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Summary

Anthropogenic emissions of greenhouse gases, particularly carbon dioxide, have
induced fundamental changes in both global and regional climate conditions. At the
same time, global nitrogen (N) availability has risen dramatically as a result of both
increased fertilizer use and increased emissions of N oxides as a by-product of fossil
fuel combustion. These past changes in N deposition rates and climate, particularly
temperature, have had large impacts on forest ecosystem productivity, and will
further impact forests throughout the 21* century. Tree isotopic composition of both
carbon (8"°C) and oxygen (8'*0) are often used in a multi-parameter approach with
tree growth measurements to investigate tree response to past environmental
changes. The application of tree "N in environmental investigations is, however,
rare in comparison to those using 8"°C or &'0. This is partly due to technical
problems associated with very low N concentrations in tree-rings (relative to C),
while there are also uncertainties concerning our understanding of the movement of
N within the tree. Furthermore, the lack of long-term N deposition datasets has made
the response of tree growth to past changes in N availability, as well as interactions

with changing climate conditions, difficult to determine.

This thesis consists of three studies aimed at determining the suitability of the
application of tree "N in environmental investigations, as well as assessing the past
response of both tree growth and physiology to changes in N deposition and climate.
This was achieved using tree-ring growth data and tree-ring and foliage isotopic data
of 8"N and 8"”C from both European beech (Fagus sylvatica (L.)) and Norway
spruce (Picea abies (L.) Karst), together with selected environmental variables, from

a number of sites across Switzerland.

Chapter 1 describes a study in which trees under experimentally elevated N
deposition since 1995, labelled with "N in 1995/6, and felled in 2010 were used to
determine the extent of the movement of N across tree-rings of P. abies.
Furthermore, the necessity of the extraction of mobile N compounds from wood
material prior to N isotope analysis was also tested. Finally, it was possible to

determine whether tree growth of these trees had increased as a result of the
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experimentally increased N deposition. The "N label was found throughout the tree
sapwood, in tree-rings formed both before (back to 1951) and after (up to 2010) the
label application, demonstrating the bidirectional mobility of N within the tree stem.
Label recovery, however, was higher in tree-rings formed after labelling, indicating
the trees actively metabolised N from previously formed tree-rings towards the
newer tree-rings to fulfil N sink demands, as well as the continued uptake of the "N
label from the soil. We found no significant difference in the isotopic composition
of either 8N or 6"°C values in tree-rings that had undergone extraction of mobile N
compounds compared to control tree-rings. Finally, there was no increase in radial
stem growth in response to the increased N deposition, suggesting the measured
trees may not be N-limited. The high mobility of N within the tree stem indicates
that the use of tree-ring 8N in environmental investigations is difficult, while the
removal of these mobile N compounds has no effect on the tree-ring N isotopic

composition.

In Chapter 2, the spatial and temporal intra-tree variation of 8"”N and 6"C was
investigated using tree-ring chronologies and archived foliage samples of both F.
sylvatica and P. abies from six long-term monitoring sites. This was complemented
with selected environmental variables in order to determine the suitability of using
tree-ring 8" N as a proxy for foliar "N in environmental investigations. Tree-ring
O"”N was significantly less negative than foliar 8"”N for both species, partly
attributed to N recycling processes required to fulfil high N demands in foliage.
While tree-ring 8"°C was significantly related to foliar 8"°C in P. abies, there was,
however, no significant relationship between tree-ring and foliar 8N in either
species. The difficulties in applying tree 6N values to study tree response to
changing environmental conditions were emphasised by the fact that none of the
environmental variables considered, including N deposition, were able to explain the
variation in either tree-ring or foliar 8"°N. Together, these results suggest that the
use of tree-ring 8”N as a proxy for foliar 8”N in long-term environmental

investigations would be unsuitable.

Chapter 3 focused on the response of tree growth and physiology to changing

environmental conditions during the 20" century. This was done using tree growth
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measurements of both F. sylvatica and P. abies together with long-term datasets of
selected environmental variables, including modelled N deposition, at eight sites
across Switzerland. Furthermore, we used tree-ring 6"°C values of F. sylvatica to
investigate changes in tree intrinsic water-use efficiency (WUE,) to changes in N
deposition, temperature and precipitation at one mixed forest site (Ligeren) during
the 20" century. Tree growth often increased significantly with increased
precipitation and decreased significantly with increased temperature at the eight
sites, highlighting the importance of water availability for tree growth in
Switzerland. One high altitude site demonstrated increased tree growth with
increasing temperatures, suggesting temperatures are below optimum for tree
growth at this site. While tree growth increased significantly with N deposition at all
eight sites, WUE, (the ratio of net photosynthesis to mean stomatal conductance)
also increased significantly with both N deposition and summer temperature at
Ligeren. High WUE, between 1960 and 1990 was attributed to increased drought-
stress associated with N-induced increases in tree growth. High WUE,; values in the
more recent decades, however, were attributed to reduced stomatal conductance
associated with high temperatures and subsequent increases in vapour pressure
deficit (VPD). These results imply that the primary environmental driver of high
WUE, at Ligeren has shifted from N deposition between 1960 and 1990 to
temperature in the more recent decades, and that trees at Ligeren may become more
susceptible to drought as temperatures increase during the 21 century, despite

decreases in N deposition.

The results of this thesis demonstrate the limitations of using tree-ring 8N in
environmental investigations, primarily due to the high movement of N within the
tree. In addition, with a long-term N deposition dataset, it was possible to show that
the increase in N deposition in the second half of the 20" century significantly

altered both tree growth and physiology.
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Zusammenfassung

Die anthropogenen Emissionen von Treibhausgasen, insbesondere von CO,, haben
sowohl regional als auch weltweit zu grundlegenden Verdnderungen der
Klimabedingungen gefiihrt. Gleichzeitig ist die globale Verfiigbarkeit von Stickstoff
(N) durch die vermehrte Nutzung von Diingemitteln und dem erhéhten Ausstoss von
Stickoxiden bei der Verbrennung fossiler Brennstoffe dramatisch angestiegen. Diese
klimatischen Veridnderungen, vor allem ansteigende Temperaturen und erhohte
Stickstoffeintrdge, haben erheblichen Einfluss auf die Produktivitit von
Waldokosystemen, und werden diese auch im 21. Jahrhundert weiter beeinflussen.
Die Isotopenverhiltnisse von Kohlenstoff und Sauerstoff (6"”C und 6'0O) in
Biumen werden oftmals in Multi-Parameter-Ansdtzen und in Kombination mit
Messungen des Baumwachstums dazu verwendet, um die Reaktionen von Biumen
auf zuriickliegende Umweltverinderungen zu untersuchen. Das Isotopenverhiltnis
von Stickstoff (8"”N) in Bidumen wird in Umweltstudien im Gegensatz dazu
vergleichsweise selten herangezogen. Teilweise ist dies auf technische Probleme bei
der Bestimmung des 6"N bei den (im Vergleich zu C) sehr niedrigen
Stickstoffkonzentrationen in den Jahrringen zuriickzufiihren. Zudem bestehen
Unsicherheiten beziiglich der Verteilung und der Verlagerung von Stickstoff
innerhalb der Bdume. In Ermangelung langfristiger Erhebungen zur N-Deposition
sind die Reaktionen des Baumwachstums auf zuriickliegende Verinderungen in der
Stickstoffverfiigbarkeit, sowie allfillige Wechselwirkungen mit veridnderten

Umweltbedingungen, schwierig zu ermitteln.

Die vorliegende Doktorarbeit setzt sich aus drei Studien zusammen, welche zum
Ziel hatten, die Eignung von 8N in Biumen bei Umweltstudien zu untersuchen.
Weiterhin sollten die Reaktionen von Baumwachstum und -physiologie auf die
Veridnderung von N-Deposition und Klima in der Vergangenheit abgeschitzt
werden. Dies wurde unter Verwendung von Wachstums- und Isotopendaten (8N
und 8"°C) der Baumarten Buche (Fagus sylvatica (L.)) und Fichte (Picea abies (L.))
und unter Beriicksichtigung ausgewdhlter Umweltvariablen an verschiedenen

Standorten in der Schweiz analysiert.
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Das erste Kapitel beschreibt eine Studie, in der Fichten seit 1995 unter
experimentell erhdhtem Stickstoffeintrag wuchsen, und 1995/96 mit "N markiert
wurden. Die Bdume wurden 2010 gefillt, und das Ausmass der Mobilitit von
Stickstoff zwischen den Jahrringen der Baume untersucht. Weiter wurde getestet, ob
die Extraktion von mobilen Stickstoffkomponenten vor der Analyse von 6"N in
Holz sinnvoll ist. Zuletzt konnte untersucht werden, ob die Bdume aufgrund des
erhohten Stickstoffeintrages eine Zunahme im Wachstum zeigten. Das "N Label
wurde im Splintholz des Baumes gefunden, sowohl in Jahrringen vor (bis 1951) als
auch nach (2010) dem Markierungsereignis. Dies zeigt deutlich die bidirektionale
Mobilitdt von Stickstoff im Stamm. Das hochste Isotopensignal konnte in jenen
Jahrringen gefunden werden, welche nach dem Markierungsereignis gebildet
wurden. Dies deutet darauf hin, dass Stickstoff in die neueren Jahrringe verlagert
wurde, um damit dem erhohten N-Bedarf in diesem Gewebe gerecht zu werden.
Zudem ldsst sich ableiten, dass die Biaume weiterhin N Label aus dem Boden
aufnahmen. Es konnte weder fiir 6"°C noch fiir N ein signifikanter Unterschied
zwischen Proben gefunden werden, bei denen mobile Stickstoffkomponenten
belassen oder entfernt wurden. Ausserdem konnte keine Zunahme des
Durchmesserwachstums der unter erhohtem Stickstoffeintrag wachsenden Bdume
detektiert werden, ein Hinweis darauf, dass die untersuchten Bdume am Standort
nicht N-limitiert waren. Die hohe Mobilitit des Stickstoffes innerhalb der
Baumstimme macht deutlich, dass die Analyse von 6N in Umweltstudien einer
sorgfiltigen Interpretation bedarf. Die Entfernung mobiler Stickstoffverbindungen

aus den Stammproben hatte jedoch keinen Einfluss auf die Isotopenkomposition von
&"N.

Im zweiten Kapitel wurde die rdumliche und zeitliche Variation von 8N und 6"C
in von Jahrring-Chronologien und archivierten Blattproben von F. sylvatica und P.
abies an sechs Langzeituntersuchungsflichen erforscht. Diese Daten wurden mit
ausgewiihlten Umweltvariablen ergiinzt, um zu untersuchen, ob 8”N Werte in
Jahrringen als indirekter Indikator fiir "N Werte in Blittern verwendet werden
konnen. In beiden Arten wurden in den Jahrringen signifikant weniger negative 8"°N
Werte als in den Blittern nachgewiesen. Dies kann teilweise auf N-Recycling

Prozesse zuriickgefiihrt werden, die wichtig sind, um den hohen Stickstoffbedarf der
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Blitter zu decken. Wihrend in P. abies ein signifikanter Zusammenhang zwischen
6"”C in Blittern und Jahrringen gefunden wurde, konnte ein Zusammenhang
zwischen 8N in Blittern und Jahrringen in keiner der beiden Arten bestitigt
werden. Die Schwierigkeiten der Verwendung von 6N zur Untersuchung der
Reaktion von Bédumen auf sich dndernde Umweltbedingungen werden dadurch
unterstrichen, dass keine der untersuchten Umweltvariablen (eingeschlossen der N-
Deposition) die Variation in 8"”N von Blittern oder Jahrringen erkliren konnte.
Zusammenfassend legen diese Ergebnisse nahe, dass die Verwendung von 8N in
Jahrringen als Indikator fiir 8N in Blattmaterial in Langzeitstudien wenig geeignet

ist.

Das dritte Kapitel der Dissertation untersuchte die Verdnderung von
Baumwachstum und -physiologie aufgrund von sich dndernden Umweltbedingungen
im 20. Jahrhundert. Dafiir wurden Wachstumsdaten der beiden Baumarten F.
sylvatica und P. abies und Langzeiterhebungen ausgesuchter Klimavariablen,
inklusive modellierter N-Depositionsdaten, an acht Standorten in der Schweiz
analysiert. Zudem wurden anhand von &“C Werten in Jahrringen der Buche
Veridnderungen der intrinsischen Wassernutzungseffizienz (water-use efficiency,
WUE) in Zusammenhang mit Veridnderungen im Stickstoffeintrag, Temperatur und
Niederschlag in einem Mischwald (Lédgeren) wihrend des 20. Jahrhunderts gebracht.
An allen Standorten nahm das Baumwachstum dabei hédufig mit erhohtem
Niederschlag signifikant zu und aufgrund erhohter Temperaturen signifikant ab.
Dies zeigt die herausragende Bedeutung einer ausreichenden Wasserversorgung fiir
die Produktivitdt in Schweizer Wildern auf. An einem hoch gelegenen Standort
konnte  ausserdem  gezeigt werden, dass das Baumwachstum  bei
Temperaturerh6hungen signifikant zunimmt. Dies ldsst darauf schliessen, dass die
Temperatur dort unterhalb des Optimums fiir das Baumwachstum liegt. Wihrend
das Wachstum an allen acht Standaorten signifikant mit erhohtem Stickstoffeintrag
zunahm, stieg die WUE, (das Verhiltnis von Photosynthese zu stomatérer
Leitfdhigkeit) mit steigendem Stickstoffeintrag als auch mit steigenden
Temperaturen an. Hohe WUE, Werte zwischen 1960 und 1990 wurden in
Zusammenhang mit erhohtem Trockenstress durch das stickstoffinduziert erhohte

Baumwachstum gebracht. In den letzten Jahrzenten hingegen wurden erhohte WUE;
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Werte auf die temperaturassoziierte Reduktion der stomatidren Leitfahigkeit
zuriickgefiihrt. Diese Ergebnisse deuten darauf hin, dass an der Ligeren nicht mehr
erhohte N-Deposition zu hohen WUE, Werten fiihrt (wie zwischen 1960-1990),
sondern diese nun durch erhohte Temperaturen zu erklidren sind. Bdume an der
Ligeren konnten daher aufgrund steigender Temperaturen im 21. Jahrhundert
anfélliger fiir Trockenheit werden und dies unabhingig von einer Abnahme des

Stickstoffeintrages.

Die Resultate dieser Dissertation demonstrieren die Einschrinkungen bei der
Verwendung von 8N in Jahrringen in Umweltstudien, welche vornehmlich von der
hohen Mobilitit von Stickstoff innerhalb des Baumes herriihren. Zusétzlich war es
mit Hilfe von Langzeitdaten zum Stickstoffeintrag mdoglich zu zeigen, dass eine
Erh6éhung der N-Deposition wihrend der zweiten Hilfte des 20. Jahrhunderts zu

einer Veridnderung in Baumwachstum und -physiologie gefiihrt hat.



General introduction 9

General introduction

Past and future environmental changes

Since the industrial revolution, anthropogenic emissions of greenhouse gases have
led to an increase in the mixing ratio of carbon dioxide (CO,) in the atmosphere by
approximately 40%, from 275-285 ppm in 1750 to 390.5 ppm in 2011 (Hartmann et
al. 2013). This has contributed to fundamental changes in both global and regional
climate systems, including an increase in global mean surface temperature of 0.85 +
0.20°C between 1850 and 2012 (Stocker et al. 2013). Average temperatures in
Switzerland have increased more than twice the global average during the 20"
century, while associated changes to regional precipitation regimes have also
resulted in an increased frequency of drought events (Rebetez 1999, Rebetez 2001).
Temperatures in Europe are predicted to continue to increase throughout the 21*
century, and extreme climatic events, such as droughts and floods, are also projected

to increase in frequency (Kovats et al. 2014).

Throughout the 20" century, nitrogen (N) fertilizers have been used on an industrial
scale to enhance crop yield in agriculture in order to provide enough food for the
rapidly expanding global population (Galloway et al. 2004). The creation of large
amounts of N fertilizers was made possible by the Haber-Bosch process, through
which ammonia (NH,) is synthesised from atmospheric N, and hydrogen (Erisman
et al. 2008). The application of increasing amounts of N fertilizers, together with a
subsequent reduction in agricultural N-efficiency, has led to a substantial increase in
the amount of reactive N (N,) entering the atmosphere through various processes in
the N cycle, such as denitrification and volatilization (Butterbach-Bahl ez al. 2011,
Erisman et al. 2011). At the same time, the combustion of fossil fuels in industry,
transportation and heating has produced large amounts of nitrogen oxides (NOy) as a
by-product (Erisman et al. 2011). These air-borne oxides can travel long distances
and are deposited in ecosystems worldwide (Galloway et al. 2004). Globally, the
transport and deposition of N, to the Earth’s surface has increased from ~34 Tg N yr’

"in 1860 to ~100 Tg N yr' in 1995, and is expected to increase to ~200 Tg N yr' by
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2050 (Galloway et al. 2008). In Europe, various measures have been implemented
since the late 1980s in order to reduce NOy emissions. As a result, NOy emissions
decreased remarkably in the 1990s and the deposition of NOy is predicted to
decrease further, but contributions from agricultural N use will probably remain

high (Winiwarter et al. 2011).

Forest ecosystem response to changing environmental conditions

Forests play an extremely important role in global carbon (C) sequestration, acting
as a C sink for up to 2.4 + 0.4 Pg C yr' between 1990 and 2007 (Pan et al. 2011).
Elevated atmospheric CO, concentrations are thought to have had a fertilization
effect on forest productivity through increased tree photosynthetic activity, although
the strength of this fertilization effect is under debate (Korner et al. 2007, Settele et
al. 2014). In addition, higher temperatures have prolonged the length of the
growing-season, further enhancing C sequestration rates (Linderholm 2006).
However, a combination of increased drought stress and fire events are predicted to
weaken global forest C sequestration rates, and may cause forest ecosystems to be a
C sink by the end of the 21* century (Lindner et al. 2010, Settele et al. 2014).
European forests are expected to experience increases in the frequency of drought
events, increased fire and storm damage, and increases in pathogen and insect
damage throughout the next century, significantly reducing forest productivity and
altering species composition (Kovats et al. 2014). There is evidence to suggest that
increased drought stress has already indirectly induced tree mortality in the inner

alpine valleys of Switzerland (Rebetez & Dobbertin 2004).

In N-limited forest ecosystems, increased N deposition rates have initially been
advantageous, causing increases in tree productivity and subsequent C sequestration
through increased photosynthetic rates (Solberg et al. 2009). In an N manipulation
experiment in Alptal, Switzerland, Krause et al. (2012) recorded increases in needle
area, foliar N concentration and tree height in response to low-dose additions of N,
resulting in a 22% increase in tree stem C sequestration. The beneficial effects of
increased N availability, however, are negated once an ecosystem reaches a level of

N saturation. N saturation can be defined as conditions in which the ‘availability of
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mineral N may exceed the combined nutritional demands of plants and microbes’
(Aber et al. 1989). Once a forest ecosystem has reached N saturation, rates of N
plant uptake via the roots will decrease, particularly if there is an increase in the
canopy uptake of atmospheric N (Rennenberg & Gessler 1999), leading to increases
in nitrate (NOy") leaching rates from the soil. In order to maintain a charge balance
within the soil, this will lead to an equivalent leaching of base cations from the soil,
such as magnesium (Mg>"), potassium (K*) or calcium (Ca*) (Wallace et al. 2007).
This will result in increased soil acidification rates through an increase in H*
concentrations, as well as an increase in aluminum (Al) mobility in the soil (Aber et
al. 1998). Increased Al mobility in the soil can decrease tree productivity through
both Al poisoning and through associated nutrient imbalances in the soil, as tree
uptake of calcium, an essential nutrient in both membrane and sapwood formation,
is reduced (Wallace et al. 2007). In severe cases, this can lead to tree mortality
(Aber et al. 1998). Other effects of N saturation on forest ecosystems include
changes to understory species composition and decreases in biodiversity as a result
of increased competition to N-efficient species, a decrease in symbiotic mycorrhizal

relationships, and an increase in disease susceptibility (Gilliam 2006).

The response of tree productivity to increased N availability is, however, an on-
going cause of debate due to the complex interactions between atmospheric N
availability, soil N pools, and root and canopy N uptake (De Schrijver et al. 2008, de
Vries et al. 2008, Magnani et al. 2007). In an investigation by de Vries et al. (2014),
global N deposition was estimated to currently increase the forest C sink by 276-448
Tg C yr', but this increase in tree productivity in response to increased N
availability will diminish with time. In addition, the fertilizing effect of increasing N
availability on tree growth may become weakened in time as other important
nutrients required for tree growth, such as phosphorous, become limiting (Braun et
al.2010). The effects of both future climate change and changing N deposition rates
on tree productivity are particularly difficult to predict and quantify due to the
complex interactions between environmental variables on forest productivity
(Hyvonen et al. 2007). For example, although N deposition may increase tree
growth in N-limited forests, the predicted increase of drought events during the 21*

century may further limit water availability for trees already experiencing increased
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water demands associated with increased tree stem and canopy growth (Betson et al.
2007). The understanding of how trees have responded to environmental changes
throughout the 20" century is essential in determining the physiological response of
trees to further changes in both climate and N deposition rates. However, the lack of
long-term N deposition data for the 20" century has made these particular analyses

difficult.

Dendrochronology and climatology

Tree-ring width measurements are often used to investigate tree response to
changing environmental conditions (Hughes 2002). In long-term investigations, the
sensitivity of tree-ring width to changes in climate conditions, the precision of the
analyses, and the vast network of well preserved tree-ring chronologies makes it is
possible to reconstruct past climatic conditions dating back centuries (Fritts 1976).
Due to the site and species-specific nature of tree-ring response to changing
environmental conditions, the growing field of dendrochronology is providing
valuable information on the best management practices and environmental policies
to ensure continued forest productivity under predicted climate change (Babst et al.
2013). A standardization technique to remove stand- and age-related trends from
tree-ring width chronologies is often applied in dendrochronological investigations
in order to provide high frequency information that can be related to temporal
variations in environmental conditions. However, this standardization leads to a
dampening of the effect of long-term environmental changes on the tree-ring width
chronology. Subsequently, tree basal area increment (BAI) can also be used as an
additional tool in monitoring the long-term environmental effects on tree growth
(Biondi & Qeadan 2008). While tree-ring width chronologies and BAI are extremely
useful biological archives of tree response to different environmental conditions,
they do not provide information on the underlying physiological mechanisms by
which trees respond to these changing conditions. This information is often
determined using a multi-parameter approach implementing tree growth
measurements together with measurements of tree stable isotopic composition

(Cernusak & English 2015).
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Stable isotopes

Stable isotopes are atoms of a particular element with the same number of protons
and electrons but a different number of neutrons, resulting in very similar chemical
properties but different physical properties due to differences in mass (Lajtha &
Michener 1994). This difference in mass, together with differences in stable isotope
natural abundance (Table 1), mean that stable isotopes can be used to study a wide-
range of biological processes and pathways, as many active and passive processes
will discriminate against the ‘heavier’ isotope (Peterson & Fry 1987). These
processes that alter the ratio between ‘light’ and ‘heavy’ isotopes are termed

fractionation events (Lajtha & Michener 1994).

Table 1. The International standards used during isotope analysis and the natural
abundance percentage of each isotope for the isotopes of carbon, nitrogen and oxygen

(Dawson et al. 2002)

Element Standard Isotope Natural abundance (%)
Vienna - PeeDee °C 98.982
Carbon )
belemnite (V-PDB) 3o 1.108
"N 99.63
Nitrogen Atmospheric N,
N 0.366
0 99.759

Vienna — Standard mean
O 70 0.037
rygen ocean water (V-SMOW)
80 0.204

The stable isotopic composition, measured using a mass spectrometer and expressed
in permil (%o), of a particular element is expressed in the d-notation as deviations

from an international standard (Table 1):

8(%o) = (2me— 1) (1)

Rstandard

where R is the ratio of ‘heavy’ to ‘light’ isotope, R,,,. is the ratio within the
sample, Ry, 4.« 1S the ratio within the standard (McCarroll & Loader 2004). Stable

isotopes can provide information on both the origin (or source) of a sample and the
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fractionation events associated with various biological, chemical or physical
processes. Investigations can focus either on stable isotopes in their natural
abundance, or can manipulate the isotopic composition of a source substrate to act

as a tracer in labelling experiments (Dawson et al. 2002).

Stable isotopes of carbon and oxygen in plant tissues

The source isotopic composition and fractionation events associated with both tree-
ring and foliar isotopes of carbon (8"°C) are reasonably well understood, and
therefore they are often used to study tree physiological processes (Farquhar et al.
1982), or used as proxies for certain climatic conditions (Helle & Schleser 2004). In
C3 plants, “C isotopic composition is determined by the ratio of ambient to
intercellular CO, concentration (regulated by stomatal conductance), and by the net
fractionation associated with carboxylation with the RubisCo enzyme (regulated by
photosynthetic activity) (Farquhar et al. 1989). Tree "’C isotopic composition can
also be used to determine tree intrinsic water-use efficiency (WUE,), defined as the
ratio of net photosynthesis to stomatal conductance (Farquhar et al. 1982, Ehleringer
& Cerling 1995). WUE;is affected by a number of environmental variables that can
alter both photosynthetic activity and stomatal conductance, such as atmospheric
CO, concentrations, climate and N deposition (Guerrieri et al. 2010, Saurer &

Siegwolf 2007).

The potential and limitations of using tree N stable isotopic composition

Tree-ring stable isotopes of nitrogen (6'°N) have also been used to study both
environmental conditions (e.g. Savard et al. 2009) and tree physiology (e.g.
Guerrieri et al. 2010). Studies using tree-ring 8"°N values are, however, few relative
to those using tree-ring 8"°C or 'O values. This is in part due to: (1) the low
concentrations of tree-ring N (approximately 500 times less than tree-ring C
concentrations), (2) the mobility of N within the tree stem associated with N
recycling processes, (3) a limited understanding of the relationship between tree-ring
6"”N and environmental conditions, and (4) the lack of long-term datasets on the

8"N isotopic composition of source N, particularly N deposition.
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The movement of N within the tree stem was first suggested in 1966 based on higher
N concentrations found in the youngest tree-rings relative to the rest of the tree stem
(Merrill & Cowling 1966). Subsequent labelling experiments using "N tracers
confirmed this high N mobility within the tree stem, with recovery of the N label in
tree-rings formed both before and after the label application (Elhani et al. 2003,
Nommik 1966). As a consequence of this bidirectional movement of N within the
tree sapwood, investigations using tree-ring 8'"°N have often employed an extraction
technique to remove mobile N components prior to isotope analyses (Sheppard &
Thompson 2000). This extraction procedure, however, further decreases the
extremely low N concentrations in the wood samples, while there are questions as to
whether or not the extraction procedure has a significant effect on the tree-ring 8N
isotope composition at all (Caceres et al. 2011, Doucet et al. 2011). In addition,
while previous investigations have shown a drop in N concentration at the
heartwood-sapwood boundary (Merrill & Cowling 1966), the extent of the
movement of the mobile N compounds towards the heartwood is yet to be fully
documented using a "N-label. Thus, there is certainly some debate regarding the
methodological approaches in the measurement of tree-ring 8'"°N values, particularly

the necessity of an extraction treatment prior to isotope analyses.

Element concentration in tree foliage is often used as an indicator for the nutritional
status of a tree (Mellert & Goéttlein 2012). At the same time, while measurements of
foliar 8"°N are also used to study site-specific environmental conditions and regional
N cycles (e.g. Garten 1993, Pardo et al. 2006), they lack the longevity of the isotope
signals preserved in tree-ring chronologies. Therefore, an understanding of the
relationship between tree-ring and foliar isotopic composition may allow future
dendrochemical studies to use tree-ring 8'"°N values as proxies for foliar 8"°N values
in environmental investigations. However, current knowledge on the intra-tree
isotopic variation of "N is poor, in particular how N recycling processes occurring
between the tree stem and the foliage, as well as within the tree canopy (Evans 2001,
Kolb & Evans 2002), affect the 8N isotopic signature of tree-rings and foliage.
Furthermore, it is also unclear as to how the 8N composition of tree-rings and

foliage respond to changing environmental conditions, whether the aforementioned
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movement of N within the tree stem masks potential environmental signals in the

tree-ring 8"°N values, and whether these effects are species specific.

Thesis objectives

Studies in the recent past have shown that both tree-ring and foliage N isotopic
composition may be extremely useful in studying tree response to changing
environmental conditions, particularly when used in a dual-isotope approach with
tree 8”C. However, the current understanding of how physiological and
environmental processes affect both tree-ring and foliar 8N is limited. There are
open questions related to both the intra-tree variation of "N and the effect of
environmental variables in determining tree 8'°N composition, while there is still
some debate concerning the methods applied during the analysis of tree-ring "N
values. At the same time, the effect of changing environmental conditions during the
20" century, particularly N deposition, on both tree growth and physiology in
Switzerland is also unclear due to the scarcity of long-term N deposition datasets.
This is of particular importance in helping to develop our understanding of how
further environmental changes may alter forest productivity and species composition
throughout the 21* century. Consequently, the main objectives of this thesis were to
(1) assess the extent of the mobility of N within the tree stem and the necessity of
extracting mobile N compounds prior to isotope analyses, (2) determine the
relationship between tree-ring and foliage 8'"°N and &"°C values, and how they may
be altered by environmental conditions, and (3) determine past physiological
response of trees to changes in N deposition and climate, as well as the climate-
growth response of trees across Switzerland, throughout the 20" century. With these
objectives in mind, and through the application of tree-ring and foliage 6"°N and
8"C isotope data together with measurements of tree-ring growth, the following

research questions were formulated:

1. What is the extent of the mobility of N within the tree stem? Is the extraction of
mobile N compounds prior to the isotopic analysis of tree-ring &'"°N necessary?
How does this extraction procedure affect tree-ring 8'°C? Are these effects the

same in both trees labelled with °N and un-labelled trees?
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2. How does tree-ring isotopic ratio of "N/"*N and "“C/"C relate to the isotopic
ratio of corresponding foliage? Is this effect species-specific? What is the effect
of site-specific environmental conditions on both tree-ring and foliar isotopic
composition? And is it possible to use tree-ring 6"°N values as proxies of foliar

8"N values in long-term environmental investigations?

3. How did tree growth respond to changing climatic conditions and N deposition
throughout the 20" century in Switzerland? Were these effects either species or
site-specific? What was the physiological response of trees to changes in N
deposition and climate during this time? And what does this mean for trees

during future changes in climate and N deposition?

Structure of the thesis

The three thesis objectives are independent studies presented as individual chapters,

for which a short summary is provided in the following:

Chapter 1 — entitled ‘The mobility of nitrogen across tree-rings of Norway spruce
(Picea abies L.) and the effect of extraction method on tree-ring 8°N and 6”C’
describes the use of a ""N-labelling experiment carried out in 1995 in the Alptal
valley, Switzerland, to determine the mobility of N within the tree stem of Picea
abies. In addition, the effect of the rapid-procedure extraction technique was also
assessed on both tree-ring 8"’N and 8"C values in both labelled and un-labelled
trees. The low-dose application of N at Alptal since 1995 also made it possible to
determine whether N deposition had a fertilizing effect on radial stem growth at this
site. This chapter contributes to the debate concerning the removal of mobile N
compounds prior to isotope analysis and also quantifies the radial mobility of the N

within the tree stem via the movement of the '’N-label between tree-rings.

Chapter 2 — entitled ‘Can tree-ring 0"’ N values be used as proxies for foliar 6”°N
values in European beech (Fagus sylvatica L.) and Norway spruce (Picea abies L.)?

looks at the relationship over time between tree-ring and foliage 8N and 6"C
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values in the two main tree species in Switzerland. Through the use of archived
foliage samples collected biennially at long-term monitoring plots within
Switzerland, we were able to compare the isotopic composition of tree-rings and
foliage over time. This data, collected over six sites, was complemented with
selected environmental data in order to try and explain intra-tree, inter-annual and
inter-species isotopic variation. This chapter assesses how different site conditions,
together with changing environmental conditions, influences both tree-ring and

foliage 6"°N and 8"C isotopic composition

Chapter 3 — entitled ‘Environmental drivers of tree growth and water-use efficiency
of Fagus sylvatica (L.) and Picea abies (L.) Karst across Switzerland in the 20"
century: Climate vs N deposition’ looks both at the environmental variables
influencing tree growth at a number of sites in Switzerland, and the effect of
changing N deposition rates on both tree growth and physiology throughout the 20"
century. This chapter includes tree-ring and climate data from eight sites across
Switzerland, including Fagus sylvatica and Picea abies sites, to determine both the
site and species-specific effect of climate on tree growth. We used long-term
modeled N deposition values spanning the 20" century to determine how N
deposition has affected tree basal area increment (BAI) since prior to the rapid
increase in N deposition rates in the second half of the 20" century. At one particular
site, we combined long-term climate and N deposition data together with
measurements of BAI and WUE, to determine tree physiological response to
changing environmental conditions throughout the last century. This chapter
contributes to our understanding of how trees have responded to previous changes in
environmental conditions, and thus how they may react to future changes in climate

and N deposition.
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Abstract

The use of stable nitrogen (N) isotope ratios (6'"°N) in dendroecological studies is
often preceded by an extraction procedure using organic solvents to remove
mobile N compounds from tree-rings. Although these mobile N compounds may
be capable of distorting potential environmental signals in the tree-ring &"N,
recent investigations question the necessity of such an extraction. We used an on-
going experiment with simulated elevated N deposition previously labelled with
®N, in conjunction with control trees, to investigate the necessity of extracting
mobile N compounds (using a rapid extraction procedure) for tree-ring 6"°N and
8"C studies, as well as N and C concentration analyses. In addition, we examined
the magnitude of radial redistribution of N across tree-rings of Norway spruce
(Picea abies). The “N-label, applied in 1995/96, was found in tree-rings as far
back as 1951, although the increased N availability did not cause any significant
relative increase in tree growth. The rapid extraction procedure had no significant
effect on tree-ring 6"°N or 6"°C values in either labelled or control trees, nor on N
concentration. C concentrations, however, were significantly higher after
extraction in control samples, with the opposite effect observed in labelled
samples. Our results indicate that the extraction of mobile N compounds through
the rapid extraction procedure is not necessary prior to the analysis of Norway
spruce "N or 8"C values in dendrochemical studies. 8"°N values, however, must
be interpreted with great care, particularly when used as proxy for the N status of
trees, due to the very high mobility of N within the tree stem sapwood of Norway

spruce over several decades.

Introduction

Tree-ring stable isotopes of carbon (C) and oxygen (O) have often been used to
investigate tree physiological processes (Saurer & Siegwolf 2007), reconstruct past
environmental conditions (Loader et al. 2007), and investigate tree response to
increased nitrogen (N) deposition (Krause et al. 2012a). Recent studies have also
demonstrated the potential use of tree-ring stable isotopes of N as a proxy for N

deposition (Choi et al. 2005, Doucet et al. 2012), for soil N content (Weber et al.
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2008), as well as an additional tool in investigating tree physiological responses to
changes in the regional N cycle (Bukata & Kyser 2007, Guerrieri et al. 2010).
Studies utilising tree-ring 8N are, however, rare in comparison to those of C and
O; two of the reasons for this lack of studies are the low concentrations of N in tree-
rings and the movement of mobile nitrogen compounds across tree-rings (Hart &

Classen 2003).

The translocation of mobile N compounds is an important physiological process that
allows the tree to reallocate N to meet the various N sink demands of growing
tissues on both vertical and radial scales within the tree stem (Lévy et al. 1996, Lim
& Cousens 1986, Salifu & Timmer 2003). These mobile N compounds are
comprised of non-structural tree-ring components, including tannins, polyphenols,
lipids, waxes, resins and other extractives (Elhani et al. 2003), and have been
hypothesised to move through the horizontal xylem ray cells of the tree stem (Mead
& Preston 1994). The tree will primarily remobilise N compounds towards the tree
N sinks, such as towards the annual production of new tree-rings and foliage
(Millard 1996, Sheppard & Thompson 2000, Turner 1977). The species-specific
translocation process usually involves the movement of N from older tree rings to
younger, more active parts of the tree, (e.g. bark, but also to young developing
foliage), evidence for which is the sharp decrease in N concentrations during the

transition from sapwood to heartwood (Lévy et al. 1996).

The signal disturbance caused by the translocation of mobile N compounds is
usually dealt with by the removal of these mobile N compounds prior to isotope
analysis. There are many examples of &'"N-related dendrochemical studies that
employ such an extraction technique (Doucet et al. 2012, Elhani et al. 2005,
Guerrieri et al. 2011, Guerrieri et al. 2010). Studies in the recent past, however,
have begun to question the necessity of this extraction (Caceres et al. 2011, Doucet
etal.2011), and whether or not the tree-ring N isotope ratio is significantly altered
through the extraction (Hart & Classen 2003). For instance, its effect on the N
isotope composition is often dependent on the species as well as the wood type
(heartwood or sapwood) (Doucet et al. 2011). The extraction procedure itself,

including the use of organic solvents, has also been investigated (Bukata & Kyser
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2005). The extraction of mobile N compounds from wood material prior to isotope
analysis is still under debate, and the effects of extraction on the N isotope

composition and total N concentration are far from definite.

Thus, our study aims to (1) examine the effect of the extraction of mobile N
compounds on Norway spruce (Picea abies L.) tree-ring N and C isotope ratios and
concentrations, and (2) assess the mobility of N across coniferous sapwood tree-
rings. To do this, we used trees from a plot previously labelled with "N in 1995/96
that have also been used since to study simulated elevated N deposition. Thus, it was

also possible to determine the effect of N fertilization on tree growth.

Methods

Site description

The studied site is situated approximately 1200m above sea level in the Alptal valley
of central Switzerland (47°02°N, 8°43’E), with a slope of approximately 20% with a
west aspect. Nitrogen deposition at the site is moderate, with bulk and throughfall
deposition totalling 12kg and 17kg N/ha/year, respectively (Schleppi et al. 1999),
equally divided between NO; and NH,*. Parent rock material is Flysch, while the
major soil types are clay-rich Gleysols (46% clay, 46% silt, 6% sand). The forest
stand consists of Norway spruce (Picea abies L.) and silver fir (Abies alba), with
trees up to 260 years old (Krause et al. 2012b). The site has no record of significant

disturbances prior to 2010.

PN labelling and N addition experiments

An on-going low-dose N addition experiment has been conducted on the study site
in Alptal since April 1995, referred to as the N addition site. A small catchment of
approximately 1500m® has been subject to an increased nitrogen deposition of
approximately 25kg N/ha/year in the form of NH,NO, through a sprinkler system

positioned approximately 1.5m above the ground. The additional nitrogen is mixed
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with rainwater collected from the site on a large plastic sheet and applied during rain

intervals throughout the year.

Furthermore, the N addition site was also subject to "N labelling during the first
year of N addition (April 1995 to March 1996) by applying 1400%. "NH,"”NO,
(219mmol/m?; 0.88 atom %) through the sprinkler system. Previous investigations
have found that the soil was the largest sink/pool for the "°N label in both the short-
(< 1 week) and long-term (up to 14 years) following its application (Krause et al.
2012b). Tree biomass, in contrast, was found to contain only approximately 10% of
the "N-label in 2010 (14 years after its application), suggesting the trees were still
taking up some of the label from the soil more than 10 years after the original

application (Krause et al. 2012b).

Although not for this specific purpose, a trench of 80cm depth dug around the
perimeter of the site (assumed to be of sufficient depth given the impermeable gleyic
subsoil of the site) ensured that both the additional N and "N applied to the N
addition site could not be transported outside the designated experimental area,

contaminating adjacent control areas.

Samples

Stem wood material back to 1939 was taken from five individual Norway spruce
trees within the N addition site, each felled in 2010, and a further five trees found
outside the N addition area were used as control trees. The area from which the
control tree samples were taken lies adjacent to the N addition site, with very similar
site conditions in regards to soil, climate, slope, species composition, deposition,
and disturbance history. To represent average growth and isotope composition of

these trees, material was taken from two different radial positions in each stem.

The tree-ring widths of the collected material were measured between the years
1980-2010 using the TSAP-Win tree-ring software (Version 3.5) connected to a
LINTAB3 measuring system (Rinn 1996). The material was subsequently cross-
dated both visually and using standard methods (Cook & Kairiukstis 1990, Fritts
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1976) before being verified statistically using the TSAP and COFECHA routines
(Holmes 1983). Where possible, the heartwood/sapwood boundary was identified
visually at four different points on the tree discs; the four different points allowed

for the determination of the average year at which the tree heartwood began.

Nitrogen extraction protocol

The bulk wood cores from each tree were divided in two halves; half underwent N
extraction, and the other half had no N extraction, to be used as the control. Tree-
rings were separated with a razor blade under a microscope between the years 1939-

2008, and were then pooled every two years (e.g. 2005/06, 2007/08 etc.).

For the N extraction, we used a modified version of the rapid procedure from
Sheppard & Thompson (Sheppard & Thompson 2000), which has often been used to
treat tree cores prior to tree-ring N isotope analysis (Doucet et al. 2012, Elhani et al.
2005, Elhani et al. 2003, Guerrieri et al. 2011, Guerrieri et al. 2010). The cores were
placed in a soxhlet apparatus for 4hrs in toluene and ethanol (50:50), 4hrs in ethanol
and 4hrs in distilled water. Both the extracted cores and the control cores were then
oven-dried at 60°C for 48hrs. The extraction procedure removed approximately
7.8% of the total weight of the wood compared to the control samples, after taking

into account the weight loss caused by oven drying (2.4%).

Analysis

All tree-ring samples between the years 1991/92 - 2007/08 were measured for 8°N
and 8"C values, as well as N and C concentrations, in both extracted and un-
extracted samples (9 extracted and 9 un-extracted samples per tree, n = 180).
Samples from 2009/10 were excluded due to the incomplete formation of tree-rings
in 2010. Further tree-rings were analysed for 6"°N values in un-extracted samples
back to 1939/40: alternate samples were measured between 1963/64 and 1987/88,
whilst samples were also measured from 1939/40 and 1951/52. This resulted in a

further 9 samples per tree, with the exception of two control trees from which it was



Chapter 1 33

not possible to analyse prior to 1963/64 due to insufficient wood material (additional

n = 86).

Following extraction and oven-drying, the samples were milled and homogenised
using a MM200 centrifugal ball mill (Retsch, Haan, Germany). The resulting wood
powder was then weighed into tin capsules (0.50-0.55mg for §"°C and 15.0-15.1mg
for 8" N). The N and C samples were measured separately due to the high C/N ratios
in wood material; during measurements of &'"°N values, a blank (empty tin capsule)
was also measured after each wood sample for the same reason (Saurer et al. 2004).
Samples were analysed at the Paul Scherrer Institute (Switzerland) by combustion
under excess oxygen in an elemental analyser (EA-1100, Carlo Erba, Milano, Italy)
connected in continuous-flow mode to a mass spectrometer (Delta-S, Finnegan,
Bremen, Germany) with a precision of 0.1 and 0.3%c for 8“C and "N,

respectively.

Isotope values are expressed in the O-notation as relative deviations from the
international standards; Vienna Pee Dee Belemnite for carbon (8"°C =
((PC/C i) (PCI*Cygnaaea) — 1); [%o]), and atmospheric N, for nitrogen (8"°N =
(NN i N/ Nngara) = 15 [%o]).

The tree-ring 6"°C values were corrected for the decline in atmospheric 8"°C since
the beginning of the industrial period (approximately 1850AD) caused by the
combustion of fossil fuels (McCarroll et al. 2009). This was achieved by using
records of past atmospheric 8"°C obtained from ice cores and from historical records

from Mauna Loa (Leuenberger 2007).

The results of this study were statistically analyzed using a number of Analysis of
Variance (ANOVA) tests in the statistics program R (version 2.15.1). A series of
individual ANOVA models were used to determine significant drivers (p < 0.05) on
C and N isotope ratios and concentrations between 1995/6 and 2007/8 (i.e. after the
start of the labelling and N addition experiments). In these models, site conditions
(N addition or control), treatment (extracted or un-extracted) and time (years) were

used as explanatory variables. The models were simplified by removing the least
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significant term (which included interactions between the explanatory variables),
until only significant factors remained in the model. Similar models were used to
determine the significance of site conditions (N addition or control) and time (years)
on the tree-ring 8N values between 1939/40 and 2007/08, and on tree growth
between 1980 and 2010.

Results

Tree growth

Mean tree-ring chronologies were produced for both the N addition and control trees
between 1980-2010. The tree-ring widths of control trees were significantly greater
(p = 0.001) than the tree-ring widths of N addition trees between the years 1980-
2010 (Fig. 1). The change in tree-ring widths from 1980-1994 to 1995-2010, i.e.
before and after the start of the N addition experiment, was not significantly
different between the N addition and control trees (p = 0.86). On average, the
heartwood/sapwood boundary was found approximately at the year 1946 (+5.9),
ranging from 1927 to 1970 for individual trees.

Labelling and N addition

The labelling/N addition experiment caused a significant increase in tree-ring 8"°N
values (un-extracted samples) (p < 0.001) and N concentration (p = 0.013) relative
to the control between 1995/6 and 2007/8 (Fig 2a, b). Further analysis revealed that
the N label applied to the N addition plot in 1995/96 was found to cause a
significant increase in "N values in all measured tree-rings dating back to 1939
relative to the control trees (p < 0.001) (Fig. 3). The average difference in 8N
values between the labelled and un-labelled trees was 9.4%o (average values of 0.3

and -8.9%o for labelled and un-labelled trees, respectively).

Tree-ring 8"°C values did not differ significantly between the N addition and control
trees between 1995-2008 (p = 0.90) (Fig. 2c). Trees from the labelling/N addition

experiment did, however, show a significant decrease in carbon concentration
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relative to tree-ring samples of control trees (p < 0.001) during the same time period

(Fig. 2d).

Extraction procedure

The extraction procedure had no significant effect on tree-ring 8"°N values between
the years 1991-2008 (p = 0.16) (Fig. 2a). The correlation between the 8"°N values
of extracted and un-extracted samples was highly significant for the trees with N
addition (p < 0.001), but insignificant for the control trees (p = 0.49) (Fig. 4a). The
extraction procedure also had no significant effect on tree-ring N concentrations (p

=0.13) (Fig. 2b).

Similar to 8"N, tree-ring 6"”C values were not significantly affected by the
extraction procedure between 1991-2008 (p = 0.93) (Fig. 2¢), and the correlation of
the 8"°C values between the two sample types was highly significant for both N
addition and control trees (p < 0.001) (Fig. 4b). The extraction did, however, have a
significant effect on the tree-ring C concentration between 1991-2008 (p = 0.003),
although the effect was not uniform between the N addition (decrease in C

concentration) and control trees (increase in C concentration) (Fig 2d).

Discussion

Tree growth

Tree-ring widths of control trees were greater than those of N addition trees both
before and after the start of the N addition, in accordance with previous studies at
Alptal (Krause et al. 2012a). The large standard error bars of the control tree growth
are indicative that there was greater variability in growth in the control trees than in
the N addition trees. Noteworthy is the fact that the N addition experiment had no
significant impact on the change in tree-ring width between the two N treatments. A
number of studies have demonstrated elevated tree growth in response to increased
N availability (Héttenschwiler ef al. 1996, Solberg et al. 2004, Solberg et al. 2009),

while fewer studies have found no effect (Seftigen er al. 2012) or decreased tree
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growth (Emmett 1999). The impact of increased N availability on tree growth is
site-specific, and depends almost wholly on the N status of each site. Based on the
fact that we found no evidence of either increased or decreased growth in the N
addition trees, we suggest that the Alptal site is neither primarily limited by N
availability, nor near levels of N saturation. Evidence of increased N leaching from
the N addition plot, however, implies the site may be approaching levels of N

saturation (Schleppi et al. 2004).

Labelling & N addition experiment

Nitrogen

The tree-ring 8" N values of N addition trees increased by up to 17%o in response to
the °N label addition, while the 8"°N values of control trees remained consistently
between approximately -8 and -10%o. The label in the N addition trees peaked 2-3
years after its application (i.e. 1997-1998). This lag effect is hypothesised to be the
result of additional factors hindering the immediate uptake of N, such as soil
microbial immobilization, anaerobic soil conditions and a reduced period of active
nutrient uptake as a result of the relatively high altitude of the site (Schleppi et al.
1999). Furthermore, the continued presence of elevated levels of "N in the N
addition trees following the initial label application can be interpreted as (1) the
translocation of N compounds to newer tree-rings, and (2) the continued uptake of
“N label from the soil. Monitoring label recovery at the Alptal site over time
revealed that the majority of the label was retained in the soil (up to 61% in 2009)
and was available for root uptake many years after the initial label was applied

(Krause et al. 2012b).

Rather unexpected were the difference in "°N values between the N addition and
control tree-ring samples far preceding the start of the labelling experiment. Due to
the close proximity of the N addition and control trees, we can deduce that this is at
least in part due to the movement of the "N label into older tree-rings. The "N label
was present in tree-rings as far back as 44 years prior to labelling. Although

translocation of N across tree-rings is a well-known phenomenon (Elhani er al.



Chapter 1 37

2003, Hart & Classen 2003), the magnitude of this effect is beyond what has been
reported so far and may be species-specific. Previous investigations on the mobility
of N within the tree stem observed movement into older tree-rings, and also into
needles formed before the label application, but did not analyse long enough tree-
ring chronologies to determine the extent of the movement in this direction (Elhani
et al. 2003, Nommik 1966, Schleppi et al. 1999). Our investigation also indicates
that the presence of the ’N-label in N addition trees decreases to background levels
beyond the heartwood-sapwood boundary. This supports previous hypotheses that
the tree re-assimilates mobile N compounds throughout the physiologically-active
sapwood, but not beyond the boundary of the heartwood (Sheppard & Thompson
2000). The low mobility of N beyond this boundary might be due to the fact that the
N is transported through the xylem, the cells of which are no longer living within the
heartwood (Mead & Preston 1994). The potential contamination of tree-ring 8"°N by
the presence of wood-decomposing fungi (Kohzu et al. 1999) can be eliminated by
the fact that control trees did not show any enrichment in °N, since all samples were

oven-dried to remove any chance of decomposition.

The difference in the behaviour of the "N label before and after the labelling year
implies that different processes are involved for each respective movement. The
gradual decline with time of the "N-label following the application of the label
demonstrates that the tree actively metabolises N from previously formed tree rings
towards younger tree-rings (Hart & Classen 2003), as well as from the remaining
label found in the soil. The sharper decrease in tree-ring 8"°N values in rings formed
before the labelling application, together with the fact that 8"°N values of these tree-
ring years still remain significantly higher than in the control trees, indicates that the
movement into older tree-rings is caused more by a diffusion process than by active

tree metabolism.

The increase in N concentrations of the N addition trees relative to the control trees
can be attributed to the increased N availability, even though there was no apparent
increase in tree growth. This implies that growth is limited by site-specific factors
other than N availability, possibly low phosphorous availability or anaerobic soil

conditions at Alptal (Schleppi ef al. 1999). Additionally, the increase in tree-ring N
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concentration with tree age, seen in both N addition and control trees, is probably
caused by the re-allocation of mobile N compounds to the youngest tree-rings
(Merrill & Cowling 1966, Poulson et al. 1995). The storage of the "N-label
throughout the sapwood of the tree stem may also partially explain the ‘missing’ N
sink that has been linked with long-term "“N-label investigations in forest

ecosystems, for example at Alptal (Krause et al. 2012b).

Carbon

In contrast to nitrogen, there was no significant effect of the labelling or the
increased N availability on tree-ring 8"°C values. Previous studies (Guerrieri et al.
2011) have noted an increase in relative 8"”C due to increased photosynthetic
activity/decreased stomatal conductance as a result of the fertilizing effect of
elevated N. However, in accordance with other studies (Choi et al. 2005, Elhani et
al. 2005), the lack of such an increase in our study implies that N availability is not
the primary limiting factor to photosynthetic activity and wood production at the
Alptal site. This hypothesis is supported by the apparent lack of increased tree
growth in the N addition trees relative to the control, as well as by a previous dual
isotope investigation at the same site (Krause et al. 2012a). Increases in tree-ring
8"C values in response to increased N may be suppressed by unfavourable site-
specific characteristics, such as deficiencies in foliage phosphorous and magnesium
concentrations, as well as the inhibition of fine root system dynamics caused by
anaerobic soil conditions (Schleppi et al. 1999, Schleppi et al. 1998). Having
already corrected the tree-ring 8"°C values for the well-documented decrease in
atmospheric 8"°C (McCarroll et al. 2009), there must also be site-specific conditions
contributing to the slight decrease in tree-ring 8"°C values with time, for example a

possible change in the stand leaf area index through time (Krause et al. 2012a).

Rather unexpected observations are the higher C concentrations in control trees
relative to the N addition trees (0.73% on average). This may partly be a result of
changes in the proportions of earlywood and latewood between the tree-rings of the
N addition and control trees (Krause et al. 2012a). Earlywood has higher C

concentrations relative to latewood due to the higher lignin content, which itself has
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higher C concentrations than cellulose (Lamlom & Savidge 2003). Thus, changes in
the proportion of earlywood to latewood following fertilization would also alter the

C concentrations of the entire tree-ring.

Effect of extraction

Nitrogen

The extraction procedure had no significant effect on tree-ring 8N values from
either the N addition or control trees. The slight difference in the absolute values of
the samples may be the result of the physiological process of re-assimilation that
discriminates against the heavier "N isotope, making the mobile N compounds
depleted in "N, and thus their removal causes a minor increase in remaining "N. It
may also be caused by the extraction procedure itself discriminating against the
heavier °N, removing slightly more of the lighter '“N than the heavier “N. In
addition, the extraction had no significant effect on tree-ring N concentration, which
implies that the compounds removed by the extraction procedure may have had
relatively low N concentrations (Doucet et al. 2011, Sheppard & Thompson 2000).
Interestingly, the extraction procedure had similar effects on the tree-ring N
concentrations, regardless of the higher concentrations of N in the N addition tree-
rings. The 7.8% weight lost in extracted samples is similar to the ~ 8% total weight
lost when a longer version of the extraction procedure is used (18hrs rather than

4hrs) (Beghin et al. 2011).

In addition to the insignificance between the absolute isotope values of extracted
and un-extracted samples, the strong correlation between the two in the N addition
trees implies that trends are also very similar both before and after extraction. On the
other hand, the correlation did not exist between the extracted and un-extracted
wood samples from control trees, which is most probably a result of the lack of
variation in "N values between the tree-rings of control trees. The maximum
difference between extracted and un-extracted samples between 1991-2008 was
1.14%o0, which is just under twice the analytical precision of the repeated analyses of

standards of the isotope analysis of &"°N.
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Carbon

Tree-ring 6"”C values were unaffected by the extraction procedure, with no
significant differences between either the absolute values or the correlations between
extracted and un-extracted samples from both N addition and control trees. It has
been previously suggested that, rather than using extracted cellulose, whole wood
material can be used in &"C tree-ring studies after a simple solvent extraction
(Taylor et al. 2008, Harlow et al. 2006). Our results, however, concur with previous
studies (Loader et al. 2003) that suggest that this removal of extractives may not be
required for certain species before the analysis of tree-ring 6"C in

dendroclimatological studies.

The extraction did, however, cause a decrease in C concentrations in N addition
trees, although the opposite effect was observed for control trees. While this is a
rather unexpected occurrence, it is not without precedence (Harlow et al. 2006). It
might be due to the removal of other compounds during the extraction procedure,
resulting in an increase of the proportion of C remaining in samples after extraction.
As stated previously, the fertilization experiment may have caused changes in the
proportions of earlywood and latewood between the N addition and control trees
(Lamlom & Savidge 2003), and therefore the tree-ring chemical composition
(Harlow et al. 2006). Changes in the chemical composition of the tree-ring between
the N addition and control trees could also result in a change in the type/amount of

compounds removed during the extraction procedure.

Conclusion

Our results indicate that the extraction of mobile N compounds through the rapid
extraction procedure from tree-rings of Norway spruce is unnecessary prior to their
use in dendrochemical studies. This supports previous investigations that have
studied a variety of extraction techniques on a number of different species (Picea
abies, Fagus sylvatica and Pinus thunbergii) (Caceres et al. 2011, Doucet et al.

2011, Hart & Classen 2003). The translocation of the "N label through the stem
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sapwood over several decades, however, has serious implications for the use of
nitrogen isotopes in Norway spruce wood material in understanding temporal and
spatial changes in tree response to changing environmental conditions or when used

as a proxy for the N status of trees.
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Abstract

Currently it is unclear whether stable nitrogen isotope signals of tree-rings are
related to those in foliage, and whether they can be used to infer tree responses to
environmental changes. We studied foliar and tree-ring nitrogen (8'°N) and carbon
(8°C) isotope ratios in European beech (Fagus sylvatica L.) and Norway spruce
(Picea abies L.) from six long-term forest monitoring sites in Switzerland together
with data on N deposition and soil N availability, as well as a drought response
index over the last two decades. For both species, tree-ring 6"°N and 8"C values
were less negative compared to foliar "N and 8"C values, most likely due to
recycling and reallocation of N within the tree and fractionation processes associated
with the transport of sucrose and the formation of tree-rings, respectively. Temporal
trends recorded in foliar 8N was not reflected in tree-ring 6"°N, with much higher
variations in tree-rings compared to foliage. Soil N availability and N deposition
were partially able to explain changes in foliar 8"°C, while there were no significant
correlations between environmental variables and either tree-ring or foliar 8°N. Our
results suggest an uncoupling between the N isotopic composition of tree-rings and
foliage. Consequently, tree-ring 8"°N values are inappropriate proxies of foliar 8"°N
values under low to moderate N deposition loads. Furthermore, at such low levels of
deposition, tree-ring 6'"°N values are not recommended as archives of tree responses

to soil C/N or bulk N deposition.

Introduction

Forest ecosystems are experiencing changes in climate and other environmental
conditions on both regional and global scales (de Vries et al. 2014, Settele et al.
2014). Atmospheric CO, concentrations, air temperature and precipitation are highly
influential in controlling forest productivity, whilst forest stands themselves
influence climate through the fixation and release of CO, or through climate cooling
via evapotranspiration (Settele ef al. 2014). At the same time, the increasing use of
nitrogen (N) fertilizers, coupled with increased emissions of nitrogen oxides (NOy)
from fossil fuel combustion are causing large-scale changes in the global N cycle

(Galloway et al. 2008). In N-limited forest ecosystems, increased N inputs can cause
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a short-term increase in tree growth (Solberg er al. 2009). In N-saturated
ecosystems, however, further mineral N inputs (as ammonium or nitrate) will lead to
soil acidification (de Vries et al. 2014), resulting in reduced tree productivity and
even tree mortality (Aber et al. 1998, Wallace et al. 2007). Further effects of N
saturation include decreased vegetation biodiversity and increased susceptibility to
disease (Erisman et al. 2011, Gilliam 2006). While it is clear that forest ecosystems
will undergo significant changes throughout the 21% century, it is difficult to

quantify forest responses to predicted environmental changes

The assessment of stable isotopic compositions in tree-rings and foliage is a
valuable tool for assessing the influence of environmental changes on forest
ecosystems (Dawson et al. 2002). Carbon and nitrogen stable isotopic compositions
are determined by (/) isotopic composition of the respective source, (2) climatic and
environmental conditions, and (3) tree physiological and biochemical processes. As
a result, they are often used within these three areas of research. There are a number
of studies that have investigated the relationship between climate and C isotopic
composition of both tree-rings and foliage (e.g. Eilmann et al. 2010, Di Matteo et al.
2014). A number of studies have also used a dual-isotope approach based on both
carbon (8"°C) and oxygen (8'°0) isotope ratios of tree-rings and foliage to better
understand the physiological processes that alter isotopic compositions (Scheidegger
et al. 2000, Saurer & Siegwolf 2007). In addition, there have been a number of
investigations that described the relationships between the isotopic composition in
tree-rings and foliage for both C (Marshall et al. 2008) and O (Jiggi et al. 2003).
The mechanistic processes that determine intra-tree variation of &"”C have been
particularly well documented and investigated (Cernusak et al. 2009). Foliar 8N
values have also been used to assess site-specific environmental conditions, such as
N emissions (Ammann et al. 1999), soil N (Garten 1993) and changes in the
regional N cycle (Pardo et al. 2006). However, there are few studies that investigate
tree-ring 8'"°N. This may be due to the fact that N concentrations in tree-rings are
low (relative to C in tree-rings and N in foliage) and related methodological
difficulties (Savard 2010). Low tree-ring N concentrations also result in the
movement of mobile N compounds between tree-rings (Tomlinson et al. 2014).

These N recycling processes within the tree play an important role in meeting the N
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demand from sinks within, potentially masking N deposition signals and the impact
of added N on tree-ring "N values (Kolb & Evans 2002, Evans 2001). While some
studies point out the potential of tree-ring 8'"°N as a proxy for various forest N inputs
(Savard 2010), the relationship between tree-ring and foliar 8"N is still poorly
understood. It is also not clear whether this relationship is species-specific, and
whether changes in climate and/or site-specific N conditions affect tree-ring and
foliar N (and C) isotopic compositions in the same fashion. Furthermore, it is
unclear whether the isotope ratios of tree-rings or of foliage better reflect site-
specific environmental conditions such as water or N availability. The assessment of
the relationship between tree-ring and foliar 8N values would determine the
potential use of the much longer chronologies of tree-ring &"°N values as proxies for

foliar 8"°N values in environmental investigations.

Long-term monitoring programs are essential in both understanding and testing how
forest ecosystems respond to environmental changes, particularly of climate and N
availability. In this dual-isotope investigation, we combined chronologies of both
tree-ring and foliar 8"°C and &N of European beech (Fagus sylvatica L.) and
Norway spruce (Picea abies L.) with environmental data collected from six long-
term monitoring sites within Switzerland. Our objectives were to: (/) determine
whether intra-tree 8”N and 6"C variations differ between Fagus sylvatica and
Picea abies, (2) investigate differences in the inter-annual variability of both "N
and 0"C between foliage and tree-rings, and the influence of selected environmental
variables on 8"N tree isotopic composition, and (3) determine the potential of tree-

ring 8"N as a proxy for foliar 8" N.

Methods

Site description

Switzerland is one of approximately thirty European countries currently

participating in the International Co-operative Programme on Assessment and

Monitoring of Air Pollution Effects on Forests (www.icp-forests.net). The 19 Swiss

sites included in the programme are also part of the Swiss Long-Term Forest
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Ecosystem Research Programme (LWF) and the European Long-Term Ecosystem
Research network (LTER-Europe) (Cherubini & Innes 2000, Schaub et al. 2011).
These 19 sites are distributed across Switzerland, spanning a wide range of
geographical/altitudinal gradients and cover various forest ecosystem types. Based
on species distribution, the availability of archived foliar samples for both Fagus
sylvatica and Picea abies, as well as the environmental data available (Table 1), six
LWF sites (Alptal, Beatenberg, Bettlachstock, Lausanne, Othmarsingen, and
Vordemwald) were selected for this study. All measurements were conducted in

accordance with the ICP Forests Programme (ICP-Forests 2010).

Climate, nitrogen deposition and soil data

At each LWF site, there is one meteorological station within the forested site and
another one in an open field nearby, within a radius of 2km. In Alptal,
meteorological data from the station Erlenhohe, located in the hydrological research
catchment Erlenbach (operated by WSL), were used. Variables measured at these
meteorological stations include precipitation (measured at 1.5 m height), air
temperature (2 m height) and relative humidity (2 m height), global short-wave solar
radiation (3 m height), and wind speed (4.6 m height). The values from the open
field station were verified by comparing against corresponding values from the
forest meteorological station and from the closest MeteoSwiss meteorological

station (www.meteoswiss.ch). Non-plausible and missing values were replaced by

values either from the forest meteorological LWF station or the MeteoSwiss station
after applying regression analysis that was established from periods with plausible
values. For precipitation, the values of the open field station were also checked
against the values from deposition volume measurements and subsequently replaced

or scaled as appropriate.

Bulk precipitation, from which bulk N deposition was determined, was continuously
sampled using three replicated, custom-made funnel-type polyethylene collectors
(replaced by bucket-type collectors during the winter). These collectors were
positioned 1.5 m above ground in the open fields where the meteorological stations

were situated. In Alptal, bulk precipitation measurements were carried out with only
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one funnel-type polyethylene collector, connected with a tube to a sample bottle
placed beneath the soil surface. The content of each of these collectors was collected
biweekly and brought to the lab where it was stored at 2°C prior to chemical
analyses. Bulk N deposition values were used in this investigation, as total N
deposition values were not available for all sites. However, the similar temporal
trends between bulk N deposition and total N deposition (where available) meant
that we were able to make conclusions based on bulk N deposition measurements
during our analyses. A detailed description of the sampling, N analysis, quality
assurance and control procedures of atmospheric deposition calculations can be

found in Thimonier et al. (2005) for LWF and Kloeti et al. (1989) for Alptal.

Soil matric potentials were measured using tensiometers at five different depths: 15,
30, 50, 80, and 130 cm, with eight replicates per depth and site, every two weeks at
all sites (with the exception of Alptal) (Graf Pannatier ef al. 2012). At Alptal, the
ground water level was measured instead of soil matric potential because of high
levels of precipitation, shallow soils and an impermeable under-layer. The C/N
ratios of the forest floor (Oe and Oa layers) or, when these organic horizons were
missing of the upper 5 cm of mineral soil, were determined once during the period
1994-1999 at each of the six sites. A detailed description of the sampling and

analysis of soil samples can be found in Walthert ez al. (2003).

Drought response index

A drought response index (DRI) was calculated for each site and day as the
difference between potential evapotranspiration (PET) and measured precipitation

(P), with:

DRI = PET-P eq. 1

PET was calculated with the Penman-Monteith approach (Monteith 1965) as
implemented in the CoupModel (Jansson & Karlberg 2004), using the parameter
settings of Gustafsson et al. (2004) for forests. Soil matric potential measurements

were used to verify the PET model. Daily DRI values were totalled over the entire
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growing-season (1* April-31* October) to obtain annual growing-season values
between 1997-2011 (or 1998-2011, depending on data availability) that were

subsequently used in the analyses.

Tree sampling

Foliage has been sampled biennially since 1997 at each of the LWF sites, with the
exception of Vordemwald, for which samples were only taken in 2009. Samples
were collected from the upper third of the tree crown from five dominant trees in the
surrounding buffer zone of the LWF site. Sampling was undertaken during summer
for F. sylvatica before the onset of autumnal leaf yellowing or senescence, and
during autumn for P. abies after the onset of the dormancy period of coniferous

species (Thimonier et al. 2010).

For tree-ring samples, ten dominant trees were selected adjacent to each LWF site,
as close as possible to the trees from which foliage samples had been taken, in terms
of distance and site topography. Trees were selected adjacent to the LWF site due to
the fact that the coring of trees from within the site is prohibited under the guidelines
set out by the ICP-Forests program. This is with the exception of P. abies at
Vordemwald, from which it was possible to extract cores from the same trees from
which foliage samples had been taken in 2009 as well as from an additional five
trees adjacent to the LWF site. Two cores were extracted from each tree at a height
of approximately 1.5 m in 2012 using a 0.5 cm diameter increment borer. Cores
were air-dried and planed using a custom-made core microtome (WSL, Switzerland)
to improve the visibility of individual tree-rings without contamination of wood

material between tree-ring years.

Dendrochronological analyses

Annual tree-rings were identified and measured from bark to pith, with a resolution
of 0.01lmm using the TSAPWIN tree-ring software (Version 3.5) connected to a
LINTAB3 measuring system (F. Rinn S.A., Heidelberg, Germany). The tree-rings

were subsequently cross-dated, both visually by comparing individual chronologies



60 Chapter 2

to site mean chronologies and by using standard methods (Cook & Kairiukstis 1990,
Fritts 1976). The tree-ring chronologies were statistically verified using the TSAP
and COFECHA routines (Holmes 1983), before being detrended with a 30 year
smoothing spline using the ARSTAN program (Version 44h2, Cook (1985) to
remove tree-ring biases caused by tree age. Although chronologies were found to
date back to 1725, we considered 1997-2011 only, as this was the time period for

which archived foliage samples were available.

Sample preparation and isotope analyses

Biennial foliar samples (leaves and current-year needles) were dried at 65°C, after
which the weight of 100 leaves or 1000 needles was determined. The samples taken
since 1997 have been stored in a micro-climate controlled archive at the WSL. In
2012, the archived foliage samples of each of the five trees were pooled to produce
one composite sample per site and sampling year, and subsequently milled and
homogenised using a MM200 centrifugal ball mill (Retsch, Haan, Germany). This
was with the exception of needle samples taken from P. abies at Vordemwald in
2009 that were prepared and analysed at an individual tree level. The milled material
was weighed into tin capsules (1.8-2.0mg for F. sylvatica leaves and 3.5-3.8 mg for
P. abies needles, according to species differences in foliage N concentration) for
stable isotope analysis. The 6"°C and "N were measured simultaneously through
combustion under excess oxygen in an elemental analyser (EA3000, EuroVector,
Milano, Italy) interfaced to a continuous flow stable isotope mass spectrometer
(Delta V, Thermo Fisher, Bremen, Germany), with a precision of 0.2 and 0.3%o for

6"C and "N, respectively.

Five trees (ten cores) from each site were selected for C and N tree-ring isotope
analyses. Based on the findings of Tomlinson et al. (2014), where no significant
changes in isotopic composition of either C or N were found after the extraction of
mobile compounds, we decided to use whole wood material. Single tree-rings were
separated with a razor blade under a microscope, and then pooled for each individual
tree-ring year per site. These samples were milled and homogenised using the

MM200 centrifugal ball mill. The resulting wood material was weighed into tin
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capsules (0.5-0.55mg) for 6"°C analysis (site n = 15, total n = 105). For the analysis
of wood 8" N, we applied the *10 year split pool approach’, whereby wood samples
are pooled for three consecutive tree-ring years, with an individual year sample
every 10" year (e.g. Kress et al. (2010); site n = 6, total n = 35). This ensures
sufficient wood material for the 8"°N analysis, which requires much more material
due to very low N concentrations. This approach also allows the assessment of
annual inter-site variance every 10" year. Samples were pooled by combining 10 mg
of material from each tree-ring year (e.g. 1998-2000, 2002-2004 etc.), and
homogenized using a vortexer (Select Bioproducts, Edison, USA). For P. abies from
Vordemwald, the tree-ring samples were pooled differently between 2008-2011, as
wood material was sampled from the same trees from which foliar samples were
taken in 2009. The wood material from each tree at this site was measured
individually (rather than all five trees pooled), whilst the tree-rings were pooled
every two years between 2008 and 2011 (i.e. 2008/2009 and 2010/2011). All wood
material prepared for 8N analysis was then weighed into tin capsules (~15mg).
Both the C and N samples were analysed by combustion under excess oxygen in an
elemental analyser (EA 1110, Carlo Erba, Milano, Italy) connected in continuous-
flow mode to an isotope ratio mass spectrometer (Delta-S, Finnigan, Bremen,
Germany), with a precision of 0.1 and 0.3%0 for 6"°C and "N, respectively. A
blank (empty tin capsule) was also measured after each N sample due to the high

C/N ratios in wood material (approx. 500:1).

Isotope values are expressed in the O-notation as relative deviations from the
international standards; Vienna Pee Dee Belemnite for carbon (8"°C =
((PC/C i) (PCI*Cygnaaea) = 1); [%o]), and atmospheric N, for nitrogen (8"°N =
(("N/"*Ngpi)/(C°N/*Nanaara) = 1); [%0]). The tree-ring 8°C was corrected for the
Suess effect, caused by the production of “C-depleted CO, emissions during fossil
fuel combustion. This was achieved by using records of past atmospheric 6"C
obtained from ice cores and from historical "°C recorded at Mauna Loa (Francey et
al. 1999, Leuenberger 2007). For both tree-ring and foliar 6"°C values, we used

these Suess-corrected values for all further analyses.

Data analyses
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Intra-tree and inter-species variation

All statistical analyses were performed using the statistical software program R
(version 3.1.3). We applied paired t-tests to investigate whether there were
significant differences in the isotopic composition of C and N between tree-rings
and foliage within each tree species. We investigated the relationship between tree-
ring and foliage isotope ratios of both C and N with linear regression. For C, both
tree-ring and foliar 8"°C isotope data used in these models matched the time
resolution of the foliage data (i.e. 1997, 1999, 2001 etc.; n = 8&/site), with the
exception of Vordemwald. Here, no foliage data were available for F. sylvatica, but
individual tree-ring and foliar results for the five P. abies trees measured in 2009
were used. For all sites, as tree-ring 8"°N samples had been pooled prior to analyses,
the foliage samples were averaged accordingly to match the tree-ring samples (site n
= 6, with the exception of Vordemwald). Un-paired t-tests were applied to determine
species differences in tree-ring 8"°C, tree-ring 6"N, foliar 8"°C and foliar 8N

isotopic composition.

Environmental effects

Linear regression models were used to test for temporal trends in environmental
variables between 1997 and 2011. Linear mixed-effects models were used to
investigate the effects of environmental variables (explanatory variables) on both
tree-ring and foliage isotopic composition and tree growth. Initial analyses on
annual tree-ring 8"C values demonstrated a lack of independency between tree-ring
years, and subsequently it was decided to average the results of the tree-ring 8"°C
analyses to match the pooling of the tree-ring 8N (i.e. 1998-2000, 2001, 2002-
2004, 2005-2007, 2008-2010, 2011). Data for the environmental variables were
averaged to match the tree-ring data (i.e. 10-year split pool approach) or biannually
selected to match the foliar data (every second year between 1997 and 2011). Tree-
ring width (TRW), tree-ring 8" N, foliar 8"N, tree-ring 6" °C, and foliar 6"°C were
assessed using individual linear mixed-effects models. In these models, species (F.

sylvatica or P. abies), soil C/N, annual growing-season DRI (DRI, ¢.), annual bulk
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deposition of mineral N (N deposition), year and site (as a random factor; n = 6)

were included as explanatory variables in a complete model.

The significance of each explanatory variable was tested by removing each one in
turn from the complete model. An Analysis of Variance (ANOVA) was
subsequently used to determine whether there was a significant difference between
the original model and the model lacking the particular explanatory parameter, i.e. to
determine whether this variable significantly contributed to explaining the remaining

variability.

Results

Intra-tree relationships and inter-species differences

Tree-ring 6N values were significantly less negative than foliar 6"°N values for
both F. sylvatica and P. abies (p < 0.001; Table 2). Moreover, 8"°N of tree-rings was
not related to that of foliage for either species (p = 0.80 and 0.55 for F. sylvatica and
P. abies, respectively) (Fig. 1b). Tree-ring 8"C was also significantly less negative
than foliar 8"°C for both tree species (p < 0.001; Table 2). 8°C of tree-rings and
foliage of both species were positively related to each other, with highly significant
relationships for P. abies (p < 0.001), but less so for F. sylvatica (p = 0.05) (Fig.
la).

Overall, 6"N of tree-rings and foliage of F. sylvatica were significantly (p < 0.001)
less negative compared to those of P. abies (by 1.58%0 and 1.85%o, respectively;
Table 2). In contrast, tree-ring 8" °C of P. abies was significantly less negative than
that of F. sylvatica (~1.98%o; p < 0.001), showing a similar pattern as foliar 8"C,
which was also significantly less negative in P. abies compared to F. sylvatica

(1.54%0; p < 0.001) (Table 2).

Temporal variations and environmental drivers
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Between 1997 and 2011, no significant temporal trends in either 8"°C or 8N in tree-
rings were observed for any of the sites (Table 3; Fig. 2a, 2c). However, large
among-site variations were present for both 8"”C in tree-rings (with maximum
differences of 3.0%c and 1.6%o for F. sylvatica and P. abies, respectively) and 8" N
in tree-rings (maximum differences of 5.0%¢ and 5.8%o for F. sylvatica and P. abies,
respectively). In contrast, both 8"”C and &"N in foliage significantly decreased
between 1997 and 2011, by up to 1.5%o for 8"°Cand 1.8%o for 6"°N (Table 3; Fig.
2b, 2d). At the same time, variations of both foliar 8"°C and 8"°N among sites for the
same species were lower than seen in tree-rings. Standardized TRW (corrected for
tree age) also decreased significantly between 1997-2011 (Table 3; Fig. 3a), in
contrast to DRI, , o, (p = 0.65; Fig. 3b). Bulk N deposition also decreased
significantly within this period (p < 0.001; Fig. 3c). Foliar "°C values were affected
by these environmental factors and became less negative with increasing soil C/N
values and increasing N deposition (Table 3). Conversely, tree-ring 8'"°C values and
both "N values in tree-rings and foliage were not affected by any of the

environmental factors considered (Table 3).

Discussion

Intra-tree and inter-species isotopic variations

Tree-rings showed less negative 8N values relative to foliage for both species
(~1.0%o0). Bukata & Kyser (2007) found the same pattern for a number of Quercus
and Betula species (with differences of about 0.5%o0). In our investigation, we found
no significant relationship between 8N in tree-rings and foliage. Furthermore, N
concentrations within the tree stem were particularly low compared to those in
foliage for both F. sylvatica (average values of 0.12%0 and 2.36%, respectively) and
P. abies (0.06%0 and 1.13%, respectively). This marked difference in N
concentration between the tree stem and the foliage highlights the greater need for N
in the foliage than in the tree-rings. Tree foliage is a large N sink within a tree as N
is a key component of the photosynthetic enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) in leaves and needles (Takashima er al. 2004).

With low tree N concentrations and a high foliar N demand, N recycling within the
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tree is an essential physiological process to ensure that all N demands within the tree
are met, primarily in the foliage. This process of N recycling can occur within the
foliage, before leaf abscission in deciduous trees or between different age-classes of
needles in conifers (Gebauer & Schulze 1991, Kolb & Evans 2002). Further N
recycling processes occur within the tree stem (Tomlinson ez al. 2014) and between
the tree stem and foliage. Notably, foliar 6"°N values measured in our investigation
showed very little variation compared to "N in tree-rings from the same site.
Similarly, Gerhart & McLauchlan (2014) highlighted a lack of a consistent
correlation between tree-ring 8'"°N and tree-ring N concentrations, as often seen in
the foliage. They attributed the lack of a relationship between tree-ring 6"°N and
tree-ring N concentrations to non-environmental processes, such as N recycling to
fulfill the high N demands in the foliage. Recycling of N will most likely result in
more enriched (less negative) 8N in the source tissues since molecules containing
heavier isotopes are discriminated against and are left behind, a pattern indeed

observed in tree-rings in our study.

The comparison of 8'"°N between species revealed less negative "°N values in tree-
rings and foliage for F. sylvatica than for P. abies (by 1.6%0¢ and 1.9%o,
respectively). These differences might be due to a substantial difference in the
biochemical composition of the foliage between the two species. For example, P.
abies allocates far less N to compounds used in photosynthesis than F. sylvatica,
instead allocating more N (in relative terms) to cell wall structures to increase
foliage toughness and longevity (Takashima et al. 2004). The two species also differ
in rooting depth (Table 1), which could result in beech taking up N also from deeper
soil N pools than spruce. 8”N values are known to increase with increasing soil
depth due to fractionation during mineralisation and litter decomposition (Gebauer
& Schulze 1991, Hogberg 1997). As a result, differences in N uptake from different
soil depths may explain the higher 8"N for beech compared to spruce. Furthermore,
differences in mycorrhizal relationships may influence species-specific 8N values,
as mycorrhizae typically transfer "N-depleted N to the tree (Craine et al. 2009).
Different species-specific uptake preferences for nitrate and ammonium may also
contribute to species differences in both tree-ring and foliar 8'°’N. However, the

uptake of ammonium is known to be significantly greater than the uptake of nitrate
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for both tree species (Gessler ef al. 1998). Furthermore, we do not have any data on
the isotopic composition of either soil nitrate or ammonium at any of our sites.
There was, however, no effect of site-specific soil C/N values (which are inversely
correlated with nitrification rates; Bengtsson et al. (2003)) on either tree-ring or

foliar 8'"°N values.

Tree-ring 8"°C was less negative than foliar °C by 0.91%0 on average. A multi-
species review by Badeck et al. (2005) also found less negative 8"C values in
woody stems relative to foliage (by 1.9%o). Other studies have suggested this intra-
tree variation to primarily being the result of (/) differences in the biochemical
composition between tree-rings and foliage, and (2) the growth of tree-rings and
foliage occurring during periods of different environmental conditions and thus
photosynthetic discrimination (Badeck er al. 2005, Cernusak et al. 2009). Our
investigation found a significant positive correlation between &"°C values of tree-
rings and foliage for P. abies but not so for F. sylvatica. Species-specific differences
between evergreen and deciduous tree 8" °C values have generally been attributed to
differences in tree physiology, primarily to lower stomatal conductance and higher
intrinsic water-use efficiency of P. abies relative to F. sylvatica (Brooks et al. 1997,
Cernusak et al. 2009). Moreover, the intra-tree difference between 6"°C values of
tree-rings vs. foliage was nearly twice as large for P. abies than for F. sylvatica
(1.13%0 and 0.69%o, respectively). This can additionally be attributed to species-
specific differences in wood biochemical composition. Softwoods, such as P.abies,
typically have lower lignin and higher cellulose concentrations than hardwoods,
such as F. sylvatica. This is significant, given that cellulose is often *C-enriched and
lignin “C-depleted relative to the organic mass of the measured plant component

(Badeck et al. 2005, Saka 2001).

Temporal trends and environmental influences

Tree-ring 8"°N did not show any significant temporal trends, whilst foliage "N
significantly decreased over the measurement period by about 0.9%o. Internal N
recycling and a smaller sink strength than growing photosynthesizing tissues might

explain the lack of temporal trends in the 8N of tree-rings. A temporal decrease of
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up to 4%o in foliar 8N has previously been observed by Hogberg et al. (1992) in
current-year foliage between 1966 and 1989. These decreasing 6N values over time
have been suggested to be the result of changes in atmospheric N isotopic
composition, which is strongly dependent on emission sources (Ammann et al.
1999, Saurer et al. 2004). However, there are no long-term datasets of the N isotopic
signature of atmospheric N deposition available that would allow us to determine

whether this was the case at our study sites.

Similarly, we found no significant temporal trends in the 8"°C values of tree-rings
for this relatively short time period. Foliar 6"°C values, however, became more
negative over the measurement period for both species, even after correcting for the
declining atmospheric *C/"”C caused by the production of "C-depleted fossil fuel
emissions (McCarroll er al. 2009). While none of the environmental variables
considered provided an explanation for the variation in tree-ring 8"°C, both soil C/N
and N deposition were partially able to explain the site differences in foliar "C
(Table 3). Less negative foliar 8"°C values were found at sites with higher soil C/N
values (i.e. decreasing soil N availability), while foliar 8"”C also became less
negative with increasing N deposition. Investigating the water-use efficiency of
poplar leaves under different soil N and atmospheric NO, regimes, Siegwolf et al.
(2001) also found a decrease in foliar 8"°C with increasing soil N availability and
decreasing NO, exposure. In that study, the effect of decreasing 8"C in foliage with
increasing soil N availability was attributed to an increase in stomatal conductance.
Increasing &"°C values with increasing NO,, however, was attributed to an increase
in CO, assimilation, but with a more moderate increase in stomatal conductance. In
our study, the lack of soil C/N or N deposition affecting tree-ring 8"°C and TRW
suggests that both spatial and temporal variations in N availability were not strong

enough to significantly alter either tree-ring 8"°C or TRW.
Are tree-ring 0" N values suitable proxies for foliar 3N values?
Our analyses for the period 1997 to 2011 clearly demonstrated a significant

uncoupling between tree-ring and foliar 8N, suggesting that tree-ring &N

represents an inappropriate proxy for foliar 8”N or 8"N in atmospheric N



68 Chapter 2

deposition. Contrary to our results, Bukata & Kyser (2007) reported a significant
positive correlation between the 8"°N values in both tissues for two Quercus species.
However, their analyses included foliar and tree-ring samples from one year only
(2006) and thus did not include a time series of foliar and tree-ring isotopic
composition, such as in our investigation. The lack of a time series in the
investigation of Bukata & Kyser (2007) becomes significant when N recycling
processes within the tree are taken into account. While all foliage samples analyzed
in our investigation were current year foliage samples (subsequently archived), all
tree-ring samples were collected together during one sampling procedure in 2012
(i.e. the tree-rings from 1997 were already 15 years old). Consequently, the tree-
rings included in our investigation would have been subjected to N recycling
processes to meet the strong N demand from sinks within the foliage (and younger
tree-rings). The fact that N can be assimilated into the tree from both the soil and
directly from the atmosphere also contributes to this uncoupling effect, as direct
foliar uptake of atmospheric reactive N has previously been suggested to contribute
to 16% of plant N demand (Vallano & Sparks 2007). This uncoupling process is
further supported by: (/) the fact that foliar 8°N values significantly decreased over
our measurement period, while there was no significant difference in tree-ring 8N,
(2) the much greater variation in tree-ring 6"’ N relative to foliar "N, and (3) the
large differences in N concentrations between tree-rings and foliage in both F.

sylvatica and P. abies.

Furthermore, our analyses demonstrated that tree-ring "°N values were not affected
by various site-specific environmental conditions over a 15-year period, such as soil
N availability or changing rates of bulk N deposition. This is in contrast to a number
of previous investigations that have shown that tree-ring 8N values might be able
to provide information on anthropogenic sources of forest N inputs (Elhani et al.
2005, Guerrieri et al. 2009, McLauchlan & Craine 2012, Saurer et al. 2004, Savard
et al. 2009, Sun et al. 2010). For example, a number of these studies demonstrated a
gradual decrease in tree-ring "°N values over time, thought to be due to changes in
the isotopic composition of atmospheric N (e.g. McLauchlan & Craine 2012,
Poulson et al. 1995, Savard et al. 2009). Unlike our investigation, however, many of

these studies sampled trees that were either exposed to high levels of N deposition
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(Guerrieri et al. 2009, Saurer et al. 2004, Sun et al. 2010) or from N fertilization
experiments that simulated high doses of N deposition (Elhani et al. 2005, Guerrieri
et al. 2011). Furthermore, a recent review by Gerhart & McLauchlan (2014) on the
potential application and limitations of using wood 8" N to study terrestrial nutrient
cycles, highlighted the speculative nature of the causes of these temporal trends of
tree-ring 8'"°N. This is primarily due to a lack of both long- and short-term data on
the isotopic composition of deposited N, and the large regional and seasonal
variability of the isotopic signature of N deposition (Gerhart & McLauchlan 2014).
Moreover, the high bidirectional mobility of N within the tree stem of P. abies,
demonstrated by Tomlinson ef al. (2014) for a period of 70 years, suggests that any
potential ""N-deposition signal within the tree-ring 8N chronology must be
interpreted with great care. This movement of N within the tree stem also
contributes to the large inter-annual variability in tree-ring 8”N seen in our
investigation, a systematic feature found within many investigations on tree-ring
8"N. Thus, the results of our investigation have shown that, over a 15-year period
and at levels of low to moderate N deposition, physiological processes within the
tree mask any environmental signals that were present within the tree-ring "N

chronology.

In conclusion, using tree-ring 8N as a proxy for foliar 6"°N for both F. sylvatica
and P. abies is inappropriate for site conditions with low to moderate N deposition.
Furthermore, the large variation in tree-ring 8N found for the same species and
among sites make them also unsuitable as archives for the nitrogen isotopic
composition of low to moderate atmospheric N deposition, most likely due to
internal N recycling processes and/or differences in tree N assimilation. As a
consequence of such recycling processes, particularly within the tree stem, any
potential N deposition signal — once present in tree-ring N isotopic composition —

will unfortunately not be preserved within a given tree-ring year.
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Table 2 Average tree-ring and foliar 8"°N and 8"°C values (%o; + standard deviation (n)) of F. sylvatica and P.
abies as well as the intra-tree isotopic differences and differences between species (%o; + standard deviation)

(*,** *%* for p <0.05,p <0.01 or p <0.001, respectively).

F. sylvatica P. abies Species difference

Tree-ring -5.98 = 1.44 (24) -7.56 = 1.36 (18) 1.58 & 1.98%#:*:
8PN Foliage -6.85 +£0.34 (24) -8.70 £0.47 (17) 1.85 + 0.58%:**

Intra-tree difference 0.87 £ 1.28*** 1.14 £ 1.43%**

Tree-ring -25.69 +0.70 (60) -23.71 £0.37 (45) -1.98 £ 0.79%%*
8"C

Foliage -26.38 £0.50 (24) -24.84 +0.88 (17) -1.54 £ 1.01%%*

Intra-tree difference 0.69 + 0.58*** 1.13 £ 0.86***
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Fig. 2 Chronologies of (a) tree-ring 8"C, (b) foliar §"C, (c) tree-ring §"°N, and (d) foliar 6"°N

for both P. abies (dashed lines) and F. sylvatica (solid lines) between 1997 and 2011 for six

sites across Switzerland. Annual tree-ring "°C data have been averaged to match the tree-ring

8N data (i.e. the 10-year split pool approach; 1998-2000, 2001, 2002-2004, 2005-2007, 2008-

2010, 2011).
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(April-October) drought response index (DRI), and (c) bulk deposition mineral N
for six P. abies (dashed lines) and F. sylvatica sites (solid lines) sites between

1997 and 2011.
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Abstract

How trees have responded to changing climate vs. nitrogen (N) deposition is
difficult to assess, since long-term N deposition data are scarce. Therefore, we first
tested the accuracy of modelled N deposition and then assessed the response of tree-
ring width (TRW) and basal area increment (BAI) of European beech and Norway
spruce to environmental change at eight sites across Switzerland and of intrinsic
water-use efficiency (WUE;; based on stable isotopes) for a mixed forest (Ligeren)
during 1901-2010. TRW generally increased with precipitation but decreased with
temperature, highlighting the importance of water availability for growth, while BAI
increased with N deposition at all eight sites. At Ligeren, BAI was not affected by
climate, but increased significantly with N deposition, thereby increasing tree water
demand. WUE,; increased significantly with N deposition (during 1960-1990) and
summer temperatures (particularly after 2000). The combination of high BAI and
WUE; during decades with high N deposition strongly suggests greater susceptibility

of tree growth to water stress, particularly with predicted increases in temperature.

Introduction

The continued emission of large amounts of greenhouse gases, primarily carbon
dioxide (CO,) from fossil fuel combustion, is causing fundamental changes in
temperature on both global and regional scales (Hartmann et al. 2013).
Concurrently, increased fertilizer use and fossil fuel combustion throughout the 20"
century have caused a large increase in the global availability of reactive nitrogen
(N) compounds (Galloway et al. 2008). Atmospheric transport of nitrous oxides
(NO,) and reduced nitrogen (NHy) has profound effects on local and global N
cycles, particularly for N-limited ecosystems (Erisman et al. 2011). In Switzerland,
temperatures have increased at more than twice the global average during the 20"
century, with a particularly sharp increase between 1980 and 2000 (Rebetez 1999),
while atmospheric concentrations of NO, and ammonia (NH;) increased
significantly between 1950 and 1990 (EKL 2005). Technological advancements,
however, have led to a recent decrease in NO,, emissions since its peak in the 1980s

(Winiwarter et al. 2011).
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Forests play an important role in global C sequestration (Pan et al. 2011),
particularly since increased atmospheric CO, concentrations are thought to have a
species-specific fertilizing effect on tree growth, although the occurrence and size of
this effect is still highly debated (Lindner et al. 2010, Bader et al. 2013). The effects
of different temperature and precipitation regimes on tree growth in Europe are also
species-specific and can be highly site-specific (Babst et al. 2013). Initially, the
increased availability of N also had a fertilizing effect on N-limited tree growth in
many temperate and boreal forest ecosystems, increasing forest C sequestration
(Magnani et al. 2007, Pretzsch et al. 2014). However, once N inputs exceed N
demands and the ecosystem is no longer able to retain the excess N, nutrient
imbalances in the forest soil can lead to soil acidification and increased N leaching
rates, reducing tree growth and, in some cases, resulting in tree mortality and forest
decline (Erisman et al. 2011, Wallace et al. 2007). The response of tree growth to
increased N availability is a subject of on-going research due to the complex
interactions between atmospheric N deposition, soil N pools, and root and canopy N
uptake (De Schrijver et al. 2008, de Vries et al. 2008, Magnani et al. 2007). The
influence of these different interacting environmental factors on tree growth is
difficult to disentangle due to counter-acting effects of a wide variety of site-specific
conditions (Solberg et al. 2009). For example, while temperate continental forest
ecosystems experienced increased growth due to increased N availability in the past
(de Vries et al. 2014), they are predicted to suffer from decreased water availability
and increased drought stress throughout the 21* century, maybe even becoming a C
source by the end of the century (Lindner ez al. 2010). Thus, it is essential to further
develop our understanding of the influence of past environmental changes on tree
growth in order to predict how forest ecosystems will be affected by future changes

in the environment.

Annual tree-ring width chronologies, together with records of site-specific
environmental conditions, are particularly useful in observing the effects of
changing environmental conditions on both an individual tree and a forest stand
level. Tree-rings respond to and preserve climate information with such accuracy

that they can be used to reliably reconstruct long-term temperature records dating
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back centuries (Fritts 1976). Together with tree-ring width chronologies, records of
tree-ring stable isotopic composition can be used to better understand the tree
physiological responses to changing climatic conditions (Cernusak & English 2015).
The carbon isotopic composition (3"°C) of tree-rings is a sensitive proxy for water
availability and can provide historical records of intrinsic water-use efficiency
(WUE;) (Farquhar et al. 1982), defined as the ratio of net photosynthesis to
transpiration, and is affected by changes in climate, atmospheric CO, concentrations,
air pollution and nutrient availability (Saurer & Siegwolf 2007, Keenan et al. 2013).
Thus, it can be used to investigate the effect of water availability and N deposition
levels on tree physiology (Savard 2010). However, a majority of the investigations
on the potential fertilizing effect of N on tree growth either (a) span a short period
since long time series of measured N deposition are not available (Solberg et al.
2009), or (b) are manipulation experiments that involve the experimental addition of
high doses of N. Thus, the assessment of a potential long-term anthropogenic-driven

fertilization effect on tree growth throughout the 20™ century is still difficult.

Based on a combination of tree-ring width measurements, environmental data and
modelled N deposition for eight sites within Switzerland, as well as tree-ring §13C
values from one mixed forest site, the aims of this study were to: (1) assess the
accuracy of modelled decadal N deposition spanning the 20" century, (2) identify
environmental drivers of tree growth in Swiss forests between 1901 and 2011, and
(3) use WUE,; estimates to investigate changes in tree physiology due to changes in

N deposition, temperature and precipitation between 1900 and 2010.

Methods

Site description

This investigation used data from six Swiss Long-term Forest Ecosystem Research
(LWEF) sites, run by the Swiss Federal Institute for Forest, Snow and Landscape
Research (WSL), and two Swiss sites from the National Air Pollution Monitoring
Network (NABEL), run by the Federal Office for the Environment (FOEN) and the

Swiss Federal Laboratories for Materials Science and Technology (Empa). These
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eight sites span a wide elevation range (from 432 to 1511 m) and incorporate two
main tree species, European beech (Fagus sylvatica (L.)) and Norway spruce (Picea
abies (L.) Karst). The main site characteristics and abbreviations of the eight sites

used in this study are shown in Table 1.

Switzerland is one of approximately thirty European countries currently
participating in the International Co-operative Programme on Assessment and
Monitoring of Air Pollution Effect on Forests (ICP Forests), a programme that
includes over 500 intensive monitoring plots across Europe (Fischer et al. 2012). Six
LWF sites were selected for this study based on availability of tree-ring
chronologies for the two tree species Fagus sylvatica and Picea abies as well as

environmental data.

The National Air Pollution Monitoring Network was initiated in 1978, and further
extended in 1990/91 to include a total of 16 monitoring stations within Switzerland
across a gradient of varying air pollution levels. These sites record levels of selected
gaseous pollutants, suspended particulates, volatile organic compounds, and open
field wet deposition at various time intervals, ranging from every half an hour to up
to once a year. Two NABEL sites (Diibendorf and Payerne) were included in this

investigation.

Meteorological data

Monthly temperature and precipitation records were obtained for each of the eight
sites between 1901 and 2012 from the publicly available observational Climate
Research Unit (CRU) TS 3.2 worldwide dataset, in which climate observations were
constructed from meteorological stations on a 0.5° x 0.5° grid covering the global
land surface (Mitchell & Jones 2005). From this dataset, we produced seasonal and

annual averages and sums for temperature and precipitation, respectively.

Nitrogen deposition

Estimated N deposition (based on the canopy budget model)
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Total deposition was estimated from bulk and throughfall deposition measurements
on an annual basis using the canopy budget model developed by Ulrich (1983) and
extended by Draaijers & Erisman (1995), whereby throughfall fluxes represent total
deposition plus or minus canopy exchanges, i.e. leaching or uptake, according to
Thimonier et al. (2010). Deposition data are available for LAU, OTH and VOR
from 1997 to 2013 and for BEA from 1999 to 2013.

Modelled N deposition

Atmospheric N deposition was estimated using a pragmatic modelling approach that
combines monitoring data, spatial interpolation methods, emission inventories,
statistical dispersion models and inferential deposition models (updated from
Thimonier et al. 2005). The following variables were included in this combined
model approach: wet deposition of nitrate (NO3) and ammonium (NHJ), gaseous
ammonia (NHj3), nitrogen dioxide (NO,) and nitric acid (HNO3) as well as dry
deposition of particulate NH; and NO3 (secondary aerosols). Wet deposition was
obtained by multiplying mean annual concentrations of soluble N compounds in
precipitation with precipitation rate. Dry deposition of gases and aerosols was
calculated on the basis of monitored and modelled air concentrations. For NH; and
NO,, the air concentrations were calculated applying an emission-dispersion
approach. Emissions and concentrations of NH; were mapped on a grid of 100 m by
100 m (Thoni et al. 2004). The velocity of deposition depends on meteorological
conditions, the reactivity of the pollutant and the surface roughness. For calculating
the NH; deposition of beech stands, a typical average deposition velocity of 22 mm
s"' was used. Emissions and concentrations of NO, were mapped on a grid of 200 m
by 200 m, based on emission maps and statistical dispersion models (FOEN 2011).
For the deposition velocity of NO,, a value of 3.0 mm s' was used. The
concentration field for HNO5; was derived from maps of air humidity, temperature,
ozone concentrations and NO, concentrations, applying an empirical relationship
(UNECE 2005). For HNO; a deposition velocity of 15 mm s' was used. The
concentration of particulate NO3 and NH; was derived from modelled PM10 maps

(SAEFL 2003), and deposition velocities of aerosols were in a range of 1.5-3.0 mm
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s depending on altitude. Deposition was calculated with this combined approach

for the years 1990, 2000, 2005 and 2010 using existing input maps.

Deposition in the period 1880-1980 was calculated for every ten years using a
gridded dataset of historic deposition rates (CCE (2012); on the basis of Schopp et
al. (2003)). To estimate historic N deposition, separate depositions for NH; and
NO, of the year 2000 were used; a reduction factor derived from the gridded dataset

was subsequently applied (e.g. NHy deposition in 1880/NH,, deposition in 2000).

Tree sampling

A total of ten dominant trees were selected from each site from as close to the
deposition measurement stations as possible. Two stem cores were extracted at
breast height (approximately 1.2 m) from each tree in either 2012 or 2013 using a
0.5 cm diameter increment borer. Cores were air-dried and planed using a custom-
made core microtome (WSL, Switzerland) to improve the visibility of the individual

tree-rings without contamination of wood material between tree-ring years.

Dendrochronological analysis

Annual tree-rings were identified and tree-ring width (TRW) measured from bark to
pith to a resolution of 0.01mm using the TSAPWIN tree-ring software (Version 3.5)
connected to a LINTAB3 measuring system (F. Rinn S.A., Heidelberg, Germany).
For each site, samples were visually and statistically crossdated with COFECHA
(Holmes 1983) and quality checked following standard dendrochronological
procedures (Fritts 1976). The TRW series were subsequently detrended with a spline
with a 50% frequency-response threshold of 30 years (Cook & Peters 1981) to
remove biased trends caused by tree age, and averaged to a site chronology using
Tukey’s biweight robust mean. Although chronologies were found to date back to
1725, the time series included in this study are either from 1901-2011 (for climate-
growth correlations) or 1900-2010 (for deposition-growth correlations). TRW

measurements were additionally used to calculate the tree basal area increment
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(BAI) at each of the eight sites between 1900 and 2010 to account for long-term

productivity changes of tree growth:

BAI = m(R:* = Re_1 %) (1)

where R is the tree radius and 7 the year the ring was formed.

Sample preparation and isotope analysis

Five trees (ten cores) from the mixed forest site Ligeren (LAE) were selected for
0"”C tree-ring analysis. Tree-rings were separated with a razor blade under a
microscope, transferred into Teflon filter bags (Ankom Technology, Macedon, NY,
USA) and underwent a cellulose extraction that consisted of three steps: (1) the
removal of lignin by NaClO, in an ultrasonic bath for 24 hours (24 g sodium chlorite
and 8 ml in acetic acid in 2 L water, solution renewed every three hours followed by
an overnight solution with 72 g NaClO, at 70°C), (2) the removal of fats, resins,
oils, tannins and hemicellulose by washing in distilled water and soaking in a
sodium hydroxide solution (150g NaOH in 1L water) for 45 minutes, and (3) the
neutralization with HCI solution (3%) for 45 minutes in an ultrasonic bath and
washing in distilled water until neutral pH was achieved. The cellulose material was
dried at 50°C in a cabinet drier for 1 day before being transferred to Eppendorf caps,
soaked in distilled water for 2 days for subsequent homogenization by ultrasound
(Hielscher Ultrasonics GmbH, Teltow, Germany), and dried by lyophilisation. The
cellulose samples were weighed (0.5-1.0 mg) into silver capsules for further
simultaneous measurement of ¢"°C/"*C and 6'*0/'°O by pyrolysis at 1450°C (PYRO-
cube, Elementar, Hanau, Germany) and subsequent IRMS (Delta Plus XP; Thermo
Finnigan Mat, Bremen, Germany) with a precision of £0.15%o for 6'°0 and £0.12%o
for 0"°C. The 0"C signal was corrected for a dampening of the signal due to
memory effects from pyrolysis by applying a linear correction as determined from
double measurements with pyrolysis and combustion of a subset according to

Woodley et al. (2012) with the following equation:

§13Ceprr = 1.219 §13Cp o + 5.3545 2)
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where 0"C,,, represents the corrected values, and 6"”C, . refer to pyrolysis

pyro
measurements (after correction with internal standards).. Isotope values are
expressed in the d-notation as relative deviations from the international standard, V-
PDB (0"C = ((""C/"C i)/ (°C/C i) — 1); [%o]). The tree-ring 0"°C values were
corrected for the Suess effect resulting from the combustion of fossil fuels (Keeling
1979). For this correction, records of past atmospheric 6"°C obtained from ice cores
and from historical records from Mauna Loa (Leuenberger 2007, White & Vaughn

2015) were applied.

Intrinsic water-use efficiency (WUE;)

The intrinsic water-use efficiency (WUE;) values were calculated from tree-ring
0"”C chronologies between 1850 and 2012 (Appendix, Fig. I). The isotope

discrimination of 6"°C (A) during photosynthesis can be defined as:

Ca— G

+bt=a+(b-a)n 3
C—a aC 3)

Ca a a

where a is the fractionation occurring due to diffusion in air (~4.4%o), b is the net
fractionation during carboxylation (27%o), and c¢; and ¢, are the CO, concentrations
of the intercellular spaces and atmospheric air, respectively (Farquhar et al. 1982).

The discrimination can also be defined as:

A = 613Ca - 513Csample
1+ 513Csamp1e

~ 613Ca - 613Csample (4)

where §'3C, is the isotope value of atmospheric CO, and §'3Cygpmpie that of the
sample, in our case tree-rings. Using equations (3) and (4) in combination, ¢; can be

calculated as:

§3C, — 6 Coample — 2
— asa ple (5)

C = Ca
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Finally, intrinsic water-use efficiency (WUE;) can be defined as the ratio of

photosynthesis (A) to the conductance for water vapour (gy,0):

A (Ca - Ci)
WUE; = = 6
' 8120 1.6 ©)

Combining equations (5) and (6) allows us to determine WUE; as:

c, b— 6BC, — 613C
WUE, = 1_36 a{)_a sample (7)

Data analysis

All statistics and figures based on the results of this investigation were performed
using the statistical software program R (version 3.1.3). A paired t-test, together
with a linear regression model, was used to investigate the relationship between
inorganic modelled N deposition and estimated N deposition (based on the canopy
budget model of Ulrich 1983). Both estimated N deposition and modelled N
deposition values were 5-year average values from 1998-2002, 2003-2007 and
2008-2012.

Climate-growth correlations were assessed based on Pearson correlation coefficients
between the TRW chronologies and monthly CRU meteorological data for each site
between 1901 and 2011 (Appendix, Fig. 2), as some sites lacked tree-ring width data
for 2012. Based on these results, it was decided to use the following environmental
variables for further analyses: mean annual temperature (MAT), summer average
temperature (June, July and August (Tjja)), previous summer average temperature
(Tppja), sum of annual precipitation (Psyy,), sum of summer precipitation (Pyj,) and
sum of previous summer precipitation (Pyj;4). The degrees of freedom for each
correlation were 108, as each correlation covered a total of 110 years (df = n-2), and
subsequently the critical value for the significance of each correlation coefficient
was approximately 0.195. Correlation analyses between BAI (5-year moving
average) and modelled N deposition (linearly interpolated decadal values) were also

performed between 1900 and 2010. BAI was used for this part of the analyses, as the
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standardized TRW does not give information of the long-term environmental effects

on tree growth.

The variability of environmental and tree physiological variables at LAE was
assessed using a principal component analysis (PCA) on annual values between
1901 and 2010, as modelled N deposition values were available to 2010 only, while
climate data extended as far back as 1901. Decadal values of modelled N deposition
were linearly interpolated to obtain annual values. Variables considered in this
analysis were: basal area increment (BAI), intrinsic water-use efficiency (WUE;),
year, modelled N deposition, Psyp, Bya, Pojja, MAT, Tjja and Tpjja. This analysis
was supported by both multiple regression analyses and a number of linear
regression models performed between decadal (5-year average) values of BAI or
WUE, with decadal modelled N deposition and decadal 5-year average values of Pjja
and Tjj5 for the period 1900-2010 (as climate-growth correlations demonstrated tree
growth at LAE to be more strongly influenced by Pyjj and Tpjja than by Pgp, or
MAT). For the year 1900, average Pjj, and Tjj, values were calculated using values

from 1901 and 1902 only, as climate data extended as far back as 1901.

Results

Modelled nitrogen deposition

There was a significant positive relationship between the estimated N deposition
(based on Ulrich 1983) and modelled N deposition values (p < 0.001; Fig. 1), with
an offset of 4.31 kg N ha yr', while the paired t-test showed that modelled N
deposition was consistently significantly higher than the estimated N deposition (t =

13.84,p <0.001) at each of the four sites included in the analysis.
Environmental drivers of tree growth in the 20" century
At all eight sites, deposition had the largest positive effect on tree growth (using

BAI measurements), while response of standardized TRW to changes in

precipitation and temperature regimes varied among each of the eight sites (Fig. 2).
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The common trends in TRW among sites, however, include positive correlations
with precipitation and negative correlations with temperature. Five of the eight sites
significantly increased in TRW with increases in one or more of the precipitation
variables, with the strongest correlation found at the lowest beech site DUB with
Bja (r = 0.42). None of the sites included in this investigation showed a strong
negative relationship with increasing precipitation. Five sites showed a negative
response with increases in one of the temperature variables, the strongest negative
response being at the mixed forest site LAE with Tpj;4 (r = -0.34), while temperature
had a significantly positive effect on TRW at just one site (the spruce site BEA,
situated above 1500m). TRW both increased significantly with precipitation and
decreased significantly with temperature at four of the sites (the beech sites DUB,
LAE and LAU, and the spruce site ALP), demonstrating the strong influence of
water demand and availability on TRW at these sites. There were no consistent
species-specific differences in TRW in response to changing climatic conditions,
with sites of both species showing different growth patterns in response to changes

in precipitation and temperature.

Physiological response to changing environmental conditions

At the mixed forest site LAE, Tj;5 increased significantly between 1901 and 2011 (p
< 0.001), with peak values occurring at the start of the 21* century (Fig. 3a), while
no long-term changes in P, values were observed (p = 0.70). Modelled N
deposition increased significantly between 1901 and 1980 (p<0.001), particularly
between 1950 and 1980, before decreasing again (Fig. 3b). Both BAI (p<0.001) and
WUE; (p<0.001) significantly increased at LAE throughout the 20" century, with
peak values of BAI occurring between 1950 and 1990 (Fig. 3c, 3d).

The first principal component (PC) of the PCA was mainly represented by year,
modelled N deposition and temperature (PC1), while the secondary axis (PC2) was
primarily determined by precipitation (Fig. 4). Based on temporal changes in long-
term environmental conditions throughout the 20" century, three groups could be
separated: 1901-1950, 1951-1990 and 1991-2010, i.e. before, during and after the
rise in N deposition during the second half of the 20" century (Fig. 3b). Those
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environmental variables most strongly representing PC1 and PC2 for BAI and
WUE;, i.e. modelled N deposition, Tjja, and P, , explained 70% and 79% of the
variation in BAI and WUE;, respectively (Table 2), with modelled N deposition
clearly dominating the observed variation at this site. Additionally, the increase and
subsequent peak in modelled N deposition between 1950 and 1990 corresponded to
some of the highest values of BAI and WUE; within the measured time period
(1950-1990; Fig. 5a). While there was no significant relationship between Pjj, and
either BAI or WUE; (Fig. 5b), WUE; increased significantly with Tjja @ =037;p=

0.035), but there was no significant relationship between BAI and Ty, (Fig. 5c¢).

Discussion

Modelled nitrogen deposition

Modelled N deposition was positively related to, but consistently higher than,
estimated N deposition (based on Ulrich 1983) at the four sites used for this
analysis. Modelled N deposition values were calculated using a combination of
measured concentration values (notably wet deposition values of nitrate (NO3) and
ammonium ( NH} )) together with various interpolation methods, emission
inventories, dispersion models and deposition models for dry deposition. Wet
deposition values are directly dependent on precipitation values, while the dry
deposition values are dependent on reactive N concentrations in the atmosphere and
deposition velocities. The model has no method of incorporating forest edge effects
into these modelled values, which may overestimate dry N deposition at forest
borders and thus contribute to the offset. Conversely, while the model may have
overestimated N deposition, it is equally probable that N deposition calculated using
the canopy budget model (Ulrich 1983) has been underestimated. In particular,
direct canopy uptake of N is difficult to calculate reliably and thus difficult to
incorporate within the canopy budget model. In addition, stemflow was neglected
and snowfall can contribute to the underestimation of precipitation, while microbial
activity within the sample collectors can reduce N concentrations within the sample,
thereby reducing N deposition calculated using the canopy budget model (Ulrich
1983).
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Importantly, however, there was a significant positive relationship between
modelled and estimated N deposition, meaning that while modelled N deposition
values may not absolutely reflect the amount of N entering the forest ecosystem, the
model does capture changes and trends in N deposition through time. In addition,
the total amount of N deposited in Switzerland calculated by the model used in this
study is similar to total N emissions estimated by atmospheric transport models for
the long-range transport of N (EKL 2005). Consequently, despite potential
methodological biases in both approaches, modelled N deposition was used in
analysing how trees have responded to environmental changes throughout the 20"

century.

Environmental drivers of tree growth

Climate drivers of tree growth varied among the eight sites included in this
investigation, but TRW generally responded positively to increases in precipitation
and negatively to increases in temperature, particularly for F. sylvatica sites. This is
in agreement with a number of previous investigations, studying the effect of
climate on the growth on a variety of tree species across Europe (Lebourgeois et al.
2005, Scharnweber et al. 2011). Temperature and precipitation are closely related in
both being strong drivers of water availability, and thus, it is not surprising that
some sites showed both positive and negative correlations of TRW with
precipitation and temperature, respectively. The main mechanism through which
low water availability (caused by high temperatures and/or low precipitation)
reduces tree growth is through decreases in stomatal conductance to reduce foliar
water loss through transpiration, thus also indirectly reducing tree CO, uptake.
Certainly, our results suggest that climate drivers of tree growth in Switzerland are
more site-specific than species-specific, with no clear trends emerging within each
species. At the four sites that precipitation and temperature both significantly
affected tree growth (ALP, DUB, LAE and LAU), the climate-growth effects were
temporally consistent within each site (i.e. summer temperature and summer

precipitation, or previous summer temperature and previous summer precipitation).
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The one site that showed an increase in TRW with temperature was also the highest
site in this study, situated at 1511m. This result is similar to those from a European-
wide investigation on climate drivers of tree growth that found an increase in TRW
with temperature at high altitude sites, such as at the central Alpine tree-line (Babst
et al. 2013). Moreover, an investigation by Jolly et al. (2005) found the increase in
temperature during the European heat wave of 2003 resulted in increased growth at
high altitude sites, attributed to an increase in the snow-free growing season length.
Thus, our results suggest that increased temperatures during the transition times (i.e.
from winter to spring and autumn to winter) for tree growth at this site are
beneficial, and that tree productivity, and to a large extent also C sequestration in
this forest, may benefit from temperature increases associated with climate change

at such high elevation sites.

BAI increased significantly with increasing N deposition at all sites (Fig. 2,
Appendix, Fig. 3). This is in agreement with a number of investigations that found N
deposition to be a significant driver of past forest growth in Central Europe
(Pretzsch et al. 2014, Solberg et al. 2009, de Vries & Posch 2011). While BAI
curves tend to level off with time due to age effects, our BAI chronologies (with the
exception of ALP and DUB) showed marked decreases within the same 20 year
period in the most recent decades, even though stands differed in age by as much as
160 years. Some sites also appear to have a lagged response to changing N
deposition, which could be the result of site-specific slow soil organic N turnover
and subsequent tree assimilation (Krause er al. 2012b). The decrease in BAI in
recent decades may have resulted from direct or indirect effects of changing N
availability, such as decreased photosynthetic rates with decreasing N, or nutrient

imbalances leading to e.g. phosphorus limitations (Braun et al. 2010).
Tree physiology under changing environmental conditions

TRW at the mixed forest site LAE was significantly affected by Pyj; (positively)
and Tpj;4 (negatively) during the 20™ century, evidence that water availability and
vapour pressure deficit (VPD) during dry spells are important drivers of tree growth

for the dominant F. sylvatica at this site. This is even more relevant given that Tjja at
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LAE increased significantly during the 20" century, while there was no significant
change in the amount of Pjj, at this site, and both temperature and the frequency of
drought events are predicted to further increase in Central Europe in the 21" century
(Kovats et al. 2014). Thus, tree growth of F. sylvatica at LAE might be impaired
under future climate conditions. Furthermore, results from both the PCA and
multiple regression analyses also showed that the increase in N deposition during
the 20™ century (but also the subsequent decrease after 1980) influenced both tree
BAI and WUE; at LAE. High values of BAI and WUE; occurred between 1960 and
1990 during the rapid increase in N deposition at this site (Fig. 5a). While Tjj, and
B4 had no significant effect on BAI at LAE, WUE; also increased significantly with
Tj;a during the 20" century, which is ultimately the result of a concomitant increase
in VPD (Day 2000). Interestingly, high WUE; were observed at high Ty, (1990-
2010) but also at lower Tja (1970-1980; Fig. 5c), suggesting two different
mechanisms controlling WUE; over time at LAE, namely N deposition and summer

temperature-driven VPD.

The fact that BAI at LAE was highest between 1960 and 1990, and not in the most
recent decades, implies that N deposition, rather than rising CO, concentrations or
changes in climate, was the most significant driver of this increase in tree growth
(Fig. 5a, Table 2). Increased tree growth under elevated N deposition is caused by
either increased leaf-level photosynthetic capacity or by increased tree leaf area and
in turn increased canopy-level photosynthesis rate (Krause et al. 2012a). However,
this increase in growth of the tree canopy also leads to increases in canopy-level
transpiration rates, resulting in increased water loss through the foliage (Brooks &
Coulombe 2009, Krause et al. 2012a). To counteract this high water loss, stomatal
conductance is often reduced, leading to increased WUE;, particularly if leaf-level
photosynthesis is high due to an N fertilization effect. Such high WUE; was exactly
what we observed in our study during 1960-1990 (Fig. 5a). However, studying the
effects of NO, emissions on the WUE; of Quercus cerris, Guerrieri et al. (2010)
found that increases in tree WUE; with increased N deposition were caused by an
increase in photosynthesis, whilst stomatal conductance was similar in trees before
and after an exposure to high levels of N. Without a decrease in stomatal

conductance, water stress would be greater due to higher rates of water loss through
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transpiration. Overall, our results agree with previous investigations suggesting that,
among changes in atmospheric CO, concentrations and climate, increasing levels of
N deposition have been responsible for increases in tree WUE; during the 20"
century (Duquesnay et al. 1998, Leonardi et al. 2012). Fertilization experiments by
Betson et al. (2007) with Pinus sylvestris in Sweden, and by Brooks & Coulombe
(2009) with Pseudotsuga menziesii in North America, support the notion that levels
of N availability can increase water stress for trees, represented as high WUE; values
for Fagus sylvatica under high N deposition at LAE. However, N deposition levels
at LAE started decreasing in the 1980s, thus easing this N-induced water stress in

the more recent decades.

Moreover, the increase in 20" century summer temperature (Tjja) also caused an
increase in tree WUE; albeit less significant than the effect of N deposition on
WUE;. This was most likely through decreased stomatal conductance in response to
temperature-induced increases in transpiration rates, driven by VPD, although
increasing atmospheric CO, concentrations have the same effect (Keenan et al.
2013). However, due to lower BAI during the recent decades compared to 1960-
1990, we conclude that the impact of atmospheric CO, concentrations on stomatal
conductance and thus tree growth was less than that of temperature (and N
deposition). Although physiological responses to the environment are complex and
include many direct and indirect effects (Leonardi et al. 2012), our observations at
LAE demonstrate that tree growth of F. sylvatica increased under elevated N
deposition, resulting in an inevitable increase in tree water demand, and in turn in
higher WUE;. Our results also suggest that the primary environmental driver of
WUE; has shifted from N deposition during the period 1960-1990 to temperature
(and VPD) in the more recent decades (Fig. 5a, 5c). Although N deposition
decreased since the 1990s in Switzerland, the underlying mechanisms of changes in
BAI and WUE; suggest that trees at the Léigeren site might become more susceptible
to water stress and dry spells in the future, when temperatures are predicted to

increase, despite decreasing N deposition.
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Table 2 T-values (and p-values) of multiple regression analyses for both basal area increment (BAI) and water-use
efficiency (WUEI) using decadal values (5-year averages) between 1900 and 2010 at the mixed forest site Ligeren

(*, ** or *** if p < 0.05, p < 0.01 or p < 0.001, respectively). R-squared values are given, while significant

relationships are shown in bold.

Variable Basal area increment (BAI) Water-use efficiency (WUE,)

Modelled N deposition (N) 4.05 (0.003*%) 3.96 (0.004%%)

Summer temperature (Ty;,) 0.37 (0.72) 2.72 (0.026%)

Summer precipitation (Pj;,) 0.14 (0.90) -0.13 (0.90)

R’ 0.70 0.79

Overall BAI=-697.7-749 (N**)-72.1 WUE;=-15.2-0.67 (N**%) - 4.82
(Ty5a) = 0.60 (Py;0) (Tyya*) —0.005 (Py;4)
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Figures
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Fig. 1 The relationship between estimated N deposition (based on the
canopy budget model of Ulrich (1983)) and modelled N deposition at
four LWF sites (BEA, LAU, OTH and VOR; Table 1). Both estimated
and modelled N deposition are represented by S5-year averages (e.g.

1998-2002, 2003-2007 and 2008-2012) with standard error also given.
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Fig. 2 Radial plots between selected environmental variables (based on Appendix, Fig. 2) and
standardised tree-ring width (TRW) at each of the eight sites for the period 1901-2011. For deposition-
growth correlations, however, basal area increment was used instead of standardised TRW for the period
1901-2010 to incorporate long-term changes in tree growth. Positive and negative correlations are plotted
on the same axis, but with different grey scales. All sites are F. sylvatica except for two P. abies sites
(Beatenberg and Alptal). Climate data were taken from the publicly available observational Climate
Research Unit (CRU) TS 3.2 dataset, in which climate observations were constructed from meteorological
stations on a 0.5° x 0.5° grid covering the global land surface (Mitchell & Jones 2005). T and P represent
average annual temperature and total annual precipitation, respectively, while NDep represents modelled
N deposition. JJA denotes summer values (June, July and August), while pJJA denotes previous year

summer values. Significant correlations (< 0.2, p < 0.05) are indicated with an asterisk (*).
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PCA 2 (19.3% explained variance)
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Fig. 4 Principal component analysis using basal area increment (BAI), intrinsic water-use
efficiency (WUEi), modelled N deposition (Ndep), year (Year), mean annual temperature
(T), total annual precipitation (P), average summer temperature (JJA 7) and summer
precipitation (JJA P), and previous summer average temperature (pJJA T) and previous
summer precipitation (pJJA P), at the mixed-forest site Lédgeren. The first principal
component (PCA 1) has been plotted against the second principal component (PCA 2). Three
temporal groups were determined, and then subsequently fitted on the plot through the
statistical program: 1901-1950, 1951-1990 and 1991-2010 (i.e. before, during and after the

20™ century increase in N deposition; Fig. 3b)
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Appendix
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Appendix, Fig. 1 Individual tree-ring 8'3C chronologies for each of the five trees
measured at Ligeren with the site average chronology between 1840-2012. All §'3C

values have been corrected for the Suess effect.
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Appendix, Fig. 2 Correlation coefficients between standardised tree-ring width and monthly and seasonal temperature and precipitation values for each of the
eight sites (all F. sylvatica, with the exception of ALP and BEA (P. abies); refer to Table I for site abbreviations). Significant correlations (> 0.195) are
marked as dark grey bars. Correlations were calculated between 1901 and 2011 for all sites, with the exception of PAY (1909-2011). Climate data were taken
from the publicly available observational Climate Research Unit (CRU) TS 3.2 worldwide dataset, in which climate observations were constructed from

meteorological stations on a 0.5° x 0.5° grid covering the global land surface (Mitchell & Jones 2005).
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General discussion

The aim of this thesis was not only to contribute to our understanding of how forest
ecosystems have changed to past changes in environmental conditions, but also to
the methods by which we can measure these changes through the use of tree stem
growth measurements and stable isotopic composition analyses. Previous
investigations have demonstrated that tree-ring N stable isotopic composition (8"°N)
may be a useful tool in investigating changes in regional N cycles and subsequent
changes in tree physiology, particularly when used in combination with isotopic
measurements of carbon (C) and oxygen (O) (Bukata & Kyser 2007, Guerrieri et al.
2009). The use of tree-ring 8N in environmental investigations, however, has been
limited in part by (1) a number of technical problems arising during isotope
measurement due to low tree-ring N concentrations, (2) a limited understanding of
the fractionation events and movement of N within the tree, and (3) a limited
knowledge of the relationship between tree-ring and foliage 6"°N and both tree
physiological processes and site-specific environmental conditions. Chapters 1 and
2 sought to address these issues and determine the suitability of using both tree-ring
and foliar 8”N in environmental investigations. Chapter 3 demonstrated the
possibilities of using tree growth measurements, complemented with tree-ring
isotope data (8'"°C), to measure how trees have responded to environmental changes
during the 20" century, and determine the implications of further environmental

perturbations on forest ecosystems.

Tree nitrogen recycling

Tree-rings have very low N concentrations (relative to tree-ring C concentrations),
and the recycling of N within the tree is an important reallocation process to satisfy
N sink demands within the tree (Merrill & Cowling 1966). In Chapter I, we
assessed the movement of N compounds between tree-rings within the tree stem.
This was done using Picea abies trees (felled in 2010) from a long-term elevated N
deposition experimental site that had previously been labelled with "N in 1995/96.

The "N label application increased tree-ring 6'"°N values for all tree-rings formed
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after labelling, and was found in tree-rings as far back as 1951 relative to control
trees, up to 44 years prior to the label application. This indicates a significant
movement of N within the tree stem both towards the heartwood and towards newer
tree-rings. Label recovery was highest in the tree-ring formed the year after label
application (1996), while the continued uptake of the "N label from the soil
following label application also contributed to the higher tree-ring "N values in
tree-rings formed after label application than before. While previous investigations
have demonstrated the bidirectional movement of N within the tree stem (Elhani et
al. 2003, Hart & Classen 2003), these investigations did not measure the magnitude
of the diffusion effect of N up to the heartwood-sapwood boundary, such as was
demonstrated in our study. This translocation process may be partially responsible
for the lack of a clear relationship between tree-ring 8'"°N chronologies and selected
environmental variables shown in Chapter 2, while the presence of the "N label
throughout the tree sapwood may help to partially explain the ‘missing’ N sinks

associated with most forest "N labelling experiments (Templer et al. 2012).

In Chapter 2, the importance of tree N recycling processes to meet various tree N
demands within the tree stem and canopy is further emphasised in an investigation
on intra-tree isotope variation. In this chapter, we investigated the relationship
between tree-ring and foliar 8N and 8"C in both F. sylvatica and P. abies. Our
results demonstrated that both tree-ring 8N and 6"°C values were significantly less
negative than foliage "N and 8"C values for both species. Perhaps more
importantly, there was no significant relationship between tree-ring and foliar 8"°N
within either species. Foliage is a much greater N sink within the tree than the tree
stem, highlighted by the much higher concentration of N in foliage than tree-ring
samples. Consequently, recycling processes within the tree will reallocate N to the
foliage, both from the wood and, in the case of P. abies, from older foliage age-
classes. This would explain the less negative tree-ring "N relative to foliage, as
molecules containing the heavier isotope are discriminated against during the
movement of N within the tree from wood to foliage. Tree-ring 8N values also
showed much higher variation relative to foliar "N values from the same site,
which may be indicative of inconsistent patterns of N transfer from tree stem to

foliage over time. Similarly, Gerhart & McLauchlan (2014) suggested that the lack
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of a consistent correlation between tree-ring 8"°N and tree-ring N concentrations (as
often seen in the foliage) was primarily due to non-environmental processes, such as

N recycling processes within the tree.

Methodological considerations

In Chapter 1, we assessed the effectiveness of an extraction procedure that is often
used to remove mobile N compounds prior to tree-ring 8N measurements. The
movement of N compounds between tree-rings may obscure any environmental
signals present in the tree-ring 8N chronologies. Subsequently, it was suggested
that the removal of these mobile N compounds would aid in the interpretation of
tree-ring 0N results in environmental investigations (Sheppard & Thompson
2000). We demonstrated that the extraction of mobile N compounds prior to isotope
analysis had no effect on the tree-ring isotope composition of either 8"’ N or 8"°C in
either labelled or control trees. This is in agreement with other recent investigations
on the effectiveness of mobile N extraction on tree-ring samples of Picea abies,
Fagus sylvatica and Pinus thunbergii (Caceres et al. 2011, Doucet et al. 2011). Our
results, however, demonstrate that this procedure will alter the tree-ring C/N ratio,
the extent to which may depend on the proportion of latewood to earlywood in the
individual tree-ring. Consequently, with no observable benefits of removing the
mobile N compounds in the results of the 6'°N measurements, and with potential
complications resulting from inconsistent changes in C concentration during
extraction, we were able to conclude that this extraction procedure is unnecessary

for the described purpose.

Tree growth under changing environmental conditions

We assessed both the short- (between 10 and 20 years) and long-term (over 100
years) effects of a number of climate variables, primarily associated with water
availability, on tree growth of both F. sylvatica and P. abies in Switzerland. In
Chapter 2, analyses covering a maximum of 14 years at the Swiss long-term
monitoring sites (LWF) found that there was no significant effect of a growing-

season drought response index (defined as potential evapotranspiration minus
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precipitation) on tree-ring width. The results of Chapter 3, however, revealed that
tree-ring width was often significantly affected by precipitation and/or temperature
at the same LWF sites when using longer datasets spanning the 20" century (1901-
2011), demonstrating the importance of water availability on the tree growth of both
species in Switzerland. A previous investigation on tree growth at the Swiss LWF
sites by Etzold er al. (2014) found that site-specific disturbance events may have a
greater impact on tree growth than climate in short-term investigations. Our results
support the conclusions made by Etzold er al. (2014) that long-term datasets are
necessary in the investigation of the response of tree growth to changing climatic

conditions.

In addition, we assessed the influence of a variety of N deposition variables on tree
growth (Chapters 1, 2 and 3). The results of the short-term investigations (Chapters
1 and 2) found no increase in tree-ring width of either F. sylvatica or P. abies with
increasing N deposition, even under simulated elevated N deposition. Furthermore,
there was no evidence of differences in tree growth of either species with increased
soil N availability, assessed using soil C/N measurements. These results can be
interpreted in two ways: (1) tree growth at these sites was not primarily limited by N
availability, or (2) short-term investigations fail to fully capture the relationship
between tree growth and increased N availability, as seen when analysing tree
growth response to changes in water availability. The second hypothesis is
supported by the fact that, using measurements of basal area increment (BAI), we
were able to demonstrate that the increase in N deposition throughout the 20"
century significantly increased tree growth of both F. sylvatica and P. abies at eight
sites across Switzerland (Chapter 3). Significantly, we were able to show that, at
many of the sites, the highest values of BAI corresponded to periods when N
deposition was at its highest (1960-1990), and thus that N deposition was a more
significant driver of tree growth in the second half of the 20" century than rising
atmospheric CO, concentrations. Increased stem and canopy growth inevitably leads
to an increase in tree water demand, and thus, as the frequency of drought events is
predicted to increase throughout the 21* century, trees under elevated N deposition

may be particularly susceptible to drought stress during dry spells.
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Tree stable isotopic composition under changing environmental conditions

In order to better understand tree response to changing environmental conditions, we
also assessed the relationship between selected environmental variables, including N
deposition, and chronologies of both 8"°C (Chapters 1, 2 and 3) and 8"°N (Chapters
I and 2) in tree-rings and foliage. Foliar 8"°C values were significantly related to
both soil N availability and N deposition, attributed to differences in the effect of
each on stomatal conductance. A decrease in foliar 8"’N over our measurement
period (1997-2011) was suggested to be the result of changing atmospheric "N
values over time due to changes in the N isotopic composition of N emissions. The
lack of data on past N deposition isotopic composition, however, means we were
unable to confirm this hypothesis, while there was no significant effect of our

considered environmental variables on foliar 8N composition.

Neither tree-ring 8N nor 6"°C were significantly affected by any of the selected
environmental variables considered in our short-term investigations (covering
between 10 and 20 years; Chapters I and 2). We did, however, demonstrate that tree
intrinsic water-use efficiency (WUE;; derived from tree-ring 8"°C measurements)
from one mixed-forest site (Ldgeren) increased significantly with both increasing N
deposition and summer temperatures during the 20" century (Chapter 3). The
increase in BAI at Lageren with increasing N deposition implies that this increase in
tree WUE;, values can be partially attributed to increases in photosynthetic activity
(i.e. a fertilization effect), while stomatal conductance was likely reduced in order to
reduce increased transpiration rates associated with N-induced increases in tree leaf
area. By contrast, the significant increases in WUE, with increasing summer
temperatures in the more recent decades (2000-2010) were most likely the result of
reduced stomatal conductance in order to reduce leaf-level water loss, while
precipitation had no significant effect on tree WUE,. These results imply that the
primary environmental variable causing high WUE, in F. sylvatica at Léigeren has
changed from N deposition between 1950 and 1990 to temperature at the end of the
20" century. This is due to both decreasing N deposition rates in Switzerland, as
technological advancements are reducing NOy emissions, and increasing

temperatures associated with climate change. The results of Chapter 3 highlight the
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difficulty in disentangling the respective influence of different environmental

conditions (and interactions therein) on tree growth and physiology.

Implications for future tree-ring "N investigations

The results of this thesis have highlighted the complexities arising from the use of
tree-ring &N in environmental investigations. Previous investigations have shown
the potential use of foliar 8N values in environmental investigations (e.g. Vallano
& Sparks 2007), but the use of foliar N isotopic composition in long-term
environmental investigations is hindered by the short foliage life-span. Here we
demonstrated a significant uncoupling occurring between corresponding tree-ring
and foliar 6N values for both F. sylvatica and P. abies, primarily caused by
fractionation events associated with N translocation and recycling processes, and
thus that tree-ring 8"°N does not reflect foliar 6"°N at natural abundance (Chapter 2).
In addition, neither tree-ring nor foliar 8"”N values showed any significant
relationships with any of the environmental/climatic variables considered in our
investigations. Previous investigations, however, have shown that tree-ring &N
values provide information on the origin of forest N inputs, particularly from
anthropogenic emissions. As discussed in Chapter 2, the relationship between tree-
ring 8”N and N deposition in these investigations was often demonstrated under
high levels of N deposition with a distinctly different isotopic signature from that of
the soil, or with trees that had undergone experimental N fertilization. At
background levels of N deposition, such as in our investigations, the quantification
of atmospheric N deposition based on tree-ring 8N data is not possible in the
absence of 8N data on atmospheric N-sources. Similarly, Gerhart & McLauchlan
(2014) have previously suggested that the link between tree-ring "N and N
deposition is speculative without data on the isotopic composition of source N. This
is complicated further by the highly regional and seasonal variations in N
deposition. The lack of a significant relationship between N deposition and tree-ring
8"N chronologies, together with the intra-stem movement of N within the tree stem
demonstrated in Chapter 1, suggests that the application of tree-ring 8"”N in
environmental investigations is inappropriate at low to moderate levels of N

deposition.
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Recommendations for future research

The interpretation of tree-ring and foliar 8N chronologies would be improved by
long-term datasets on the 8N isotopic signature of N sources, particularly of
atmospheric N deposition. The isotopic signature of N deposition varies highly
regionally as it depends greatly on the proximity to N emission sources, such as
refineries, motorways or agricultural activities (Guerrieri et al. 2010, Saurer et al.
2004). With datasets on the temporal development of 8N of the source N,
however, it may become possible to determine the strength of respective N sources
to the N composition of both tree-rings and foliage (and other tree compartments).
This would be complemented greatly with "N labelling experiments that could be
used to quantify the movement of N within the forest ecosystem and within the trees
themselves. Combined, these investigations would increase our understanding of
the fractionation events associated with various tree physiological processes.
However, the numerous fractionations during N translocation and other
physiological processes within a tree make the applicability of N isotope ratios at
natural abundance unsuitable for tracing the temporal variation of N availability and

N deposition rates.

Overall conclusions

The results of this thesis can be used to answer the primary research questions

outlined in the General introduction:

1. What is the extent of the mobility of N within the tree stem? Is the extraction of
mobile N compounds prior to the isotopic analysis of tree-ring "N necessary?
How does this extraction procedure affect tree-ring 0"°C? Are these effects the
same in both trees labelled with "N and un-labelled trees?

Tree-ring N is highly mobile between tree-rings, and through a "“N-labelling
experiment we were able to show that, not only is the °N label present in tree-
rings formed after labelling, but also in tree-rings up to 44 years prior to

labelling. Furthermore, the extraction of these mobile N compounds had no
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significant effect on either the tree-ring 8”N or &"C isotopic composition in

both labelled and un-labelled wood samples of P. abies.

2. How does tree-ring isotopic ratio of "N/”*N and "C/”C relate to the isotopic
ratio of corresponding foliage? Is this effect species-specific? What is the effect
of site-specific environmental conditions on both tree-ring and foliar isotopic
composition? And is it possible to use tree-ring 0”N values as proxies of foliar
O"N values in long-term environmental investigations?

Using archived foliage samples we were able to show that there was no
significant relationship between tree-ring and foliar "N in either F. sylvatica or
P. abies. In addition, none of our selected environmental variables had a
significant effect on tree-ring or foliar 8°N, as well as tree-ring 6" °C. Foliar
8"C, however, became less negative with both decreasing soil N availability and
increasing N deposition. With these results, we came to the conclusion that tree-
ring 8N would be an unsuitable proxy for foliar 6"°N and thus not applicable

for the quantification of the development of N deposition.

3. How did tree growth respond to changing climatic conditions and N deposition
throughout the 20" century in Switzerland? Were these effects either species or
site-specific? What was the physiological response of trees to changes in N
deposition and climate during this time? And what does this mean for trees
during future changes in climate and N deposition?

Tree-ring width in the 20" century was often influenced by both precipitation
and temperature at the eight Swiss sites included in this part of the thesis,
highlighting the importance of water availability on tree growth, while N
deposition significantly increased tree basal area increment at all sites during the
second half of the 20" century. At the mixed forest site Ligeren, we were able to
show that tree water-use efficiency increased as a result of increased water stress
associated with N-induced increases in tree growth between 1960 and 1990. As
N deposition declined between 1990 and 2010, however, summer temperature
became a more significant driver of drought stress in these F. sylvatica trees.

This implies that trees at Ligeren may become more susceptible to drought
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during dry spells under predicted climate change, even with decreases in N

deposition.

Together, these results demonstrated that the role of tree-ring 8"”N analyses in
environmental investigations is currently inappropriate to determine the
development of N deposition and availability in forest ecosystems. This is primarily
due to N recycling processes within the tree and the related non-systematic
fractionation of tree-ring N, as well as the subsequent dampening of any
environmental signal in the tree-ring 8°N chronology. Furthermore, we were able to
show how the response of tree physiology to changes in environmental conditions
shifted from N deposition to temperature at the end of the 20" century. Long
datasets, however, are required in order to fully understand and capture the effect of

changing environmental conditions on both tree growth and physiology.
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