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“Look deep into nature, and then you will understand everything better.” 1
Albert Einstein (1879-1955)

1

Quoted in: Calaprice, A. (Ed.): The New Quotable Einstein. Princeton, 2005, p. 61.

Photo: Mountain spruce forest at Alptal, Switzerland (May, 2009)

Summary
Human activities have drastically increased nitrogen (N) atmospheric inputs to terrestrial
ecosystems such that critical loads are now exceeded in many regions of the world. These
high N deposition rates are predicted to remain high, or even to increase. This implies that
ecosystems are shifting from being naturally N limited to eutrophication, or even to N
saturation. This process can cause serious environmental consequences.
This thesis examines the impact of chronic elevated N deposition on a mature mountain
spruce forest at Alptal, Switzerland by combining a modeling study with field experiments.
The main objectives were (1) to identify site-specific characteristics of the N cycle at Alptal,
(2) to quantify the tree growth response to enhanced N deposition and its underlying
physiological changes and, (3) to evaluate the impact of elevated N deposition and tree
girdling on the fluxes of the greenhouse gases CO2, CH4 and N2O between the soil and the
atmosphere. Field experiments were conducted within the Alptal experiment, a long-term
low-dose N addition site, located on the northern edge of the European Alps in central
Switzerland at 1200 m a.s.l. The site consists of a naturally regenerating mature Picea abies
stand, never before fertilized.
To achieve the first objective (Chapter 2), the biogeochemical process model TRACE was
adapted to the Alptal site. It is the first time that the model has been adapted to another site
than that for which it was developed and calibrated for. The validation with long-term data
from a

15

N tracer experiment identified site-specific characteristics of the N cycle at Alptal.

Especially the ground vegetation layer was identified to play an important role in controlling
the rate at which deposited N enters the soil pools. In addition, it was recognized that the
spreading methods of

15

N tracers need to be considered when interpreting recovery results

from labeling studies. After the calibration and validation of the model, predictions about the
fate of deposited N in the ecosystem were made. The 70-year model simulation into the
future suggested that the soil is able to immobilize a nearly constant fraction of 70 to 77 % of
the deposited N. Additionally, the model showed that the simulated increased N deposition
resulted in a relatively small elevation in C sequestration in aggrading wood, with an N use
efficiency (NUE) of approximately 7 kg C per kg N added.
For the second objective (Chapter 3), stem discs for tree-ring analyses were obtained from
felled mature trees growing on the experimental site. Tree-ring patterns and a dual isotope
analysis (δ13C and δ18O) were used to assess the tree growth response including underlying
physiological changes, to the long-term chronic N addition. Analyses showed that tree stem
C sequestration increased by about 22 % with an NUE of approximately 6 kg C per kg N
added. Tree-ring isotopic data (δ13C and δ18O) showed that the water use efficiency of the
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trees did not change due to the N addition, whilst larger needles suggest that the forest stand
leaf area index (LAI) increased in response to the additional N. Thus, these results support
the view that enhanced stem growth caused by N deposition is due to an increased stand
LAI more than by physiological changes, at least in forest canopies that are not yet entirely
closed.
The impact of the N addition on the fluxes of the three most important greenhouse gases,
CO2, CH4 and N2O, between the soil and the atmosphere (Chapter 4) was investigated by
using the closed chamber method. For this investigation, monthly gas samples were taken
from permanently installed chambers. Results showed that twelve to thirteen years of N
addition increased emissions of N2O and transformed the soil from a net CH4 sink to a net
source. Soil respiration was not influenced by N addition, although there is no statistically
significant change, only a trend to a decrease, which would be supported by other ongoing
process. The simulated bark beetle infestation by girdling 40 % of the tree basal area and the
subsequent felling of the mature trees increased emissions of N2O and reduced CH4
emissions from the soil.
In conclusion, the results from both, the modeling study and the field experiments
demonstrated that the impact of elevated N deposition on tree carbon sequestration is of
minor importance. With respect to climate change mitigation by forests, this study highlights
the need that future investigations should focus on the allocations of assimilates to tree roots
in order to better quantify the ecosystem`s C balance

.
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Zusammenfassung
Menschliche Aktivitäten haben den Stickstoffeintrag in terrestrische Ökosysteme stark
erhöht, so dass kritische Belastungswerte (critical loads) in vielen Regionen der Welt
überschritten werden. Die hohen Stickstoffdepositionsraten werden in Zukunft auf einem
hohen Niveau bleiben oder sogar zunehmen. Dies kann dazu führen, dass Ökosysteme,
welche

natürlicherweise

Stickstoff

(N)

limitiert

sind,

eutrophieren

oder

sogar

stickstoffübersättigt werden. Dieser Vorgang kann schwerwiegende Folgen für die Umwelt
haben.
Diese Doktorarbeit untersucht den Einfluss anhaltender, erhöhter N-Deposition auf einen
ausgewachsenen Fichtenbergwald mit Hilfe eines kombinierten Ansatzes, bestehend aus
einer

Modellierungsstudie

sowie

Feldexperimenten.

Die

Hauptziele

waren,

(1)

standortspezifische Charakteristika des N-Kreislaufes im Untersuchungsgebiet ausfindig zu
machen und Vorhersagen über den Verbleib des N-Eintrags zu treffen, (2) die
Größenordnung der Wachstumszunahme sowie die ihr zugrundeliegenden physiologischen
Veränderungen der Bäume durch die erhöhte N-Deposition zu bestimmen und (3)
festzustellen, welchen Einfluss die erhöhte N-Deposition auf den Austausch der
Treibhausgase CO2, CH4 und N2O zwischen dem Boden und der Atmosphäre hat.
Felduntersuchungen wurden im Untersuchungsgebiet Alptal in den Schweizer Voralpen auf
1200 m ü.M. durchgeführt. Hier wird seit 1995 experimentell eine andauernde, erhöhte und
niedrig dosierte N-Deposition simuliert. Auf der Untersuchungsfläche stockt ein sich natürlich
verjüngender, ausgewachsener Picea abies Bestand, der nie gedüngt wurde.
Zur Erreichung des ersten Ziels (Kapitel 2) wurde das biogeochemische, prozessbasierte
Modell TRACE an das Untersuchungsgebiet Alptal angepasst. Erstmalig wurde dieses
Modell an einen anderen Standort anpasst als der, für den es entwickelt und kalibriert wurde.
Durch die Validierung des Modells mit Hilfe einzigartiger Daten einer 15N-Tracerstudie war es
möglich, standortspezifische Eigenschaften des N-Kreislaufes im Alptal zu identifizieren. Das
kalibrierte und validierte Modell wurde dann verwendet, um den Verbleib des eingetragenen
Stickstoffs im Ökosystem vorherzusagen. Der Vergleich zwischen Simulationsergebnissen
und Felddaten hat gezeigt, dass die Krautschicht einen entscheidenden Einfluss darauf hat,
wie schnell der eingetragene Stickstoff in den Boden gelangt. Außerdem wurde festgestellt,
dass die Ausbringungsmethode des

15

N-Tracers beim Vergleich verschiedener Studien

beachtet werden sollte. Die Modellsimulation für die nächsten 70 Jahre zeigte, dass der
Boden eine konstante Rate zwischen 70 und 77 % des eingetragenen Stickstoffs
immobilisiert. Zusätzlich zeigte das Modell einen geringen Einfluss des simulierten,
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Zusammenfassung
zusätzlichen

Stickstoffs

auf

die

Kohlenstoffspeicherung

der

Bäume

mit

einer

Stickstoffeffizienz (nitrogen use efficiency) von ungefähr 7 kg C pro kg extra N.
Für das zweite Ziel (Kapitel 3) wurden Stammscheiben ausgewachsener Bäume des
Untersuchungsgebietes

für

Jahrringanalysen

verwendet.

Jahrringmessungen

und

Isotopenanalysen (δ C und δ O) wurden durchgeführt, um die Auswirkungen des erhöhten
13

18

Stickstoffs auf das Wachstum und die ihm zugrundeliegenden physiologischen Änderungen
zu bestimmen. Analysen haben gezeigt, dass die Kohlenstoffspeicherung in den Stämmen
um ca. 22 % zugenommen hat, was einer Stickstoffeffizienz von ungefähr 6 kg C pro kg N
entspricht.

Isotopendaten

von

δ13C

und

δ18O

der

Jahrringe

zeigten,

dass

die

Wassernutzungseffizienz (water use efficiency) der Bäume sich aufgrund der N-Zugabe nicht
geändert hat. Untersuchte Blatteigenschaften lassen vermuten, dass der Blattflächenindex
(LAI) des Bestandes durch die N-Zugabe zugenommen hat. Diese Resultate unterstützen die
Theorie, dass ein erhöhtes Stammwachstum aufgrund erhöhter N-Deposition eher durch
einen erhöhten LAI als durch physiologische Veränderungen ausgelöst wird. Dies trifft
zumindest für Waldbestände zu, in denen die Kronen noch nicht geschlossen sind.
Der Einfluss der N-Zugabe auf die Flüsse der drei wichtigsten Treibhausgase CO2, CH4 und
N2O, zwischen dem Boden und der Atmosphäre, (Kapitel 4) wurde anhand der Methode der
geschlossenen Hauben (closed-chamber method) untersucht. Von diesen permanent im
Feld installierten Kammern wurden monatlich Gasproben genommen. Es wurde festgestellt,
dass zwölf bis dreizehn Jahre experimenteller N-Zugabe die Emissionen von N2O aus dem
Boden erhöhten und sogar bewirkten, dass der Boden von einer netto CH4 Senke zu einer
Quelle geworden ist. Es wurde kein eindeutiger Effekt der N-Zugabe auf die Bodenatmung
festgestellt, obwohl es Beweise von anderen Bodenprozessen gibt, welche auf eine
Reduktion hinweisen. Der simulierte Borkenkäferbefall durch Ringeln und das anschließende
Fällen von 40 % der Basalfläche des Bestandes, erhöhte die Bodenemissionen von N2O und
verringerte die von CH4.
Zusammengefasst haben die Ergebnisse der Modellstudie sowie auch der Feldexperimente
gezeigt,

dass

zusätzliche

Stickstoffdeposition

nur

geringe

Auswirkungen

auf

die

Kohlenstoffspeicherung in Baumstämmen hat. Im Hinblick auf die Abschwächung der
Klimaerwärmung durch Wald zeigt diese Studie, dass sich künftige Untersuchungen auf die
Allokation von Assimilaten in die Wurzeln konzentrieren sollen, um besser den C-Haushalt
von Ökosystemen bestimmen zu können.
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1
Introduction

1.1 The nitrogen paradox – history of the nitrogen cycle
By the middle of the 19th century, it was known that nitrogen is a common element in plant
and animal tissues, that it is indispensable for plant growth and also that a cycling between
organic and inorganic compounds exists (Galloway et al., 2004). Today our knowledge about
nitrogen has increased dramatically. As a triple bonded gas molecule (N2), nitrogen makes
up 78 % of the total mass of the earth's atmosphere but because of the strength of this
chemical bond, this enormous pool is unavailable for most organisms (Vitousek et al., 1997).
To become readily available, it must be transformed to biologically active forms; biological N
fixation and lightning are the two natural processes that convert N2 to reactive nitrogen
(Galloway et al., 1995). The former is carried out by microorganisms, many of them in
symbiotic relationships with higher plants and algae (Vitousek et al., 1997).
Three anthropogenic activities have greatly increased reactive N availability to a point that
current levels of anthropogenic reactive N production are more than double the natural N
fixation (Gruber &

Galloway, 2008): (1) The invention of the Haber-Bosch process; (2)

intensive livestock farming and (3) energy production. The Haber-Bosch process, invented in
1913, has been estimated to nourish half of the world’s population via enhanced food
production; the process involves producing reactive NH3 from H2 and non-reactive N2 which
is then further processed to fertilizers used in food and forage production (Smil et al., 2001).
Fertilizer produced by the Haber-Bosch process, as well as animal manure from intensive
livestock farming, emit large amounts of ammonia due to their decomposition or volatilization.
While atmospheric transportation of NH3- is relatively short (<10-100 km), NH4+ may be
transferred over much longer distances (100-1000 km) (Asman et al., 1998). Through energy
production, both atmospheric N2 and fuel N react to NOx (Galloway et al., 2003). In the
atmosphere, NOx is transformed mainly to NO3-, but also to nitric acid (HNO3) and organic
compounds. With acid pollutants, such as the products of SO2 and NOx emissions, ammonia
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reacts in the atmosphere to produce small ammonium (NH4+) aerosols; these NH4+ particles
then

reach

terrestrial

ecosystems

through dry and wet deposition. While
the production of fertilizer by the
Haber-Bosch

process

deliberately

creates additional reactive N, energy
production and livestock farming emits
it by accident.
Since the onset of industrialization, N
deposition

increased

drastically

in

many regions of the word and will
even continue to increase especially in
developing countries (Fig.1.1). During
the

last

decades,

production

of

biologically reactive N led to an
accumulation of reactive N in the
environment (Galloway et al., 2003) in
a way that “critical loads” are now
exceeded in many regions (Posch et
al., 1995, Posch et al., 2001). A critical
load is defined as the input of nitrogen
below which no detrimental ecological
effects

occur

according
(UNECE,

to

over

the

present

2004).

long-term
knowledge

Atmospheric

and

hydrologic transport contributes to a
wide dispersion at all spatial scales,
from local to global. Rockström et al.
(2009) identified the alteration of the
nitrogen cycle (Fig.1.2) as one of three

Fig. 1.1 Spatial patterns of total inorganic
nitrogen deposition in (a) 1860, (b) early 1990s,
-2
-1
and (c) 2050, mg N m yr . (taken from
Galloway et al., 2004)

ecological thresholds that have been
already passed. Altered ecosystem services through N deposition, however, entail high costs
for society. These costs have recently been quantified to amount for approximately 70-320
billion Euro each year for the European Union alone (Sutton et al., 2011). This is much more
than the value that nitrogen fertilizers are estimated to add to European farm income (20-80
billion Euro per year).
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1.2 Nitrogen deposition to temperate forest ecosystems
In natural forest ecosystems, the occurrence of nitrogen limitation to net primary production
is widespread (Vitousek &

Howarth, 1991). Human activities have drastically increased

nitrogen (N) inputs to terrestrial ecosystems such that critical loads are now exceeded in
many regions of the world. Temperate forests receive a wide range of N deposition from the
atmosphere depending on their geographic location, from less than 1 kg ha-1 year-1 in
northern Scandinavia to more than 60 kg ha-1 year-1 in parts of western and central Europe
(MacDonald et al., 2002). These high deposition rates will remain high, or even increase
particularly in the developing world (Galloway et al., 2004). Compared to open land, forests
receive higher nitrogen deposition because of higher dry deposition rates; this is because
gaseous N species and N-containing aerosols are intercepted by the forest canopy and later
washed out to the soil with precipitation droplets (Erisman & Draaijers, 2003). Dry deposition
for lowland forests can make up an average of 46 % of total N deposition and is mostly
dominated by HNO3 vapor (Lovett & Lindberg, 1993), whilst NH4+ and NO3- intercepted by
the canopy can also be taken up by the foliage. This canopy consumption varies widely
across sites, amounting for 0 - 50 % of plant demand (Harrison et al., 2000). Epiphytic
lichens in the canopy contribute up to 4 % of total canopy N uptake (Friedland et al., 1991).
The variability of the N uptake is probably due to the inherent challenges in estimating
canopy uptake (e.g. from throughfall measurements), and an incomplete closure of the N
budget at any given site (Sparks, 2009). Denitrification, microbial immobilization and
transformation of inorganic to organic N can also take place in the canopy (Lovett &
Lindberg, 1993).
Due to high atmospheric N deposition, the N status of forest ecosystems can shift from
naturally N-limited to N-eutroph and finally to N-saturated (Aber et al., 1989, Dise & Wright,
1995, Fenn et al., 1998). Nitrogen saturation of forest ecosystems has serious environmental
consequences through the alteration of the soil chemistry, forest productivity and by altering
the fluxes of radiatively active trace gases from the soil (e.g. N2O, CO2, CH4) (Aber, 1992,
Butterbach-Bahl et al., 1997, Priha & Smolander, 1995). The increased N availability in
forest soils has also been shown to increase N concentrations in leaves and, thus to reduce
litter C/N ratios (Magill et al., 1997) and to stimulate tree growth and thus forest C
sequestration (De Vries et al., 2006, Högberg et al., 2006, Hyvonen et al., 2008); ongoing
high N inputs can, however, cause tree decline or even tree death (Aber et al., 1998,
Hyvonen et al., 2008, Magill et al., 2004, Schulze, 1989). The steady rise of atmospheric N
deposition increases NO3- leaching from forest soils to surface and groundwater (Borken &
Matzner, 2004, Dise & Wright, 1995, Gundersen et al., 2006, Jussy et al., 2004, Schleppi et
al., 2004), accelerates soil acidification due to increased nitrification and the acidity of
ammonium (Högberg et al., 2006, Likens et al., 1979), and can change ground vegetation
3
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(Fangmeier et al., 1994, Hulber et al., 2008) and thus lead to a decline in biodiversity
(Phoenix et al., 2006). Enhanced emissions from the soil in the form of N gases (N2O, NO,
N2) into the atmosphere can also occur (Butterbach-Bahl et al., 1997, Papen et al., 2001,
Pilegaard et al., 2006). The acceleration of the N cycle by increased N deposition feeds back
to the carbon cycle, since they are strongly coupled via biological processes (Fig.1.2). An
open question remains, however: how does the enhanced availability of N affect forest
carbon sequestration, and hence its ability to mitigate climate change (Gruber & Galloway,
2008)?

Figure 1.2 Major processes that transform molecular nitrogen into reactive nitrogen, and back, are shown. Also
shown is the tight coupling between the nitrogen cycles on land and in the ocean with those of carbon and
phosphorus. Blue fluxes denote 'natural' (unperturbed) fluxes; orange fluxes denote anthropogenic perturbation.
The numbers (in Tg N per year) are values for the 1990s (Galloway et al., 2004, Gruber, 2008). Few of these flux
estimates are known to better than ±20 %, and many have uncertainties of ±50 % and larger (Galloway et al.,
2004, Gruber, 2008). (taken from Gruber & Galloway, 2008)

1.3 Nitrogen deposition and carbon sequestration
In contrast to the biogeochemical cycle of N, which is dominated by microbial processes in
the soil, the C cycle is associated with the net primary production of terrestrial ecosystems
(Seitzinger et al., 2006). The two cycles cannot be considered separately, however, as they
feedback on each other (Fig. 1.2). This tight coupling is illustrated by the strong dependence
of mostly C-limited heterotrophic microorganisms on labile C sources. However, root
exudation, root turnover and mycorrhyzal turnover may by providing both labile N and C
sources (Bais et al., 2006, Högberg & Read, 2006). Thus, increased soil N availability has
the potential to increase forest C sequestration (Matson et al., 2002, Vitousek & Howarth,
1991).
4
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In times of climate change, the question arises whether increased atmospheric N deposition
can help to mitigate global warming by increased C sequestration (De Vries et al., 2009,
Reay et al., 2008). Enhanced nitrogen deposition to forest ecosystems will affect a number of
plant and soil processes (Aber et al., 1998, Matson et al., 2002). The application of NPK
fertilizers in forest ecosystems usually shows a strong growth response (Jarvis & Linder,
2000). When N was applied alone, however, the growth response is minor and more
dependent on the N status prior to the N application (Hyvonen et al., 2008). The growth
response was found to be highly non-linear and more dependent on the N addition rate
rather than the accumulated dose of N. As a result, future predictions of the growth response
from short-term, high-dose N fertilizations may be problematic (Högberg et al., 2006).
Several long-term, low-dose N addition experiments have shown variable growth responses.
Pregitzer et al. (2008) added 30 kg N ha-1 yr-1 over 10 years to four sites in Michigan, USA,
and found a response of 500 kg C ha-1 yr-1 in woody biomass. Högberg et al. (2006) reported
from their 30-year N addition experiment that trees gained 50 and 100 m3 ha-1 due to an
addition of 34 and 68 kg N ha-1 yr-1, respectively. In contrast, results from the NITREX clean
roof experiment, at Ysselsteyn, NL, showed a 50 % growth increase after the experimental
reduction of N inputs in a highly N-saturated forest site (Boxman et al., 1998, Emmett et al.,
1998). Furthermore, in some experimental studies, trees reacted with declined growth or
even died due to high N loads (Hyvonen et al., 2008, Magill et al., 2004, Magill et al., 1997).
Hence, experimental evidence is somehow inconclusive.
To determine the extent of the effect of N deposition, several other approaches have been
used in the past: (1) correlations between long-term forest growth data and N deposition, (2)
tracing the fate of added N with

15

N labelling experiments, combined with the C/N ratio of the

related compartments (Nadelhoffer et al., 1999), and (3) model-based simulation of the C
response to N deposition (Currie et al., 2004, Sutton et al., 2008, Wamelink et al., 2009).
Combining results from all these approaches, nitrogen use efficiency (NUE) is within a range
of 7 - 725 for total biomass (Magnani et al., 2007, Nadelhoffer et al., 1999, Sutton et al.,
2008, Thomas et al., 2010, Wamelink et al., 2009), with a most common range between 15 40 for aboveground biomass (De Vries et al., 2009, Hyvonen et al., 2008). However, these
estimated ranges for NUE do not include observed declined tree growth or dead trees which
would imply a negative NUE. For the past 50 years, it is estimated that forest growth in
Europe increased by more than 60 % (Ciais et al., 2008). Whether increased N deposition is
the main driver for this increased C sequestration in forest ecosystems remains a highly
debated field of research. It should be a key priority to reduce this uncertainty because this
would help solving the question of whether N deposition drives global warming potential in a
positive or negative way (Sutton et al., 2007). The net impact of N deposition is not only a
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scientific issue; it may also have political consequences by influencing the next generation of
international protocols on N emissions and climate change.

1.4 The fate of N-inputs in forest ecosystems - 15N labeling experiments
Forest ecosystems worldwide receive inputs of NO3- and NH4+ that are elevated over natural
levels (Galloway et al., 2004). Mechanisms through which forests retain atmospherically
deposited N are complex; understanding these mechanisms is important as ecosystem N
retention alters nutrient cycles and soil biogeochemistry (Aber et al., 1995).
The process of nitrogen saturation, by which forest ecosystems show decreased retention
efficiency of added N, will eventually lead to the leaching of nitrate to groundwater and cause
enhanced soil N2O emissions (Aber et al., 1998, Aber et al., 1989). The ability to predict
when an ecosystem reaches the stage of N saturation requires a sound understanding of the
rates of internal cycling within vegetation, within forest-floor detritus, and within the plant-soil
15

N isotopes as a tracer in forest

cycle (Currie & Nadelhoffer, 1999). The application of

ecosystems has shown to be a powerful tool for studying gross fluxes and transformation of
N on the ecosystem scale (Buchmann et al., 1996, Buchmann et al., 1995, Schimel &
Firestone, 1989, Tietema et al., 1998). In a few long-term N addition experiments, the fate of
NO3- and NH4+ has been traced by the addition of a

15

N tracer (Nadelhoffer et al., 2004,

Nadelhoffer et al., 1995, Schleppi et al., 1999a, Tietema et al., 1998); those experiments
showed that in the mid-term about two-thirds of the added nitrogen resides in soil organic
matter. For the Alptal N addition site, it was found that approximately 60 % of the

15

N tracer

was recovered in the soil and only about 7 % in trees (Schleppi et al., 1999a). Another

15

N

tracer study at Alptal showed that only about 1 % of the tracer had been taken up by trees
after one year (Providoli et al., 2005). Despite many studies about nitrogen transformation in
soils, the mechanisms by which inorganic N is immobilized remains a knowledge gap.
Recent studies suggest that abiotic immobilization (Berntson & Aber, 2000, Dail et al., 2001,
Perakis & Hedin, 2002) may be an important mechanism in the immbolization of inorganic N,
whereas other studies demonstrated that microbial processes may be responsible (Janssens
et al., 2010, Knorr et al., 2005, Liu & Greaver). Davidson et al. (2003) suggest that both
abiotic and biotic processes are involved in N immobilization. Future projections about the
impact of deposited N based on short-term studies may be questionable because the
ecosystem response to N addition is known to be highly non-linear (Högberg et al., 2006).
Hence, results from long-term

15

N labeling experiments, which trace the fate of the additional

N, are needed to solve this open research question.
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1.5 Effects of nitrogen deposition on soil GHG fluxes
To understand anthropogenic impacts on the climate system, it is important to understand
the sources and sinks of atmospheric trace gases. Changes in the atmospheric
concentration of long-lived greenhouse gases (GHG) since pre-industrial times (1750) have
altered the energy balance of the climate system and are key drivers of climate change
(IPCC, 2007). Besides water vapor, the most important long-lived GHG in the atmosphere
are carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) (Fig. 1.3). During the past
250 years, the atmospheric concentrations of CO2, CH4 and N2O have increased by 30, 145
and 15 %, respectively (Fig. 1.4) (IPCC, 2007). It is estimated that between 5 - 20 % of CO2,
15 - 30 % of CH4 and 80 - 90 % of N2O in the atmosphere originate from soils (Nakicenovic,
2000). One of the most commonly used metrics to quantify the climate effect of a change,
e.g., land-use-change, altered nutrient cycles etc., is the global warming potential (GWP).
The GWP (see Shine et al., 1990, for a formal definition) relates the impact of emissions of a
gas to that of emission of an equivalent mass of CO2. Understanding the processes that are
driving GHG emissions between forest soils and the atmosphere due to increased Navailability is crucial to estimate the influence of anthropogenic enhanced N deposition on
climate change (Fig.1.5).

Fig. 1.3 Summary of the principal
components of the radiative forcing of
climate change. All these radiative
forcings result from one or more
factors that affect climate and are
associated with human activities or
natural processes. The values
represent the forcings in 2005
relative to the start of the industrial
era (about 1750). Human activities
cause signiﬁcant changes in long lived gases, ozone, water vapour,
surface
albedo,
aerosols
and
contrails. The only increase in natural
forcing of any signi
ﬁcance between
1750 and 2005 occurred in solar
irradiance. Positive forcings lead to
warming of climate and negative
forcings lead to a cooling. The thin
black line attached to each coloured
bar represents the range of
uncertainty for the respective value
(taken from IPCC, 2007)
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Figure
1.4
Atmospheric
concentrations of important long-lived
greenhouse gases over the last
2,000 years. Increases since about
1750 are attributed to human
activities in the industrial era.
Concentration units are parts per
million (ppm) or parts per billion
(ppb), indicating the number of
molecules of the greenhouse gas per
million or billion air molecules,
respectively, in an atmospheric
sample (taken from IPCC, 2007)

1.5.1 Carbon dioxide
Carbon dioxide is the most important anthropogenic greenhouse gas (IPCC, 2007). World
terrestrial biomass and soils store three times more C than the atmosphere (Rustad et al.,
2000); between 30 to 90 % of the carbon stored in forests is accumulated in litter, labile and
persistent soil carbon pools (Dixon et al., 1994, Sun et al., 2004). Forest soil respiration, one
of the major pathways in the global C cycle, is the sum of heterotrophic and autotrophic
respiration (Hanson et al., 2000). The difference between CO2 uptake by assimilation and
losses through plant and soil respiration is named the net ecosystem production (NEP)
(Luyssaert et al., 2008). During most of the life cycle of a forest, its NEP is usually positive,
which means that forests act as CO2 sinks (Luyssaert et al., 2008, Valentini et al., 2000).
Following disturbances, however, large quantities of C stored in forest ecosystems can be
released to the atmosphere and, consequently, forests can also act as a source of CO2
(Körner, 2003, Schulze et al., 2000). Most experimental studies about the effect of N addition
on soil respiration found a reduction effect (Bowden et al., 2004, Burton et al., 2004,
Janssens et al., 2010, Micks et al., 2004), while few found short-term increased respiration
(Brumme & Beese, 1992, Contosta et al., 2011) or no effect (e.g. Allison et al., 2008, Ambus
& Robertson, 2006, Castro et al., 1994, Micks et al., 2004, Mo et al., 2007). In studies which
found a significant reduction in soil respiration, several underlying processes have been
discussed: decreased biomass, diversity and activity of soil microorganisms (Ågren et al.,
2001, Compton et al., 2004, Treseder, 2008), C allocation shift from belowground to
aboveground production (Litton et al., 2007) and the quality of leaf litter (Fog, 1988, Knorr et
al., 2005). Due to the complexity of the N cycle, no single process could be held responsible
for the reduction in soil respiration up to now (Fig. 1.5). Detailed discussions of the
underlying processes involved can be found in recent meta-analyses (Janssens et al., 2010,
8
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Liu & Greaver, 2009). These uncertainties make understanding soil respiration essential for
understanding the carbon balance, and hence for the impact of increased N deposition on
the climate forcing of forest ecosystems.

1.5.2 Methane
The atmospheric concentration of methane (CH4) has doubled since pre-industrial times (Fig.
1.4). Rates of increase have slowed down since the early 1990s, being nearly constant today
(IPCC, 2007). In a 100 year time horizon, CH4 has a global warming potential of about 24.5
relative to CO2 (Nakicenovic, 2000). Soils can either produce or consume CH4, whilst the
origin of CH4 in the atmosphere is mainly (70 to 80 %) from biological processes in anoxic
environments by methanogenic bacteria during anaerobic digestion of organic matter (Le
Mer & Roger, 2001). Methane can also be consumed by microbial oxidation in the aerobic
zone of soils. The net CH4 flux from soil to atmosphere is the balance between microbial
production (methanogenesis) and microbial consumption (methanotrophy) (Dutaur &
Verchot, 2007). Global consumption of atmospheric CH4 by microbial activity in soils is
estimated to be in the range of 15 - 45 Tg CH4 y-1 (Houghton et al., 1998), which is of similar
magnitude as the annual increase of CH4 in the atmosphere during the 1990s (Potter et al.,
1996). Thus, environmental changes such as N inputs and land use change can greatly
affect the capacity of soils to oxidize atmospheric CH4, with significant consequences for the
global atmospheric CH4 budget (Ojima et al., 1993, Sitaula et al., 1995). Several N addition
experiments have been carried out in the past, with most studies about the response of N
addition on CH4 fluxes in temperate forests finding a significant long-term inhibition of
atmospheric CH4 oxidation due to N addition (Butterbach-Bahl et al., 2002, Butterbach-Bahl
et al., 1998, Castro et al., 1995, Castro et al., 1993, MacDonald et al., 1996, Sitaula et al.,
1995, Steudler et al., 1989), while only a few found a short-term response or no effect
(Bradford et al., 2001, Gulledge et al., 1997, King & Schnell, 1994, Papen et al., 2001,
Steinkamp et al., 2001, Whalen & Reeburgh, 2000). The partial inhibition of CH4 uptake by
well-drained soils in response to N addition may be explained by two mechanisms:
competitive inhibition of CH4 monooxigenase (MMO) (Dunfield & Knowles, 1995) and toxic
inhibition by hydroxylamine and nitrite produced via NH4 oxidation (Schnell & King, 1994).
The addition of NH4 to the soil showed to effect the inhibition CH4 oxidation more than NO3
(Steudler et al., 1989).

1.5.3 Nitrous oxide
Cultivated soils are the most important anthropogenic source of nitrous oxide (N2O),
contributing 50 to 70 % of the total atmospheric N2O (IPCC, 2007). It increases in the
atmosphere at a rate of about 0.3 % per year and has an atmospheric lifetime of about 120
years as well as a global warming potential of 320 relative to CO2 over a 100-year time
9
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horizon (IPCC, 2007). The only known significant sink for N2O is movement into the
stratosphere where it is partly photolyzed to NO (Mosier, 1998). N2O is produced in soil by
two contrasting microbial processes, nitrification of ammonium and denitrification of nitrate to
N2O (Davidson & Swank, 1986, Smith et al., 2003). Information about the contribution of
agricultural N2O budgets is increasing quickly, while knowledge regarding forests is
developing slowly. The emission rate of forest soil N2O may be altered significantly by
increased atmospheric N-deposition. Most studies in temperate forest ecosystems found that
chronic N addition induced soil N2O emissions to increase (Ambus & Robertson, 2006,
Butterbach-Bahl et al., 2002, Butterbach-Bahl et al., 1997, Kim et al., 2012). Increased N2O
emission rates from the soil, caused by chronic N addition, have mainly been attributed to
increased soil N availability for the microbial processes of nitrification and denitrification (Fig.
1.5) (Castro et al., 1993, Wrage et al., 2001). Nevertheless, a complete quantification of the
impact of N deposition on soil N2O emissions remains difficult due to varying environmental
conditions such as soil physical factors, soil N-status and vegetation type, which can
significantly affect the magnitude gas emissions.

Figure 1.5 The potential mechanisms that regulate the responses of CO2, CH4 and N2O production and
consumption to elevated N (ANPP,aboveground net primary productivity; BNPP, belowground net primary
productivity; SOC, soil organic carbon; DOC, dissolved organic carbon; DIN, dissolved inorganic nitrogen; DON,
dissolved organic nitrogen) (taken from Liu & Greaver, 2009)
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1.6 The Alptal N addition experiment
1.6.1 History of the Alptal experiment - what has been achieved
The Alptal N addition experiment was setup as part of the European research project
NITREX (Nitrogen Saturation Experiments) (Emmett et al., 1998, Wright & Rasmussen,
1998) in 1995 and is ongoing (Schleppi et al., 1998). The aim of the NITREX project was to
address the role of N deposition on coniferous forest ecosystems across a pollution gradient
in northern and central Europe by the addition or the removal of nitrogen deposited to
headwater catchments and forest stands (Wright & Rasmussen, 1998).
At Alptal, Switzerland, N is experimentally added to a mature mountain spruce forest
underneath the tree crowns both in a paired-catchment experiment and also in a replicated
plot design. In the past, several studies were conducted at Alptal to investigate mainly the
pathways of atmospheric N deposition within the forest ecosystem.
Schleppi et al. (1998) found that NO3- leaching from the Gleysols of this site did not fit into
the concept of N saturation by Aber et al. (1989); NO3- leaching occurred even though the
trees were still slightly deficient in N (1.1 % N in needles). Another investigation on this
experimental site showed no effects of N addition on the ground vegetation (Schleppi et al.,
1999b). Hagedorn et al. (2001) found that neither the inorganic N pools in the soil, nor net
nitrification were affected by two years of N addition, but NO3- leaching clearly increased.
With a dye-tracer experiment, Feyen et al. (1999) showed that a fast, preferential flow of
infiltrating precipitation towards drainage trenches exists. Using microsuction caps, Hagedorn
et al. (1999) detected rapid water flow paths with increased NO3-, whilst, with a

15

N labeling

experiment, Schleppi et al. (2004) showed that almost 10 % of the labeled nitrogen added
was leached out of the catchment during the first year after labeling. This indicates that it did
not cycle through the large N pools of the ecosystem (soil organic matter and plants).
Providoli et al. (2005) traced the flow of deposited inorganic N at the catchment scale using
15

NO3- and 15NH4+. They found that most of the added tracers remained in the ecosystem with

the highest recoveries found in the organic horizon of the soil and in the ground vegetation,
especially in the mosses. These authors concluded that the high capacity of N retention in
the ecosystem may lead to a progressive decline of the C/N ratio in the soil organic matter.
Another tracer experiment by Providoli et al. (2006) confirmed the findings of previous

15

N

tracer studies in forest ecosystems that most of the tracer is retained in the soil pool.
The long history of the Alptal experimental site, with its extensive data about the fate of the
added N, is evidently an excellent basis for further research on the dynamics of N. This
doctoral thesis took advantage of this experiment, unique in its duration and data availability,
to investigate the impact of elevated N deposition on the dynamics of N and C within this
forest ecosystem. This thesis was part of the COST Action FP0601 and financed by the
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Swiss State Secretariat for Education and Research (SER). In the following section, detailed
insight about the experimental setup of the Alptal N addition experiment is given.

1.6.2 Experimental setup at Alptal
The site is located on the northern edge of
the Alps in central Switzerland (47°03' N,
8°43' E), at 1200 m a.s.l. (Fig. 1.6). The
climate is cool and wet with a mean
annual temperature of 6 °C and a mean
annual precipitation of 2300 mm (30 % as
snow), reaching a maximum in June (270
mm) and a minimum in October (135 mm).
The vegetation period lasts from June to
September.

Atmospheric

inorganic

N

deposition is moderate with 12 kg N ha-1 a1

Figure 1.6 The Alptal experimental site is located in
central Switzerland, at the northern edge of the Alps

of bulk deposition and 17 kg N ha-1 a-1 in

throughfall, equally divided between NO3- and NH4+ (Schleppi et al., 1999a). The soil C/N
ratio of 20 (Providoli et al., 2006) indicates that N-availability is moderate. Parent rock
material is Flysch, and soils are clay-rich Gleysols with an average of 48 % clay, 46 % silt
and 6 % sand, implying low permeability with a water table close to the surface throughout
the year (Hagedorn et al., 1999). The naturally regenerating mature Norway spruce (Picea
abies (L.) Karst.) stand (15 % Abies alba Mill.), with trees up to 260 year old has a relatively
low single-sided leaf area index (LAI) of 3,8 (Schleppi et al., 1999b). Average dominant tree
height is 30 m. According to humus type and light conditions, a well-developed ground
vegetation forms patches of different botanical associations (Schleppi et al., 1999b).
The low-dose N-addition experiment is conducted since April 1995 on two small catchments
(each approximately 1500 m2) within the spruce forest. One catchment is subjected to an
increased average deposition of approximately 23 kg N ha-1 a-1 as NH4+NO3- (Tab. 2) added
to rain water and sprinkled 1.5 m above ground, i.e. under the tree canopy but above the
ground vegetation (Schleppi et al., 1998). A second catchment was acting as a control,
receiving only rainwater from the sprinkler system (Fig. 1.7). The treatment was applied
automatically during precipitation events (approximately 200 times per year) to mimic natural
atmospheric N deposition as realistically as possible. The water used for irrigation was
collected from precipitation on a polyethylene sheet (300 m2) a short distance uphill. During
winter, the automatic irrigation was replaced by the occasional application of a concentrated
NH4NO3 solution on the snow, using a backpack sprayer.
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Figure 1.7 Setup of the chronic low-dose N-addition experiment at Alptal, Switzerland
(taken from Schleppi et al., 1998)

1.7 Objectives of the thesis
It is well known that elevated atmospheric N deposition causes several changes in terrestrial
ecosystems. However, despite numerous studies on the cycling of N and C in forest
ecosystems, many uncertainties remain. In the past,

15

N tracer studies unraveled the

pathways of deposited N in forest ecosystems and demonstrated that the soil is the major
pool where the N is immobilized. Nevertheless, an open question remains for how long the
soil is able to immobilize ongoing high N inputs. Another recently highly debated research
field is the magnitude of the quantitative effect of N deposition on forest growth and C
sequestration. The estimated response shown in the literature spans a wide range and
subsequent reasons for this are still uncertain. N deposition affects not only the amount of C
sequestered in forests, but also leads to altered fluxes of the biogenic greenhouse gases
CO2, CH4 and N2O. Most experimental studies quantified only one or two of these gases,
while few quantified all three gases on the same site. Consequently, inter-site comparisons in
terms of a global warming perspective are challenging due to differing environmental
conditions.
This thesis aims to contribute to answer these open questions by using a modeling study and
field experiments. In particular the three main objectives of this PhD project were, (1) to
unravel site-specific characteristics of the N cycling at Alptal using a model approach and to
assess future N dynamics under climate change, (2) to quantify the tree growth response to
13
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enhanced N deposition and its underlying physiological and morphological changes, and (3)
to evaluate the impact of elevated N deposition and tree girdling on the fluxes of the
greenhouse gases CO2, CH4 and N2O between the soil and the atmosphere. In relation to
those three main objectives, the following research questions were formulated:

(1) Can a model increase our understanding about N cycling in forests? How will chronic
N addition affect N dynamics and C sequestration under climate change in the future?

(2) Does elevated N deposition increase forest carbon sequestration? If so, by how much
and how did it do so? Did it change tree physiology and/or tree morphology?

(3) Does increased N deposition alter the fluxes of CO2, N2O and CH4 from the soil to the
atmosphere? Do soil temperature and water table depth influence the fluxes of CO2,
CH4 and N2O between the soil and the atmosphere? How does a bark beetle
infestation affect the fluxes of CO2, CH4 and N2O between the soil and the
atmosphere? Is there an interaction with N availability?

1.8 Structure of the thesis
The three main objectives are presented as separate chapters for which a short overview is
given in the following:

Chapter 2, entitled Long-term tracing of whole catchment

15

N additions in a mountain spruce

forest: measurements and simulations with the TRACE model, describes the assessment of
long-term N dynamics with the biogeochemical process-based model TRACE (Tracer
Redistribution Among Compartments in Ecosystems). TRACE models C, N and water fluxes
in forest ecosystems. The crucial feature of TRACE is the prediction of the redistribution of
15

N and

14

N isotopes through time by simulating

15

N:14N ratios of individual N pools and of N

transferred between pools. This is the first publication about the model which was adapted to
a very different type of forest than for that for which it was first developed and validated for.
The model was calibrated to the Alptal site and validated against a unique long-term

15

N

tracer recovery time-series. The goal of this part of the thesis was to use TRACE to increase
our understanding about the N cycle in forest ecosystems. Additionally, the model was used
to make future predictions of the retention of the N addition and of tree C sequestration under
a climate change scenario.

Chapter 3, entitled Growth enhancement of Picea abies trees under long-term low-dose N
addition is due to morphological more than to physiological changes, aims to quantify the
14
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tree growth response to the added N and wants to shed light on the underlying physiological
and morphological changes associated with the long-term low-dose N addition at Alptal. To
quantify the tree growth response to enhanced N deposition and to investigate its underlying
physiological mechanism, tree ring patterns and a dual stable isotope (δ13C and δ18O)
approach were used.

Chapter 4 entitled Greenhouse gas exchanges of the soil in a mountain forest subjected to N
addition and after girdling Norway spruce trees, contributes to answering the question as to
whether enhanced N deposition alters the greenhouse gas fluxes from the soil. This involved
using the closed-chamber technique to quantify the fluxes between the soil and the
atmosphere for the three most prominent greenhouse gases CO2, CH4 and N2O.
In addition, the effects of a bark beetle infestation and of the later felling as a management
practice on the gas fluxes were investigated. The bark beetle infestation was simulated by
girdling 40 % of the basal area of the mature trees within the Alptal experimental catchments.
The girdling included the complete removal of a strip of the bark and cambium around the
stem, which interrupts the transport of C assimilates from the canopy to the roots.
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Abstract
Despite numerous studies on nitrogen (N) cycling in forest ecosystems, many uncertainties
remain, particularly regarding long-term N accumulation in the soil. Models validated against
tracer isotopic data from field labeling experiments provide a potential tool to better
understand and simulate C and N interactions over multiple decades. In this study, we
describe the adaptation of the dynamic process-based model TRACE to a new site, Alptal,
where long-term N addition and

15

N tracer experiments provide unique datasets for testing

the model. We describe model parameterization for this spruce forest, and then test the
model with 9- and 14-year time series of

15

N tracer recovery from control and N-amended

catchments, respectively. Finally, we use the model to project the fate of ecosystem N
accumulation over the next 70 years. Field

15

N recovery data show that the major sink for N

deposition is the soil. On the control plot, tracer recovery in the soil increased from 32 % in
the second year to 60 % in the ninth year following tracer addition, whereas on the Nsaturated plot, soil recovery stayed almost constant from 63 % in the third year to 61 % in the
twelfth year. Recovery in tree biomass increased over the decadal time scale in both
treatments, to ca. 10 % over 9 years on the control plot and ca. 13 % over 14 years on the Namended plot. We then used these time series to validate TRACE, showing that the
adaptation and calibration procedure for the Alptal site was successful. Model-data
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comparison identified that the spreading of

15

N tracers needs to be considered when

interpreting recovery results from labeling studies. Furthermore the ground vegetation layer
was recognized to play an important role in controlling the rate which deposited N enters soil
pools. Our 70-year model simulation into the future underpinned by a Monte-Carlo sensitivity
analysis, suggests that the soil is expected to be able to immobilize a constant fraction of 70and 77 % of deposited N for the treated and the control plot, respectively. Further, the model
showed that the simulated increased N deposition resulted in a relatively small elevated C
sequestration in aggrading wood with an N use efficiency of approximately 7 kg C per kg N
added.
Keywords: N cycling,

15

N tracer, simulation model, mountain forest, Norway spruce, N

deposition

2.1 Introduction
Deposition of oxidized (NOy) and reduced (NHx) forms of reactive nitrogen (N) to terrestrial
ecosystems has risen sharply since the industrial revolution; in some parts of the globe N
deposition is even projected to continue to increase (Galloway et al., 2003, Gruber &
Galloway, 2008). This human-induced high input can shift the N status of forest ecosystems
from naturally N-limited to N-saturated (Aber et al., 1998, Aber et al., 1989, Dise & Wright,
1995, Fenn et al., 1998). Such a change in N status can have serious environmental
consequences by changing soil and water chemistry, changing vegetation composition and
productivity, and by altering the fluxes of radiatively active trace gases (N2O, CO2, CH4)
exchanged between forests and the atmosphere (Aber & Federer, 1992, Butterbach-Bahl et
al., 1997, Priha & Smolander, 1995). N additions to forest soils have been shown to reduce
C/N ratios in leaves and litter (Dise & Wright, 1995, Gundersen et al., 1998, Magill et al.,
1997) and to stimulate tree growth and productivity (De Vries et al., 2006, Högberg et al.,
2006, Hyvonen et al., 2008). High N deposition rates increase NO3- leaching from forest soils
to groundwater (Borken & Matzner, 2004, Dise & Wright, 1995, Gundersen et al., 2006,
Jussy et al., 2004, Schleppi et al., 2004), and accelerate soil acidification due to increased
nitrification, ammonium uptake (Högberg et al., 2006, Likens et al., 1979) and base cation
leaching (Currie &

Nadelhoffer, 1999). High rates of N deposition can also change the

ground vegetation (Fangmeier et al., 1994, Hulber et al., 2008) and thus lead to a decline in
biodiversity (Phoenix et al., 2006). Although the impact of N on terrestrial ecosystems is an
intensively studied research field, many uncertainties remain on how ecosystems will
respond, especially in the longer term (i.e. over decades to centuries).
Dynamic biogeochemical process-based models can improve our understanding of long-term
N effects on ecosystems. They provide an interconnected set of hypotheses about how fine26

TRACE model simulations
scale processes interact to produce whole-system N cycling and C-N interactions. However,
modeling complex C-N interactions in a biogeochemical process model could produce wholesystem C and N cycling that appears correct but do not necessarily capture the correct finescale interactions that cause ecosystem-level patterns. Most simulation analyses of N cycling
and C-N interactions have limited ability to determine if the process interactions are captured
correctly (Larocque et al., 2008). A powerful tool for testing model formulations of C-N
interactions is to compare predicted movement of the stable isotope

15

N between ecosystem

pools with the redistribution of field-applied 15N tracers. With models that consider constraints
from stable isotopes, we can achieve a deeper understanding than can be achieved with
non-isotopic models (Currie et al., 2004).
In this study, the process-based model TRACE, with the ability to simulate

15

N redistribution

in forest ecosystems, was applied for its first time to a different temperate forest type
(subalpine, open-canopy spruce forest at Alptal, Switzerland) than where the model was
developed and validated, i.e. closed-canopy temperate oak and pine forests at the Harvard
Forest, MA, USA (Currie et al., 1999, Currie & Nadelhoffer, 1999, Currie et al., 2004).
Our aim was to test TRACE’s representation of whole-system C and N dynamics by applying
it to a new site, Alptal, which is an open spruce forest with ground vegetation and low
permeability soil. The Alptal experimental site hosts a long-term low-dose N-addition
(NH4NO3) experiment initiated in 1995. The site consists of two small catchments, one
receiving +25 kg N ha-1 a-1 and the second is the control. On the catchment scale, regular
15

N tracer were applied for one year starting in 1995 on the fertilized plot and in

pulses of a

2000 on the control plot.
Thus, our objectives were (1) to evaluate N partitioning in forest ecosystem compartments
with field

15

N tracer recoveries; (2) to adapt TRACE to a different type of temperate forest

(Alptal); and (3) to compare model results at Alptal against field-observed

15

N recoveries.

Finally, we used model-based projections to project the expected fate of elevated
atmospheric N deposition on ecosystem N-status over the time scale of several decades.

2.2 Field methods
2.2.1 Site description
The experimental site is located in the Alptal valley, on the northern edge of the European
Alps in central Switzerland (47°02’ N, 8°43’ E) at 1200 m a.s.l. It lies within the Erlenbach
headwater catchment, which covers 0.7 km2 and consist of 40 % naturally regenerating
forest and 60 % bedding meadow, neither ever fertilized. The climate is cool and wet with a
mean annual temperature of 6 °C and a mean annual precipitation of 2300 mm (30 % as
snow) reaching a maximum in June (270 mm) and a minimum in October (135 mm). The
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growing season lasts from May to September. Atmospheric inorganic N deposition is
moderate with 12 kg N ha-1 a-1 bulk deposition and 17 kg N ha-1 a-1 in throughfall, equally
divided between NO3- and NH4+ (Schleppi et al. 1999a). Parent rock material is Flysch, and
major soil types are clay-rich Gleysols with an average 48 % clay, 46 % silt and 6 % sand.
This leads to low permeability with a water table close to the surface throughout the year
(Hagedorn et al. 1999). The two major soil types are determined by the distinct
microtopography: (1) umbric gleysol with mor (raw humus), Ah and oxidised or partly
oxidised Bg or Br horizons on mounds; and (2) mollic gleysols, with an anmoor (muck
humus) topsoil, a thin Lf horizon and an almost permanently reduced Bg or Br horizon in
depressions where the water table can reach the surface (Hagedorn et al., 1999). On
average, soils are covered with snow from mid-November to April. The slope is ca. 20 % with
a west-facing aspect. The stand consists of Norway spruce (Picea abies) (~85 % of basal
area), along with silver fir (Abies alba). The stand regenerated naturally after selective
logging and includes trees up to 260 years old. The stand’s relatively low leaf area index
(LAI) of 3.8 allows a well-developed layer of ground vegetation, which forms patches of
botanical associations that vary by humus type and light conditions (Schleppi et al. 1999b).
Ground vegetation is dominated by Caltha palustris (L.), Petasites alba ((L.) Gaertner), Poa
trivialis (L.) and Carex ferruginea (Scop.) (Schleppi et al., 1999b). The moss layer is well
developed with Hylocomium splendens ((HEDW.)B.S.G.) and Sphagnum quinquefarium
((LINDB. EX BRAITHW.) WARNST.) as the dominant species.

2.2.2 N addition and 15N tracer experimental design
A low-dose N-addition experiment has been conducted since April 1995 in a pairedcatchment design. Within the spruce forest, two small catchments (each ca. 1500 m2) were
delimited by trenches. Due to the impermeable gleyic subsoil, the water is assumed not to
infiltrate below the depth of the trenches (80 cm) and the yearly water budget of each
catchment is approximately balanced (Schleppi et al., 1998). One catchment is subjected to
an increased deposition of 25 kg N ha-1 a-1 as NH4NO3 added to rain water and sprinkled 1.5
m above ground, i.e. under the tree canopy but above the ground vegetation (Schleppi et al.,
1998). The other catchment acts as a control, receiving only rainwater with ambient N
deposition.
Several

15

N labeling experiments have taken place in this paired-catchment design. On the

N-treated plot, the nitrogen added during the first year of the experiment (between April 1995
and March 1996) was labeled with

15

NH415NO3 (219 mmol/m2; 0.88 atom %) and distributed

by sprinklers (Schleppi et al., 1999a). On the control plot, two

15

N labeling experiments took

place (described in Providoli et al. (2005)). First, K15NO3 (0.17 mmol/m2; 99 atom %) was
applied between July 2000 and June 2001. After a one-year gap,
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15

NH4Cl (0.7 mmol/m2; 99

TRACE model simulations
atom %) was applied from July 2002 to June 2003. On the control plot, the tracers were
applied on a weekly basis in summer and every two weeks in winter with a backpack sprayer
directly above the ground vegetation. A timeline of tracer addition and sampling can be found
in Figure 4, 5 and 6.

2.2.3 Field 15N tracer recovery
N tracer recoveries with the 9- and 14-year data of field

15

recoveries from the control and N-addition catchments, respectively. We considered

15

We compared simulated

15

N
N

recovery in the following pools: wood, branches, foliage, ground vegetation, coarse and fine
roots, soil litter layer, soil organic horizon and mineral soil horizon. In addition, the cumulative
fluxes of

15

N tracers in foliar litterfall and nitrate leaching were considered. All recoveries

were calculated in proportion to the applied tracer (Providoli et al., 2005). For the N-treated
plot,

15

N recovery data for the year 1997 are from Schleppi et al. (1999a) following one year

of N addition and labeling. For this year, separate data for fine roots and litter are not
available as they were bulked for the analysis. For the years 2002 and 2009, we present new
15

N recovery data. Sampling and analyses for soil and ground vegetation pools for these new

data were conducted according to Providoli et al. (2005), and wood sampling and analyses
were conducted according to Schleppi et al. (1999a). For the control plot,

15

N recovery rates

for the years 2001 and 2003 are from Providoli et al. (2005); for 2009, we provide new data.
For

15

N recoveries in foliage, needle cohorts were taken each year from the 7th whorl of five

dominant trees per plot. Annual cohorts were analyzed separately and later combined to
obtain

15

N percent recovery per year to compare with model results. We did this because the

model considers only the youngest cohort and the sum of older ones as distinct pools. For
the yearly recovery of

15

N in litterfall, the content of four litter collectors per plot were bulked,

analyzed quarterly and combined. To account for the cumulative tracer flux in nitrate
leaching, weekly bulked runoff-proportional water samples were collected at the discharge
weirs at both catchments since 1995 (Schleppi et al., 2004).

2.3 TRACE model
2.3.1 Model overview
TRACE (Tracer Redistribution Among Compartments in Ecosystems) is a biogeochemical
process model of C, N and water fluxes in forest ecosystems. The crucial feature of TRACE
is the prediction of the redistribution of

15

N and

14

N isotopes through time by simulating

15

N:14N ratios of individual N pools and of the N transferred between pools, incorporating the

principles of pool dilution and mass balance (Wessel & Tietema, 1992). TRACE calculates
the mixing and redistribution of

14

N and

15

N as NH4+ and NO3- and organic N in the soluble
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and solid phases, while linking the fluxes of C, N and water in forest vegetation and soil (Fig.
2.1). Thus, TRACE allows for comparisons with large-scale
simulates the timing, isotopic abundance and forms of

15

N-labeling studies, as it

15

N across the major pools in the

ecosystem added to large pools. TRACE runs on a monthly time step and can be used to
project forest change over decades to centuries, including the effect of climate change and
altered N deposition. TRACE combines the vegetation processes of PnET-CN (Aber &
Driscoll, 1997) with the soil processes of DOCMod (Currie &

Aber, 1997). PnET-CN

emphasizes the links between vegetation physiology, biogeochemistry, and hydrology.
PnET-CN incorporates photosynthesis, stomatal conductance and transpiration as a function
of foliar N content, radiation, temperature, and soil water availability (Aber & Federer, 1992).
DOCMod is a model of litter decomposition, humification and production of dissolved organic
C and N in the forest floor. Detailed information about the fundamental vegetation and soil
processes in TRACE and PnET-CN can be found in Aber et al. (1997), Currie and Aber
(1997), Currie and Nadelhoffer (1999) and Currie et al. (1999).

Fig.
2.1
Schematic
diagram of pools and
fluxes of N in TRACE.
Plant N uptake, detrital N
dynamics
and
N
transformations
are
calculated separately in
each soil layer. Pools of
available N are separated
by soil layer: O, organic
horizon;
M,
mineral
horizon;
DON,
PON,
dissolved and particulate
organic nitrogen; CWD,
FWD, coarse and fine
woody debris Min./imm.,
mineralization/assimilation
. Inputs: NO3- and NH4+ in
atmospheric
deposition,
fertilizer,
and
isotopic
tracer
additions.
For
clarity, not all fluxes are
shown in detail (adapted
from Currie et al. 2004)
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2.3.2 Model adaptation to the Alptal site
Our analysis is based on TRACE v4.5. Since TRACE was initially developed for well-drained
soils like Inceptisols on coarse-loamy texture at Harvard Forest (Aber et al., 1993), we made
some structural changes to the model to account for known site-specific features at Alptal.
Our changes incorporate (1) the gleyic soil conditions with low permeability and high water
tables and (2) the preferential water flow (Schleppi et al., 2004).
First, during their inverse modeling analyses, Currie et al. (2004) had changed tree N uptake
to be preferentially from the mineral soil pools. To account for the low permeability and high
water tables resulting in a low rooting depth at Alptal, we changed this to the organic soil
horizon. Second, in the original model, the NO3- concentration in preferential water flow was
zero. In the Alptal model version, NO3- concentration from wet deposition and/or from
snowmelt in the preferential water flow was added, i.e. a new variable NO3fastflow was
created. By doing so, a fraction of NO3- is leached directly out of the system instead of going
into the soil, i.e. a fraction of NO3- bypasses the soil pools without interactions. Equation (1)
for NO3fastflow was added to the water balance procedure (monthly time step):

(1) NO3fastflow = FastFlowFrac × (NO3WetDep × (1-SnowFrac) + NO3SnowPack × Snowmelt

FastFlowFrac:

fast flow fraction, i.e. proportion of water that flows
preferentially through the soil; parameter

NO3WetDep:

wet NO3- deposition [g N m-2 month-1]; input

SnowFrac:

proportion of precipitation as snow [dimensionless];

NO3SnowPack:

NO3- amount present in snow pack [g N m-2]; state variable

Snowmelt:

proportion of the snow pack that melts and releases NO3within a month [dimensionless];

Preliminary simulation runs showed a non-negligible accumulation of NH4+ in the organic soil
N pool. The original model nitrified only the fraction of NH4+ mineralized in the current month
rather than the whole NH4+ pool of the organic soil. We solved this conceptual problem by
applying the existing sub-procedure GrossNitrif to the whole NH4+ pool rather than only to the
newly mineralized NH4+.
Current climate data for the Alptal site were derived using local measurements from a nearby
open-field meteorological station and represent 25-year means (1982-2007); these data were
used to represent 20th century conditions (Table 2.1). To characterize the strong increase in
N deposition over the 20th century, we estimated a total deposition of inorganic N that
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increased linearly from 5 kg N m-2 a-1 in 1900 to 7.6 kg N m-2 a-1 in 1950; from there,
deposition increased more steeply to 18 kg N m-2 a-1 in 1975 and onward had constant values
to reflect the effect of legal measures taken to control N deposition (Fig. 2.2). Historical CO2
data from 1900 to 1958 were taken from the Law Dome ice core (Meure et al., 2006). Data
between 1958 and 2010 are from Mauna Loa (Dr. Pieter Tans, NOAA/ESRL;
www.esrl.noaa.gov/gmd/ccgg/trends/). For future projections, the IPCC WRE Stabilization
Profile 450 (IPCC, 2007) was chosen. This optimistic scenario assumes an emission
reduction that stabilizes atmospheric CO2 concentration in the year 2090 at 450 ppm and is
tied to a change in maximum/minimum temperature of 2 degrees C relative to 1960-1990.
After all of the changes described above, we checked model integrity to ensure that TRACE
maintained C and N mass balance throughout all simulations.
Finally, it should be noted that the OiOe horizon in TRACE corresponds to the LF horizon at
Alptal, the Oa horizon corresponds to the O humus horizon at Alptal and the M (for mineral
soil) horizon in TRACE corresponds to the sum of the A and B horizons at Alptal (Providoli et
al., 2005).

32

TRACE model simulations

Table 2.1 Long-term mean climate data for the Alptal site. Data represent 25-year means (1982-2007) from a
nearby open-field meteorological station.
Month

Daily min. temperature
[°C]

Daily max. temperature
[°C]

Photosynthetically active radiation
2
[μmoles/m /day]

Precipitation [cm]

1
2
3
4
5
6
7
8
9
10
11
12

-3.2
-4.1
-3.2
-0.1
4.5
7.5
9.6
9.6
6.6
3.7
-1.6
-3.7

2.7
2.9
4.9
8.6
13.9
16.6
19.0
18.4
15.1
11.9
5.6
3.4

224
304
414
485
494
510
542
492
427
324
227
191

15
16.1
19.3
17.7
20.9
25.2
25.5
25.1
19.6
13
17
16

Fig. 2.2 Scenarios of
CO2
concentration,
bulk N deposition and
N addition for the
control and the N
treated plot for the
years
1920-2080.
Varying values for N
addition from 1995 –
2008 are due to real
data, for the following
years values are a
mean of the 1995-2008
data.

2.3.3 Model parameterization and calibration
TRACE is a complex model based on more than one hundred parameters and initial
conditions for state variables. As a basis for our parameterization procedure we used the
input data for the red pine (Pinus resinosa) stand of Harvard Forest because it is the only
conifer stand for which the model has been parameterized to date (Currie et al., 2009). The
changes we made compared to the red pine parameterization are summarized in the
Appendix. The simulation was initialized for the year 1900. Since for the initial values of state
variables no historical records were available, we estimated these based on circumstantial
evidence as follows. At the Alptal site, the Picea abies forest was similar to today, i.e. a
relatively open-canopy stand at least since 1925. Due to the proximity to a road, selective
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harvests (single trees) took place regularly (Gimmi et al., 2009). The most striking changes in
the model parameterization based on empirical data from the Alptal site were the following
(Appendix 1): average foliar retention time (FolReten) is longer for Picea than for Pinus and
was changed to 6 years, based on branch dissections (variable names in the model code,
e.g. FolReten, are listed here in parentheses). Specific leaf weight, i.e. leaf mass per area, at
the canopy top (SLWmax) was changed to 440 g m-2 based on annually collected needle
samples at the canopy top (Schleppi et al., 1999b). The change in specific leaf weight with
canopy depth (SLWdel) was increased to 0.21 g m-2 g, based on branch and needle harvests
(Schleppi et al., 1999a,b). Initial maximum foliar mass (variable FolMass(2)) was increased
to 1090 g OM m-2, based on LAI measurements and yearly needle samples at the canopy top
(Schleppi et al. 1999b). Water holding capacity (WHC) was reduced to 4 cm based on
estimations from hydrographs in combination with measured rooting depth. The leaching
fraction of available NO3- (MNitleach) was set to 0.3 (Hagedorn et al., 2001). According to 15N
recovery data from a microsite labeling experiment by (Providoli et al., 2006), the fraction of
inorganic N leaching from the organic to the mineral horizon (ONH4leachProp and
ONO3leachProp) were set to 0.12 and 0.23, respectively. Because of the lack of soil
permeability at Alptal, we did not include diffusion of isotopes between available inorganic N
pools in the organic and mineral soil horizons as used by Currie et al. (2004) for different
soils.
Having incorporated climate and N deposition scenarios as well as the changes to
parameters and initial conditions based on empirical data, we calibrated the following key
variables (independently of

15

N recovery) before making model-data comparisons: foliar and

woody production, tissue, fine root and wood N concentrations, O horizon mass and C/N
ratio, net nitrification and leaching of NO3-. We chose those variables because (1) they are
central fluxes and pools in the model that are highly indicative of model behavior (Currie et
al. 2009) and (2) they can be measured in the field. The resulting most striking parameter
changes were the following (cf. Appendix 1): the minimum ratio of wood production to foliar
production (MinWoodFolRatio) was reduced to 0.75. To adjust LAI for light extinction in
clumped canopies, the parameter LAIadj was set to 1.11. LAIadj corresponds to 1/Ω, Ω being
the canopy clumping factor (cf. Nilson, 1971). The parameters NImmobA and NimmobB were
set to 160 and -24, respectively. These parameters adjust the relationship between soil N
concentration and re-immobilization in organic matter and serve to calibrate the C/N ratio in
the different soil horizons. Model-data comparison for the key variables is shown in Table 2.2
Results for the entire simulation period after the model calibration for the key variables for
both plots are shown in Figure 2.3.
To evaluate model sensitivity to uncertainty in the parameter estimates, a multivariate MonteCarlo analysis was conducted. We stochastically altered 63 parameters to test model
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behavior. The parameters that were altered were those that were not initially calculated,
whose values are not well known, or did not belong to the initial conditions or climatic data. A
detailed list of the altered parameters can be found in the TRACE user guide (Currie et al.,
2009). Each of the chosen parameters was altered stochastically assuming a normal
distribution around the default value of the parameter and a standard deviation of 10 %. After
100 model runs, with each considering a different altered parameter set, means and
standard deviations within the ensemble of the model runs were calculated for each
simulated year and selected model result.
Table 2.2 Model-data comparison after calibration to assess model accuracy prior to the analysis of
redistribution
Model
results
(2000)

Field data,
control plot

Wood production [g OM m a ]

567

410

N concentration in green foliage [%]

1.15

1.14

needle sampling (2000)

N concentration in fine roots [%]

0.98

0.74

soil sampling (2009)

N concentration in wood [%]

0.07

0.08

from tree-rings (2009)

3715

2730

soil sampling (1997)
soil sampling (2009)

-1

-2

231

-1

-2

Soil O horizon OM mass [g OM m ]
-1

Soil O horizon C/N ratio [g g ]

20.9

19.7

-2

-1

0.38

0.12± 0.24

-2

-1

0.30

0.31

Soil O horizon net nitrification [g N m a ]
-

300

NO3 leaching from M horizon [g N /m a ]

N

Reference for field data
calculated using LAI, spec. leaf weight,
needle life time
from dendrometers and height growth

-2

Foliar production [g OM m a ]

15

(Hagedorn et al., 1999)
runoff sampling (Schleppi et al., 2004)

OM: organic matter (ash-free, oven-dry weight)
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Fig. 2.3 Simulation of the main fluxes in the calibrated model for the years 1920 to 2080 for the control (solid
line) and for the N-treated plot (dashed line). Shaded areas represent ± standard deviation (SD) from 100
Monte-Carlo runs with randomly altered parameters. Only the SD of the control plot is shown where it overlaps
that of the N-treated plot and does not differ from it by more than 1%. The spike in foliage production and tree N
uptake in 2047 is a discretization effect corresponding the warming-induced advancement of a phenological
stage (end of needle growth) by one time step, i.e. one month.

2.4 Results
2.4.1 Recovery of 15N tracer in field samples
Total recovery of the applied

15

N tracer for the new data presented here (2002 on the N-

treated plot and 2009 for both plots) varied between 60 and 75 % (Table 2.3, 2.4, 2.5). In all
cases, the soil was the dominant sink for the
36
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N. On the control plot, tracer recovery in the
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soil increased almost linearly from 8 % in 2001 to 60 % in 2009 (Fig. 2.4). Recovery in the
ground vegetation first increased from 4 % in 2001 to 32 % in 2003, and then decreased to
4 % in 2009. Trees showed a slight increase in the

15

N tracer from 0.1 % in 2001 over 6 % in

2003 to 10 % in 2009.
On the N treated plot tracer recovery in the soil decreased from 63 % in 1997 to 47 % in
2002 (also Fig. 2.4) and then increased to 61 % in 2009. In the ground vegetation

15

N tracer

recovery decreased from 5 % in 1997 to 1.5 % in 2002 and less than 1 % in 2009. Trees
showed a slight increase in the 15N tracer from 8 % in 1997 to 13 % in 2009.
Table 2.3 Partitioning of the added 15N labeled nitrogen for 2002, six years after tracer addition on the N-treated
plot (+25 kg ha-1 a-1) in major ecosystem pools, as means. Pool sizes as dry matter, N concentrations, N pools,
15
tracer fractions and tracer recoveries. N tracer recoveries are estimates according to material and methods
section. (*) Recovery rates for trees (including bark, wood branches and needles) were estimated by a linear
interpolation between recovery rates from 1997 and 2009.
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Table 2.4 Partitioning of the added 15N labeled nitrogen for 2009, nine years after tracer addition on the control
plot (no N addition) in mayor ecosystem pools, as means. Pool sizes as dry matter, N concentrations, N pools,
tracer fractions and tracer recoveries. 15N tracer recoveries are estimates according to material and methods
section
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Table 2.5 Partitioning of the added 15N labeled nitrogen for 2009, fourteen years after tracer addition on the Ntreated plot in mayor ecosystem pools, as means. Pool sizes as dry matter, N concentrations, N pools, tracer
fractions and tracer recoveries. 15N tracer recoveries are estimates according to material and methods section

2.4.2 Model results compared against 15N field data
After calibration, the model was compared against the results of the

15

N tracer study

conducted in both experimental catchments. Because total N pools and fluxes had been
adjusted in the parameterization and calibration phase, the main criteria to judge model
performance in this new forest type were the tracer recoveries. We considered the following
pools: foliage (most recent cohort and sum of the older ones), fine roots (<2 mm diameter),
living wood, soil litter layer, organic soil horizon and mineral soil horizon. The cumulative
fluxes of tracer in litterfall as well as in nitrate leaching, were also considered.
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On the control plot TRACE calculated a sharp increase in recovery of the 15N tracer in current
year foliage (Fig. 2.5) with a peak after 2 years once 100 % of the tracer had been applied.
Field data (also Fig. 2.5) for this variable on the control plot showed much lower values and
no clear peak eight years after the last tracer dose was applied. Fine root

15

N recovery was

slightly overestimated by TRACE and field data did not show the same clear peak simulated
three years after the first tracer application. The peak four years after the application of
15

NO3- in the litter layer was captured well by the model. Recovery rates in the organic

horizon were not well captured (Fig. 2.6). In the first years after the beginning of tracer
application, TRACE over-predicted

15

N recovery rates, whereas nine years later, TRACE

under-predicted them.
On the N-treated plot, calculated

15

N recovery in foliage fits well with field observations.

Recovery data for fine roots showed good agreement between simulation and
measurements seven years after tracer application, but 14 years after tracer application, field
recovery was underestimated in the model by a factor two. For the litter layer simulated
recovery agreed well with field results. For the organic horizon, TRACE under-predicted
recovery rates throughout the simulation run with nearly constant rates, whereas field
recovery rates were more variable.
On both the control and the N-treated plot, recovery of the cumulated litterfall flux was overpredicted by TRACE, which suggested a peak in litterfall fluxes of
tracer addition. In the field data, litterfall fluxes of
after 14 years. In addition, simulated wood

15

N about 3 years after

15

N showed no clear peak or decline even

15

N recovery rates on both plots were consistent

with field data, and they lay within the calculated sensitivity range.
Simulated recoveries of

15

N tracer in the litter layer on both plots showed good agreement

with field data (Fig. 2.5). The simulated cumulative

15

N recovery of the NO3- leaching flux for

both catchments was consistent with field measurements, showing that the majority of the
tracer leaching occurs within the first two to three years (Schleppi et al. 2004). The only
difference in

15

N-NO3 leaching between treatments is that twice as much tracer was leached

on the N-treated catchment than on the control.
On both plots, TRACE predicted the mineral soil horizon as the major sink for the applied
tracer with nearly 40 % recovery of the applied tracer after ca. 3-4 years. Field recovery
showed a much smaller N sink in the mineral horizon. On the control plot, field recovery of
15

N in the mineral soil was below 5 % in the first three years, and reached a maximum of

about 14 % nine years after the beginning of the tracer application. On the N-treated plot, 15N
recovery was ca. 20 % at both 2 and 14 years after application.
After the successful calibration and validation with

15

N field data, the model run for 70 years

into the future showed that the soil has the ability to immobilize an ongoing constant rate of
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77 % (15 kg ha-1 a-1) of the N load on the control plot and 70 % (18 kg ha-1 a-1) of the N load
on the treated plot (Fig.2.3).

Fig. 2.5 Simulation results compared to field data for the recovery of 15N tracers in plant N pools and foliar
litterfall flux. Field study results are shown as triangles with error bars as means ± standard deviation (SD).
Some SD values are too low to be visible. Simulated mean values are shown as solid lines. The shaded area
represents ±SD based on a set of 100 Monte-Carlo runs with altered model parameters (see text). ‘Foliage’
results are sums of all yearly cohorts in living foliage. Wood refers to living wood. Vertical bars show form,
amount and timing of the 15N tracer application. Note that after the year 2010 the scaling of the x-axis
changes.
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Fig. 2.6 Simulation results compared to field data for recovery of 15N tracer in soil N pools and cumulative nitrate
leaching. Field study results are shown as triangles with error bars as means ± standard deviation (SD). Some SD
values are too low to be visible. Simulated mean values are shown as solid lines. The shaded areas represent
±SD based on a set of 100 Monte-Carlo with altered model parameter (see text). Vertical bars show form, amount
and timing of the 15N tracer. Note that after the year 2010 the scaling of the x-axis changes.

2.4.3 Modeled N impact on C sequestration
Model results showed that the additional N clearly increased forest net primary production
(NPP). Before the start of N addition in 1995, both experimental plots showed similar values
for NPP of about 550 g OM m-2 a-1 (where OM is organic matter). Followed by the start of N
addition in 1995, simulated wood NPP increased characterized by a sigmoid curve for
approximately 13 years by almost 10 %, stayed constant on that level for another 60 years
and returned linearly almost to the control level at the end of our simulation period in 2080. In
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contrast to wood NPP, foliar NPP did not change due to the additional N input in our
simulations.
Model results for the ecosystem C pools indicated an increased C sequestration especially in
standing wood (living plus standing dead) and, to a lesser extent, in the soil O horizon. The
increase in standing wood peaked in 2055 with 1080 g C m-2 or 6.4 % over the control. Soil C
storage on the N treated plot started to increase after a time lag of approximately 15 years,
increased by approximately 6.5 g C m-2 a-1 and peaked after 60 years before returning almost
to control levels in 2080. While modeled NPP converged between N treated and the control
plot until the end of our model simulation in 2080, differences in C pool sizes remained.

2.5 Discussion
In model-data comparisons using the TRACE model, if C, N, and

15

N results for ecosystem

compartments are simulated correctly, we can gain increased confidence in our
understanding of how fine-scale processes combine to produce whole-system C and N
cycling. Applying TRACE at a new site is worthwhile, particularly where field data for

15

N

recoveries are available at multiple points in time, because this allows us to assess our
understanding from monthly to decadal timescales and across a greater range of forest
types. Compared to other models, TRACE has the advantage that it is able to simulate the
redistribution of

15

N tracers in major ecosystem compartments. This provides investigators

with the ability to discover where disagreements arise between field-measured and modeled
15

N redistributions.

However, before evaluating the simulation results in more detail (below) the following has to
be taken into account. While model results are constrained by a mathematical mass balance
of the isotope such that tracer percent recovery after accounting for system losses always
total 100 %, field observations typically scale-up recovery rates from fine-scale samples and
do not necessarily recover the entire amount of tracer in the study system; thus, tracer
recovery rates from field studies typically do not total 100 %, but usually lie between 60 and
90 % (Buchmann et al., 1996, Lamontagne et al., 2000, Nadelhoffer et al., 2004, Providoli et
al., 2005, Templer et al., 2012). In both the field and the model study, gaseous N losses
through denitrification for example are not taken into account, which may be a reason why
field recoveries do not total 100 %. For our study site Alptal, Mohn et al. (2000) showed that
the total gaseous N loss through denitrification is of minor importance (1.7 kg N ha-1a-1 on the
control and 2.9 kg N ha-1a-1 for the treated plot) and thus represents a small part of the

15

N

not recovered.
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2.5.1 Field recovery of the 15N tracer
The results of

15

N tracer recovery for the 9- and 14--year resampling are consistent with

earlier results from the same site, that the soil pool was the most important sink for all three
applied tracer forms and for all sampling times. This agrees well with a meta-analysis by
Templer et al. (2012), which compares ecosystem-level

15

N tracer studies across vegetation

biomes, soil types, and plant functional types. As a general pattern, in the short-term
(<1week) as well as in the longer-term (3 to 18 month) the soil is the largest sink for
tracers in terrestrial ecosystems. Our 14- and 9-year time series of
major ecosystem N pools are unique because most of the

15

N

15

N tracer recovery for all

15

N studies in forest ecosystems

either have sampling periods no longer than 3 years or do not account for all major N pools
(Buchmann et al., 1996, Lamontagne et al., 2000, Morier et al., 2008, Nadelhoffer et al.,
1995, Perakis et al., 2005, Providoli et al., 2005, Templer et al., 2005, Templer et al., 2012,
Tietema et al., 1998). The only study we are aware of with longer sampling periods in all
major N pools is a 7-year resampling at Harvard Forest (Nadelhoffer et al., 2004). Their longterm study and our results provide evidence that the immobilization of inorganic N input to
forest soils is not a short-term response (1- to 3-years); in actual fact, after entering soil
pools, deposited N has mean residence times greater than a decade.
In our results, a main difference between catchment responses for 15N recovery in soil shortly
after

15

N additions was that the N-treated plot had high recovery in the soil (63 %) in the year

1997, whereas the control plot had much lower recovery in 2003 (33 %) (Fig.4, 6). One
potential cause of this difference might be the different

15

N tracer forms that were used. In a

15

N field tracer studies across a broad range of terrestrial ecosystems,

meta-analyses of

Templer et al. (2012) showed that the form of the added tracer has a significant influence on
15

N tracer recovery. Studies in which the tracer was added as

total ecosystem

significantly lower total ecosystem
was added as

15

15

15

15

NH4 had

N recovery (53.4 %, n=23) compared to those where

NH4 NO3 (85.3 %, n = 15) or

15

N

15

NO3 (80.2 %, n = 10). Another, and in our

opinion more likely cause of the difference we observed may be the differences in tracer
application methods. On both catchments the 15N tracer was applied directly on the ground or
ground vegetation where present, but on the N treated plot this was done during rain events
with an automatic irrigation system (Schleppi et al., 1999a). As a result, the precipitation
along with the irrigation water allowed the tracer to rapidly infiltrate into the soil, and contact
time with plant tissues remained short. However, on the control plot, the tracer was applied
independently of rain events using a backpack sprayer (Providoli et al., 2005) leaving the
tracer on plant and soil surfaces for an extended period of time. Recovery rates from the
ground vegetation support this hypothesis: On the control plot, where the tracer had longer
retention time on plant tissues, tracer recovery in ground vegetation was almost 20 % while
on the N treated plot only 5 % of the tracer was recovered. An N saturation of the ground
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vegetation within the first year of (labeled) N treatment can be ruled out since the N
concentration in plant tissues did increase during this time (Schleppi et al., 1999b). Another
argument supporting the fact that the different application methods influence the retention
time of the applied tracer in the soil is nitrate leaching during the first year of tracer addition:
In the fertilized catchment, Schleppi et al. (1999a) recovered 10 % of the tracer in runoff,
whereas in the control catchment Providoli et al. (2005) recovered only ca. 1 % of the tracer
in runoff. One might argue that the N fertilization has caused this increase in nitrate leaching
due to N saturation (Tietema et al., 1998) but Schleppi et al. (1999a) showed that the
leached nitrate was hydrologically driven and mainly coming directly from the additional N
fertilization even during single rainfall events (Schleppi et al., 2004). At Alptal, >80 % of the
total N deposition occurs as wet deposition (Schleppi et al., 1998). Given all of these factors,
we expect that the application of the tracer on the N-treated plot with sprinklers during rain
events, as well as recovery rates obtained in N-treated plot, were more realistic.
In tree biomass, tracer recoveries on both plots were small relative to recoveries in the soil
(Fig. 2.4). On both plots, trees accumulated about 10 % of the tracer by 14 or 9 years after
15

N application which is consistent with findings by Nadelhoffer et al. (Nadelhoffer et al.,

2004) (2004) where trees (red pine) accumulated 6.8 to 15.5 % of the tracer by 7 years after
application. Their long-term tracer study as well as our results showed that after
approximately a decade, trees were still taking up some of the

15

N tracer. Considering the

fact that a part of the atmospheric N deposition to forests can be taken up directly by the
canopy, our

15

N recovery rates for trees might be slightly underestimated (Nadelhoffer et al.,

1999, Sievering, 1999, Sievering et al., 2000).
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Fig. 2.4 Recoveries of the 15N tracer in major ecosystem pools in proportion to the total amount of applied tracer
(soil, trees and ground vegetation) on the N treated and the control plot. Trees comprise coarse roots and soil
comprises fine roots. Total recovery for the year 2001 on the control plot is low because only 24 % of the total
tracer has been applied since then. Vertical bars indicate timing, form and amount of the applied tracers.
Fertilization began in 1995 and continued throughout the course of measurements. Detailed recovery data for all
ecosystem pools can be found in the Table 2.3, 2.4 and 2.5
.

2.5.2 Comparison of model simulations against field data
Soil
Model simulation correctly showed the dominance of soil pools over vegetation pools as N
sinks for

15

N tracers at the Alptal site in both control and N treated plots. Simulated tracer

recovery rates in the litter layer on the control plot matched well with our field results
throughout the time-series (Fig. 2.6). Model results slightly overestimated the organic horizon
in 2001 and 2003 but underestimated it in 2009. This underestimation by the model in 2009
can be explained as follows: The model was originally adapted to closed-canopy forests
without a significant layer of ground vegetation, or an herbaceous layer, in which N could be
retained. The current version of TRACE has no mechanism for N (including

15

N) uptake into

the ground vegetation. However, at Alptal the open-canopy spruce forest has a welldeveloped ground layer, and, in particular, a widespread mosaic-like moss layer with more
than 30 moss species (Schleppi et al., 1998). It is well-known that mosses use
atmospherically deposited inorganic N as a major N source (Bates, 1992, Woodin et al.,
1985) and therefore modify the chemistry of the percolating water prior to its infiltration into
the soil. In the Netherlands, where high ambient N deposition levels prevail, Heijmans et al.
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(2002) retrieved 63 % of the tracer in the living Sphagnum layer 15 months after 15N addition.
For the Alptal experimental site Providoli et al. (2005) found that mosses contain roughly
15 % of the added

15

N after one year. This observation indicates that a large part of the

15

N

tracer is retained in the moss layer first; only later is it passed to the organic soil as plant
litter, with a delay equal to the lifespan of moss tissue.
On the N-treated plot, as on the control plot, simulated recovery rates for the litter layer fit
well with field results. Model results for

15

N recovery in the organic horizon overestimated

field recoveries for the control plot in the first few years, while underestimating field
recoveries on the N treated plot throughout the sampling period. This difference could be
explained by the above-mentioned difference in the method of tracer application.
Overestimation of modeled O horizon recovery of

15

N on the control plot may also be due to

the absence of a ground vegetation layer in the model. On both plots, recovery rates for the
mineral horizon were overestimated in model simulations compared to field data. In their
simulation study with TRACE, Currie et al. (2004) thought that the field sampling depth could
be a factor that leads to an underestimation in field recovery because any tracer leached
below sampling depth is missed. This is not the case in our study because recovery in the B
horizon (sampling depth 25cm) was always low (max. 2 %). The reason for this is certainly
because soils at Alptal are water-logged for much or most of the year, and the infiltration of
the tracers into mineral soil is much less important than in permeable soils. This difference
highlights how important infiltration into mineral soils is for vertical transport and retention of
N.
Despite all discrepancies between model and field recovery rates in the different soil
compartments, the comparison of simulation and field results show a rather good match
when the soil is considered as a single pool.
Modeled N uptake by plants first takes place in the upper soil horizon but can also take
place, if depleted, from the lower horizon. Hence, for simulations of ecosystem-scale C and
N cycling, the model-field data discrepancies in the soil that we found are not of key
importance. The sensitivity analysis, with its 63 stochastically altered parameters, showed
that the model is relatively robust against uncertainties in parameter estimates. This applies
to the main N fluxes as well as to

15

N recoveries. Total N content in the soil on the N-treated

plot in 2080 varies only by ca. ±10 % within the set of Monte Carlo simulation undertaken to
assess uncertainty (Fig. 2.3). This shows the relative precision of our simulation-based
prediction that forest soils will continue to immobilize approximately 3/4 of the N load for the
next 70 years under the assumed climate change and N deposition scenarios. However, like
with every model of this kind, predictions are only realistic as long as basic ecosystem
functions are retained. While N is known to make ecosystems more sensitive to abiotic and
biotic stresses like drought, frost, pests, diseases or combinations of these (Magill et al.,
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2004, McNulty &

Boggs, 2010, Throop &

Lerdau, 2004), the model does not make

predictions about such disturbances. Model results show that N addition results in a
significantly lower ratio of C/N in soil (Fig. 2.3). This could alter N availability and potentially
alter the outcome of plant competition over long time scales. The lower C/N ratio can also be
expected to promote nitrate leaching and loss to surface waters (Fig. 2.3; Gundersen et al.
1998)

Plant pools and litterfall fluxes
In their modeling study with TRACE using field data from Harvard Forest (Nadelhoffer et al.,
2004), Currie et al. (2004) found a general overestimation of simulated recovery rates from
vegetation pools for the pine forest (foliage, wood, roots). Comparing our model results with
theirs, we found that all vegetation pools except wood and fine roots on the N-treated plot
were slightly overestimated at Alptal. For wood and fine roots, the Alptal version of TRACE
shows an even closer match with field data than the original model application. The
disagreement of simulated

15

N recovery rates for fine roots may be due to an oversimplified

N storage function in the model. TRACE assumes that one third of the plant internal storage
(VascN) is recovered in fine roots; Currie et al. (1999) previously pointed out that this is a
simplifying assumption and that correctly capturing

15

N tracer recovery in fine roots requires

additional research. Before looking at results for foliage we have to consider that modeling
temporal patterns of

15

N recovery rates for foliage with process-based models is also

demanding as numerous processes are involved: soil N mineralization and nitrification,
uptake of inorganic nitrogen forms of N from the organic and mineral horizons, physiological
assimilation, transport, storage and allocation, foliar phenology and N leaching from the
canopy. As a result, a certain degree of divergence between measured and simulated
recovery is to be expected. Taking this into account, simulated recovery of the

15

N tracer

generally agrees well with field recovery. Upon further examination, recovery in foliage on the
N-treated plot fits better to field recovery than on the control plot where model results slightly
overestimate the field study results and show a stronger peak. Again, this may be explained
by the different application methods of the tracer as mentioned above. When comparing
results from tracer studies, not only the application method of the tracer has to be considered
but also its form. Several N uptake studies have shown that Picea abies prefers NH4+ to NO3(Buchmann et al., 1995, Ilari, 1994, Kronzucker et al., 1997). This might explain the low
recovery on the control plot in the first two years after the addition of the K15NO3 tracer
followed by a sharp increase in recovery directly after the addition of the
compared to the immediate increase after the addition of the
treated plot.
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Because the tracer signal in litterfall is controlled by the signal in foliage, model
discrepancies in recovery rates in litterfall fluxes can be partially explained by discrepancies
in foliage. However, the mismatch of modeled litterfall

15

N recovery is also related to the

number of foliage cohorts considered in the model. In TRACE, foliage is separated into two
cohorts only. The first cohort is defined as current-year foliage, while the second cohort
includes foliage from all prior years. Modeled foliar litterfall in conifers then takes place from
the second cohort, thus leading rapidly to an increased signal of

15

N in litterfall from this

cohort. In contrast, field observations at the Alptal site show that the foliage of Picea abies
builds up to 11 cohorts with an average longevity of about 6-7 years. Subsequently, the

15

N

tracer signal in litterfall is expected to be significantly delayed in field results. Approximately
10 years after tracer addition when all foliage cohorts in the field have taken up some of the
15

N tracer, model and field recovery rates on both plots match well. Therefore, simulation

results for litterfall tracer recovery in the longer-term showed realistic results, while only
short-term patterns disagree and do so for an easily understood reason.

Increased modeled C sequestration by N addition
Beside modeling the fate of added N with TRACE, it is possible to answer the question of the
effects of additional N on ecosystem C pools and fluxes. Our simulation showed that the
additional N resulted in an increased wood NPP and, thus enhanced forest C sequestration.
The simulated continuing N addition of 25 kg N ha-1 a-1 on the treated plot (Fig. 2.2) resulted
in a cumulative N input of 1500 kg N ha-1 over 60 years, the time at which the differential C
sequestration peaked. The ratio of cumulative C sequestration to the cumulative N addition
resulted in an N use efficiency (NUE) for aggrading wood of 7.2 kg C per kg N added. A very
similar modeling study with TRACE for the Harvard forest hardwood stand by Currie et al.
(2004) found a NUE of 5 kg C per kg N of the added N. In a meta-analysis of the aboveground C sequestration in forests induced by enhanced N deposition De Vries et al. (2009)
suggest a most possible range of 15-40 kg C per kg N added. Compared to that, the results
from Currie et al. (2004) and our results show a relatively low response of the additional N on
the ecosystem C sequestration.

2.6 Conclusions
Our time-series of

15

N tracer recoveries from two plots with different N status, unique in their

long-term duration, allowed us to track the partitioning of N inputs among forest ecosystem
compartments through time. These data show that the combined organic and mineral soil
was the major sink for N deposition (60 %), whereas trees (needles, branches, wood, bark)
stored about 10 % of the applied tracer 14 and 9 years after tracer addition, respectively. The
comparison of field

15

N recoveries with results from the TRACE model showed some
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discrepancies, but in general the simulation results for the

15

N recovery from the various

ecosystem compartments were satisfactory. In many respects, discrepancies between model
results and field observations provide insight into the particularities of more open subalpine
forests with ground vegetation growing on poorly permeable soils (Alptal) compared to more
closed temperate North American forests stocking on permeable soils (Harvard Forest) for
which TRACE was initially developed. During the model adaptation process we included
preferential water flow for nitrate and fixed an ammonium accumulation problem in the
organic soil. TRACE is based on more than 100 parameters which make the adaptation
process to new sites very much dependent on the availability of data. However, the
conducted sensitivity analyses revealed that for the Alptal site the uncertainty in parameter
estimates plays a minor role in causing uncertainty in model results. The inclusion of
additional site-specific conditions, i.e. the ground vegetation layer and more than two foliar
cohorts in the model should be given much more attention. Beside these potential
improvements we conclude that the adapted and calibrated version of TRACE is able to
capture N and C cycling well in a very different type of forest than it was first developed for.
Consequently, using the model to evaluate the long-term fate of N deposition, our 70-year
simulation in the future suggests a constant ongoing ability of the forest soil to immobilize 70
to 77 % of the N load and resulted in an NUE of approximately 7 kg C per kg N added.
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Summary
Human activities have drastically increased nitrogen (N) inputs to natural and near-natural
terrestrial ecosystems such that critical loads are now exceeded in many regions of the
world. This implies that these ecosystems are shifting from natural N limitation to
eutrophication or even N saturation. This process is expected to modify the growth of forests
and thus, along with management, to affect their carbon (C) sequestration.
Yet, knowledge of the physiological mechanisms underlying tree response to N inputs,
especially in the long term, is still lacking. In this study, we used tree ring patterns and a dual
stable isotope approach (δ13C and δ18O) to investigate tree growth response and the
underlying physiological reactions in a long-term, low-dose N addition experiment (+25 kg N
ha-1 a-1). This experiment is conducted since 14 years in a mountain Picea abies forest using
a paired-catchment design in Alptal, Switzerland. Tree stem C sequestration increased by
about 22%, with an N use efficiency (C sequestration per kg N deposition) of ca. 6 kg C in
tree stems per kg N added. Neither earlywood nor latewood δ13C values changed
significantly compared to the control, indicating that the intrinsic water use efficiency (A/gs)
did not change due to N addition. Further, the isotopic signal of δ18O in early- and latewood
showed no significant response to the treatment, indicating that neither stomatal
conductance nor leaf-level photosynthesis changed significantly. Foliar analyses showed that
needle N concentration significantly increased in the fourth to seventh treatment years,
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accompanied by increased needle dry mass, needle area, and increased tree height growth.
Later, N concentration and height growth returned almost to background values, while single
needle dry mass and area remained high. Our results support the hypothesis that enhanced
stem growth caused by N addition is mainly due to increased leaf area index (LAI). Higher
LAI implies that more photosynthetically active radiation is absorbed and therefore canopylevel photosynthesis is increased. We conclude that models assuming that N deposition
increases tree growth through higher leaf-level photosynthesis may be mechanistically
inaccurate, at least in forest canopies that are not (yet) completely closed.

3.1 Introduction
Nitrogen (N) is the quantitatively most important mineral nutrient for the growth of all
organisms. Large amounts are required as an essential component of proteins, nucleic acids
and other cellular constitutes. In many pristine terrestrial ecosystems, net primary production
is limited by N (LeBauer & Treseder, 2008, Vitousek & Howarth, 1991). Since the rise of
industrialization and particularly the invention of the Habor-Bosch process, intensive livestock
farming and massive fossil fuel combustion have dramatically increased the input of reactive
N (NOx, NHy) to terrestrial systems through atmospheric deposition (Galloway et al., 2004).
Globally, anthropogenic nitrogen sources more than double natural biological N fixation today
(Galloway et al., 1995). Deposition rates will remain high or even increase particularly in the
developing world (Galloway et al., 2004). For example, European forests receive up to 60 kg
N ha-1 a-1 (MacDonald et al., 2002). As a result, forest ecosystems are shifting from being
naturally N-limited to N-eutroph or even to N-saturated (Aber et al., 1989, Dise & Wright,
1995, Fenn et al., 1998). In trees, enhanced N availability can cause increased tissue N
concentrations and thus higher leaf-level photosynthetic rates, leading to a growth
stimulation (Magill et al., 2004). However, if other factors such as light, water or other
nutrients become limiting, the effectiveness of nitrogen is suspended (Aber et al., 1995,
Bauer et al., 2004, Braun et al., 2010, Magill et al., 1997). Thus, ongoing high N inputs can
cause tree decline or even tree death (Aber et al., 1998, Hyvonen et al., 2008, Magill et al.,
2004, Schulze, 1989).
Most of our knowledge on the effects of increased N input is based on a large number of
fertilizer experiments (e.g. Kenk &

Fischer, 1988, Miller &

Miller, 1988, Saarsalmi &

Mälkönen, 2001), while to date there are only few experiments that investigate the effect of
increased chronic atmospheric N deposition (Boxman et al., 1998, Högberg et al., 2006,
Hyvonen et al., 2008, Magill et al., 2000, Pregitzer et al., 2008, Schleppi et al., 1999b). Since
fertilizer experiments are usually conducted in the context of commercial forestry, these highdose studies focus on the effects on tree growth and productivity. Results from the long-term
N-addition experiment conducted by Högberg et al. (2006) showed that tree growth response
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to N addition is non-linear, making projections of the impact of low-dose, chronic N
deposition problematic if they are based on studies using high addition rates.
In times of climate change, the additional question arises whether enhanced atmospheric N
deposition can help to mitigate climate change by increased C sequestration (De Vries et al.,
2009, Reay et al., 2008). N-induced growth enhancement can be measured by the N use
efficiency (NUE), which is defined as the amount of biomass C sequestered per unit of N
deposition. To determine this effect size, several approaches have been used in the past: (1)
correlations between long-term forest growth data and N deposition, (2) tracing the fate of N
with

15

N labeling experiments, combined with the C/N ratio of the related compartments

(Krause et al., 2012, Nadelhoffer et al., 1999), (3) model-based simulation of the C response
to N deposition (Sutton et al., 2008, Wamelink et al., 2009) and (4) results from long-term,
low-dose N addition experiments (Högberg et al., 2006, Hyvonen et al., 2008, Pregitzer et al.,
2008). Considering results from all these approaches, NUE is within a range of 7-68 for total
biomass (Magnani et al., 2007, Nadelhoffer et al., 1999, Sutton et al., 2008, Thomas et al.,
2010, Wamelink et al., 2009), with a most common range of 15-40 for aboveground biomass
(De Vries et al., 2009, Hyvonen et al., 2008). However, in some experimental studies, trees
reacted with declined growth or even died due to high N loads (Hyvonen et al., 2008, Magill
et al., 2004, Magill et al., 1997), thus resulting in a negative NUE.
Yet, the physiological mechanisms how N deposition triggers tree growth are still under
debate. Although the strong positive correlation between foliar N concentrations and
photosynthetic rates is well known (Evans, 1989, Field & Mooney, 1986), some results from
chronic N deposition studies showed no increase in leaf-level photosynthesis despite a
significant increase in foliar N concentration (Elvir et al., 2006, Schaberg et al., 1997,
Talhelm et al., 2011). Some authors suggest that other nutrients like magnesium (Mg) or
calcium (Ca) limited photosynthesis (Bauer et al., 2004, Elvir et al., 2006, Schaberg et al.,
1997). However, some other processes have also been observed that affected leaf
physiology and morphology; increases in foliar respiration (Schaberg et al., 1997), changes
in leaf size (Bauer et al., 2004, Schaberg et al., 1997, Talhelm et al., 2011), and decreases in
photosynthetic nitrogen-use efficiency (Bauer et al., 2004, Schaberg et al., 1997). Therefore,
a better understanding of tree physiology may be the key to better predict future changes in
forest functioning. Direct tree physiological measurements over long periods are almost
impossible due to logistical and financial constraints and to the difficulty of scaling up leaf- or
branch-level measurements to the ecosystem. Stable isotopes in tree rings from long-term
experiments, which record physiological processes at the time the ring was formed, are a
valuable tool to obtain integrated physiological responses to environmental changes
including N deposition (Barbour, 2007, McCarroll & Loader, 2004, Savard, 2010).
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The aim of the present study was to investigate the impact of long-term (14 years) low-dose
N addition on (1) physiological and morphological responses and (2) the carbon
sequestration potential, of a temperate forest ecosystem at Alptal, Switzerland. Tree
physiological responses to the chronic N addition were assessed by combining the analyses
of the stable isotopes of carbon (δ13C) and oxygen (δ18O) in early- and latewood cellulose.
Furthermore, morphological changes of the canopy were tracked by foliar morphology and
chemistry. Changes in the carbon sequestration potential were investigated by measures of
early- and latewood basal area increment (BAI). We built the ratio between the cumulative
carbon (C) sequestered in stem biomass and the cumulative N added, known as nitrogenuse efficiency (NUE). We quantified NUE and compared two different approaches conducted
on the same site.

3.2 Material and methods
3.2.1 Study site and low-dose N addition
The experimental site is located in the Alptal valley, on the northern edge of the Alps in
central Switzerland (47°02’ N, 8°43’ E), at 1200 m a.s.l. The climate is cool and wet with a
mean annual temperature of 6 °C and a mean annual precipitation of 2300 mm (30% as
snow), reaching a maximum in June (270 mm) and a minimum in October (135 mm). The
vegetation period lasts from June to September. Atmospheric inorganic N deposition is
moderate with 12 kg N ha-1 a-1 of bulk deposition and 17 kg N ha-1 a-1 in throughfall, equally
divided between NO3- and NH4+ (Schleppi et al., 1999a). The soil C/N ratio of 19.4 (Providoli
et al., 2006) indicates that N-availability is moderate. Parent rock material is Flysch, and soils
are clay-rich Gleysols with an average of 48% clay, 46% silt and 6% sand, implying low
permeability with a water table close to the surface throughout the year (Hagedorn et al.,
1999). Two different soil types are determined by the distinct microtopography: (1) on
mounds, umbric gleysols with mor (raw humus), Ah and oxidized or partly oxidized Bg or Br
horizons; (2) in depressions, where the water table frequently reaches the surface, mollic
gleysols with an anmoor (muck humus) topsoil, a thin Lf horizon and an almost permanently
reduced Bg or Br horizon (Hagedorn et al., 2001). On average, soils are snow-covered from
mid-November to April. Slope is about 20% with a west aspect. The naturally regenerating
mature Norway spruce (Picea abies (L.) Karst.) stand (15% Abies alba Mill.), with trees up to
260 year old has a relatively low single-sided leaf area index (LAI) of 3,8 (Schleppi et al.,
1999b). Average dominant tree height is 30 m. According to humus type and light conditions,
a well-developed ground vegetation forms patches of different botanical associations
(Schleppi et al., 1999b). A low-dose N-addition experiment was conducted since April 1995
on two small catchments (each approximately 1500 m2) within the spruce forest. One
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catchment was subjected to an increased average deposition of approximately 23 kg N ha-1
a-1 as NH4+NO3- (Tab. 2) added to rain water and sprinkled 1.5 m above ground, i.e. under
the tree canopy but above the ground vegetation (Schleppi et al., 1998). A second catchment
was acting as a control, receiving only rainwater from the sprinkler system. The treatment
was applied automatically during precipitation events (approximately 200 times per year) to
mimic natural atmospheric N deposition as realistically as possible. The water used for
irrigation was collected from precipitation on a polyethylene sheet (300 m2) a short distance
uphill. During winter, the automatic irrigation was replaced by the occasional application of a
concentrated NH4NO3 solution on the snow, using a backpack sprayer.

3.2.2 Assessment of tree growth and isotopic analyses
Within each of the two plots, half of the dominant trees were felled in 2010 (n = 15) to obtain
stem disks for tree-ring analyses. Stem disks were taken at 10 m height because large
compression wood sections were formed at breast height due to slow but consistent
downslope movement of the terrain. Usage of the first ten meters, the most valuable part of
the stem, for timber sale further restricted our choice. Mean tree age of the felled trees at 10
m height was 142 years (±4 SE) on the control and 143 years (±3 SE) on the treated plot.
Early- and latewood width were measured from the bark to the pith on each disk along six
radii at 60° angles from each other. Ring width were measured using the WinDEDNRO treering analysis system (Regent Instruments Inc., Québec, Canada) attached to a digital
scanner (Epson Expression 10000 XL, Seiko Epson, Nagano, Japan). Disk sections were
scanned at 1500 dpi and measured to 0.01 mm accuracy. Each measured section was
visually adjusted for accurate ring boundary detection and then independently verified. The
six ring-width chronologies obtained per disk were averaged to obtain one chronology per
tree. The averaged ring width of each dated tree was plotted, cross-dated visually and then
cross-dated statistically by (1) the percent agreement in the signs of the first differences of
two time series (so-called Gleichläufigkeit) and (2) Student’s t-test, which determines the
degree of correlation between the curves. No false or missing rings were observed. Ringwidth series were cross-dated using COFECHA (Holmes, 1983), and standard methods were
used to build an averaged series for each plot (Fritts, 1976). The averaged early- and
latewood width from the six measured radii was converted to early- and latewood basal area
increment (BAI). To examine the mean growth trend of the dominant trees at each plot, BAI
for each year was averaged over all individuals per plot. Yearly height growth was
determined from yearly images of the tree tops by photogrammetric methods and by direct
measurement of internode lengths of the felled trees (control: n=13; N addition plot: n=8)
A 22-year period (1986-2008) was selected for tree-ring isotopic analyses. It included 9 years
before treatment and 13 years during N addition. To account for the circumferential variability
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of the isotopic signal from tree rings (Leavitt, 2010), two radial segments (approximately 7x7
mm) per disk at an angle of 180° to each other were cut from each disc using a band saw. To
avoid the interspersion of the isotopic signal caused by sawing and to assure that tree-ring
boundaries were clearly distinguished, the surface of each side of the bars was prepared
using a core microtome (Gärtner & Nievergelt, 2010). The absolutely dated tree rings from
the two bars per tree were then separated into early- and latewood with a scalpel under a
stereo microscope (Leica Wild M3B,Wetzlar, Germany; 40x ﬁcation)
magni to build a
composite sample. The thin chips were then coarsely milled with a coffee grinder prior to the
purification of the α-cellulose (Boettger et al., 2007, Rinne et al., 2005). To ensure
homogeneity and to obtain a fine and uniform particle size of the α-cellulose, samples were
treated in an ultrasonic homogenizer and finally freeze-dried to remove any residual water
prior to mass spectrometry (Laumer et al., 2009). For the δ13C and δ18O analyses, samples
of dry α-cellulose (ca. 1 and 1.2 mg, respectively) were weighted into individual tin foil
capsules and sealed. Samples were either combusted in an element analyzer (EuroVector
EA3000, HEKAtech GmbH, Wegberg, Germany) for δ13C or pyrolized in a high-temperature
conversion element analyzer (also HEKAtech). The resulting gases were analyzed on an
isotope ratio mass spectrometer (IRMS, Delta V Advantage, Thermo Fisher Scientific, USA).
All δ13C and δ18O values were expressed relatively to their respective standard, Peede
belemnite (PDB) and Vienna Standard Mean Ocean Water (V-SMOW):

𝛿𝛿 13 𝐶𝐶 𝑜𝑜𝑜𝑜 𝛿𝛿 18 𝑂𝑂 = �

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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Measurement precision was better than 0.3‰ for both δ13C and δ18O.

3.2.3 Foliar analyses
To determine foliar properties, needle samples from the 7th whorl from 4-5 tree tops per plot
were collected yearly (Schleppi et al., 1999b). In the lab, all needle-bearing twigs were
clipped and the most recent 5 needle age-classes were separated. After drying to constant
weight (65 °C), at least 120 needles (in 3 batches) of each age-class per tree were arranged
without overlap on a glass plate and then scanned using a backside illumination scanner
(Snapscan 1236s, AGFA, no longer commercially available). Projected needle area was then
analyzed

from

the

digital

images

using

our

software

PIXSTAT

v1.1

(www.wsl.ch/dienstleistungen/produkte/software/pixstat). Ground needles were analyzed
with a C and N analyzer.
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3.2.4 Statistical analyses
Time series of BAI, internode length and isotope ratios were subjected to statistical
intervention analysis after calculating the difference between N treatment and control. With
this approach, the differing growth level of the two plots is eliminated, resulting in a single
time series where the identification of a treatment effect is possible by time series analyses.
The resulting data were then used to fit an autoregressive (ARIMA 1,0,0) model. For BAI and
tree-ring δ13C, we used a linear increase as a explanatory intervention model to test for a
treatment effect. For tree height growth the convex part of a sine-shaped function, and for
tree-ring δ18O a step function. The auto-correlation function (ACF), the partial autocorrelation
function (PACF) and the Ljung-Box Q-test were checked for all ARIMA residuals to make
sure that no significant values occurred.
For needle properties (N concentration; dry mass; area; mass per area) we again calculated
the difference between the mean values of the N addition and the control plot. A non-linear
sigmoidal Boltzmann function was fitted to the resulting data.
Because the choice of an intervention model is always somehow arbitrary, trends were
further analyzed using the rank-based non-parametric Mann-Kendall statistical test (Kendall,
1975, Mann, 1945). However, testing yearly height growth was not possible because the
requirement of monotonic changes was not fulfilled.
ARIMA intervention analyses were conducted using the SPSS 17.0 statistics package
(SPSS, Chicago, IL, USA), while the Mann-Kendall test was carried out using the freely
available software package R (R Development Core Team, 2011). Curve fitting was done
using Origin 6.1 (OriginLab Corporation, MA, USA).

3.2.5 Nitrogen use efficiency of the trees
We determined the N use efficiency of the added N (NUEadd) by calculating the additional
sequestered C during the 14 years of N addition, divided by the cumulated N treatment (312
kg N ha-1). The N use efficiency of the ambient N deposition (NUEamb) was calculated by
dividing the annual total amount of C sequestered in stemwood by the atmospheric
throughfall N deposition (17 kg ha-1 year-1). Annual tree volume increment was calculated
considering individual tree height from all trees >6 m height and assuming that stems are
cone-shaped. The amount of carbon sequestered was then determined using a wood density
for earlywood of 300 kg m-3 and for latewood of 700 kg m-3. Carbon content of wood was
assumed to be 50%. To extrapolate from stem to total above ground biomass, we assumed
that yearly litterfall is equal to yearly needle and branch production. Measured yearly litterfall
was 0.23 kg m-2 on the control plot and 0.3 kg m-2 on the treated plot (mean of 14 years).
Details about litterfall sampling can be found in Schleppi et al. (1999b).
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3.3 Results
3.3.1 Tree growth
Before the experimental N addition, tree height growth on both the N-treated and the control
plot showed very similar values with a mean annual growth of 8.6 cm in height, except in the
year 1990 (Fig. 3.1). Trees on the N-treated plot responded already in the first year of the N
addition (April 1995). Increased height growth on the N-treated plot was then observed for 8
years with a peak after 5 years. In the ninth year, height growth rates had returned to the
background level. The ARIMA model fitted to the yearly tree height growth data showed a
significant, sine-shaped growth change (Table 3.1). When we compare the mean yearly
height growth of the period before N addition (1989-1994) with the mean of the four years
with highest differential growth rates (2000–2003), N addition significantly increased yearly
height growth for those 4 years by almost 4.5 cm per year, or 64%.
Analyses of BAI showed that prior to the treatment, trees on the control plot in general had
higher growth rates (mean annual BAI of 936 mm2 a-1) than trees on the N-treated plot (625
mm2 a-1). However, at the annual scale, trees from both plots showed the same growth
variability (Fig. 3.2). After the treatment start in 1995, growth rates on the N addition plot
increased for entire ring and earlywood BAI, while growth rates on the control plot remained
unchanged. The ARIMA (1,0,0) intervention analyses showed that latewood BAI did not
significantly change but earlywood BAI responded highly significantly with a linear increase
of basal area growth due to N addition. Combining early- and latewood BAI, annual BAI
changed highly significantly following a linear trend (Fig. 3.2). Statistics for the ARIMA (1,0,0)
models can be found in Table 1.
The Mann-Kendall test showed that there was no growth trend for annual BAI before N
addition (1960 -1994; τ = -0.173; P = 0.147). The mean annual BAI during N addition (19952008) showed an increased growth of about 24% compared to the mean value before N
addition (1960-1994). Considering the differing density for early- and latewood, tree stems
sequestered about 22% more C per year due to the added N. Earlywood C sequestration
(+28%) reacted much more than latewood (+15%). Relating the amount of C sequestered to
the atmospheric N entering the ecosystem, each deposited kilogram of N (NUEamb) induced a
sequestration of 25 kg C in stem biomass for the period 1960-1994 on the control plot. For
the same period, i.e. prior to the start of the experimental N addition, stems on the (later) Ntreated plot sequestered 19 kg C per kg N. For the period of experimental N addition (19952008), stem NUEamb on the N addition plot was 12 kg C per kg N. During the 14 years of the
experimental addition of 23 kg N per year, each kilogram of this extra N (NUEadd)
sequestered ca. 6 kg C in stems. Assuming that litterfall equals foliage and branch
production, an extrapolation to total aboveground tree biomass suggests an assimilation of
63

Chapter 3
86 kg C on the control and 97 kg C on the treated plot, respectively, due to each
atmospherically deposited kg of N (NUEamb).

Table 3.1 ARIMA (1,0,0) model statistics using a linear increasing intervention variable for the individual BAI data as
well as for tree ring δ13C values, a sine-shaped intervention variable for yearly height growth, and a step function for
18
tree-ring δ O. For the rank-based non-parametric Mann-Kendall statistical test, Kendall’s tau statistic and the twosided P-value is shown. Testing yearly height growth was not possible because the requirement of being
monotonically was not fulfilled.

BAI

ARIMA (1,0,0) model statistics

Mann-Kendall

entire ring

Stationary Normalized
PR2
BIC*
SE t
value
0.57
7.98
2.46 5.31 0.000

τ
0.294

P-value
0.0029

earlywood

0.69

7.21

1.47 7.83 0.000

0.379

0.00013

latewood

0.06

6.99

1.16 1.21 0.231

0.0017

0.9931

13

δ C

entire ring

0.53

-2.89

0.03 0.75 0.463

0.0198

0.9159

δ O

entire ring
height
growth

0.09

-1.45

0.16 1.47 0.158

-0.166

0.2787

0.58

1.22

0.81 5.05 0.000

-

-

18

* Normalized Bayesian Information Criterion

Figure 3.1 Least square means of basal area increment (BAI) for trees from the
control (n=13) and N addition plot (n=17). Error bars represent the standard error.
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Figure 3.2 Least square mean of the yearly height growth for trees from
the control (n=4) and N addition plot (n=5). The transient increase in the Naddition plot is significant (see Tab. 3.1).

3.3.2 Tree-ring isotopes
The δ13C values of tree-ring cellulose showed a decreasing trend over time for early- and
latewood on both plots in the same magnitude as the Suess effect (Keeling, 1979) (Fig. 3.3).
In both early- and latewood, the δ13C signal was generally more depleted in trees on the N
addition plot than on the control. Analyzed δ18O values in tree-ring cellulose showed almost
identical values for both the control and the N-treated plot (Fig. 3.4). The ARIMA intervention
analyses as well as Mann-Kendall’s trend test showed no significant change in the isotopic
signal of δ13C or δ18O values in tree-ring cellulose due to the 14 years of N addition (Table
3.1). Hence, N addition had no significant effect on intrinsic water use efficiency (WUEi),
photosynthesis and stomatal conductance.
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Figure 3.3 δ13C values (mean ±SE) for early- and latewood cellulose. No significant
effects of the N added were observed (Tab. 3.1). The start of the N addition is
indicated by the vertical dotted line in 1995.

Figure 3.4 δ18O values (mean ±SE) for early- and latewood cellulose. No significant
effects of the N added were observed (Tab. 3.1). The start of the N addition is indicated
by the vertical dotted line in 1995.
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3.3.3 Needle properties
Needle N concentration increased significantly (P = 0.0059) four years after the start of the N
addition, reaching a peak from 1999 to 2001 followed by a decline (Fig. 3). After four to five
years, the needle N concentration returned nearly to pre-treatment values. Needle area
significantly increased (P < 0.001) in the fourth year after N addition, staying on a high level
during the rest of the N addition period compared to the control. Needle dry mass also
significantly increased after the fourth year of N addition (P < 0.001) then consistently
remained higher than the control. No significant difference was found for needle mass per
area (Fig. 3.5).

Figure 3.5 Needle N concentration, needle dry mass, needle area and needle mass per area of trees at Alptal.
Annual means represent the last 5 needle age-classes ±SE. Significant differences due to the N addition were
found in needle N concentration, needle area and needle dry weight.

3.4 Discussion
3.4.1 Carbon sequestration due to N addition
The Alptal long-term (14 years) low-dose N addition experiment, one of the few experiments
that mimic increased atmospheric N deposition on a mature forest, showed that N addition
increased annual BAI by approximately 24% and thus C sequestration by about 22%. Treering analyses showed that the cumulative increase in the stem C pool as a function of
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cumulative N addition resulted in an NUEadd of 6 for stemwood 14 years after the start of the
addition, i.e. when 312 kg N ha-1 had been applied.
At the Alptal site, two different approaches were used to investigate how elevated N
deposition alters C sequestration in forests. Here, we directly measured tree-ring width,
whereas in Krause et al. (2012) we tracked the fate of N deposition using a
the comparison of the two approaches, we calculated the NUE using

15

N tracer. For

15

N recovery results for

the tree compartments from our earlier study and combined them with the corresponding C/N
ratio (method of Nadelhoffer et al., 1999). From earlier analyses of tree compartments (data
not shown here), we determined the C/N ratio for stem wood as 612, for bark and branches
as 111 and for needles as 40.
On the N-treated plot, 14 years after the tracer application Krause et al. (2012) recovered
approximately 1% of the applied

15

N tracer in stemwood, resulting in an NUEadd of

approximately 5. Nine years after the addition of the tracer to the control plot, 0.7% were
recovered in stemwood, resulting in an NUEadd of approximately 3.5 (Note that, in spite of the
minute amount of tracer added, the calculated NUE is for this small addition, thus NUEadd
even if it is from the plot with ambient deposition).
Thus, the results for NUE from both approaches agree well when considering all possible
error sources. Due to the fact that, after 14 years, the soil stores almost 60% of the applied
15

N tracer from which trees are taking up a certain amount each year (Krause et al., 2012),

the time since the tracer addition plays an important role for the results of the
The amount of carbon sequestered through N addition using the

15

N approach.

15

N tracer approach

(Nadelhoffer et al., 1999) was questioned by Sievering et al. (1999), arguing that if the
application of the

15

N tracer is done only to the forest floor and not above the tree canopy,

only a part of the atmospheric N deposition is taken up. Sievering et al. (1999) pointed out
that, considering a doubled or tripled (10-15%) higher allocation of N into tree biomass by
canopy uptake, 50-100% more C would be sequestered. The high consistency of our results
for the NUEadd obtained by the two different approaches does not support the view that, at
this site, the uptake of atmospheric N by the canopy plays an important role. If canopy N
uptake was more important, as suggested by Sievering et al. (1999), then our results from
the tree-ring approach would have to be higher than those from the 15N approach.
In total aboveground tree biomass, Krause et al. (2012) recovered ca. 11% of the

15

N tracer

on the N-treated plot and ca. 9% on the control plot, resulting in a NUEadd of 15 and 10,
respectively. Unfortunately, we were not able to calculate the NUEadd for total aboveground
biomass using the tree-ring approach because we have no accurate data of how needle and
branch production changed due to N addition.

In their review, De Vries et al. (2009)

suggested a most likely range of aboveground NUE in forests of 15-40. They considered the
studies on NUE in aboveground biomass based on four approaches. Our results with NUE
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values of 15 and 10 for aboveground biomass, respectively, lie at the bottom end of the
range defined by De Vries et al. (2009). Some care has to be taken when interpreting results
from the

15

N approach because the C/N ratios of the different tree compartments were

assumed to be constant during the N addition. For stemwood and branches, this may be
true, but for needle biomass it is much less certain. A decrease of the needle C/N ratio during
N addition would cause only a slight overestimation of NUE.
The comparison of NUE data from different experimental studies is challenging because not
only the duration of the experiments varies but also the form of the added N. Another widely
neglected issue is the fact that edaphic properties (Morford et al., 2011) and the related
legacy of historical N deposition rates can have a considerable influence on N availability.
Recently, Högberg (2012) proposed to use the soil-internal N supply (based on N
mineralization rates) relative to the actual N deposition as a criterion to capture the differing
N history in N addition experiments. However, measuring N mineralization rates is difficult,
quite laborious and time-consuming, and the methodology is still under debate (Durán et al.,
2012, Hart & Firestone, 1989, Hatch et al., 2000). An alternative criterion for comparing the
different N status of ecosystems could be the soil C/N ratio. Forest floor C/N ratio has been
shown to reflect gross mineralization rates (Gundersen et al., 1998, Hart et al., 1994), and
thus it is considered to be an easily-obtainable indicator of the N status of the ecosystem. At
Alptal the soil C/N ratio of 19.4 indicate a moderate N availability. Thus, if N availability would
have been higher before the start of the experimental N addition, growth response induced
by the N addition would have been greater. The relatively small response to N addition of
carbon sequestration in trees at Alptal demonstrates that N deposition plays a minor role in
mitigating climate change by removing CO2 from the atmosphere. Carbon sequestration due
to N addition might be even offset by several other factors. The C pool of forest soils may be
altered by N deposition, but evidence is strongly contradictory: some studies show that N
deposition may decrease soil carbon, others demonstrate no change and still others suggest
that C pools may increase (Reay et al., 2008). Additionally, the net impact of N addition on
sequestered CO2 from the atmosphere may be counteracted by increased N2O emissions
(Lu et al., 2010, Papen et al., 2001) and decreased CH4 uptake (Castro et al., 1995,
Gunderson et al., 2012, Sitaula et al., 1995, Steudler et al., 1989) in terms of their global
warming potential (GWP). Furthermore, increased growth rates may be coupled with reduced
tree longevity (Bigler & Veblen, 2009, Bugmann & Bigler, Rötheli et al., 2012) thus leading
to earlier C release and offsetting the growth-related enhanced CO2 uptake caused by N
addition.
Overall, we provide independent evidence that long-term, low-dose N-addition is of minor
importance for sequestering atmospheric C into tree biomass and for mitigating climate
change. We further advice that, when accounting for the influence of N deposition on the
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GWP of forests, not only the counter-acting processes and factors reviewed above (soil
carbon pool, N2O, CH4 or reduced tree longevity) need to be considered, but also the time
scale over which the additional C sequestered in biomass is removed from the active C
cycle.

3.4.2 Tree physiological changes due to N addition
The δ13C signal in tree-ring cellulose showed no significant change due to N addition. Using
the Farquhar et al. (1989) model to interpret our δ13C data (Fig. 3.3), we found that the A/gs
ratio remained constant, and thus WUEi of the N-treated trees did not change. Several
authors have proposed that stomatal conductance might change in parallel with leaf
photosynthetic rates to maintain a constant Ci (Balster et al., 2009, Saurer et al., 1997,
Sheriff et al., 1986, Wong et al., 1979). The interpretation of our δ18O values (Fig. 3.4) with
the conceptual model by Scheidegger et al. (2000) showed that leaf stomatal conductance
did not change due to N addition, and thus neither due to photosynthesis. Important for the
use of this conceptual model is the requirement that the δ18O values of the source water and
of the atmospheric water vapour are similar for the investigated trees. In our study, the two
experimental plots are on the same gentle slope very close to each other, and the irrigation
water used as a vector for the N spreading was collected on site. Further, trees of both plots
grew within the same closed canopy, and thus we can assume that no bias occurred and
differences in gs must be caused by the N addition alone.
From high-dose pulse fertilization experiments in temperate forests it is well known that the
first response is an increase in foliar N content followed by an increase in foliar biomass and
a return to background foliar N concentrations (Aber et al., 1989, Balster et al., 2009, Gough
et al., 2004). Increased foliar N concentration might be accompanied by an increased pool of
proteins linked to electron transport and carboxylation that enhances photosynthetic rate (A).
The increased C assimilation per unit leaf area is suggested to provide the assimilates
required to increase foliar biomass (Gough et al. 2004). Later, fertilizer N initially incorporated
into photosynthetic proteins may be re-allocated to developing foliage, which in turn
decreases the pool of photosynthetically active proteins per unit leaf area, thus bringing A
down to background values. Other fertilization experiments also found a short-term increase
in the production per unit of foliage biomass (Brix, 1983) or in A/gs (Brooks & Coulombe,
2009) lasting as long as 3 to 4 years followed by an increased leaf area index (LAI). This
typical sequence of changes observed in fertilizer experiments is quite similar to our findings
from a long-term, low-dose N addition experiment. The only difference is that we found no
evidence that N addition induced an increase in A. However, needle dry mass, needle area
and annual height growth increased simultaneously with needle N concentration. A likely
reason for the absence of an effect on A is that needle N concentration increased by only
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0.1%, causing a minor physiological response that was not visible in our isotopic data.
However, it is consistent with other long-term low-dose N addition experiments that higher
foliar N concentrations did not lead to increases in leaf level photosynthesis. Elvir et al.
(2006) and Schaberg et al. (1997) attributed this to the fact that lower calcium and
magnesium (Mg) concentrations in foliar tissue occurred at potentially deficient levels, thus
limiting photosynthesis rates. Braun et al. (2010) hypothesized that N deposition might
induce foliar phosphorous (P) limitation. Needle analyses at Alptal prior to the N addition
indicated scarce supply with P and Mg (Schleppi et al., 1998) possibly preclude an increase
of A. Bauer et al. (2004) showed that with increasing foliar N concentration, N partitioning in
the foliage changed, with increased N allocation to proteins, chlorophyll and free amino acid
N. Besides increased foliar N concentration, Talhelm et al. (2011) found no base cation
deficiencies, and they thus hypothesized that the increase in aboveground growth might be
caused by shifts in C allocation. Although so far no study exists that relates N-induced higher
tree growth rates to shifts in C allocation this effect is well-known for herbaceous plants.
Furthermore, it is recognized that ectomycorrhizal fungi are an important C sink (Hobbie,
2006) and chronic N deposition can lead to a shift of carbon allocation from tree tissue to
ectomycorrhizal fungi (Högberg et al., 2010, Lilleskov et al., 2002, Van Diepen et al., 2011,
Van Diepen et al., 2007).
Our results from the dual isotope approach combined with analyses of foliar properties
support the view that enhanced stem growth caused by N addition is primarily due to
increased stand LAI rather than to physiological changes. Unfortunately, our data on standlevel LAI are not precise enough to show changes due to the N addition, but increased
needle area and needle dry mass are good indicators that LAI must have increased indeed.
With a higher stand LAI, the amount of absorbed photosynthetically active radiation is
increasing, and therefore also canopy level photosynthesis must increase (Balster &
Marshall, 2000).
Higher leaf area causes higher transpiration rates, increasing the sensitivity of trees to
drought (Betson et al., 2007, Choi et al., 2005, Linder et al., 1987). Nevertheless, a
significant increase in stand LAI is only possible in forest stands where the canopy is not fully
closed (Alptal: LAI = 3.8). If the canopy is already closed and light interception near its
maximum trees may respond with higher leaf-level photosynthetic rates (Janssens &
Luyssaert, 2009). Hence, this may explain why studies on the fate of excess N show different
impacts on leaf-level photosynthesis.

3.5 Conclusions
Analyses of early- and latewood BAI showed that the long-term (14 years) chronic N addition
to our mountain Picea abies forest increased stem growth and thus carbon sequestration by
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approximately 22%, with a NUE of the additional N of 6 kg C per kg N. The dual isotope
approach (δ13C and δ18O) showed that WUEi, stomatal conductance and leaf-level
photosynthesis did not change significantly due to the chronic N addition. Instead, we found
that needle N concentration, needle area and needle dry mass significantly increased, but in
the case of the N concentration, for a short time only. These results support the view that
enhanced stem growth caused by N addition is due to an increased stand LAI more than to
physiological changes, at least in forest canopies that are not yet completely closed. Higher
LAI implies that more photosynthetically active radiation is absorbed and therefore canopylevel photosynthesis is increased. Our data thus show that models that extrapolate the key
role of N for photosynthesis (Evans, 1989) to the effects of N deposition on forest productivity
(Aber et al., 1997, De Vries &

Posch, 2011, Gu et al., 2010) may not always be

mechanistically accurate.
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Abstract
At Alptal, Switzerland, nitrogen (N) has been applied as NH4NO3 since 1995 in low doses
during rain events to realistically mimic increased N deposition to a mature mountain spruce
stand. Five years of measurements in a replicated plot design showed that N2O and CH4
emissions from the soil to the atmosphere increased due to the N addition. For CH4, this
involved a shift from a net sink to a net source. CO2 emissions did not change significantly,
although they averaged lower under simulated N deposition. The girdling of 40 % of tree
basal area in each plot, followed by subsequent felling of the girdled trees, increased
emissions of N2O but reduced net emissions of CH4 from soils. CO2 and N2O emissions
depended on soil temperature and soil water table depth. Soil temperature did not affect CH4
fluxes, whereas net CH4 production was higher when the water table was closer to the soil
surface. Our data highlights the need that future investigations should focus more on the
allocation of assimilates to tree roots in order to better quantify the ecosystem’s C balance.

4.1 Introduction
Increasing anthropogenic emissions of long-lived greenhouse gases (GHG), in particular
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), are the major drivers of global
climate change (IPCC, 2007). Forests and their soils can be significant sources or sinks for
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GHG, and thus play an important role in regulating the global climate. Whether the soilatmosphere exchange of these GHG results in a net increase or a reduction in fluxes to the
atmosphere depends on small shifts in the net balance between relatively large gross fluxes
of CO2, CH4 and N2O: uptake of CO2 by trees via photosynthesis, release of CO2 by
autotrophic and heterotrophic respiration, release of N2O through microbial denitrification or
nitrification and the uptake and production of CH4 by methanotrophic and methanogenic
bacteria, respectively.
The atmospheric deposition of N has the potential to affect the fluxes of these three
greenhouse gases. N2O releases by temperate forest soils are generally relatively small.
However, several studies have shown that N2O emissions can significantly increase with N
deposition (Brumme & Beese, 1992, Butterbach-Bahl et al., 1998, Jassal et al., 2011, Kim et
al., 2012, Klemedtsson et al., 1997, Papen et al., 2001), indicating the key role of N
availability in controlling N2O fluxes. CH4 is often removed from the atmosphere by temperate
forest soils (Adamsen & King, 1993, Dutaur & Verchot, 2007, MacDonald et al., 1996), at
least on a net annual basis. This process is driven by methanotrophic bacteria which oxidize
methane under aerobic soil conditions. It is a very important component of the global CH4
budget since it constitutes the only biological sink for atmospheric CH4 (Steudler et al., 1989).
Some studies have reported decreased soil CH4 uptake under additional N deposition
(Adamsen & King, 1993, Butterbach-Bahl et al., 2002, Jassal et al., 2011, Sitaula et al.,
1995, Steudler et al., 1989), possibly because increased soil ammonium concentrations
inhibit methane assimilation by methanotrophic bacteria (Bodelier & Laanbroek, 2004, King
& Schnell, 1994). However, other studies showed little or no response of forest soil CH4
emissions to N addition (Bradford et al., 2001, Steinkamp et al., 2001), indicating that the
processes involved are not fully understood to date (Gundersen et al., 2012). Finally, soil N
deposition has been shown in some studies to reduce soil CO2 emissions (Bowden et al.,
2004, Janssens et al., 2010), possibly due to retarded organic matter decomposition at high
N availability.
Even though CH4 and N2O fluxes from forest soils are small compared to the fluxes of CO2,
their global warming potential (GWP) over a 100-year time frame is 25 and 298 times higher,
respectively (IPCC, 2007). Therefore, their fluxes can be significant in terms of radiative
forcing, despite their smaller magnitude relative compared to CO2. Whether increased N
deposition increases or decreases net CO2-equivalent fluxes from forest soils to the
atmosphere is highly debated (e.g. Erisman et al., 2011, Zaehle et al., 2011). Atmospheric N
deposition rates are predicted to remain high or even increase in the developing world
(Dentener et al., 2006, Galloway et al., 2004, Vuuren et al., 2011). Unfortunately, fluxes of all
three gases are rarely measured concomitantly at the same experimental site (Bowden et al.,
2000, Butterbach-Bahl et al., 2002, De Vries et al., 2007). Since sites differ in biotic and
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environmental conditions, the net greenhouse effect of N deposition is thus difficult to assess
type differ across study sites (Liu & Greaver, 2009, Smith et al., 2003, Wei et al., 2008).
Natural disturbances such as insect outbreaks also can alter soil fluxes of CO2, CH4 and
N2O. Bark beetle outbreaks are particularly important (Schelhaas et al., 2003), with extensive
recent outbreaks in Canada, the USA and Germany (Lausch et al., 2011, Natural Resources
Canada, 2011, USDA Forest Service, 2010). Forest insect outbreaks are expected to
become more frequent and intensive under future climatic conditions (Logan et al., 2003,
Wermelinger, 2004). It thus is important to understand how disturbance by insect outbreaks
will affect the GHG balance of forest soils (Bale et al., 2002, Jönsson & Bärring, 2010,
Jönsson et al., 2007, Seidl et al., 2008, Seidl et al., 2009). Experimental infestation with bark
beetles is extremely difficult to conduct. As an alternative, bark beetle infestation effects
could be simulated with mechanistic ecosystem models, but these are associated with huge
uncertainties. An alternative approach is to use tree phloem girdling, i.e. the complete
removal of a strip of the bark and cambium around the stem, to simulate some key impacts
of bark beetle infestation. Similar to bark beetles, tree girdling interrupts the transport of C
assimilates from the canopy to the roots (Zeller et al., 2008). Once the tree’s carbohydrate
reserves are exhausted, first the roots and later the whole tree dies.
Here, we investigate how the soil-atmosphere fluxes of CO2, CH4 and N2O are affected by
the factorial combination of chronically elevated atmospheric N deposition and tree girdling.
Increased N deposition was mimicked by sprinkling NH4NO3 to the forest floor of a mature
Norway spruce (Picea abies) forest during rain events for 14 years. Then, tree girdling and
subsequent felling and removal of the girdled trees (simulating the impacts of bark beetle
infestation) were performed to assess the interaction between these interventions and the
long-term N addition.

4.2 Material and methods
4.2.1 Study site
The Alptal experimental site is located on the northern edge of the Alps in central Switzerland
(47°02’ N, 8°43’ E), at 1200 m a.s.l. The climate is cool and wet, with an annual mean
temperature of 6°C and a mean annual precipitation of 2300 mm (30 % as snow), reaching a
maximum in June (270 mm) and a minimum in October (135 mm). The vegetation period
lasts from June to September. Atmospheric inorganic N deposition is moderate with 12 kg N
ha-1 a-1 bulk deposition and 17 kg N ha-1 a-1 in throughfall, equally divided between NO3- and
NH4+ (Schleppi et al., 1999a). Parent rock material is Flysch. The soil is a Gleysols with an
average of 48 % clay, 46 % silt and 6 % sand. As a result, permeability is low and the water
table close to the surface throughout the year (Hagedorn et al., 1999). Two different soil
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types developed due to the distinct microtopography: on mounds, an umbric Gleysols with
mor (raw humus), Ah and oxidized or partly oxidized Bg or Br horizon is found, whereas
mollic Gleysols are found in depressions, with an anmoor (muck humus) topsoil, a thin Lf
horizon and an almost permanently reduced Bg or Br horizon (Hagedorn et al., 2001). Redox
potential on the drained mounds was 659 ± 7 mV and in waterlogged depressions 259 ± 15
mV (Mohn et al., 2000). Soil pH varied between 5.1 and 5.9 for the different horizons of the
umbric Gleysol with anmoor humus and between 3.6 and 5.1 for the different horizons of the
umbric Gleysol with mor (Schleppi et al., 1998). On average, soils are snow-covered from
mid-November to April. Slope is about 20 % with a west aspect. The naturally regenerating
mature Norway spruce (Picea abies (L.) Karst.) stand (15 % Abies alba Mill.) with trees up to
260 years old has a relatively low leaf area index (LAI) of 3,8 (Schleppi et al., 1999b).
Dominant tree height averages around 30 m. The mosaic of soil types results in well
developed ground vegetation patches of different botanical associations (Schleppi et al.,
1999b).
Two low-dose N-addition experiments were set up in 1994, one in a paired-catchment design
and as replicated experiment in small plots. The catchment-scale study consisted of two
small catchments approximately 1500 m2 in size. Both catchments were first monitored
during one year to assess their hydrological properties, especially their background nitrate
leaching. Then, starting April 1995, one catchment was subjected to an experimentally
increased deposition of approximately 25 kg N ha-1 a-1, added as NH4NO3 to rain water and
sprinkled 1.5 m above ground, i.e. under the tree canopy but over the ground vegetation
(Schleppi et al., 1998). The other catchment acted as a control receiving equal amounts of
rain water but no extra N. The treatment was applied automatically during precipitation
events (approximately 200 times per year) to mimic natural atmospheric N deposition as
realistically as possible. The water used for irrigation was collected on a polyethylene sheet
(300 m2) in a small distance uphill, outside the forest. During winter, the automatic irrigation
was replaced by the occasional application of a concentrated NH4NO3 solution on the snow
using a backpack-sprayer. The main purpose of the catchment-scale experiment was to
study effects on hydrology, including nitrate leaching.
The plot-scale study consisted of five pairs of nearby small plots arranged as a replicated
block design. Each plot was equipped with a sprinkler and each pair comprised exactly the
same treatments as the catchment-scale study, i.e. N addition vs. control. So far, the plotscale experiment has been used to study soil N transformation, denitrification and
Collembola (Hagedorn et al., 2001, Mohn et al., 2000, Xu et al., 2009).
In June 2009, fifteen trees per catchment were girdled, corresponding to 40 % of the basal
area of the mature trees with a diameter at breast height > 20 cm. Girdling included the
complete removal of a strip of the bark and cambium around the stem. To prevent regrowth
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of the cambium, a strip (girdle) of approximately 30 cm width was removed. The girdling did
not result in increased litterfall during the same year. In the following spring, the shoots of the
girdled trees budded like non-girdled trees with no visible differences. Shortly afterwards,
however, all girdled trees were naturally infested by bark beetles (Ips typographus). To
prevent further spreading of the beetles, trees were felled and removed from the site in
August 2010. Girdling affected three of the five replicate blocks of the N-addition experiment.
Overall, this resulted in a factorial combination of the N addition and the girdling/felling
treatments, with three replicate blocks subject to the girdling/felling treatment and two
replicate blocks serving as controls.

4.2.3 Sampling and analyses
Soil-atmosphere fluxes of CO2, CH4 and N2O were measured in the replicated plot study
using the closed-chamber method. Several months before the first sampling, ten PVC
cylindrical collars with 32 cm inner diameter and 30 cm height were firmly installed about 10
cm deep in the soil, i.e. five replicates of each a N-treated and a control plot. From March
2007 to February 2012, GHG fluxes were measured approximately every three weeks.
During winter, while the chambers were snow-covered, similar chambers were placed nearby
in the snow at sampling time. A rubber septum in the lid allowed gas sampling using a needle
and a 30 ml plastic syringe. Chambers were closed and samples taken after 0, 20 and 40
minutes. Gas samples were then injected into pre-evacuated tubes and analyzed by gas
chromatography for CO2, CH4 and N2O in the laboratory (Agilent 6890, Agilent Technologies,
Santa Clara, CA, USA) using a flame ionization (FID) and an electron capture detector
(ECD). CO2 was reduced on a Nickel catalyst prior to detection by FID. Flux rates of each
gas were calculated from the slope of the linear regression of gas concentration vs. time. The
quality of the slope was evaluated by using the residual standard deviation (RSD) as a
criterion. Measurements with an RSD value above a defined threshold (CO2: 40 µmol L-1;
CH4: 40 nmol L-1 and N2O: 10 nmol L-1) were checked individually to decide which samples
had to be discarded.
Close to each chamber, soil temperature was recorded by Thermochron iButton dataloggers
in 10 cm depth (Typ DS1921G, Maxim Integrated Products, Sunnyvale, CA, USA). Soil water
depth was measured manually in nearby piezometers and used as a proxy for soil moisture
(Moore & Dalva, 1993).
Starting from girdling in June 2009, root starch concentration was monitored by taking
monthly coarse root samples of each girdled tree per treatment. For transportation to the lab,
samples were stored on ice. After freeze-drying, roots were first coarsely cut into small
pieces and then ground using an ultracentrifugal mill (ZM 200, Retsch, Haan, Germany).
Starch content was analyzed by a Lugol-based colorimetric method according to Magel
(1991). Allocation of C to the tree canopy was estimated from litterfall. Litterfall was
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measured for one year (2009) on an 8 m × 8 m grid of 26 and 19 litter collectors (0.1 m2
area) placed the control and N-treated catchment, respectively. This one-year catchmentwide litter collection was found to be representative by a comparison based on a subset of 4
collectors per catchment that were monitored for 15 years. Tree stem growth and
corresponding N-deposition induced extra C accumulation were calculated from stem discs
and tree height measurements as described in Krause at al. (2012).

4.2.4 Statistical analysis
The effect of N addition on the fluxes of CO2, N2O and CH4 from soil was analyzed using
mixed-effects models fitted by maximum likelihood using the lme function from the nlmepackage of R 2.14.0 (R Development Core Team, 2011). N deposition, girdling, and
seasonality were included as fixed effects. Girdling was fitted as continuous variable
indicating how strongly each chamber was influenced by the proximity of girdled trees,
expressed by a ratio between 0 and 1. Seasonality was modeled as an harmonic function
defined by a linear combination of a sine and a cosine of 2πd/365, with d as the julian day.
Blocks and plots were fitted as nested random effects. Residuals of repeated measures
showed a first-order autoregressive covariance structure, which was included in the model
using the corAR1 function of lme. Normality of residuals and homogeneity of variances were
checked by visual inspection of plots of residuals against fitted values. CO2 fluxes were logtransformed prior to analysis. CH4 and N2O fluxes contained both positive and negative
values; we therefore applied a square-root transformation taking into account the sign
( sign(x)·√|x| ). To calculate gas fluxes over time, the method proposed by Finney (1941) was
used to correct for the retransformation bias. Annual GHG fluxes of each period (before
girdling, after girdling and after felling) were calculated and adjusted for seasonality (due to
the fact that these periods were not exactly years). Further, the dependency of the measured
GHG fluxes on temperature and soil water depth was analyzed by regressions. Differences
were considered significant when P ≤

0.05, effects with 0.05<P
≤0.1 were considered

marginally significant.

4.3 Results
4.3.1 Soil temperature ans soil water depth
Soil temperature in 10 cm depth averaged 7.2 °C over the measurement period (March
2007-March 2012), with an inter-annual standard deviation of 0.9°C (Fig. 4.1.a). Neither the
girdling nor the removal of the girdled trees affected the soil temperature. In general, the
water level at Alptal stayed close to the surface with a mean over the measurement time of
23 cm below ground. Inter-annual variations occurred, with few periods where the
groundwater level dropped to a depth of approximately 30 to 40 cm (Fig. 4.1.b).
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Figure 4.1 (a) Soil temperature at 10 cm depth. (b) Soil water depth at each measurement date of gas
fluxes. Dotted vertical lines indicate the time of girdling and the felling. No significant effect of the girdling
and the felling was measured on soil temperature or on soil water depth. Error bars are too small to be
visible (SE soil temperature: ± 0.18; SE soil water depth : ± 0.64).

4.3.2 Soil CO2 emissions
Soil CO2 emissions showed a strong seasonal variation, with larger emissions in summer
than in winter (Fig. 4.2). Log-transformed CO2 fluxes were, however, significantly correlated
with soil temperature (r = 0.82, P < 0.0001) and soil water depth (r = 0.25, P < 0.0001; Fig.
4). In the thirteenth and fourteenth year of N addition, before phloem girdling, mean annual
CO2 emissions did not depend significantly on N deposition (P = 0.14; averages of 29 and 35
mol m-2 a-1 in N-treated and control plots, respectively). Girdling and felling did not change
CO2 emissions from soil (Fig. 4.3).

4.3.3 Soil CH4 fluxes
Over the entire measurement period (March 2007- February 2012), fluxes of CH4 ranged
from -1.8 to 3.0 µmol m-2 h-1 in control plots and from -0.45 to 8.6 µmol m-2 h-1 in N addition
plots (Fig. 4.2). CH4 emissions were larger during summer than during winter months. In the
thirteenth and fourteenth year of N addition, before phloem girdling, emissions of CH4
showed a marginally significant increase (P = 0.06) due to the N addition. The soils of the
control plots were on average a small CH4 sink (-0.6 mmol m-2 a-1) while soils of the N
addition plots where a net source (9.4 mmol m-2 a-1). The combination of the interventions
girdling and felling significantly (P < 0.01) increased CH4 emissions over time.
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Soil CH4 fluxes showed practically no correlation with soil temperature (r = 0.006; P = 0.05).
A significant negative relationship was observed with soil water depth (r = -0.22; P < 0.0001);
i.e. the higher the water table was, the less CH4 was taken up (Fig. 4.4).

Figure 4.2 Effect of the long-term low-dose N addition on soil CO2, CH4 and N2O fluxes in the spruce forest of
Alptal. N addition started in 1995 with on average 25 kg ha-1 a-1 of NH4NO3 distributed by a sprinkling system
during rain events. Vertical dotted lines indicate the time of girdling and felling. Error bars indicate ±standard error.
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Figure 4.3 Annual fluxes of CO2,
CH4 and N2O as a function of
the long-term N addition and of
the interventions girdling and
felling. Filled symbols show plots
affected by the interventions,
open
symbols
those
not
affected. Error bars indicate
standard errors.

4.3.4 Soil N2O fluxes
Soil fluxes of N2O ranged from -95 to 235 nmol m-2 h-1 in control plots and from -45 to 240
nmol m-2 h-1 in N addition plots (Fig. 4.2). N2O fluxes averaged slightly higher in N addition
than in control plots (0.47 and 0.18 mmol m-2 a-1, respectively), but this difference was only
marginally significant (P = 0.08). The girdling/felling treatment increased N2O emissions more
in the N addition plots than on the control plots (P = 0.02 for the interaction N deposition ×
girdling/felling). N2O emissions were positively correlated with soil temperature (P = 0.007)
and soil water depth (P = 0.01; Fig. 4.4), indicating a larger production of N2O when the
water table was lower.
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Figure 4.4 Relation between soil temperature and soil water depth on one hand and soil CO2, CH4 and N2O
fluxes on the other hand. CO2 flux rates were log-transformed. CH4 and N2O flux rates were transformed taking
the square root of the absolute value and multiplying by -1 for negative fluxes.

4.3.5 Root starch content after girdling
Starch concentration in the coarse roots of control spruce trees showed a seasonal pattern
with a sharp peak in the summer and a broad minimum in the winter (Fig. 4.5). Three weeks
after girdling, starch concentration in the coarse roots of the girdled trees (3.1 ±0.7 %) was
similar to the one in control trees (2.4 ±0.7 %). Four weeks later, the roots of girdled trees
tended to have less starch than control trees (2.2 ±0.6 % and 5.5 ±1.2 %, respectively,
P=0.08) and the difference became significant in the next samplings (P=0.04 and P=0.001,
respectively). After the winter season, in April 2010, root starch was almost depleted in
girdled trees (0.1 ±0.04 %) while control trees had nearly the same concentration as in the
previous year (2.1 ±0.2 %) (P<0001). At the end of June 2010, the control trees returned to
almost the same concentration as in July 2009 (6.1 ±1.1 %), while girdled trees (0.1 ±0.06 %)
remained depleted in starch (P<0.01).

88

Chapter 4

Figure 4.5 . Starch content of coarse roots for phloem-girdled and control trees,
combining data from the N-addition and control catchments. The vertical dotted line
indicates the time of girdling. Error bars indicate ±standard error.

4.4 Discussion
4.4.1 Effects of N addition on soil CO2 fluxes
Soil respiration rates did not differ significantly between N treatments, although averages
were quite a bit lower in N-treated plots. Most other studies showed a reduction in soil
respiration under N addition (Bowden et al., 2004, Burton et al., 2004, Janssens et al., 2010,
Micks et al., 2004), while only few found a short-term increase (Brumme & Beese, 1992,
Contosta et al., 2011) or no effect (e.g. Allison et al., 2008, Ambus & Robertson, 2006,
Castro et al., 1994, Micks et al., 2004, Mo et al., 2007). In studies which found a significant
reduction, several causes have been discussed: decreased biomass, diversity and activity of
soil microorganisms (Ågren et al., 2001, Compton et al., 2004, Treseder, 2008); shifts in C
allocation from belowground to aboveground production (Litton et al., 2007); and the quality
of leaf litter (Fog, 1988, Knorr et al., 2005).
In our study at Alptal, the variability in CO2 fluxes between plots was high (SE = 691 µmol m-2
h-1) and the statistical power to detect N-effects is therefore low (the N-effect would have had
to be around 2500 µmol m-2 h-1 to be detected with a power of 50 % at P<0.05). The high
spatial variability is likely related to the distinct microtopography of the study site (see
Material and Methods section). On dryer mounds, soil respiration was generally higher than
in depressions, where elevated soil moisture impeded respiration. However, there are
indicators suggesting that at Alptal chronic N addition might nevertheless have reduced soil
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respiration, although we were not able to detect this effect directly: An earlier study on the
same site found that N addition decreased soil pH as well as Collembola densities (Xu et al.,
2009), which both are strongly correlated with microbial activity and thus soil respiration
(Kaneda &

Kaneko, 2008, Swift et al., 1979). Additionally, enhanced aboveground

production at the site (Krause et al., 2012) may point towards a C allocation shift from
belowground to aboveground. In conclusion, a reduction in soil respiration also cannot be
ruled out, despite the absence of a significant effect.

4.4.2 Effects of N addition on soil CH4 fluxes
Decreased forest soil CH4 uptake under long-term increases of atmospheric N deposition
have been reported in many studies (Butterbach-Bahl et al., 2002, Butterbach-Bahl et al.,
1998, Castro et al., 1995, Castro et al., 1993, MacDonald et al., 1996, Sitaula et al., 1995,
Steudler et al., 1989). However, short-term increases in soil CH4 uptake or no effect were
also reported (Bradford et al., 2001, Gulledge et al., 1997, King & Schnell, 1994, Papen et
al., 2001, Steinkamp et al., 2001, Whalen & Reeburgh, 2000). Net soil CH4 fluxes reflect the
balance between methane oxidation and methanogenesis, with the latter possibly also being
important even under oxid conditions (Lenhart et al., 2012). NH3 can inhibit CH4 monooxygenase in methanotrophic bacteria (Dunfield & Knowles, 1995), but it is unclear whether
this is the mechanism by which net soil CH4 fluxes are regulated in the field (c.f. also Bodelier
& Laanbroek, 2004). In our study, soil net uptake rates in control plots were low (0.03 mg
CH4 m-2 d-1), most likely due to the low permeability of the soil (Gleysol) with water tables
close to the surface causing anaerobic conditions for most of the time. It is remarkable that
during the twelfth and thirteenth year of chronic low-dose N addition, the N-treated plots were
a net source of CH4 whereas the control plots remained a net sink. We have not partitioned
soil CH4 fluxes into methane oxidation and methanogenesis, and it therefore remains unclear
whether N deposition inhibited oxidation or increased methanogenesis.In any case, the net
CH4 emissions we found during most of the time indicate that methanogenesis is an
important process in the present system.

4.4.3 Effects of N addition on soil N2O fluxes
Most studies in temperate forest ecosystems found that chronic N addition increased soil
N2O emissions (Ambus & Robertson, 2006, Butterbach-Bahl et al., 2002, Butterbach-Bahl et
al., 1997, Kim et al., 2012). Increased N2O emission rates have mainly been attributed to
increased soil N availability for microbial nitrification and denitrification (Castro et al., 1993,
Wrage et al., 2001). The emissions from our N-treated and control plots were within the
range of N2O fluxes observed for other temperate forests (Bowden et al., 1991, Bowden et
al., 1990, Butterbach-Bahl et al., 2001, Zechmeister-Boltenstern et al., 2002). However, other
studies revealed higher rates of soil N2O emissions (Ambus & Robertson, 2006, Butterbach90
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Bahl et al., 1997). The relatively low N2O emissions we detected may be due to the fact that
at Alptal soils were water-logged most of the time, impeding the diffusion of N2O from well
below the soil surface to the atmosphere. In this case, N2O may be further reduced to N2 by
the process of anaerobic denitrification. The measured low emission rates resulted in an
annual emission factor (EF), expressed as a percentage of N deposition, of 0.07 % for the
control plots and 0.3 % for the N-addition plots. This is in line with an EF of 0.6 % reported by
Papen et al. (1999) for a spruce stand at Solling, Germany. Eickenscheidt et al. (2011) also
reported an EF in this order of magnitude (0.5 %) for a spruce stand in southern Germany. In
contrast, Skiba et al. (2004) reported EF´s of up to 16 %, independently of N application
rates, for a mature Sitka spruce stand in the UK.

4.4.4 Effects of girdling and felling on soil GHG fluxes
Reduced soil respiration has been reported in other girdling field studies within five (Högberg
et al., 2001), 37 (Frey et al., 2006) and 80 days (Subke et al., 2004). At Alptal, fluxes of CO2
were neither affected by girdling/felling nor by the interaction of this treatment with N
addition. However, as already indicated, our power to detect changes was very low due to
the high variability which resulted from the distinct microtopography at Alptal with dryer
mounds and wetter depressions. We therefore also cannot rule out the presence of an even
relatively large effect. In relation to soil respiration, two observations appear noteworthy.
First, root starch analyses indicated that carbohydrate reserves were not used up until the
following year, indicating that root respiration might not have been substrate-limited. Second,
we only girdled 40% of total basal area, whereas all trees were girdled in most published
studies.
Girdling followed by felling increased net soil CH4 uptake, in particular when N was added.
Soil water levels did not change and thus cannot explain the observed phenomenon. We do
not know whether this effect was due to a change in methane oxidation or in
methanogenesis. However, a candidate driver for activity changes could be a reduction of
monoterpene release by roots (Maurer et al., 2008).
Increased soil N availability for denitrifying and nitrifying bacteria due to the intervention
girdling and felling may have been the reason for increased soil emissions of N2O. In this
case, this would add to the effect of the N addition with even higher emissions from the soil.

4.4.5 Soil temperature and soil water depth controls on soil GHG fluxes
Soil CO2 fluxes were strongly correlated with soil temperature and soil water depth. CO2
production increased with temperature and dryer soils, which is consistent with other studies
and well explained by the general temperature-dependence of most biological processes
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(Bowden et al., 2000, Raich & Schlesinger, 1992, Schaufler et al., 2010, Ullah & Moore,
2011, Wu et al., 2010).
Soil CH4 fluxes correlated significantly with soil water depth. Net CH4 production was higher
when the water table was closer to the soil surface. This pattern is in agreement with other
studies (Castro et al., 1995, Steudler et al., 1989).
Fluxes of N2O from both treatments showed an increase with soil temperature and a
decrease with higher soil water tables. That higher soil temperatures increase emissions of
N2O is in line with results reported from other studies (Schaufler et al., 2010, Schindlbacher
et al., 2004, Smith et al., 2003). However, that higher water tables decrease N2O emissions
at our site is in contradiction to these studies. This is likely explained by the wet conditions
predominant on the site, where runoff is twice as high as evaporation (Schleppi et al., 1998).
Hence, at Alptal, N2O produced by denitrification is probably mostly further reduced to N2.
Only if the soil gets more oxygenated when the soil water table is lower, then larger rates of
N2O are emitted to the atmosphere. Thereby, emissions of N2O from poorly drained soils like
at Alptal could increase by warmer and dryer conditions as predicted for European summers
due to climate change.

4.4.6 Ecosystem-level GHG balance
It is very difficult to estimate the net N deposition impacts on the overall GHG balance of an
ecosystem as the present one. In particular, an estimation of net ecosystem productivity
(NEP) would require integrating stand-level fluxes to the atmosphere over space and time,
using e.g. eddy covariance techniques. For the present system, we can only compare
individual fluxes that characterise the system’s C cycle and may react to the applied
treatments. In addition to soil CO2, CH4 and N2O fluxes, these are stem growth, litterfall and
losses of dissolved and particulate organic carbon (DOC, POC) in the runoff (Table 1). Stem
growth data was taken from Krause et al. (2012), data about DOC and POC are from the Naddition experiment at catchment scale (Smith et al., 2013). Litterfall data are from the
present study. Our data indicates that soil CO2 fluxes dominate the soil-atmosphere GHG
balance, whereas CH4 and N2O play only a subordinate role. Catchment-scale losses in the
form of DOC and POC appear small compared to rates of biomass production (stem growth,
litterfall). Further, the input of C to the soil as litterfall is higher than respiration losses. This
indicates that the soil is accumulating C, especially considering that the contribution of root
litter and of root respiration are not known. The allocation of assimilates to the tree roots is
thus a key parameter that should receive more attention in future studies. This would be
necessary in order to better quantify the effects of N deposition and of disturbances on the C
cycle and on the greenhouse gas balance of temperate forests.
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Table 1. Carbon fluxes per year of relevant ecosystem compartments.. Data about tree stem growth were taken
from (Krause et al., 2012). Error estimates are the spatial standard deviation except for DOC and POC where the
interannual variability is shown.

Carbon fluxes [g m-2 a-1]
tree stem growth
litterfall
DOC(1) in runoff
POC(2) in runoff
soil respiration
soil fluxes of CH4-C
(1)
(2)

Control
-1607 ± 15
2215 ± 202
-21 ± 1
-4.5 ± 1.1
421 ± 64
-0.0075 ± 0.0005

N addition
-1187 ± 15
2688 ± 268
-21 ± 1
not measured
347 ± 60
0.1000 ± 0.0010

dissolved organic carbon
particulate organic carbon
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5
5.Synthesis
This thesis studied the impact of increased atmospheric N deposition on a mature mountain
spruce forest. The three main objectives were (1) to identify site-specific characteristics of N
cycling at Alptal by the adaptation and calibration of a model and to assess the long-term fate of
the deposited N with the validated model, (2) to quantify additional tree C sequestration and its
underlying physiological mechanisms, and (3) to evaluate the impact of N addition and tree
girdling on the fluxes of the greenhouse gases CO2, CH4 and N2O between the soil and the
atmosphere. This study was conducted within a unique long-term low-dose N addition experiment
at Alptal, Central Switzerland. Elevated anthropogenic N deposition was simulated by sprinkling
25 kg NH4NO3 ha-1a-1 below the canopy, but above the ground vegetation, within a mature
mountain spruce forest. Compared to fertilizer experiments, where high N doses are applied in
few applications, the Alptal low-dose experiment mimics N deposition from the atmosphere much
more realistically by applying N proportionally to precipitation. Evidence exists that results
obtained from long-term low-dose N addition experiments are much more realistic in terms of
future projections of the impact of increased anthropogenic N deposition (Högberg et al., 2006).
In this study, site-specific characteristics of the N cycle and the long-term fate of the added N
were studied with the help of a process-based model validated against long-term field

15

N

recovery data. In addition, the effect of increased N inputs on tree growth was assessed by a
tree-ring approach. Changes in the physiology of the trees were explored by the analysis of the
stable isotopes

13

C and

18

O in tree-ring cellulose. To shed light on the impact of N addition and

tree girdling on the greenhouse gas fluxes from the soil, monthly gas samples were taken from
permanently installed closed chambers.
This synthesis chapter is structured into five sections, from which the first three discuss the main
results of this thesis, and the last two address methodological considerations and the overall
implications of this thesis.

5.1 Can a model increase our understanding about N cycling in forests?
The nitrogen cycle in terrestrial ecosystems is complex because it includes a variety of processes
and their interactions, such as: mineralization, nitrification and denitrification by microbial
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processes, plant physiological processes (nitrogen uptake and assimilation) and physicochemical
processes (leaching, volatilization) (Schulze, 2000). Empirical studies are only able to measure
the outcome of experimental N additions on the N cycling in forest ecosystems, while the
underlying processes and interactions remain at least partly hidden. As a result, process-based
models, which incorporate the underlying processes as simplified mathematical functions, are a
valuable tool to get a deeper understanding of how each individual process of the N cycle
interacts with others to produce the whole N cycle. Additionally, process-based models play a key
role in predicting future changes caused by increased N inputs as in situ measurements of longterm (decades) environmental changes due to N inputs are extremely laborious and expensive.
Conventional models about N cycling and C-N interactions have a very limited ability to determine
if the interactions between processes in the model are captured correctly. Model results may be
correct even if the single processes are captured incorrectly. In this case, models cannot be used
to make reliable predictions under altered conditions. A very powerful tool to gain insight into
whether N-cycling process interactions are captured correctly by the model is through the
simulation of 15N tracer redistribution.
In this thesis the process-based model TRACE, with the ability to simulate the cycling of

14

N and

15

N, was adapted for the first time to a very different forest type than the model was first

developed and validated for. In particular, it was possible to gain greater insight as to whether the
N-cycling process interactions in TRACE were also transferable to a very different type of forest.
For the adaptation to the Alptal site, structural changes to the model to capture site-specific
features had to be done. This included the preferential water flow caused by the gleyic soil
conditions, and an ammonium accumulation problem in the organic soil pool. Following this, the
model was parameterized and calibrated by altering 82 of the 154 parameters. Whenever
possible, parameters were set according to empirical data; others were set within a plausible
range during the calibration process. After the successful calibration, the model was validated
against results from a long-term

15

N tracer experiment on the same site. During this validation

process it was possible to extract discrepancies of the N cycle between the two types of forest
which are not implemented in the model. Consequently, the ground vegetation layer was found to
play an important role in controlling the rate at which deposited N enters the soil pool at the Alptal
site. It was also recognized that the number of foliar cohorts plays a key role in how fast N cycles
through the tree-plant system.
With TRACE it is not only possible to simulate the fate of the added N, but also the effect of the
added N on the ecosystem C pools and fluxes. Results showed that over a 60-year period with a
deposition of 25 kg ha-1 a-1, the N use efficiency of the additional N was about 7 kg C per kg N
added. Compared with the literature, this is a relatively low response of the additional N. Finally
the model was used to make a 70-year model simulation into the future. Results suggest that the
soil is able to immobilize a constant fraction of between 70 and 77 % of the deposited N under
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the defined (optimistic) climate change scenario. However, like with every model, predictions are
only realistic as long as basic ecosystem functions are maintained. While N is known to make
ecosystems more sensitive to abiotic and biotic stresses like drought, frost, pests, diseases or
combinations of these (Magill et al., 2004, McNulty & Boggs, 2010, Throop & Lerdau, 2004), the
model does not make predictions about such disturbances.
For Alptal, results from the adaptation procedure showed that the model could be improved with
the inclusion of a ground vegetation layer, with a special focus on the moss layer, whilst the
implementation of more than two foliar cohorts would improve the model even further. Besides
the identified site-specific characteristics of the N cycle at Alptal, the validation showed that
TRACE is able to capture N and C cycling well in a very different type of forest than it was first
developed and validated for. Thus, the TRACE model was found to be a valuable tool for the
identification of site-specific characteristics of the N-cycle at the Alptal site.
The whole procedure of adapting, calibrating and validating of TRACE showed to be very
complex and labour-intensive; in particular, the alteration of the model structure to adapt TRACE
to the site-specific characteristics was challenging. For a proper calibration, many parameters
need to be changed, whilst a necessary requirement for calibrating TRACE to a new site is the
presence of empirical data for, ideally, all ecosystem pools and fluxes of C and N. However, to
take advantage of the fact that TRACE simulates the mixing and redistribution of

14

N and

15

N

through time for model validation, one requires long-term 15N field recovery data. These data may
not be available for most sites, and this thus limits the number of studies that can make use of
TRACE.

5.2 Does elevated N deposition increase forest C sequestration?
Atmospheric nitrogen deposition has increased dramatically since pre-industrial times and will
remain at a high level, or even increase in the developing world (Galloway et al., 2004). Since the
N and C cycles are closely related via many biological processes, enhanced N deposition can
alter forest ecosystem C sequestration. The direction and magnitude of this impact is a highly
debated field of research since enhanced C sequestration by trees would help mitigate climate
change (MacDonald et al., Reay et al., 2008). The present study contributed to fill this gap by
quantifying the amount of C which was additionally sequestered through experimental N addition
(nitrogen use efficiency: NUE) using three different approaches: (i) by a model-based simulation
(Chapter 2), (ii) by the analyses of tree-rings (Chapter 3), and (iii) by combining the results from a
15

N labelling experiment with the C/N ratio of the related compartment (also Chapter 3). The

results from all three approaches were in close agreement for stem NUE (5-7 kg C per kg N
added), especially when considering all possible error sources of each individual approach.
Unfortunately, it was only possible to calculate the NUE for total aboveground biomass by the

15

N

approach and not by the tree-ring approach because no accurate data of how needle and branch
103

Synthesis
production changed due to the N addition were available. This resulted in an NUE of about 10 to
15 kg C per kg N added. This value is at the lower end of the most likely range of 15 to 40 kg C
per kg N added (De Vries et al., 2009). Results show, that the potential of enhanced N deposition
to increase the C sink in aboveground tree biomass is of minor importance for climate change
mitigation at Alptal.
The comparison of estimates of NUE for different forest sites is difficult and should be interpreted
with caution, since the natural soil N supply is usually neglected (Högberg, 2012). Several effects
can influence the natural N supply of the individual sites: the natural edaphic background
(Morford et al., 2011), the legacy of past N deposition, management history (Dezi et al., 2010)
and historic disturbances (Bernal et al., 2012). Additionally, for a complete quantification of forest
ecosystem C sequestration, the effect of the N addition on the soil C pool needs to be included.
Although there is some indication that the soil C pool might increase, its long-term response is
unclear (Liu & Greaver, 2010).
Besides the positive effect of deposited N on C sequestration, several possible side effects of
increased N deposition may occur. With chronic N deposition the ecosystem moves towards N
saturation (Aber et al., 1998); this may increase emissions of greenhouse gases (N2O, CH4) from
the soil to the atmosphere (Liu & Greaver, 2009). Consequently, the benefit from the additional
sequestered C may then eventually be offset (Liu & Greaver, 2009, Zaehle et al., 2011). This
emphasizes the need for complete budgets of all forest ecosystem fluxes relevant to climate
change to understand how our climate is influenced by enhanced anthropogenic N inputs.

5.3 Is the Ecosystem-level GHG balance altered by N-addition?
Enhanced soil N-availability can alter the rates of microbial N- and C- turnover and can therefore
alter the fluxes of long-lived greenhouse gases (GHG), such as CO2, CH4 and N2O, between the
soil and the atmosphere. This study showed that net soil N2O and CH4 emissions increased due
to the experimental N addition. For soil respiration we couldn’t find a significant effect, but
respiration tended to be reduced by additional N (Chapter 4). A very important question
concerning climate change, is the net N deposition impact on the overall GHG balance of
ecosystems. Only relatively small differences in the fluxes of CO2, CH4 and N2O between the
biosphere and the atmosphere decide whether ecosystems have a net cooling or warming effect
on the climate system. However, this estimation is very difficult because one would require
integrated stand-level fluxes to the atmosphere over huge areas and over long time periods,
using for example eddy covariance techniques.
In this study, we compared individual fluxes that may react to N additions and characterize the
system’s C cycle. Our data indicates that soil CO2 fluxes clearly dominate the soil-atmosphere
GHG balance, whereas CH4 and N2O play only a subordinate role. Since rates of biomass
production (stem growth, litterfall) and catchment-scale losses in the form of DOC and POC are
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known, particular attention in future investigations should be paid to the allocation of assimilates
to the roots. This would be necessary in order to advance our knowledge about the effects of
enhanced N deposition on the C cycle and on the greenhouse gas balance of temperate forests.

5.4 Methodological considerations
5.4.1 Experimental N addition
This thesis was conducted within the Alptal N addition experiment located in Central Switzerland,
which has been conducted since 1995 as part of the European NITREX project to assess the
long-term impact of atmospherically enhanced N deposition on a mountain spruce forest. The
NITREX project was composed of eight sites (Sogndal, Norway; Gårdsjön, Sweden; Klosterhede,
Denmark; Speuld and Ysselsteyn, the Netherlands; Solling, Germany; Aber, UK and Alptal),
spanning a wide nitrogen deposition gradient from < 5 kg N ha-1 a-1 to > 50 kg N ha-1 a-1 by either
N addition or N removal (by roof). Several large-scale experiments were also conducted in the
USA (Bear Brook, Maine; Harvard Forest, Massachusetts; Hubbard Brook, New Hampshire;
Adirondack mountains, New York; Deposition Gradient Study, Michigan), although the N
deposition gradient range was not as extreme as within the NITREX experiments. All experiments
involved N addition in the form of NH4 or NO3, or both. At the Alptal site, 25 kg N ha-1 a-1 in the
form of NH4+NO3- is applied, an amount which is approximately in the middle of the N addition
range of the mentioned experiments. While the NITREX experiments were conducted in
coniferous forests only, the US experiments also included deciduous and mixed forests.
Regarding the soil type, Alptal is an exception, with its subalpine low permeable clay-rich
Gleysols with water tables close to the surface, in comparison to most of the experimental sites
that have lowland well-drained sandy soils. This makes the Alptal experiment special and needs
to be considered when comparing results from other N-addition experiments with results from
Alptal. Most N-addition experiments only apply the extra N in a few applications over the growing
season. At Alptal, however, atmospheric N deposition is mimicked more realistically by the
automatic application of the extra N by sprinklers during rain events (approximately 200 times per
year). During winter, the automatic irrigation is replaced by the occasional application of a
concentrated NH4NO3 solution on the snow, using a backpack sprayer. A weakness of the N
addition below the canopy at Alptal is the fact that the N can already be taken up by the canopy
and can positively influence tree C sequestration (Lovett & Lindberg, 1993, Sievering et al.,
2000). From this point of view, a spraying of N over tree canopies would be preferable. The
spraying of N above 35 meter tall trees, however, would be an enormous effort.
Besides long-term low-dose N-addition experiments, which were conducted to investigate the
impact of the additional N on ecosystem C and N fluxes, many studies were also conducted in
the context of commercial forestry, focusing on the effect of additional N on tree growth and
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productivity. These fertilization experiments apply very high-doses of N in a few pulses only.
Results from a long-term low-dose N addition experiment, however, showed that the tree growth
response to N inputs is highly non-linear (Högberg et al., 2006). This finding makes projections of
the impact of low-dose, chronic N deposition problematic if they are based on studies using high
addition rates.

5.4.2 TRACE model and 15N tracer application
With the TRACE model a 70-year simulation of the fate of the N addition was performed, showing
that approximately 3/4 of the N load is immobilized in the soil. The conducted Monte-Carlo
sensitivity analyses confirmed that the simulation-based predictions were precise. Although N is
known to make ecosystems more sensitive to abiotic and biotic stresses such as drought, frost,
pests, diseases or combinations of these (Magill et al., 2004, McNulty & Boggs, 2010, Throop &
Lerdau, 2004), the model does not make predictions about such disturbances.
The comparison of field

15

N recoveries with the ones calculated by TRACE identified

discrepancies of recoveries due to different tracer application methods in the field which may be
explained by the following: On both catchments the

15

N tracer was applied directly on the ground

or ground vegetation where present, but on the N-treated plot this was done during rain events
with an automatic irrigation system (Schleppi et al., 1999). As a result, the precipitation along with
the irrigation water allowed the tracer to rapidly inﬁltrate into the soil, and contact time with plant
tissues remained short. However, on the control plot, the tracer was applied independently of rain
events using a backpack sprayer (Providoli et al., 2005) leaving the tracer on plant and soil
surfaces for an extended period of time. Subsequently, when comparing results from different
labelling studies, the tracer application method should be taken into account. A further weakness
in the tracer application in this study is that the tracer was applied only over the ground
vegetation and not over the entire tree canopies. Thus,

15

N field recoveries might be slightly

underestimated (Nadelhoffer et al., 1999, Sievering, 1999, Sievering et al., 2000).

5.4.3 Tree ring analyses
Standard sampling for tree ring analyses is usually at breast height (Schweingruber, 1988). Due
to large compression wood formed at breast height and the sale of the first 10 m of the stem,
stem discs were taken at 10 m height in our study. Regarding the fact that cambium productivity
may vary along the stem (Grabner & Wimmer, 2006), results for tree-ring width may be biased.
However, as the cambium in trees growing in forest stands generally produce less wood in the
lower parts than in upper parts of the stem (Forest et al., 2006), results from this study may be
slightly overestimated compared to results obtained at breast height.
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5.4.4 Greenhouse gas measurements
Care has to be taken when comparing absolute fluxes of the different gases from the soil with
results from other studies, because large differences between the used chamber types are
evident (Pumpanen et al., 2004). In this study, the large spatial and temporal variability of the gas
fluxes limited the conclusion on the alteration of CO2 fluxes due to the N addition. This problem
could have been solved by a larger number of replicates.
In this study gas samples from the chamber headspace were taken after 0, 20 and 40 minutes.
The definition of the sampling interval is challenging because of large differences in the flux sizes
(large emissions of CO2, small from N2O and CH4) of the measured gases. While N2O and CH4
need to be above the detection limit, the CO2 accumulation in the chamber headspace should be
kept as low as possible to retain a constant diffusion gradient in order to guarantee an
unhindered diffusion of CO2 from the soil to the chamber headspace. Consequently, if sampling
intervals are too long, soil CO2 emissions might be underestimated due to high CO2
concentrations in the chamber headspace in relation to the soil CO2 concentration; this can lead
to a decrease in CO2 diffusion over time, resulting in lower CO2 concentrations in the chamber.
This problem could be solved by shortening the time interval between the first three samplings,
and by taking an additional fourth sample after an extended interval. Through this method, CO2
emissions can be calculated using the first three samples without any bias caused by high CO2
concentrations in the chamber headspace. Fluxes of N2O and CH4 are determined from all four
samples being over the detection limit.
The measurements of winter CO2 fluxes may be additionally biased by hindered diffusion and
retention of CO2 within the snow pack. Schindelbacher et al. (2007) showed that by using the
closed dynamic chamber technique, CO2 fluxes were underestimated by 38 % compared to the
gradient method. The same may also be true for CH4 and N2O. Results for annual N2O emissions
may be additionally biased due to the low frequency (monthly) of measurements. At the
Högelwald forest in Germany, it was shown that about 50 to 60 % of the annual N2O emissions
were due to emissions during and directly after a frost period (Butterbach-Bahl et al., 2002a,
Butterbach-Bahl et al., 2002b). If these periods were missed with the monthly measurements,
results for N2O emissions might be underestimated. At Alptal the soil rarely freezes due to a
frequent snow layer during the winter season. Thus, N2O emissions at Alptal may not be effected
by this phenomenon.

5.5 Overall conclusions
Results from both the modeling study and the field experiments demonstrated that the impact of
elevated N deposition on tree carbon sequestration is of minor importance. Obtained results
contribute to the debate of how forest growth is affected by elevated N deposition and, as a
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result, helped to reduce the large uncertainty presently affecting model calculations of future
forest growth. Additionally, this study demonstrated that N addition not only enhanced C
sequestration in trees, but also increased emissions of CH4 and N2O from the soil. This leads to
the conclusion that, in terms of climate change mitigation by forests, emissions of CH4 and N2O
should also be accounted for, on top of tree CO2 accumulation. One has to take into account,
however, that the Alptal site has special site characteristics, particularly its low-permeable soil
condition with soil water tables close to the surface, that need to be considered when comparing
results from Alptal with other sites with differing soil conditions. Nevertheless, for Switzerland, the
Alptal soil conditions are representative for forests growing on hydromorphic soils with Flysch or
Bündner schist as bedrock, which amount to approximately 10 % of the total forested area of
Switzerland.
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Growing-degree days for foliar expansion to start

Growing-degree days for foliar expansion to end
Growing-degree days for wood growth to start
Growing-degree days for wood growth to end
Max relative growth rate of canopy
maximum N resorbed (retranslocated) from foliage
max. relative increase in green foliar N under increased
N avail.
Minimum ratio of wood production to foliar prod.
Proportion of VascN that will be counted in wood
adjustment to LAI for light extinction in clumped
canopies

GDDFolStart

GDDFolEnd
GDDWoodStart
GDDWoodEnd
FolRelGrowMax
FolNRetrans

WLPctN
Decomposition related
parameters:

RLPctN

RpctTEX

Acid soluble fraction, fine root litter

RpctACS

In fine roots, N concentration as permanent N that will
reside in tissue
In wood, N concentration as permanent N that will
reside in tissue

Total extractives fraction, fine root litter

Acid insoluble fraction, fine root litter

RpctACI

LAIadj
Foliar litter
FLPctN
Fine root litter

N concentration in foliar litter

Optimum daily temperature for photosynthesis
Daily Amax as fraction of instantaneous
Foliar retention time
Specific leaf weight at top of canopy
Change in specific leaf weight with canopy depth

PsnTOpt
AmaxFrac
FolReten
SLWMax
SLWdel

FolNConRange
MinWoodFolRatio
VascNWprop,

Minimum daily temperature for photosynthesis

PsnTMin
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A) PARAMETERS

g N / g OM mass

g N / g OM mass

100*(g / g OM
mass)
100*(g / g OM
mass)
100*(g / g OM
mass)

g N / g OM mass

g N / g OM mass
unitless ratio

decimal fraction

°C d
°C d
°C d

°C d

C
decimal fraction
yr
g/ m2
g/ m2/g

C

Units

0.0016

0.001

22

30.7

47.3

0.0055

1.5

0.7
0.85
0.5

1600
900
1600
0.3
0.48

900

24
0.8
2.25
200
0

4

Harvard
Forest
Pine 1

0.00065

0.0001

46.5

29

24.5

0.01

1.11

0.1
0.75
0.2

1400
300
1400
0.5
0.123

570

18
0.58
6
440
0.21

0

Alptal 2

Schleppi et al. 1999a,b

Schleppi et al. 1999a
Schleppi et al. 1999b
Schleppi et al. 1999a, b
Hallenbacher PhD thesis
2002
Hallenbacher PhD thesis
2002
Schleppi unpublished data
Schleppi unpublished data

R. Häsler (WSL, pers.
comm.)
R. Häsler (WSL, pers.
comm.)
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Appendix : Changes made to the TRACE default parameter set for the initialization year 1900 separated into parameters and initialization data
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MNitLeach
Soil parameters
ORootFrac
SoilMoistFact
GRespFrac,
Biomass
FolMassMin
WoodCJan
PlantC
RootC
FolMass(1)
FolMass(2)
RootMass
WoodMass
Site parameters:
Lat
Lon
Elev

Bioturb
Klct
OGNitFrac
MGNitFrac
LSOMdec,
AETavg,
NImmobA,
NImmobB,
LSOMprop
BaseGrossNmin
Water Balance Variables:
WHC
PrecIntFrac
Leaching
ACIleach
ACSleach
TEXleach

WoodLitCLoss
WoodMRespB
Kho

cm
decimal fraction

decimal fraction

decimal fraction

Soil water holding capacity
Proportion of precip intercepted by canopy

fraction of ACI mass loss that is leached
fraction of ACS mass loss that is leached
fraction of TEX mass loss that is leached
Fraction of available NO3 in mineral soil that leaches
from solum

fraction of fine roots in O horizon
soil moisture factor
carbon cost of synthesis

Latitude in degrees
Longitude in degrees
Elevation in m

Initial minimum foliar mass
Wood C storage
plant internal C storage pool for photosynthate
pool that is used for root production
Initial minimum foliar mass
Initial maximum foliar mass
initial fine root mass

decimal fraction

g C / m2
g C / m2
g OM / m2
g OM / m2
g OM / m2
g OM / m2

g OM / m2

month-1

month-1

ratio of C loss to C transfer
controls maintenance respiration of living wood
Decay rate of humus
Fraction of humus (Oa) mass bioturbated into mineral
soil each month
humification of ACI and ACS in litter
O horizon gross nitrification fraction
M horizon gross nitrification fraction
ratio of decay rate of SOM to Humus
used in calculation of humus decay rate
parameters for the relationship between soil %N and reimmobilization
proportion of mineral SOM that is light-fraction

42.5
72.2
350

460
150
800
100
208
52
200
5000

0.48
-1
0.25

0.05

0.2
0.37
0.05

12
0.2

0.017
0.6
0.2
0.3
1.8
535
151
-35
0.39
28

0
0.078
0.0008

47.05
8.72
1185

300
250
4000
800
210
1090
300
12000

0.75
0
0.28

0.3

0.31
0.56
0.077

4
0.125

0.001
0.01
0.13
0.0012
0.9
500
160
-24
0.9
23

0.25
0.07
0.00042

Schleppi et al.1999b

Hagedorn et al. 2001

Schleppi unpuplished data
Schleppi unpuplished data
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2

1

for TRACE 4.5.0 Currie parameter set last modified 4.08.06
Alptal TRACE 4.5.0 Krause parameter set last modified 11.01.11

TEX
TEXN(1)

ACS
ACSN(1)

ACI
ACIN(1)

HOM
HON(1)
SOM
SON(1)

OFWDN(1)

OFWD

BLN(1)

BL

SWD
ONH4(1)
ONO3(1)
MNH4(1)
MNO3(1)
260
2.45
100
0.42
500
16
14231
370
335
4.5
409
4.7
427
3.8

g N / m2
g OM mass / m2
g N / m2
g OM mass / m2
g N / m2
g OM mass / m2
g N / m2
g OM mass / m2
g N / m2
g OM mass / m2
g N / m2
g OM mass / m2
g N / m2

13
12
10
0.4
0.02
0.5
0.02

Harvard
Forest
Pine 1

g OM mass / m2

g OM mass / m2

cm
cm

SnowPack
Water

Average water equivalent stored in snowpack on Jan 1
Average water equivalent stored in soil column on Jan 1
Initial mass of standing dead wood (snags)
Pool size: inorganic available N in O horizon
Pool size: inorganic available N in O horizon
Pool size: inorganic available N in M horizon
Pool size: inorganic available N in M horizon
Mass of nonhumified, nonwoody litter buried in mineral
soil
N pool size in nonhumified, nonwoody litter buried in
mineral soil
Pool size (mass) of fine woody debris < 10 cm diameter
in O horizon
N pool size in fine woody debris < 10 cm diameter in O
horizon
Standing pool size (mass) of humified material in O
horizon
N pool size in humified material in O horizon
Standing pool size (mass) of mineral soil organic matter
N pool size in mineral soil organic matter
Standing pool size (mass) of acid insolubles in Litter +
Oe layer
N pool size within acid insolubles in Litter + Oe layer
Standing pool size (mass) of acid solubles in Litter + Oe
layer
N pool size within acid solubles in Litter + Oe layer
Standing pool size (mass) of total extractives in Litter +
Oe layer
N pool size within total extractives in Litter + Oe layer

Units

B) INITIALISATION DATA

1345
35

1288
34

1055
28

3200
80
13200
380

2

1500

2.9

240

1000
0.05
0.001
0.1
0.001

4.3
4

Alptal 2

Schleppi et al. 2004

Schleppi et al. 2004
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