1: values refer to the data obtained from the permanent sample plot inventory in 2013
2: values refer to ten randomly selected canopy trees
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To minimise the effect of tree age on annual growth rates, TRW data of individual tree
chronologies were standardised. Standardisation was performed in TSAP-Win by first calculating
the five-year moving average trend of each chronology. In a second step, measured tree-ring series
were divided through the five year moving average trends, resulting in a dimension-less index of
tree-ring width (TRI) (for more information see Dulamsuren et al. 2017). As TRI is centred around
zero, negative values indicate growth decline, whereas positive values indicate growth stimulation.
Radial growth measurements were performed using IML software T-Tools Pro (Version 1.4,
Instrumenta Mechanik Labor GmbH, Wiesloch, Germany). Descriptive dendrochronological
statistics were based on individual tree chronologies and calculated using TSAP-Win (Table 3.2).
For further analyses we used individual tree rather than site chronologies (i.e. pooled tree-ring
chronologies of a given site) to account for the variability in individual growth responses, which
has been shown to be crucial, when assessing the response of forest ecosystems to climate change
(Carrer 2011; Zang et al. 2014).

3.5.4 Climate data

To quantify changes in climatic conditions, we used the standardised precipitation-
evapotranspiration index (SPEI), which is a climatic water balance index that considers
precipitation and potential evapotranspiration (Vincente-Serrano et al. 2010) and allows to study
the effects of climate change for varying time scales (Bhuyan et al. 2017). Following Bhuyan et al.
(2017) describing the SPEI of different timescales to show best explanatory power in climate-
growth analyses of beech we decided to use SPEI for further analyses. SPEI data were extracted
from the Global SPEI database (http://spei.csic.es/database.html, accessed 14.09.2017) for the
nearest 0.5 grid cell (54°45’ N, 10°45" E), meteorological data were achieved from the nearest
weather station (DWD 2017a). We selected climate indices for spring, summer and previous
summer conditions, as beech has been shown to be most sensitive to climatic variations during these
periods (Lebourgeois et al. 2014; Hacket-Pain et al. 2015).We calculated SPElIs for different time
scales (ranging from one to six months), and selected those periods that showed the strongest
correlation (Pearson correlation) with TRIs (across all target trees and study stands) during the
analysed timespan (1995-2014). The following SPEls, based on a three-month time scale, were
used in the climate-response analysis: seasonal values for current spring (March, April, May; SPEI-
spring; r = 0.33; P < 0.001), summer (June, July, August; SPEI-summer, r = 0.22; P < 0.001) and
previous summer (June, July, August; SPEI-previous summer, r =0.15; P < 0.001), based on a three-

month period.

47



48

CLIMATE SENSITIVITY AND FOREST MANAGEMENT LEGACIES

3.5.5 Data analysis

We used linear mixed-effects models to test whether climate growth relationships vary with
forest management history. We limited our analysis to the recent (1995-2014) climate regime for
several reasons: First, the study site ‘Hevenbruch’ (U20-HEV), our short-term unmanaged stand,
was managed until 1994. Second, detailed information on management history was only available
for this period. Third, climatic fluctuations were strongest during recent decades (IPCC 2013).
Thus, effects of management history are assumed to be most relevant during this period. TRI was
used as response variable, and climate indices (SPEI-spring, SPEI-summer, SPEI-previous
summer), tree size (using basal area) and management type (managed versus unmanaged forest)
were used as explanatory variables. To test for a potential dependence of climate effects on forest
management history, we additionally considered all possible two-way interaction terms between
management type and climate indices. To account for differences in abiotic site conditions, the
studied stand was used as a random effect. Moreover, we used a first-order autoregressive
covariance structure (AR-1) to account for temporal autocorrelation in observations among years
(tree nested within stand; Zuur et al. 2009). Different competing models were evaluated by
sequential comparison (backward selection) based on the Akaike Information Criterion (AIC) and
maximum likelihood (ML) estimation, using the stepAIC function in R. We further simplified the
model with the lowest AIC value by removing all terms that were not significant according to
likelihood ratio tests. Parameter estimates of the final model were fitted using the restricted
maximum likelihood (REML) method (Zuur et al. 2009). All continuous predictors were
standardised (mean= 0; SD = 1) before analysis.

We used Hedges' d effect size as a standardised measure to quantify the mean difference of the
effects of forest management legacies on TRI during climate extremes (Hedges and Olkin 1985).We
defined extreme climate events (extremely dry or extremely wet) as those periods with the lowest
and highest SPEI during the last two decades (1995-2014), respectively (Table B1). Note that
negative values of SPEI indicate periods with water deficit, and vice versa. Hedges' d effect size
was calculated based on observed TRI values. Positive values of Hedges' d indicate stronger
responses, meaning growth stimulation (positive TRI values) or growth reduction (negative TRI
values), of beech growing in managed compared to unmanaged beech forests, and vice versa.
Hedges' d values of 0.2, 0.5 and 0.8 indicate a small, moderate and large effect, respectively
(Koricheva et al. 2013). Differences in stand, soil and target tree characteristics among the study
stands were analysed using analysis of variance (ANOVA) followed by a post-hoc test (Tukey-
HSD).

Data exploration was performed prior to all analyses, following Zuur et al. (2010). Furthermore,
model assumptions were visually checked and confirmed according to Zuur et al. (2009). All
analyses were performed in R (version 3.3.1.) using the packages MASS (Venables and Ripley
2002), nmle (Pinheiro et al. 2016) and vegan (Oksanen et al. 2016).
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3.6 Results

On average, radial growth rates were 27% to 83% higher in managed (BKS: 43.41 + 2.42 cm?
year !, RIZ: 42.26 + 2.36 cm? year?) than in unmanaged stands (HEV: 33.33 + 2.32 cm? year 2,
SZ: 23.61 + 1.46 cm? year ) during the last two decades (Pagj. < 0.05; Fig. B3). The best-fitting
growth model included positive effects of tree basal area and SPEI (i.e. climatic conditions in
spring, summer and previous summer), with climatic effects on TRI being strongest for variation in
spring (Table 3.3). For SPEI-summer, the climate-growth relationship was consistent across
managed and unmanaged stands. The sensitivity of beech growth to climatic conditions in spring
and previous summer, however, depended on forest management history, as indicated by the
significant interaction between management type and SPEI-spring and SPEI-previous summer,
respectively (both: P < 0.01; Table 3.3). Results based on SPEI were qualitatively the same
compared to those using precipitation and temperature data separately, meaning that TRI of trees
in managed stands was more strongly related to changes in current year spring precipitation as well
as previous year summer temperature than those growing in unmanaged stands (Table B2).

Growth stimulation (i.e. positive TRI-values) was higher in managed stands during years with
ample water supply (i.e. positive SPEI-values; Fig. 3.1), but the benefit of trees growing in managed
stands during climate extremes (extremely wet) was not significant (Hedges' d: 0.29; Fig. 3.2 a). In
contrast, trees in unmanaged stands showed considerably lower growth reduction (i.e. negative TRI-
values) during years with a water deficit (i.e. negative SPEI-values) compared to those growing in
managed stands, with effects being stronger for drought events in spring (Fig. 3.1 a) than in previous
summer (Fig. 3.1 b). Particularly, during severe drought, trees in unmanaged stands exhibited
significantly lower growth decline compared to those in managed stands (Hedges' d: 0.94; P < 0.05;
Fig. 3.2 b).

Such effects of forest management history became even stronger when considering the length
of forest management abandonment. Values of Hedges' d increased from 0.46 (short-term
unmanaged versus managed stands; P < 0.05) to 1.42 (long-term unmanaged versus managed
stands; P < 0.05). Moreover, growth reduction during extreme drought in spring was positively
related to crown projection area (P < 0.01; Fig. 3.3), meaning that trees with large-sized crowns
were prone to drought events in particular (highest negative values of TRI). Due to lower stem
density, average crown size was greater in the managed stands (means of 117 and 127 m?) than in

the unmanaged ones (75 and 91 m?, Table 3.2), and growth decline was greater in the former.
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Figure 3.1 Effects of forest management history (managed versus unmanaged forests) on the growth (tree-
ring width index, TRI) responsiveness of European beech (Fagus sylvatica L.) to interannual fluctuations in
climate during the last two decades (1995-2014) considering (a) the response to the climatic water balance
during spring and (b) the response to the climatic balance during the previous summer. Periodic water surplus
or deficits are estimated by the standardised precipitation-evapotranspiration index (SPEI) in a seasonal (three
month) resolution. Negative values of SPEI indicate a water deficit, positive values a positive climatic water
balance. Lines correspond to the predicted response based on mixed-effects models and shaded areas indicate
the 95% confidence interval. The basal area and SPEI-summer parameter estimate were fixed at their mean
values.

Table 3.3 Regression coefficients from the best-fitting mixed-effects model for tree-ring width index (TRI)
of European beech (Fagus sylvatica). Predictor estimates were standardised, hence their magnitude is
proportional to the effect size. Note that the intercept refers to the response of unmanaged stands, while ‘M’
indicates managed stands. BA basal area, SPEI standardised precipitation-evapotranspiration index, SE
standard error.

Fixed effects Estimate SE P-value
Intercept -0.064 0.022 0.005
BA 0.054 0.016 <0.001
SPEI-spring 0.320 0.022 <0.001
SPEI-summer 0.260 0.015 <0.001
SPEI-prev. summer 0.226 0.022 <0.001
Managed stands (M) -0.060 0.032 0.207
SPEI-spring x M 0.129 0.031 <0.001
SPEI-prev. summer x M 0.082 0.031 0.008
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Figure 3.2 Effects of forest management history on (a) growth stimulation (i.e. positive tree-ring width
indices) and (b) growth reduction (i.e. negative tree-ring width indices) of European beech (Fagus sylvatica)
during climate extremes in spring (extremely dry or extremely wet events). Error bars denote the 95%
confidence intervals. Closed circles indicate significant (P < 0.05) and open circles indicate non-significant
(P > 0.05) effect sizes. Positive values indicate stronger responses (growth stimulation or reduction) of beech
growing in managed compared to unmanaged beech forests, and vice versa. M managed, U50 unmanaged >
50 years, U20 unmanaged > 20 years; U U50 + U20.
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Figure 3.3 Relationship between tree-
ring width index (TRI) and crown
projection area (CPA) of European
beech (Fagus sylvatica). Negative
values of TRI indicate growth decline.
The black line is a linear model fit (P =
0.003) and the shaded area indicates the
95% confidence interval. Points
represent observed values of TRI for
extreme climate events (extremely dry)
in spring (2011) and crown projection
area (2016) for trees growing in
managed (grey) and unmanaged (black)
beech forests.
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3.7 Discussion

We found that legacy effects of forest management modulate the response of beech to climate
extremes. Specifically, trees growing in managed stands showed a larger growth decline during
severe drought in spring than trees in unmanaged beech forests. This finding contrasts the common
belief that thinning and thus canopy release improves the water status of remaining broad-leaved
trees (Bréda et al. 1995; Sohn et al. 2016; Diaconu et al. 2016).

Beech has been identified as being relatively sensitive to summer drought and elevated summer
temperatures (GeBler et al. 2007; Kdcher et al. 2009; Packham et al. 2012), which may relate to its
large shade crown and comparably high water consumption (Leuschner and Ellenberg 2017), and a
relatively high vulnerability to cavitation due to a less negative Pso value than in other broadleaf
trees (Choat et al. 2012). In accordance, high temperatures and low precipitation during current and
previous year growing seasons, particularly during May to July, were identified as main factors
driving the observed recent growth decline in various regions of Europe (Zimmermann et al. 2015;
Hacket-Pain et al. 2016; Knutzen et al. 2017). This is consistent with our finding of overall
decreasing radial growth rates of beech in northern Germany under elevated climatic water deficits
in spring and current and previous years' summer. In contrast to other studies on beech growth
decline (e.g. Knutzen et al. 2017), we found that early-season drought (March to May) was decisive
and not summer (June to August) water shortage. Our results match with those of Bosela et al.
(2016) and Mausolf et al. (2018a), where early-season water shortage was also found to be the main
driver of declining radial growth rates in beech. Importantly, our results also show that drought
sensitivity of beech strongly depends on management history with trees growing in unmanaged
forests being less sensitive to drought events during spring and previous summer. The influence of
current and previous year water deficits on radial growth is explained by the phenology of cambial
activity. A large part (~ 75%) of annual tree-ring formation in beech is completed until the end of
June (Packham et al. 2012). Thus, carbohydrates assimilated during previous summer and current
spring likely contribute most to the current-year tree-ring, whereas the C gain of the current summer
should play a minor role. This is in line with the fact that early growing season conditions and
remobilisation processes rather than current summer conditions significantly influence tree-ring
width in beech when assessing the whole tree-ring (Hentschel et al. 2016). Moreover, up to 20% of
a tree-ring of European beech in spring can be built from remobilised storage compounds
(Skomarkova et al. 2006). Furthermore, water deficits are often associated with high summer
temperatures, which may negatively affect the radial growth of beech in the next year through a
stimulation of mass fruiting. Full masting can consume > 50% of annual C gain (Hacket-Pain et al.
2015; Miller-Haubold et al. 2015), thereby reducing radial growth in the subsequent year.

Crown size is considered a key tree trait controlling the radial growth of trees due to its relation
to leaf area and thus photosynthetic carbon gain and transpirative water loss (Niinemets 2010).
Crown size may also reflect the tree's past competitive strength (Fichtner et al. 2013). The removal

of competitive neighbours in thinning operations typically leads to enhanced growth of the
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remaining trees through rapid crown expansion, which is a characteristic response of F. sylvatica
(Lebourgeois et al. 2014). In the managed stands, the beech trees had on average an about 50%
larger crown size than in the denser unmanaged stands, which must have increased carbon gain
after having cut the neighbours, but sap flux density in the stem xylem should also have increased
due to growing canopy water loss. Trees will adapt their hydraulic architecture to an expanding
crown and growing water consumption, but the critical question is, whether the increase in hydraulic
efficiency with radial sapwood expansion through the formation of new tree-rings keeps pace with
the growing evaporative demand on the leaf side. Noyer et al. (2017) showed that trees released
from intense competition in managed stands increase their vessel diameter, which will increase
hydraulic conductance, but larger vessels in turn can lead to a higher risk of hydraulic failure and
embolism during drought. Thus, it is likely that the higher water demand of trees with light-exposed
and expanding crowns in the direct neighbourhood of tree cutting-gaps will increase the trees'
susceptibility to severe drought, at least for several years until hydraulic adaptation is completed.
Although the branch hydraulic architecture of beech acclimates sufficiently fast after canopy
opening to avoid hydraulic dysfunction (Lemoine et al. 2002), this acclimation potential at the
canopy level seems insufficient. A related phenomenon was recently described by Jump et al.
(2017) as structural overshoot, meaning that the promotion of tree growth by favourable
environmental conditions (via management) can enhance the risk of a temporal mismatch between
water demand and water supply in times of drought. Structural overshoot may explain our finding
of increasing drought-induced growth decline with increasing crown size, when the hydraulic
system and/or the root system are not able to meet the water demand of the expanding crown.
Other factors which could be responsible for the higher drought sensitivity of beeches in the
managed stands are differences in stand microclimate and in the soil biological activity and
mycorrhizal net. In the absence of selective cutting, stem density and canopy closure were higher
in the unmanaged forests, which must have resulted in reduced light transmission to the ground and
a higher air humidity level in the stands (Rambo and North 2009; Latif and Blackburn 2010). High
resolution radial increment measurements on beech stems have shown that the cambial activity of
this species is in the peak growing phase less dependent on high rainfall amounts than on high air
humidity (Kocher et al. 2012). This highlights the importance of a closed canopy for the vitality of
late-successional beech, which likely is more sensitive to abrupt changes in the microclimate and
air humidity, as resulting from forest management activities (Aussenac 2000), than other temperate
broadleaf trees. Moreover, it might be conceivable that absorbing roots of trees in densely-stocked
unmanaged stands had migrated to deeper soil layers to avoid belowground competition for water
(Schenk 2005). Therefore, sensitivity to drought stress during climate extremes should be lower,
because water uptake can occur from deeper soil layers. In contrast, trees growing in managed
stands might develop fine roots primarily in upper soil layers due to reduced belowground
competition for water uptake after thinning. Given that upper soil layers are prone to soil drying,

trees in managed stands could exhibit higher sensitivity to extreme drought. In addition,
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management induced compaction of forest soils has been found to result in long-lasting impact on
the soil microbial community (Hartmann et al. 2014), which could influence the drought

susceptibility of the trees.

3.8 Conclusion

Our findings highlight the relevance of understanding how legacy effects interact with drivers
of global environmental change. We found a strong effect of forest management legacies on the
climate sensitivity of beech and could show that drought-induced growth declines during spring are
less severe in the unmanaged stands. Overall, our results suggest that management practices
conducted to promote the growth of target trees, such as neighbour removal, can result in increased
drought sensitivity of the remaining trees. The different responsiveness of stands with 20 years or
50 years of management abandonment suggests that the length of the period since management
cessation plays a crucial role in determining the trees' susceptibility to drought. Among the factors
that could explain the variable responsiveness of beech trees in managed and unmanaged stands,
we discuss differences in canopy size which could affect the water status of the trees, microclimate
alteration, and putative management-induced effects on the soil. We obtained evidence of a trade-
off between high radial growth rates and high drought tolerance in beech, which deserves further
study. The results of our study may be of high relevance for the management of beech forests in a
warming climate, but it has to be kept in mind, that local site conditions such as soil moisture regime
and soil fertility likely are influencing the climate-growth relationship. Managed and unmanaged
beech stands growing under deviating environmental conditions and management regimes could
thus behave differently. Further research is needed to improve our understanding of the interactive

effects between management legacies and drivers of global environmental change.
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Table B1 Values of the standardised precipitation-evapotranspiration index (SPEI) for spring, summer and
previous summer during the last two decades. Data were obtained from the Global SPEI database (http://spei.
csic.es/database.html, accessed 14.09.2017) for the nearest 0.5 grid cell (54° 45’ N, 10° 45’ E).

Year SPEI-spring SPEI-summer .SPEI'
previous summer
1995 1.06403 -0.74063 1.01748
1996 -0.85495 -1.33328 -0.74063
1997 0.72708 0.17416 -1.33328
1998 0.69759 1.42614 0.17416
1999 -0.04300 -1.0332 1.42614
2000 -0.04581 -0.26454 -1.0332
2001 0.52093 0.8591 -0.26454
2002 0.55689 1.78939 0.8591
2003 -0.21258 -1.21287 1.78939
2004 -0.79137 0.3514 -1.21287
2005 -0.60397 0.28019 0.3514
2006 1.23882 -0.12167 0.28019
2007 0.47427 2.37145 -0.12167
2008 -0.27505 -0.03676 2.37145
2009 -0.22393 -0.53642 -0.03676
2010 0.99051 -0.08112 -0.53642
2011 -2.14309 1.99009 -0.08112
2012 -1.91999 -0.21823 1.99009
2013 1.27977 -1.75472 -0.21823
2014 1.01074 -0.81054 -1.75472

Table B2 Univariate relationships (Pearson correlation coefficients) between tree-ring width index (TRI) of
single tree chronologies (timespan: 1995-2014) and climatic variables (current and previous year sum of
precipitation and mean temperature for spring and summer) for trees growing in unmanaged and managed

Unmanaged Managed

Precipitation
Previous year Summer 0.23™ 0.23™
Current year Spring 0.19 ™ 0.26 ™
Summer 0.19™ 0.19™

Temperature
Previous year Summer -0.20 ™ -0.25 ™"
Current year Spring 0.14™ 0.13™
Summer 0.28™ 0.28 ™

stands. Spring data include March, April
and May, while summer data include
June, July and August. To account for
possible trends within the climatic
variables, we used the same detrending
procedure for climatic variables and tree-
ring data (5-years-moving average
provided by TSAP-Win; see Hardtle et al.
2013 for a related approach). Asterisks
denote significant relationships (*** P <
0.001).
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Figure B1 Location of the investigated forest sites in Northwest Germany. Grey circles indicate the managed
stands (M-BKS ‘Berkenstriicken’, M-RIZ ‘Ritzerau’), black circles indicate the unmanaged stands (U50-SZ
long-term unmanaged ‘Schattiner Zuschlag’, U20-HEV short-term unmanaged ‘Hevenbruch”).
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Figure B2 Stand structure of the beech stands investigated. The x-axis represents the upper boundaries of
the tree size (DBH)-class. M-RIZ (‘Ritze-rau’), M-BKS (‘Berkenstriicken’): managed, U50-SZ (‘Schattiner
Zu-schlag’): unmanaged > 50 years, U20-HEV (‘Hevenbruch’): unmanaged > 20 years.
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- P =0.202 Figure B3 Non-metric multidimensional scaling
(NMDS) ordination of soil chemical properties of
study stands (four soil samples per stand). The NMDS
ordination was based on Bray-Curtis dissimilarities
and used two dimensions (stress: 0.10). The linear fit
between ordination distances and root data (R2 = 0.94)
indicated an appropriate representation of the variation
in fine root trait composition between study stands
(black dots: unmanaged beech stands, grey dots:
managed beech stands); the P-value indicates that
differences in soil chemical properties between study
. . . . . stands were not significant. Arrows indicate significant
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Figure B4 Temporal variation in basal area increment of European beech growing in managed and
unmanaged forests. Lines correspond to the mean response for the last 50 years (1965-2015) based on 118
target trees (managed forests: n = 59; unmanaged forests: n = 59) as predicted by generalised additive models
(GAMSs). Shaded areas correspond to the 95% confidence interval. The non-linear time effect (both P <0.001)
was modelled using a cubic regression spline, and the optimal amount of smoothing was determined by cross-
validation method.
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ENVIRONMENTAL CHANGE EFFECTS ON BEECH TREE GROWTH

4. Impacts of multiple environmental change drivers on growth of

European beech (Fagus sylvatica): forest history matters

Published article
Katharina Mausolf, Werner Hardtle, Dietrich Hertel, Christoph Leuschner and Andreas Fichtner,
Ecosystems, https://doi.org/10.1007/s10021-019-00419-0

4.1 Manuscript Highlights

 Forest history modulates tree growth responses to co-occurring environmental changes
» N deposition affects resource allocation towards mass fructification of beech

» Legacy-mediated nutrient cycles affect growth response to water deficits and N deposition

4.2 Abstract

Revealing the interactive effects of multiple global environmental change drivers (water deficits,
nitrogen (N) deposition, land-use change) is crucial for evaluating actual and possible future
changes in forest ecosystem functioning. Here, we analyse whether and to what extent combined
effects of spring and summer water deficits and variable amounts of N deposition affect radial
growth of beech trees growing on forest sites with a different forest history. Dendrochronological
data showed that trees growing on ancient forest sites (forest continuity > 200 years) exhibit a higher
negative growth response under high N deposition and simultaneous spring water deficits than trees
growing on recent (post-agricultural) forest sites. Based on additional analyses of the fine root
system and masting behaviour, we propose two different mechanisms to explain differing
influences of N deposition and water deficits on negative radial growth responses in recent and
ancient forests: (1) for both forest history types, growth reductions during summer water deficits
result from the antagonistic effects of elevated N deposition according to the ‘resource optimization
hypothesis’. The tendency towards higher negative growth responses in recent forests seems to be
caused by a higher fine root mortality and lower standing fine root biomass compared to ancient
forests; (2) higher growth reductions in ancient forests during spring water deficits are likely the
result of mass fructification, which is enhanced by N deposition. We conclude that nutrient cycling
may differ between forests with contrasting forest history, which can modulate the growth

trajectories of forests in response to multiple, co-occurring environmental changes.

Keywords: Ancient forests ® Climate change ® European beech e Mast event e Nutrient
cycling Phosphorus legacy effect @ Recent forests @ Reproduction-growth trade-
off
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4.3 Introduction

Both climate change and increasing levels of atmospheric nitrogen (N) deposition are considered
important drivers of environmental change that alter key processes in forest ecosystems (Lindner et
al. 2010; Greaver et al. 2016) and impose threats to forest biodiversity (Sala et al. 2000). Although
there is increasing evidence of the (single) effects of climate shifts and N deposition on tree growth,
our understanding of conceivable interaction effects of these drivers of environmental change is
still limited. Furthermore, many forest ecosystems of old cultural landscapes, for example in Central
Europe, are characterized by a long history of land-use changes, which in turn might affect their
response to present changes in environmental conditions (Perring et al. 2016). It is therefore key to
understand the interactive effects of land-use legacies and multiple drivers of global change to
predict future forest responses in terms of important functions such as biomass production and
carbon (C) sequestration. In particular, little is known about the interactive effects of forest history
and drivers of environmental change on tree growth, such as simultaneous water deficits in the
growing season and atmospheric N deposition.

In large parts of Central Europe, beech forest ecosystems represent the potential natural
vegetation, and European beech (Fagus sylvatica L.) is considered to be one of the most
economically and ecologically important tree species (Leuschner and Ellenberg 2017). Beech is
competitively superior to other tree species in many areas of Central Europe, even though it is
acknowledged that beech is highly sensitive to drought (Leuschner and Meier 2018), meaning that
beech shows higher climate warming-related growth declines compared to other European tree
species (Zimmermann et al. 2015). The climate-growth response of beech was observed to vary
with factors such as precipitation (Muller-Haubold et al. 2013), elevation (Di Filippo et al. 2007;
Dulamsuren et al. 2017), forest management history (Mausolf et al. 2018b), and tree species
composition of the stand (Metz et al. 2016).

There is evidence that N deposition (as a single driver of environmental change) has several
effects on forest ecosystem functioning. According to Michel et al. (2018), atmospheric deposition
of reactive N compounds in forest ecosystems enhances the risk of soil acidification, or has
profound consequences for forest productivity and plant species composition. N deposition has been
found to reduce the diversity and alter the species composition of the forest ground vegetation and
of epiphytic lichens in temperate forests (Bobbink et al. 1998). On the tree level, N deposition can
increase both foliar N content and stand leaf area, thereby promoting C gain and C sequestration
(De Vries et al. 2014; Schulte-Uebbing and De Vries 2018). Correspondingly, a stimulating effect
of moderate N deposition on stem growth increment was found for temperate beech forests
(Gentilesca et al. 2018).

For beech, experimental (Dziedek et al. 2016, 2017) and observational (Hess et al. 2018) studies
demonstrated that the combined effects of multiple global change drivers are non-additive, where
N deposition enhance a trees’ climate sensitivity. This response was mainly related to an increase

in the shoot-to-root ratio. According to the ‘resource optimisation hypothesis’, which predicts plants



ENVIRONMENTAL CHANGE EFFECTS ON BEECH TREE GROWTH

to allocate less C to roots and to increase shoot-to-root ratio with increasing nutrient availability
(Agren and Franklin 2003), an increase in drought sensitivity of fertilised plants can be attributed
to both: changes in the fine root system (Dziedek et al. 2017; Hess et al. 2018) and higher
evaporative demands aboveground (Meyer-Griunefeldt et al. 2013). Thus, we can assume a direct
non-additive effect on radial growth, when two environmental change drivers (water deficits and N
deposition) act together.

Beside this direct effect of environmental change drivers on the radial stem growth of beech, the
increased frequency of mast years (for example, years with a high fruit production) in European
beech stands has been identified as a cause of periodic growth declines (Hacket-Pain et al. 2015).
Instead of investing resources such as C and N into radial growth, they are consumed to produce
large seed crops, which reduces radial growth in mast years (‘reproduction-growth trade-oftf’;
Hacket-Pain et al. 2015). Evidence exists that high temperatures or high solar radiation in the
previous summer functions as triggers of high seed production (Mduller-Haubold et al. 2015),
suggesting a second pathway, through which future climate extremes could influence the radial
growth of beech (Hacket-Pain et al. 2018). However, the impact of N deposition on seed production
is still debated (Miller-Haubold et al. 2015; Braun et al. 2017). It is conceivable that N deposition
exerts an indirect, mast-mediated effect on the radial growth of beech as well and thus (non-
additively) interacts with climate extremes.

In regions with a long forest use history, the currently acting drivers of global change and their
effect on forest productivity and stress response may further depend on possible legacies of former
land-use, which likely act through altered soil nutrient and/or water availability (Blrgi et al. 2017,
Maes et al. 2019). For example, former land-use such as past agricultural activity has been found
to cause long-lasting shifts in soil chemical properties (Fraterrigo et al. 2005; von Oheimb et al.
2008; Kopecky and Vojta 2009; Blondeel et al. 2018) and soil microbiomes (Fichtner et al. 2014;
De la Pefia et al. 2016) in recent forest ecosystems. Altered edaphic conditions due to land-use
legacies, in turn, were shown to indirectly affect the susceptibility of tree growth to adverse climatic
conditions (von Oheimb et al. 2014), mediated by changes in fine root biomass and morphology
(Mausolf et al. 2018a).

Based on this knowledge we used dendroecological data of beech trees growing in stands
differing in forest history. Additionally we used climate variables, N deposition data, and records
of mast intensity to disentangle possible (non-additive) effects on the growth of adult beech trees
in a fully factorial approach. We hypothesised that (1) forest history, and therefore legacies of
former land-use, alter the response of adult beech trees to the simultaneous acting of water deficits
and high N deposition, and (2) mast intensity plays a crucial role in mediating the growth response

of beech to water deficits and N deposition.
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4.4 Material and methods

4.4.1 Study sites and study design

The study was conducted in beech forests (Galio-Fagetum community) near the city of Kiel in
Northern Germany (Schleswig-Holstein, 54°19° N, 10°7” E). The area is characterised by a sub-
oceanic climate with a mean annual precipitation of 777 mm and a mean annual temperature of
8.5°C (DWD 2017b). Elevation ranges from 32 to 81 m a.s.l. Soils originated from deposits of the
last (Weichselian) glaciation and consist of till (clay/sandy loam) with varying carbonate content in
deeper soil layers. The predominant soil types are (pseudogleyic) Luvisols.

To assess the effect of former land-use on the growth response of beech to varying
environmental conditions, we identified eight forests dominated by beech (canopy cover of beech
> 90 %) that differed in former land-use history: ancient forests (n = 4), characterised by a continuity
in forest cover of at least 230 years (indicated in historical maps); and recent forests (n = 4),
established between 1870 and 1930 on former agricultural land (grassland: n = 3, arable land: n =
1). To avoid confounding effects between land-use history and stand or site characteristics
(Fraterrigo 2013), we restricted the analyses to stands that were similar in stand structure (that is,
mature, even-aged stands) on sites with similar topography (level terrain) and edaphic conditions
(that is (very) good nutrient and water supply). All investigated beech stands have been managed
for at least 100 years (see Table 1 for further stand and target tree attributes). Within each stand, we
randomly established 2-5 study plots (40 x 40 m), resulting in a total of 28 plots. All trees within a
plot with diameter at breast height (DBH; at 1.30 m) above 7 cm were measured in 2014. For each

measured tree, DBH and species identity were recorded.

4.4.2 Tree-ring analyses

In each plot, we randomly selected ten dominant beech trees of the upper canopy, resulting in a
total of 280 target trees. To determine radial growth rates, we cored target trees at 1.30 m height
above ground and extracted two bark-to-pith increment cores perpendicular to each other from the
southern and eastern side of the trees using a borer of 0.5 cm diameter and 40 cm length (Suunto
400, Vantaa, Finland) in 2014. The preparation and measurement of the wood cores followed the
protocol of Mausolf et al. (2018a) using a core-microtome of WSL (Birmensdorf, Switzerland) for
surface preparation and measuring annual tree-ring width (TRW) from bark to pith with a measuring
table (resolution of 0.01 mm; IML GmbH, Wiesloch, Germany) and the IML software T-Tools Pro
(version 1.4, IML GmbH, Wiesloch, Germany). Subsequently, single TRW series per tree were
cross-dated. We used the cross-dating index provided by TSAP-Win (Version 4.69 k, Rinntech,
Heidelberg, Germany) to evaluate matches between the two cores of a tree. A CDI greater than 20
was used as a threshold. Accordingly, the cores of 37 of the 280 trees (13%) were omitted due to
inconsistent matching between the two cores of a tree. Afterwards, the averaged TRW series per

tree were standardised for size- and age-related differences between trees. We used the moving-
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average standardisation procedure provided by the software TSAP-Win (Version 4.69k, Rinntech,
Heidelberg, Germany) to retain as much as possible of the interannual climate signal within the
chronologies. First, we calculated the 5-year moving average trend of each chronology. In a second
step, tree-ring series were divided by the 5-year moving average trends, resulting in a dimensionless
index of tree-ring width (TRI) (Dulamsuren et al. 2017). Descriptive dendrochronological statistics

were based on individual tree chronologies and calculated using TSAP-Win (Table 4.1).

4.4.3 Climate, nitrogen deposition, and mast intensity data

We used the standardised precipitation-evapotranspiration index (SPEI) to quantify temporal
changes in climatic conditions. The SPEI represents a climatic water balance index that comprises
both precipitation and potential evapotranspiration (Vincente-Serrano et al. 2010) and allows best
to analyse the effects of climate change in beech tree-ring chronologies for variable time scales
(Bhuyan et al. 2017). SPEI data were extracted from the Global SPEI database
(http://spei.csic.es/database.html, accessed 14.09.2017) for the nearest 0.5 grid cell (54°45° N,
10°25° E). We selected climate indices for spring and summer conditions, as beech has been shown
to be most sensitive to climatic variations during these periods (Lebourgeois et al. 2014; Hacket-
Pain et al. 2015; Bosela et al. 2016). For each season, we used aggregated SPEI values based on a
three-month period (that is, SPElsying for March, April, May; SPElsymmer for June, July, August;
Figure C1).

Nitrogen deposition data (Ngep) for the years 2000-2013 were provided by the German
Environment Agency (UBA, Dessau, Germany) and based on monthly deposition measurements
within a grid of gauging stations across Germany (UBA 2014). Measurements were conducted with
wet-only-samplers (type ARS 721, according to the VDI standard 3870) (LLUR 2010; UBA 2014).
Neep Sampling was conducted near the city of Bornhdved in the framework of the Level 11 permanent
monitoring plot network which is part of the International Co-operative Program on the Assessment
of Air Pollution Effects on Forests, established to perform ecosystem-related studies on cause-effect
relationships (Michel et al. 2018). Distance between the Nqep Sampling site and the investigated
forest sites is 35 km at maximum; we therefore assume that the Bornhdved data describe the
deposition climate at our sites well. Ngep-values were calculated as the sum of the amount of N
deposited in the form of ammonium (NH4*-N in kg ha al) and nitrate (NO3-N in kg ha' a?). To
reduce the number of explanatory variables in our models, we used Pearson correlations between
Naep-values of different time scales and annual TRI values of single trees. We tested for correlation
between the seasonal (spring and summer) totals of deposited N in the year of ring formation and
in the year previous to tree-ring formation, as well as for the totals of deposited N during the entire
growing season (April to October) and annual deposition data. The tightest correlation between TRI
and Ngep-values was found for values of the current growing season and Ngep for the current summer
(r=-0.37; P<0.001; r =-0.38; P < 0.001; Pearson correlation between TRI and deposited N during

63



64

ENVIRONMENTAL CHANGE EFFECTS ON BEECH TREE GROWTH

growing season and summer, respectively). As Ngep in the growing season (Ngepes) and Ngep in
summer show a high collinearity; we only used Ngepcs as explanatory variable (Fig. C1).

Information about the frequency of beech masting was derived from Dammann et al. (2016),
who give masting intensity as the percentage of beech trees showing high seed production in a given
year in the federal state Schleswig-Holstein. Since masting events generally occur synchronously
over larger spatial scales (Packham et al. 2012), data from Dammann et al. (2016) were considered
applicable for our study sites (see Hacket-Pain et al. 2018 for a similar approach).

4.4.4 Fine root data and soil chemical properties

To characterise beech fine root mass at each of the 28 plots, we randomly selected six sampling
locations per plot for the fine root inventory in October 2015. Sampling was conducted by using a
soil borer (3.5 cm diameter) to a depth of 30 cm of the mineral horizon. The soil cores were divided
in two fractions, 0-10 cm depth and 10-30 cm depth. To determine the fine root, biomass and
necromass root samples were cleaned from soil residuals above a sieve (mesh size 0.5 mm).
Afterwards fine root fractions (rootlets >10 mm in length, <2 mm in diameter) were divided by
species identity (beech vs. other species) and living and dead rootlets under a stereo-microscope.
Selection criteria (that is, colour, root elasticity and cohesion of the cortex, periderm and stele)
following Hertel et al. (2013). Sorted fine roots were dried at 70°C for 24 h; afterwards dry matter
of living and dead beech fine roots was determined for each soil depth separately. As the highest
proportion of the fine root system is located in the uppermost soil layers, here we only use the values
for 0-10 cm depth.

In addition, soil chemical properties of the 28 plots were analysed in 2015 and published by
Mausolf et al. 2018a (for a description of the methods see Mausolf et al. 2018a). The chemical
characterisation of the soils showed differences between the stands which are likely caused by
former land use. Soils of recent forests were associated with significantly lower carbon to
phosphorus (C/P) ratios and a tendency towards a higher base saturation (BS). Soil chemical

properties of the uppermost 10 cm of the mineral soil are shown in Table C1.

4.4.5 Data analysis

The time series of available Ngep data restricted our analyses to the period 2000-2013. In this
interval, we found 6 years with positive and 8 years with negative SPElspying-values, whereas 8 years
were characterised by positive and 6 with negative SPElsunmer Values. Nitrogen deposition during
the growing season (Ngepcs) ranged between 5.3 and 10.2 kg N ha* a* (Figure C1). We applied
linear mixed-effects models to test whether Naepcs, shifts in the climatic water balance during spring
(SPElspring) and summer (SPElsummer), and former land-use (forest history) exert interacting effects

on TRI. To account for spatial dependency, ‘study plot’ was used as a random effect. We used a
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compound symmetry correlation structure to account for temporal autocorrelation among years
(‘tree’ nested in ‘plot’; Zuur et al. 2009). Competing models were evaluated by sequential
comparison (backward selection) based on the Akaike Information Criterion (AIC) and maximum
likelihood. Furthermore, we simplified the models with the lowest AIC value by removing non-
significant terms. Parameter estimates of the final models were fitted using the restricted maximum
likelihood (REML) method (Zuur et al. 2009). We fitted a global model containing climatic
conditions during spring and summer to account for both effects simultaneously. All continuous
predictors were standardised (mean=0, SD=1) before analysis.

To evaluate the linkage of N deposition during the growing season and tree growth, we
performed confirmatory path analysis by using structural equation model (SEM) techniques (Grace
et al. 2012; Lefcheck 2016). As the radial growth of beech is greatly influenced by masting which
is triggered by high temperatures during the previous summer, we included information on masting
intensity and the mean maximum temperature during previous June and July (Maxy;.1) derived from
the CRU TS gridded dataset (v 4.01, Harris et al. 2014) to our models (see Hacket-Pain et al. 2018
for a related approach). We hypothesised that the effect of N deposition on radial growth consists
not only of a fertiliser effect, that is, a direct influence on tree growth, but there is also an indirect
pathway of N deposition on tree growth mediated through masting intensity. Confirmatory path
analysis was performed for each forest history type (ancient forests vs. recent forests) separately,
using pooled values of TRI per year and forest history type to reduce all variables to single annual
values. To account for temporal correlation among subsequent years, we used generalised least
square models with a first-order autoregressive correlation structure. Model fits were evaluated by
using the model fit statistics Fisher’s C and P-values. Models were checked for missing paths by
using the dSep-function of piecewiseSEM.

Prior to analyses, data exploration was performed following Zuur et al. (2010) and model
assumptions were visually checked and confirmed according to Zuur et al. (2009). All analyses
were conducted in R (version 3.5.1) using the packages MASS (Venables and Ripley 2002), nmle
(Pinheiro et al. 2016), piecewiseSEM (Lefcheck 2018) and vegan (Oksanen et al. 2016).

4.5 Results

On average, TRW tended to be higher in recent than in ancient forests (2.51 mm vs. 2.17 mm,
respectively), but this difference was not significant (Table 4.1). However, ancient forests showed
a significantly lower mean minimum TRW than recent forests (0.88 mm vs. 1.25 mm, P < 0.05,
Table 4.1). The best-fitting growth model revealed positive effects of SPEI and negative effects of
Naepas, With the effect of Ngepas 0n TRI being stronger than that of SPEI (Table 4.2).
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Table 4.1 Summary statistics of structural stand characteristics of the 28 study plots in 2014 and target tree
characteristics of the 243 target trees for the period investigated (2000-2013). VValues are means and standard
errors (SE, in brackets). Significant differences (P < 0.05) between the two forest history types are highlighted
in bold. P-values for target tree characteristics were obtained from mixed-effects models using study plot as
random effect; all stand characteristics data from Mausolf et al. (2018a). TRW Tree-ring width index, SD
standard deviation, AC first-order autocorrelation.

Ancient forests Recent forests
Mean (SE) Mean (SE)

Stand characteristics
Forest continuity (years) > 230 100-140
Stand density (stems ha) 177.94 (18.60) 198.08 (14.25)
Stand basal area (m? ha't) 34.49 (1.74) 34.41 (2.06)
Species composition (%)

Beech 95.84 91.70

Others 4.16 8.30
n(plots) 15 13
Target tree characteristics
Age (years)? 126.89 (1.48) 101.31 (2.30)
Mean diameter at breast height (cm) 58.23 (0.56) 54.07 (0.70)
TRW2000-2013 (mm) 2.17 (0.07) 251 (0.09)
Maximum TRW000-2013 (mm) 3.49 (0.09) 3.95 (0.12)
Minimum TRW2000-2013 (Mm) 0.88 (0.04) 1.25 (0.07)
SD (TRWa2000-2013) 0.77 (0.02) 0.78 (0.02)
AC (TRW2000-2013) 0.21 (0.02) 0.30 (0.02)
n(trees) 134 109

1: values are related to cambial age at coring height

The best-fitting growth model showed a three-way interaction between Ngepcs, SPElspring and
forest history type (Fig. 4.1; Table 4.2; P = 0.006). Under low Ngepcs, radial growth in both forest
history types was only little influenced by negative climatic water balances during spring; a negative
response in radial growth, that is, negative TRI values, due to water deficits was predicted to occur
only in the trees of the ancient forests (Fig. 4.1a). In contrast, radial growth of trees growing in
recent forests did not show a strong response to water deficits in spring and responded only slightly
with increased radial growth rates to a more positive climatic water balance. In the ancient forests,
radial growth was significantly promoted by a more positive climatic water balance (Fig. 4.1a).
Moreover, the increase in radial growth rates was steeper in ancient forests than in recent forests
under slightly negative SPElsying Values. Although deterioration of the climatic water balance did
not have a marked negative effect on TRI under low Ngepes rates, high Ngepes caused a strong
negative response of radial growth rates in both forest history types even under ample water supply
(Fig. 4.1b). The negative response in radial growth rates under negative SPElsying Values was
stronger for the trees of ancient than recent forests.

The best-fitting growth model indicated that high Ngepes and negative SPElsummer Values have a

negative interactive effect on TRI (Fig. C2; P < 0.001), and this effect was consistent across forest
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history types. Furthermore, radial tree growth responses tended to be more sensitive to water deficits
during summer in recent forests, as indicated by the marginal significant interaction between
SPElsummer and forest history type (P < 0.0572). Due to the marginal significance, this interaction
term was removed from the best-fitting growth model. In contrast to the effects of SPElspring, We

found no significant three-way interaction between Ngepcs, SPElsummer and forest history type.
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Figure 4.1 Effect of forest history type (ancient vs. recent forests) on the growth (tree-ring width index, TRI)
response of European beech to interannual fluctuations in the climatic conditions during spring (2000-2013)
considering (a) years with low nitrogen (N) deposition (30% quantile) and (b) years with high N deposition
(70% quantile). The climatic gradient is characterised by the standardised precipitation-evapotranspiration
index (SPEI) aggregated for the months March to May. Negative SPEI values display conditions with a
tendency of water deficits (negative climatic water balance), positive values display conditions with ample
water supply (positive climatic water balance). Lines correspond to the predicted response based on mixed-
effects models and shaded areas indicate the 95% confidence interval.

For each forest history type, the confirmatory path analyses provided a good fit to the data
(Fisher’s C = 1.787, P = 0.409, df = 2 for ancient forests; Fisher’s C = 1.219, P = 0.544, df = 2 for
recent forests). Directed separation analysis confirmed no missing paths within the models. The
path analyses confirmed a significant indirect effect of Ngepss On radial tree growth through masting
intensity. Ngepss Was positively related to masting intensity (with 31% of the variation of masting
intensity explained), which in turn negatively affected TRI. This effect was only significant for the
trees of the ancient forests (Fig. 4.2). A direct effect of Naepes on TRI was not significant for both
forest history types, and it tended to be negative. The explained variation in TRI was slightly higher

for ancient forests R? = 0.36 and R? = 0.45 for recent and ancient forests, respectively).
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Table 4.2 Regression coefficients of the best-fitting mixed-effects models for tree-ring width index (TRI) of
European beech for spring and summer.

Estimate (SE) P-value
Intercept -0.095 (0.01) <0.001
SPEI spring 0.387 (002) <0.001
SPEI summer 0.423 (0.02) <0.001
Ndepcs -0.457 (0.02) <0.001
Forest history type (RF) -0.013 (0.01) 0.234
SPEI spring X NdepGS 0.168 (002) <0.001
SPEI summer X Ndep GS 0305 (002) < 0001
Neepes X RF 0.076 (0.02) 0.001
SPEI spring X RF -0.092 (0.03) <0.001
SPEI spring X Neepas x RF 0.047 (0.02) 0.006

Predictor estimates were standardised; hence, their magnitude is
proportional to the effect size. Note that the intercept refers to the
response of ancient forests, whereas ‘RF’ indicates recent forests.
SPElspring  Standardised precipitation-evapotrans-piration index
aggregated for March, April and May, SPElsmmer Standardised
precipitation-evapotranspiration index aggregated for June, July
and August, Naepss total of deposited nitrogen (N) during the
growing season (April-October; kg N ha'* a1), SE standard error
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Figure 4.2 Confirmatory path analyses linking nitrogen (N) deposition and climate conditions, mast intensity
and tree growth in (a) ancient forests and (b) recent forests across the years 2000-2013. Black solid, grey
solid, and dashed lines indicate significant (P < 0.05), non-significant (P > 0.1) and marginal significant (P
< 0.1) relationships, respectively. Positive and negative numbers at arrows are standardised regression
coefficients; thus, the magnitude of the coefficients is proportional to their effect size. R?-values for each
endogenous variable are given below the boxes. Abbreviations: Ml Mast intensity (% of trees showing a high
seed production), TRI Tree-ring width index, Ngepes Cumulative amount of N deposited during the growing
season (April-October, kg N ha?' a?), Max;;.1 Mean maximum temperature during June and July of the
previous year.

4.6 Discussion

Our findings confirm our first hypothesis that forest history, and therefore legacies of former

land-use, alters the response of adult beech trees to the simultaneous effects of water deficits and
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high N deposition. The separate analysis of data from spring (March to May) and summer (June to
August) produced different results with respect to the role of forest history in modulating the radial
growth response to multiple envornmental change drivers. On the one hand, high N deposition
combined with summer water deficits led to a negative trend in radial increment in both forest
history types. On the other hand, sensitivity to high N deposition and water deficits in spring was
higher in trees from the ancient forests, as indicated by the three-way interaction between spring
climate conditions, N deposition during the growing season, and forest history type.

4.6.1 Direct effects of N deposition and water deficits on radial growth

In general, our results are in line with other studies on the effects of high N deposition, which
found antagonistic effects of high N loads and high growing season temperatures on the radial
growth of adult beech (that is, Braun et al. 2017; Hess et al. 2018). Hess et al. (2018) suggested that
N fertilisation triggers an aboveground shift in plant-internal resource allocation which is in line
with the predictions of the resource optimisation hypothesis (Agren and Franklin 2003) and
assumed a possible decline in root productivity. A reduced fine root biomass in N-rich soils as the
consequence of high N deposition could explain a lower radial growth rate in the face of water
deficits, as the trees might be more susceptible to summer water deficits in both forest history types.

Radial growth of trees in recent forests tended to be more sensitive to water deficits during
summer than radial growth of trees in ancient forest stands (interaction SPElsummer X forest history
type; P =0.0572). This might be the result of differences in the fine root biomass of the investigated
stands, which in turn are related to changes in soil chemical properties through former land-use
activities (Mausolf et al. 2018a, Table C1). Physiologically even more relevant could be the
observation that the fine root necromass/biomass ratio was about two times higher in the recent than
the ancient forests, pointing at a higher root mortality in the former (Figure C3). Although it is
unclear, whether the lower fine root biomass and higher root necromass/biomass ratio in the recent
forests is a consequence of the higher P and N availability or is caused by other edaphic factors, it
is likely that a reduced fine root biomass/aboveground biomass ratio increases the trees’

susceptibility to water deficits.

4.6.2 N deposition effects on growth mediated through mast fruiting and possible
interaction with water deficits

Interactive effects of water deficits in spring and elevated N deposition increased the sensitivity
of radial growth of trees growing in ancient forests. Confirmatory path analyses clearly suggest that
mast intensity plays a crucial role in mediating growth responses of beech trees to water deficits
and N deposition, thus confirming our second hypothesis. Beech as a masting tree species produces
a large number of nuts every 3-6 years, which alternate with non-seed years (Packham et al. 2012).
As high seed production comes at a high cost in terms of resource consumption, vegetative growth

(that is, radial stem growth) in mast years, and sometimes in subsequent years as well, is lower than
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in non-mast years (Mund et al. 2010; Hacket-Pain et al. 2015; Miller-Haubold et al. 2015). During
recent decades, the frequency of mast events as well as the seed crop itself has increased in many
beech stands across Central Europe (Overgaard et al. 2007; Paar et al. 2011; Miiller-Haubold et al.
2015), suggesting that climatic or edaphic drivers of fruit production have changed. The
mechanisms triggering the synchronous investment of a large amount of resources into reproduction
in beech are still a matter of debate. High temperatures, and also high radiation intensities during
the period of bud formation in previous-year summer were found to be a key driver for the switch
from vegetative growth to the investment of resources into reproduction (Overgaard et al. 2007;
Mdller-Haubold et al. 2015; Hacket-Pain et al. 2018; Lebourgeois et al. 2018). Additionally,
pollination success during spring is a strong driver for the production of large amounts of seed crop
(Pearse et al. 2016; Lebourgeois et al. 2018; Nussbaumer et al. 2018), as beech is a self-
incompatible, wind-pollinated species (Packham et al. 2012). Because beech nuts are relatively rich
in N, nitrogen availability in particular is discussed as a key driver of masting (Smaill et al. 2011,
Bogdziewicz et al. 2017). In a study about the resource consumption with seed crop production in
Fagus crenata, Abe et al. (2016) found that inner seed maturation highly depends on N availability.
Furthermore, Miyazaki et al. (2014) showed that N is a key regulator for the expression of various
genes responsible for flowering in Fagus crenata, indicating that high N availability promotes
flowering and fruit ripening. Hence, the physiological basis for an N deposition effect on the
reproduction dynamics of Fagus is quite well understood. The path analyses confirmed a positive
effect of N deposition on masting intensity in the Fagus sylvatica trees of our study, which is in
agreement with these findings. We are aware of the limitation to generalise results from short-term
N deposition time series (that is, N deposition data were only available from 2000 to 2013 in this
study). However, our results suggest that simultaneously occurring environmental change drivers
may not only affect radial growth responses of beech trees, but may also change their reproductive
behaviour.

An interesting finding is that a significant negative effect of masting intensity on TRI was only
found for trees growing in ancient forests, but not for those of the recent forests. The shift in
resource investment (C and N) from vegetative growth (that is, radial stem growth) to reproductive
growth (that is, seed production) thus seems to be stronger in trees growing in ancient forests. We
hypothesise that the apparently more pronounced reproduction-growth trade-off in ancient forests
is caused by a higher sensitivity of these less disturbed systems to the mast-triggering effect of
increased availability of reactive N compounds, which would be in line with the resource matching
hypothesis according to which a plant’s resource investment varies with resource availability (Abe
etal. 2016; Kelly 1994). Given that more research is needed to evaluate the mechanisms underlying
the observed differences in radial growth response between forest history types, our findings
suggest that recent and ancient forests may be associated with different modes of nutrient
acquisition and recycling, which in turn can influence many other ecosystem properties (Lang et al.

2016). Consistently lower C/P- and C/N-ratios in the soils of the recent forests might therefore
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indicate that these forest history types are characterised by more open (acquiring) nutrient cycles.
In contrast, ancient forests (associated with lower P availability in the uppermost mineral soil layer
and lower N availability in deeper mineral soil layers) likely are characterised by tighter (recycling)
nutrient cycles (Lang et al. 2016), which should be more responsive in growth to reproduction-

mediated effects of additional N input.

4.7 Conclusions

Overall, we assume that the different growth responsiveness of beech in ancient and recent forests
to N deposition and water deficits is likely a consequence of differences in nutrient cycling and
availability, caused by partial interruption of biogeochemical cycles and land-use influences in the
past. Water deficits in spring in combination with elevated N deposition have therefore the potential
to promote a reproduction-growth trade-off of beech trees primarily growing in ancient forests. Our
results indicate that the ‘ecological memory’ of a forest is a crucial component for assessing
ecosystem reactions to simultaneously acting environmental change drivers. It should be noted that
our data do not allow for exploring forest history-mediated effects of simultaneous long-term N
deposition and water deficits on radial tree growth and reproduction behaviour. Thus, it would be
valuable in future research to assess the role of forest history in modulating complex relationships
between co-occurring shifts in environmental conditions based on long-term observations and

larger spatial scales.
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C Supplementary Material

Table C1 Summary statistics edaphic properties of the 28 study stands published by Mausolf et al. (2018a).
Values are means and their standard deviation (in brackets). Significant (P < 0.05) differences between former
land-use types are highlighted in bold. Note that the effects of former land-use on total P (0-10 cm) and C/P
ratio (10-30 cm) were marginally significant (P <0.1).

Recent forests

Ancient forests

(pseudogleyic) (pseudogleyic)
Soil type Luvisol Luvisol
pH (H20)
0-10 cm 4.36 (0.59) 4.22 (0.76)
10-30 cm 4.57 (0.63) 4.47 (0.44)
pH (CaCly)
0-10 cm 3.50 (0.63) 3.40 (0.76)
10-30 cm 3.91 (0.76) 3.75 (0.35)
Total C (%)
0-10 cm 4.55 (1.72) 5.25 (1.24)
10-30 cm 1.33(0.49) 1.49 (0.41)
Total N (%)
0-10cm 0.27 (0.08) 0.31 (0.06)
10-30 cm 0.09 (0.03) 0.08 (0.02)
Total P (mg g})
0-10 cm 0.36 (0.16) 0.28 (0.09)
10-30 cm 0.26 (0.14) 0.17 (0.06)
C:N ratio
0-10 cm 16.31 (1.56) 17.06 (1.74)
10-30 cm 14.55 (2.97) 17.64 (3.41)
C:P ratio
0-10 cm 140.50 (49.50) 201.30 (64.68)
10-30 cm 69.43 (43.53) 102.11 (58.84)
Npa (Mg g™
0-10 cm 0.05 (0.02) 0.04 (0.02)
10-30 cm n.a. n.a.
CEC (mmol kg
0-10cm 11.59 (2.80) 11.05 (1.82)
10-30 cm 8.35 (3.83) 7.61 (2.18)
BS (%)
0-10 cm 34.35(19.61) 25.70 (6.40)
10-30 cm 41.35 (7.57) 43.24 (14.18)
n(plots) 13 15

C carbon, N nitrogen, P phosphorus, Npa amount of plant available nitrogen (total NH4* and NOs™ concentration), CEC
cation exchange capacity, BS base saturation, n.a.: not available.
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Figure C1 Seasonal (spring: March-May, dotted line; summer: June-August, solid line) standardised
precipitation-evapotranspiration index (SPEI) for the study site. Negative values indicate water deficits. Dark
grey bars show the amount of total nitrogen deposition during the growing season (April-October) for each
year. Pale grey bars show the mast intensity for each year (for an easier visualisation mast intensity values
were divided by 10).
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Figure C3 (a) Living fine root biomass (g m ) in ancient (AF) and recent (RF) forest and (b) fine root
necromass (g m ) in ancient (AF) and recent (RF) sampled in October 2016. Mean values for ancient forests:
175.69 g m ( 10.50) fine root biomass, 6.33 g m™ (+ 0.75) fine root necromass and mean values in recent
forests: 113.76 g m2 (+ 12.20) fine root biomass, 12.23 g m? (+ 1.62) fine root necromass. Differences
between forest history types were tested by using linear mixed-effects models with ‘plot’ used as random
effect. Values for fine root biomass differed significantly between types (P = 0.0295), as well as the values
for fine root necromass (P = 0.0129).
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5. SYNTHESIS AND CONCLUSIONS
5.1 Main findings

Many recent research approaches in ecosystem sciences have addressed the impact of human
activities on the biosphere (Austin 2011). This has caused a shift in ecology from describing the
actual state of ecosystems towards predicting their temporal dynamics taking ongoing
environmental changes into account (Perring et al. 2018). More recently, there is an increasing
awareness of the importance to include past anthropogenic ecosystem changes and the resulting
legacy effects to understand present and future ecosystem responses to global environmental
changes (Perring et al. 2016). Particularly, the evaluation of legacy effects on forest ecosystem
processes are of high interest, as long-lived organisms, such as trees, are not able to adapt rapidly
to abrupt environmental changes. In this context, the presented thesis analysed the growth dynamics
of one of the ecologically and economically most important deciduous tree species (European
beech) of Central Europe (Leuschner and Ellenberg 2017). Overall, the presented thesis provides
evidence that forest history, in terms of former land-use history as well as management history,
plays an important role in modulating present tree growth responses to drivers of environmental

changes. Specifically, the presented thesis identified that:

1) Legacy effects of former land-use induce a greater susceptibility of beech tree growth to

summer water deficits.

I) Legacy effects of former forest management cause a greater susceptibility of beech tree

growth to spring water deficits.

I11) Simultaneously acting water deficits in spring and high N deposition cause a stronger radial

growth decline for beech trees located in ancient forests.

5.2 The underlying mechanisms

5.2.1 How legacy effects modulate tree growth response to water deficits

Beyond the identification of differences in the growth patterns of trees growing on sites which
vary in their ecological continuity, the presented thesis aimed to identify the mechanisms underlying
the observed differences in aboveground productivity of beech trees. Land-use legacies in recent
forest soils were identified to cause changes in fine root biomass and morphology in recent forests.
The fine root system related differences, in turn, modulate the climate-growth relationships of trees
growing on afforested sites compared to trees growing on sites with a long ecological continuity.

Under ample water supply (which is mostly the case in the sub oceanic climate of Schleswig-
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Holstein’s eastern moraine landscape) the observed alterations in fine root traits cause higher
growth rates for the trees in recent forests. In contrast, the growth-optimised fine root systems in
recent forests lead to higher growth declines when water deficits occur. (Fig. 5.1).

Here, the fine root biomass as well as the functional traits of the fine root system are crucial for
buffering against environmental changes such as the more frequent occurrence of water deficits, as
the fine root system determines a tree’s growth via nutrient and water uptake. Although there is
increasing evidence that fine root traits are multidimensional (Kramer-Walter et al. 2016), the fine
root analyses carried out within the project of this thesis showed that within-species modifications
in size and morphology of the fine root system may reflect differences in the whole-plant economics
spectrum between trees growing in ancient and recent forests (Reich 2014). Specifically, the
observed 55% higher standing fine root biomass in ancient forests shows that these trees likely
invest a higher amount of C into their fine root systems. Moreover, the greater specific root length
and lower root tissue density in recent forests probably explain — at least in part — differences in
aboveground productivity. Indeed, trees with a higher specific root length generally have a higher
hydraulic conductance (Huang and Eissenstat 2000), and it is thus likely that radial growth rates are
higher during favourable climatic conditions, but lower during water deficits due to a greater
susceptibility to cavitation and xylem dysfunction (Tyree 2003). Modifications in the fine root
system (in terms of fine root biomass and morphology) are likely caused by a higher soil fertility
(in particular phosphorus content) in recent forests due to former agricultural use.

The lower specific root length observed in ancient forests, however, might contribute to a greater
root lifespan and a more diverse colonisation of fine roots by ectomycorrhizae (Comas et al. 2014;
Reich 2014; Weemstra et al. 2016), as fungi are more diverse and abundant in ancient forest soils
(Fraterrigo et al. 2006). Optimised mycorrhizal associations in ancient forest soils could therefore
also explain the lower susceptibility of these trees to water deficits through an enhanced water

transport capacity under low water availability (Brunner et al. 2015).
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Figure 5.1 The land-use legacy effect cascade of former land-use on current tree growth. Past agricultural
land-use causes long-lasting differences in soil chemical properties, particularly with regard to the phosphorus
(P) content, the carbon (C) to nitrogen (N) ratio, and the C:P ratio in recent forest soils. These changes lead
to differences in the nutrient availability and cause significant differences in the fine root biomass and the
morphology of the fine root system. Differences in the size and morphology of the fine root system alter the
amount of water and nutrients that can be taken up from the soil, causing higher growth declines for trees in
recent forests under water deficits in summer.

Exploring the mechanisms underlying a higher susceptibility to spring water deficits of beech
growing in managed compared to trees in unmanaged forests requires focusing on tree morphology.
The presented thesis shows that tree morphology is modulated by forest management practice. In
this context, structural overshoot has been identified as an important mechanism explaining the
observed difference in climate-growth responses.

Structural overshoot designates the facilitation of tree growth via favourable environmental
conditions (e.g. releasing trees via management) and the accompanied risk of a temporal mismatch
between water demand and availability in times of water deficits (Jump et al. 2017). The tree
morphology of beech responds sensitively to disturbance intensity (e.g. management history;
Fichtner et al. 2013). For example, beech reacts quickly to improved light conditions by space filling
via crown expansion (Lebourgeois et al. 2014). This is in line with the results of this thesis, where
trees in managed forests are characterised by larger crown projection areas in comparison to trees
in unmanaged stands. Due to the positive relation between crown size and a tree’s leaf area, and
thus an increase in photosynthetic activity and evapotranspiration, a higher water demand can be
assumed for the trees in managed stands (Niinemets 2010).

Beyond the changes in crown size, it is likely that the released trees in managed forests also
adapt their hydraulic system after logging activities (Noyer et al. 2017). Adaptions of the hydraulic
system such as an increase in vessel diameter can lead to a higher risk of hydraulic failure and

embolisms. In this case, a full restoration of the transport system usually occurs only after new ring
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formation the following year (Bréda et al. 2006). Thus, the higher water demand of trees growing
in the local neighbourhood of management gaps, which is caused by adaptions of crown size to new
environmental conditions, can explain the higher susceptibility to spring water deficits.
Furthermore, a likely but time-lagged adaption of the trees’ hydraulic systems might be another
factor increasing — at least in the intermediate term — the sensitivity to spring water deficits.

Conversely, radial growth is promoted under favourable climatic conditions.

5.2.2 Effects of simultaneously acting global change drivers: An ecological surprise?

Experimental studies on beech saplings proved a fertilising effect of N additions.
Simultaneously, sensitivity to drought events increased due to an increase in shoot-to-root ratio
(Dziedek et al. 2017). The ‘resource optimisation hypothesis’, which predicts that plants allocate
less C to roots and increase their shoot-to-root ratio with higher nutrient availability (Thornley 1972;
Agren and Franklin 2003), can well explain the altered sensitivity of fertilised plants to water
deficits through changes in the fine root system (Dziedek et al. 2017; Hess et al. 2018). Even for
adult beech trees a (non-additive) negative effect of high N deposition and increasing summer
temperatures on the radial growth was proven (Hess et al. 2018).

The presented thesis showed that the sensitivity to summer water deficits was enhanced by high
N deposition in both forest history types, while soil legacy-mediated differences in the fine root
system (e.g. necromass:biomass ratio) might explain the higher susceptibility of trees growing in

recent forests to water deficits in summer. In contrast, growth declines in response to spring water

deficits and high N deposition are higher for trees in Box 4
ancient forests. This is, with respect to previous Ecological surprises can be defined as
expectations, an ecological surprise (Filbee-Dexter et
al. 2017; Box 4).

Within paper Il we were able to show that the

situations in which expectations or
predictions of natural system behavior

deviate from observed ecosystem

interacting effects of spring water deficits and N behavior, thus discovering something

deposition likely lead to an increasing investment of about an ecosystem that runs counter

resources to reproduction (i.e. seed production), which to previous knowledge (Filbee-Dexter

also causes observable growth declines in beech et al. 2017).

(‘reproduction-growth trade-off’; Hacket-Pain et al.

2015). In recent decades an increase in the frequency and intensity of mast events has been observed
in beech stands across Germany (Paar et al. 2011), thus it can be assumed that a change in the
drivers for mass fructification has taken place. In this context, nitrogen is discussed as a key
resource and regulator for mass fruiting in the taxa Fagus (Miyazaki et al. 2014; Miller-Haubold
et al. 2015). Apparently, the possible triggering function of high N deposition is stronger for trees
growing in ancient forests. We assume that the phosphorus legacy effects of former land-use

modifies the response in tree growth to multiple global change drivers.
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Forest ecosystems with a low phosphorus availability, such as the investigated ancient forests,
were shown to be associated with tight nutrient cycles (Lang et al. 2016). Moreover, the 55% higher
standing fine root biomass in the uppermost soil layers offers a larger absorptive area, which may
increase the responsiveness to additional N inputs. In this context, more research is required to test,
for example, if there is a ‘N availability threshold’ for beech trees to switch to fruit investments.
Possibly, this can help to explain the observed negative relationship between high N deposition ( >
26 kg ha* a!) and basal area increment rates in beech (Braun et al. 2017).

More generally, the observed growth declines linked to global change stressors can be partly
explained by allocation processes to reproduction. An increased resource investment to
reproduction is not necessarily an indicator for a reduction in the vitality of trees. This is an
important finding, as future dendroecological approaches need to keep in mind that tree-ring
measurements of beech can reflect both growth declines caused by unfavourable growing
conditions and resource allocation processes within the tree (i.e. towards reproduction and/or the
root system).

5.3 Conclusions

Overall, the presented thesis emphasises the important role of ecological continuity in
modulating the response of beech forests to global environmental changes. Forest history in terms
of both former land-use and management was identified to critically alter radial growth rates of
beech when facing drivers of global change.

In particular, soil phosphorus legacy effects have been shown to cause modifications in the fine
root systems and thus explain altered growth patterns in trees growing on forest sites differing in
their ecological continuity. These modifications of the fine root systems lead to a higher
susceptibility to summer water deficits for beech trees growing on recent forest sites. Moreover,
forest management legacies modulate the climate-growth response of adult beech trees to spring
water deficits via changes in tree morphology caused by tree release in managed forests. This
finding emphasises the need to consider trade-offs between maximised radial growth rates and
climate sensitivity while evaluating forest management practices.

Combining the findings of papers | and Il, it can be concluded that radial growth of beech in
ancient, unmanaged forests is less sensitive to water deficits than in recent and managed beech
forests. This can be of economic importance and of high relevance for political decisions as a lower
sensitivity of growth to water deficits ensures continuous carbon sequestration rates. Thus, in the
midst of global environmental changes, unmanaged, ancient Baltic beech forests hold a unique
position in both hosting threatened animal, plant, and fungal species, and climate change mitigation.

While studying the combined effects of simultaneously acting global change drivers, the
presented thesis provides evidence that tree-ring widths series of beech do not allow an unrestricted

usage for assessing possible direct stress impacts on radial tree growth. In fact, the study conducted
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within this thesis shows that the effects of simultaneously acting global change drives, visible as
growth declines in tree-ring series, are partly caused by allocation processes. This finding highlights
the importance to consider possible confounding effects in tree-ring series when using them to
assess growth responses to environmental change processes. Decreasing growth rates caused by
increasing seed production do not necessarily reflect a reduction of tree vitality. On the contrary,
the increased seed production might have a positive effect on natural forest regeneration in the
investigated forests.

In summary, the presented thesis has shown that forest history modulates growth responses of
beech to global environmental changes through legacy-mediated changes in the trees’ above- and
belowground morphology. This indicates that the ‘ecological memory’ of a forest iS a crucial
component in determining the forest ecosystem trajectory in the midst of global environmental
changes.
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