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Abstract
Peatland ecosystems play an important role in the global carbon (C) cycle as they store
significant amounts of soil organic C (SOC). It is well known that many peatlands have
become anthropogenic hotspots for greenhouse gas emissions (e.g. carbon dioxide (CO2))
when they are drained for peat extraction, forestry, and agriculture. In contrast, it is yet not
fully understood how the C cycling in peatlands is affected by increasing N deposition
from atmosphere. Especially in Central Europe, numerous moorlands are located in
regions with intensive agricultural land management and are thus subjected to high
atmospheric N depositions. As these ecosystems are particularly sensitive to increased N
supply, it is crucial to investigate biosphere-atmosphere interactions of peatlands subjected
to elevated N supply. Hence, the present doctoral thesis aims at quantifying atmospheric N
depositions and potential effects on the net ecosystem CO2 exchange of an ombrotrophic
peat bog in Northwestern Germany. The region is characterised by intensive agricultural
land use with a high density of livestock breeding and application of fertiliser on arable
land. Up to now, atmospheric N depositions to the investigated region were roughly
estimated using model calculations which resulted in airborne N input of about
36 kg N ha-1 yr-1. In order to more precisely determine N depositions from atmosphere, a
combined approach of two independent methods (Kananaskis Atmospheric Pollutant
Sampler [KAPS denuder filter samplers], Integrated Total Nitrogen Input technique
[ITNI]) was used.
Dry deposition rates of various reactive N species were calculated from day and nighttime concentrations measured using KAPS denuder filter samplers over two consecutive
years. Dry atmospheric N depositions were similar during both experimental years resulting
in 10.9 ± 1.0 and 10.5 ± 1.0 kg N ha-1 yr-1, respectively. More than 80 % of dry deposited N
was attributed to ammonia (NH3). While day and night-time concentrations and day and
night-time depositions did not significantly differ, a strong seasonality in NH3
concentrations and input with peaks in spring and autumn could be observed. Total
atmospheric N depositions including bulk N deposition for dry and wet sedimenting
particles resulted in about 25 kg N ha-1 yr-1 during both experimental years.
Annual atmospheric N deposition during two experimental years was additionally
quantified using a 15N dilution technique called ITNI. This biomonitoring approach was
carried out to investigate grass species and grass growth effects on airborne N uptake. For
this purpose, two different grass species were chosen as monitor plants: the high N
demanding crop grass Lolium multiflorum and the grass sedge adapted to nutrient-limited
conditions Eriophorum vaginatum. Low, medium and high levels of N fertiliser were added in
order to stimulate plant growth. This approach further allows allocation of atmospheric N
after its uptake by the soil-plant system in aboveground biomass, roots, and soil. Biomass
production of Lolium multiflorum was positively correlated to atmospheric N uptake, no such
dependence could be observed when using Eriophorum vaginatum. However, both species
revealed a positive relationship between atmospheric N input and total N content of
biomass. Partitioning of N differed between both species such that most of the deposited
N was found in Eriophorum vaginatum roots, while the highest share of airborne N
deposition to Lolium multiflorum was allocated in aboveground biomass. Dependent on the
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used monitor plant and produced biomass, annual atmospheric N depositions ranged from
24 to 55 kg N ha-1 yr-1. Extrapolation of data from growing season to a whole year and
from pot to field scale was found to be subjected to considerable methodological
uncertainties such as over- or underestimation of airborne N input dependent on e.g. the
comparability between used monitor plant and native vegetation.
The eddy-covariance technique was used in order to determine net ecosystem CO2
exchange and annual CO2 balances over three years. The investigated peatland was a net
CO2 source during the entire experimental period ranging from 35.1 ± 8.1 to
78.1 ± 7.8 g C m-2 yr-1. Pronounced seasonalities were found for gross primary productivity
(GPP), ecosystem respiration (Reco), and net ecosystem CO2 exchange (NEE). Reco was
primarily driven by night-time air and soil temperatures; no significant relationship to water
levels could be observed. The integration of KAPS denuder filter samplers and eddycovariance measurements revealed no apparent short-term effects of peak atmospheric N
depositions on net ecosystem CO2 exchange.
The two independent methods used for the determination of atmospheric N
deposition corresponded well and resulted in similar annual airborne N input. Overall
higher N depositions were found when using the ITNI approach. It can be assumed that
the intensive agricultural land use in the surroundings leads to increased airborne N input
into the investigated study site, which exceeds the ecosystem-specific critical load at least
about fivefold. As a consequence, shifts in plant species compositions and an invasion by
more nitrophilous species (i.e. Molinia caerulea, Betula pubescens) can be already observed at the
study site. This gives rise to the assumption that a further alteration of the species
composition and the local hydrological regime can be expected when atmospheric N
depositions remain at such a high level. The fact that the investigated peatland acted as a
net CO2 source during all observation years indicates that long-term effects of atmospheric
N depositions overlay short-term pulses and that altered species compositions and soil
microbial communities rather than seasonal peaks in N availability affect the C balance of
the investigate peatland site.
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Zusammenfassung
Moorökosysteme spielen eine wichtige Rolle im globalen Kohlenstoff (C)-Kreislauf
aufgrund ihres wesentlichen Beitrags an der Speicherung von organischem C in Böden. Es
ist allgemein bekannt, dass die Entwässerung von Mooren im Zuge des Torfabbaus sowie
der forstwirtschaftlichen und landwirtschaftlichen Nutzung der Flächen zu anthropogenen
hotspots für Treibhausgasemissionen (bspw. Kohlenstoffdioxid (CO2)) führt. Im Gegensatz
dazu ist der Einfluss erhöhter Stickstoff (N)-Einträge aus der Atmosphäre auf den CKreislauf in Mooren noch nicht vollständig geklärt. Insbesondere die Moore in
Zentraleuropa liegen zumeist in intensiv genutzten landwirtschaftlichen Regionen und sind
damit einhergehenden hohen atmosphärischen N-Depositionen ausgesetzt. Da sie zu den
empfindlichsten Ökosystemen gegenüber erhöhter N-Verfügbarkeit gehören, ist es von
maßgeblicher Bedeutung, Biosphäre-Atmosphäre-Interaktionen in Mooren mit hohen NBelastungen zu untersuchen. Das Ziel der vorliegenden Dissertation war es daher,
luftgetragene N-Depositionen sowie deren Effekte auf den Netto-Ökosystem-Austausch
von CO2 in einem ombrotrophen Hochmoor in Nordwest-Deutschland zu quantifizieren.
Die Region ist durch eine intensive landwirtschaftliche Nutzung mit einer hohen Dichte an
Massentierhaltungsanlagen
sowie
großflächiger Düngung
von
Ackerflächen
gekennzeichnet. Über die atmosphärischen N-Depositionen lagen jedoch bisher nur grobe
Schätzungen auf Basis von Modellrechnungen vor, denen zufolge die luftgetragenen NEinträge rund 36 kg N ha-1 a-1 betragen. Im Rahmen dieser Arbeit wurden zwei
voneinander unabhängige Methoden (Kananaskis Atmospheric Pollutant Sampler [KAPSDenuder-Filter-Sammler], Integrated Total Nitrogen Input Methode [ITNI]) genutzt, um
genauere Angaben über die N-Deposition aus der Atmosphäre zu erhalten.
Tages- und Nachtkonzentrationen verschiedener reaktiver N-Verbindungen wurden
über einen Zeitraum von zwei Jahren mittels KAPS-Denuder-Filter-Sammlern bestimmt,
auf deren Basis trockene Depositionsraten berechnet wurden. Die für beide Messjahre
erfasste trockene atmosphärische N-Deposition war mit 10.9 ± 1.0 beziehungsweise
10.5 ± 1.0 kg N ha-1 a-1 im Wesentlichen vergleichbar. Dabei machte Ammoniak (NH3)
mehr als 80 % des trocken deponierten N aus. Während sich Tages- und
Nachtkonzentrationen sowie Tages- und Nachtdepositionen nicht signifikant voneinander
unterschieden, wurden prägnante saisonale Schwankungen in NH3-Konzentrationen und
Depositionen mit Maxima in Frühling und Herbst beobachtet. Der Gesamt-N-Eintrag
inklusive sedimentierender nasser und trockener Partikel betrug in beiden Messjahren
ca. 25 kg N ha-1 a-1.
Der jährliche atmosphärische N-Eintrag wurde zusätzlich mit einer 15NVerdünnungsmethode, dem ITNI-Verfahren, erfasst. Unter Anwendung dieses
Biomonitoransatzes wurden sowohl arten- als auch wachstumsinduzierte Effekte auf die
N-Aufnahme aus der Atmosphäre untersucht. Zu diesem Zweck wurden zwei
verschiedene Grasarten als Monitorpflanzen ausgewählt: Zum einen das Futtergras Lolium
multiflorum, das einem hohen N-Bedarf unterliegt, zum anderen Eriophorum vaginatum, eine
an nährstoffarme Standorte angepasste Grasart. Mittels niedriger, mittlerer und hoher NDüngung wurde das Wachstum der Monitorpflanzen stimuliert. Dieser Ansatz ermöglichte
zusätzlich die Bestimmung der N-Allokation in den verschiedenen Kompartimenten des
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Boden-Pflanze-Systems: oberirdische Biomasse, Wurzeln und Substrat. Die
Biomasseproduktion von Lolium multiflorum korrelierte positiv mit der aufgenommen
Menge an atmosphärischem N; kein derartiger Zusammenhang konnte für Eriophorum
vaginatum festgestellt werden. Eine positive Abhängigkeit zwischen dem eingetragenen N
und dem N-Gehalt der Biomasse konnte hingegen für beide untersuchten Grasarten
beobachtet werden. Der Anteil des aufgenommenen N in den jeweiligen Kompartimenten
des Biomonitors variierte zwischen den verwendeten Gräsern: während der Großteil des
deponierten N in der Wurzelmasse von Eriophorum vaginatum lokalisiert wurde, konnte der
größte Anteil am insgesamt eingetragenen N in der oberirdischen Biomasse von Lolium
multiflorum ermittelt werden. In Abhängigkeit des verwendeten Grases und der produzierten
Biomasse, variierte die Gesamt-N-Deposition zwischen 24 und 55 kg N ha-1 a-1. Die
Hochrechnung der Ergebnisse der Vegetationsperiode auf ein Jahr und von Gefäß- auf
Feldskala unterlag erheblichen methodischen Unsicherheiten, wie Über- und
Unterschätzung der atmosphärischen N-Deposition, die auf die Vergleichbarkeit zwischen
Monitorpflanze und standortspezifischer Vegetation zurückzuführen sind.
Die Bestimmung des Netto-Ökosystem-Austausches von CO2 und der jährlichen C
Bilanz in drei aufeinander folgenden Jahren erfolgte mit Hilfe der Eddy-KovarianzMethode. Die Untersuchungen ergaben, dass das Moor in allen drei Jahren eine NettoQuelle für CO2 von 35.1 ± 8.1 bis 78.1 ± 7.8 g C m-2 a-1 war. Primärproduktion (GPP),
Ökosystemrespiration (Reco) und Netto-Ökosystem-Austausch (NEE) unterlagen
ausgeprägten saisonalen Schwankungen. Reco stand in einem starken Zusammenhang mit
nächtlichen Luft- und Bodentemperaturen, eine Abhängigkeit vom Wasserstand konnte
hingegen nicht beobachtet werden. Die Verbindung von KAPS-Denuder-Filter-Sammlern
und Eddy-Kovarianz-Messungen zeigte keine offensichtlichen kurzfristigen Effekte der
saisonal bedingten maximalen atmosphärischen N-Einträge auf den Netto-ÖkosystemAustausch.
Die zur Bestimmung der atmosphärischen N-Deposition eingesetzten, unabhängigen
Methoden stimmten weitgehend überein und resultierten in vergleichbaren jährlichen NEinträgen. Insgesamt höhere N-Belastungen wurden mit Hilfe von ITNI-Experimenten
ermittelt. Basierend auf den Ergebnissen ist davon auszugehen, dass die intensive
landwirtschaftliche Nutzung auf den umliegenden Flächen sowie die hohe Dichte der
Massentierhaltungsanlagen zu einem erhöhten atmosphärischen N-Eintrag in das
Untersuchungsgebiet führt, die in einer mindestens fünffachen Überschreitung der
ökosystemspezifischen kritischen Belastungsgrenze resultiert. Folglich ist eine Veränderung
in der Artenzusammensetzung mit einer vermehrten Ansiedlung von stickstoffliebenden
Arten (d.h. Molinia caerulea, Betula pubescens) am Standort bereits erkennbar. Die vorliegenden
Ergebnisse geben Anlass zur Annahme, dass bei einer auch zukünftig konstant hohen NBelastung eine fortschreitende Änderung in der Artenzusammensetzung und eine damit
einhergehende Veränderung im Wasserhaushalt zu erwarten sind. Die Tatsache, dass das
Hochmoor im gesamten Untersuchungszeitraum als Netto-CO2-Quelle fungierte, deutet
darauf hin, dass langfristige Effekte des atmosphärischen N-Eintrags kurzfristige Einflüsse
überlagern und dass die veränderte Artenzusammensetzung sowie geänderte
bodenmikrobiologische Eigenschaften die C-Bilanz des Moores stärker beeinflusst, als
saisonal erhöhte N-Verfügbarkeiten.

Chapter 1

Introduction
1.1 The terrestrial nitrogen cascade
Nitrogen (N) is the most abundant element in the Earth’s atmosphere and the global N
cycle plays a central role in the biogeochemistry of the Earth. N is the key element for the
production of proteins and fibers, and it is indispensable for all life forms. However, most
of atmospheric N is diatomic nitrogen (N2) which is mostly unreactive at standard
temperature and pressure due to the strong covalent triple bond between its N atoms and
is thus unavailable to most organisms. As a consequence, the conversion from non-reactive
N2 to reactive nitrogen (Nr) is essential. Nr represents all biologically and radiatively active
as well as photochemically reactive N compounds in atmosphere and biosphere: inorganic
oxidised nitric oxide (NO), nitrogen dioxide (NO2), nitrous acid (HNO2), nitric acid
(HNO3), nitrate (NO3-), inorganic reduced ammonium (NH4+), ammonia (NH3), and
organic N (e.g. amines) [Galloway et al., 2003, Galloway et al., 2004, Erisman et al., 2011,
and references therein].
Nr is naturally converted from N2 by biological N2 fixation (BNF). Microorganisms
that are able to produce biologically active N compounds (e.g. NH3, amines, and amino
acids) include prokaryotes (bacteria, archaea, blue-green algae; also called diazotrophs).
Symbiotic bacteria (e.g. Rhizobium) have developed metabolic relationships with roots of
leguminous crop plants (e.g. clover, lucerne). To minor extent, natural N2 conversion to Nr
additionally occurs through lighting strikes [Sutton et al., 2011, Galloway et al., 2003]. Nr
created from N2 fixing soil bacteria is converted to NH4+, a process called ammonification
[Dancer et al., 1973]. Under aerobic conditions, nitrifying bacteria (e.g. Nitrosomonas and
Nitrobacter) oxidise NH4+ to NO3- – a process called nitrification [Sharma & Ahlert, 1977].
During denitrification under anaerobic conditions, NO3- is reduced to gaseous N species
(mainly N2) by denitrifiers (e.g. proteobacteria) [Delwiche & Bryan, 1976]. As they are the
most important N compounds for higher vegetation, both soil NH4+ and NO3- are taken
up by plants and are assimilated in roots, shoots, and leaves [Schulze et al., 2005]. N is
returned back to the atmosphere in form of emissions of N2 and gaseous intermediates
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(N2O and NO) from both nitrification and denitrification. Decomposition of organic plant
matter by soil fungi and bacteria returns N back to soil. As a consequence, Nr is emitted
from soils to atmosphere, deposited to land and oceans, reemitted and redeposited,
creating a cycle which was about balanced during absence of human activities [Galloway et
al., 1995].

Figure 1.1-1 Simple scheme of the N cascade, highlighting anthropogenic Nr sources. Blue arrows
indicate intentional Nr transfer; yellow, green and orange arrows represent unintentional flows.
Estimates of anthropogenic Nr creation for the world (black numbers in Tg yr-1, year 2005) are
compared to estimates for Europe (EU-27) (blue numbers in Tg yr-1, year 2000). Blue boxes
indicate environmental threats. Main Nr pollutants are given in orange boxes [Sutton et al., 2011].

With growing population, naturally created Nr was not sufficient to cover increasing N
demands for food production. The development of the Haber-Bosch process in 1913
enabled industrial production of NH3 from N2 and H2 [Haber, 1920] and Nr availability
considerably increased with new technologies. Already by 1930, the shortage of Nr and
related problems for food production in Europe had been overcome [Sutton et al., 2011].
In 2010, N fixation through the Haber-Bosch process was about 120 Tg N yr-1 and was
thus almost twice the natural terrestrial Nr creation (63 Tg N yr-1) [Fowler et al., 2013].
Furthermore, farmers increasingly cultivate legumes (e.g. clover, lucerne), thereby
increasing N input to arable land by BNF. Increasing industrial activities additionally create
Nr (NO+NO2; collectively NOx) by high-temperature combustion processes. Predictions
for 2050 result in almost double total human induced Nr creation compared to early
1990ies. According to Galloway et al. [2004], about four times more Nr originates from
agriculture and food production than from energy production, demonstrating the central
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role of agriculture (namely fertiliser application and BNF by crops) in the global N cascade
(Figure 1.1-1).
Anthropogenic activities resulted in a substantial amount of additional Nr in the N
cycle, affecting the equilibrium between reservoirs and leading to N accumulation in
atmosphere, soils, groundwater, vegetation, and oceans [Ayres et al., 1994, Galloway et al.,
1995]. Surplus N from agricultural land use results in increased NH3 emissions to the
atmosphere and NH4+ and NO3- leaching to groundwater, streams, and oceans. The
agricultural sector contributes most to NH3 emissions which are in the same order of
magnitude as NOx release from industry or even exceed NOx emissions (e.g. in Germany,
France, and Switzerland) [Flechard et al., 2013, EDGAR, 2010]. Especially in rural regions,
NHx (NH3 and NH4+) dominate N emissions and depositions, and NH3 was found to be
one of the main trigger of the N cascade [Galloway et al., 2003].

1.2 Ammonia
NH3 is an important atmospheric component as it is the most abundant base in the
atmosphere and substantially contributes to acidity of e.g. aerosols and precipitation
[Behera & Sharma, 2012]. It is highly soluble in water and quickly dissolves to its ionic form
NH4+. The gas (NH3) to particle (NH4+) conversion rate predominantly controls their
spatial distribution. While about 20 to 40 % of NH3 is being deposited dry close to its
sources resulting in a short lifetime of up to a few hours, aerosol NH4+ has a lifetime of up
to 15 days and may thus be transported over longer distances and wet deposited downwind
from its origin [Sutton et al., 2011, Asman et al., 1998, Behera et al., 2013].
Reactions of NH3 with other atmospheric compounds usually depend on their molar
ratios, vapour pressures, and atmospheric conditions (e.g. relative humidity, air
temperature). NH3 reacts with sulphuric acid (H2SO4) and forms either ammonium
sulphate ((NH4)2SO4), ammonium bisulphate (NH4HSO4), or letovicite ((NH4)3H(SO4)2)
[Finlayson-Pitts & Pitts, 2000]. NH3 is converted to ammonium nitrate (NH4NO3) and
ammonium chloride (NH4Cl) when reacting with nitric acid (HNO3) and hydrogen chloride
(HCl), respectively. In general, NH3 preferably reacts with H2SO4 and only at higher
relative humidity and lower atmospheric temperature reactions between NH3 and HNO3
and HCl are favoured. Most of these reactions are reversible and solids dissociate to
gaseous forms (e.g. NH3, SO2) [Seinfeld & Pandis, 2006, Asman et al., 1998].
NH3 is currently believed to account for about 50 % of all global anthropogenic and
natural Nr (NHx and NOx) sources and annual emissions almost doubled between 1970
(27,000 Gg NH3-N) and 2005 (48,400 Gg NH3-N) [Behera et al., 2013, Flechard et al., 2013,
EDGAR, 2010]. More than 80 % of NH3 originates from agricultural practices including
production and application of (mineral-) fertiliser (NH3 outgassing) and livestock farming
(vaporisation from decomposed urea and uric acid), followed by biomass burning (11 %),
and the industrial sector (8 %). Natural NH3 sources are microbial decomposition of e.g.
organic matter and NO3 in soils [Behera et al., 2013].
When gaseous NH3 reaches the surfaces, it is absorbed into the vegetation and the soil
or is converted to NH4+ if water is present. Soil NH4+ is either taken up by plant roots or
converted to NO3- by nitrifying bacteria. Additionally, NH4+ dissociates back to NH3
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leading to decreasing soil pH values. As a consequence, surplus N can be stored in soils
and plants, emitted to the atmosphere by denitrification and nitrification, or leached to
groundwater and streams, contributing to eutrophication and acidification of ecosystems
[Guderian, 2001]. Especially nutrient-limited ecosystems such as peatlands have shown to
be particularly sensitive to increasing atmospheric N loads and shifts in plant species
compositions with a reduction in biodiversity could be observed [Bobbink et al., 2010].

1.3 Peatland ecosystems
Peatlands are characterised by sedentarily accumulated highly organic soil (>30 % organic
matter) formed from partly or completely decomposed organic plant residues under
anaerobic conditions [Montanarella et al., 2006, Succow & Joosten, 2001]. They can be
found at all latitudes from the Arctic to the tropics, covering about 4 million km2 (3 %) of
the global terrestrial area [Frolking et al., 2011, Gorham, 1991]. The majority of peatlands
(80 %) is located in the cool-temperate zone in the Northern Hemisphere (mainly Russia,
USA, and Canada), the remaining peatlands can be found in tropical and subtropical
regions (e.g. Southeast Asia). Despite their low contribution to global land areas, they store
about 30 % of global soil organic C (SOC) [e.g. Frolking et al., 2011, Gorham, 1991].
However, with changing climate, e.g. increasing temperatures, the potential for C losses
from peatlands substantially increases due to enhanced decomposition rates and CO2
release, their role as a net C sink is in danger and they even may turn to a source [e.g.
Frolking et al., 2011, Davidson & Janssens, 2006, Goulden et al., 1998].
Peatlands are usually referred to as minerotrophic (fens) and ombrotrophic (bogs).
While fens receive nutrients from both precipitation and groundwater, bogs are exclusively
fed by precipitation, depend on atmospheric N inputs, and have thus typically lower
nutrient levels and pH compared to fens [Succow & Joosten, 2001]. As a consequence,
ombrotrophic bogs, also called raised bogs as they are dome-shaped, belong to the most
sensitive ecosystems to increased atmospheric N input and critical N loads have been
estimated to range from 5 to 10 kg N ha-1 yr-1 [Bobbink et al., 2010, Bobbink & Roelofs,
1995, Succow & Joosten, 2001, Tomassen et al., 2003].
In Germany, peatlands account for about 1.7 million ha (5 %) of the total surface area,
of which 95 % are drained, peat excavated, forested, and/or agriculturally used. The
majority of these peat areas can be found in the Alpine Foothills, and the Northeast and
Northwest of Germany [UBA, 2012, Richter, 1998].
Especially in Northwestern Germany, peatlands are located in proximity to intensive
agricultural management practices such as livestock breeding and fertiliser application. This
land use most likely leads to increased atmospheric N depositions to the ombrotrophic
peat bogs of the German-Dutch border area which are expected to be highly vulnerable to
changes in airborne N input.
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1.3.1 Nitrogen impacts on peat bog biodiversity and
carbon balances
With increasing anthropogenic Nr creation and subsequent increasing atmospheric N
depositions, peat bogs receive increased amounts of N most likely threatening the
functioning and biodiversity of these pristine ecosystems. Native vegetation of bogs in
Western Europe and high latitudes mainly comprises bog mosses (Sphagnum species),
sedges (Carex, Eriophorum species), and bog heather (Erica, Calluna, and Andromeda) which
are adapted to nutrient-limited conditions [Bobbink et al., 2010, Succow & Joosten, 2001].
The exceedance of critical loads was found to affect Sphagnum moss growth, moss
composition, and to lead to a competition between Sphagnum and vascular plants in bog
ecosystems [e.g. Bobbink et al., 2010]. Various experimental studies across European peat
bogs showed a replacement of native vegetation with more nitrophilous species at high
atmospheric N deposition rates [Steubing & Buchwald, 1989, Heil & Diemont, 1983,
Verhoeven et al., 2011, Tomassen et al., 2003, Tomassen et al., 2004, Bobbink et al., 2010,
Greven, 1992, Malmer, 1990]. Bobbink et al. [2010] reported increasing N availability for
vascular plants followed by an invasion by more nitrophilous species as Sphagnum becomes
N saturated. Stimulation of growth of Molinia caerulea and Betula pubescens was observed at an
ombrotrophic bog in the Netherlands [Tomassen et al., 2003], and Steubing and Buchwald
[1989] and Heil and Diemont [1983] described a transition from heathlands to grasslands in
Northern Germany and The Netherlands.
High atmospheric N depositions have been found to substantially affect the C balance
of bog ecosystems. Both acceleration of microbial activities and thus increasing
decomposition of organic matter [e.g. Bragazza et al., 2012, Bragazza et al., 2006, Lund et al.,
2009] and stimulation of biomass production [e.g. Lund et al., 2009, Bobbink et al., 2010] in
response to enhanced airborne N input were observed. Alterations in plant growth may
affect the C balance in peat bogs in opposing ways: While increasing biomass production
may lead to increasing photosynthesis rates and thus higher C assimilation [e.g. Lund et al.,
2010], increasing decomposability of vascular plant litter was observed to enhance
microbial respiration rates [e.g. Bragazza et al., 2006]. As biomass production in peat bogs
subjected to high N deposition is phosphorous (P) rather than N limited [e.g. Lund et al.,
2009, Aerts et al., 1992, Tomassen et al., 2004], it can be assumed that increasing airborne N
input most likely results in enhanced respiration of carbon dioxide (CO2) due to accelerated
microbial activities and high decomposabilities of vascular plant litter. However, the effects
of increasing N loads on C accumulation and potential alterations of peatland functioning
as net C sinks are still highly debated and remain unclear [e.g. Bragazza et al., 2006, Larmola
et al., 2013, Malmer & Wallén, 2004].
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1.3.2 The Bourtanger Moor in
Northwestern Germany – The study site
The 'Bourtanger Moor' is located in Northwestern Germany and the Northeastern
Netherlands and used to be the largest continuous peat area in Central Europe. The raised
bog complex (original size about 10,000 km²) was formed between 4,500 BC and
1,700 AD. Since the beginning of its cultivation with extensive drainage and peat
excavation in the 17th century, more than 98 % of it has been dug away and the peatland
has a size of about 200 km² at its present state [Casparie, 1993, Overbeck, 1975].
After World War II, Northwestern Germany was characterised by a structural
backwardness, resettlements of refugees and displaced farmers from German Eastern
territories, and a general insecure food situation. Furthermore, Dutch annexation plans as
well as considerably profitable oil and gas discoveries led to an increased interest of the
German governance on that region. With the adoption of the Emsland Plan in the 1950ies,
an extensive drainage, cultivation, and conversion of peatlands to arable land started. While
at the beginning the majority of excavated peat was used for fuel, its usage nowadays
focuses on horticultural purposes. Of the former bog complex only small areas remain
which are partially protected nature reserves. The region is characterised by extensive
agricultural land use with cultivation of mainly potatoes, wheat, and maize [Overbeck,
1975, Landkreis Emsland, Germany, 2000].
The study site is located in the 'Rühler Moor' which is part of the 'International
Natural Park Bourtanger Moor - Bargerveen', and belongs to the raised bog complex of the
Bourtanger Moor. It has a size of about 700 ha and is characterised by extensive peat
excavation which is – according to latest regimentations – supposed to end between 2015
and 2023 with subsequent rewetting and renaturation (Landkreis Emsland, pers. comm.).
Although a few areas are already considered for rewetting, drainage ditches and water table
lowering can still be found primarily for the purpose of oil and gas drilling.
The experimental site belongs to one of a very few remaining semi-natural areas within
this region and has a size of about 5 ha. After drainage and rewetting, recent vegetation of
the peat in the surroundings comprises mainly bog heather (Erica tetralix), cotton grass
(Eriophorum vaginatum, Eriophorum angustifolium), purple moor-grass (Molinia caerulea), and
coppices with birches and Scots pines (Betula pubescens, Pinus sylvestris). The bog
microtopography is characterised by hummocks and hollows with average hummockhollow reliefs of 30 cm. The maximum depth of accumulated peat is approximately 4 m.
The peat areas – which are heavily degraded due to lowered water tables and peat
excavation – are located amidst a region that is characterised by intensive agricultural land
use and thus burdened by increased N depositions from the atmosphere. Both manuring of
surrounding arable land and high densities of livestock breeding most likely lead to
increased airborne N input to the innately nutrient-limited ecosystems. However, sufficient
water table depths and low atmospheric N loads are of vital importance for the
maintenance and renaturation of peat bog areas.
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1.4 Research objectives and measurement techniques
This thesis aims at improving our knowledge about N loads and possible effects of N-flux
variability on net ecosystem CO2 exchange in ombrotrophic bogs in Northwestern
Germany, a region that is characterised by intensive agricultural land use. The overall
research objectives are:
[1] To estimate atmospheric N deposition to the sensitive ecosystem using two
independent methods and to compare results to other conventional approaches.
[2] To determine airborne input of different Nr species to the experimental site.
[3] To investigate interannual and seasonal variabilities in Nr fluxes and its driving
factors.
[4] To investigate grass species effects on atmospheric N uptake.
[5] To analyse impacts of plant development and plant N status on airborne N
deposition.
[6] To determine the annual net CO2 balance of the peat bog and its underlying
processes respiration and assimilation.
[7] To investigate short-term effects of atmospheric N deposition on net CO2
exchange between biosphere and atmosphere.
In order to evaluate atmospheric N depositions to the study site and potential effects on
net ecosystem CO2 exchange, an experimental setup consisting of micrometeorological and
biomonitoring approaches was installed at the investigated peat bog.

Kananaskis Atmospheric Pollutant Sampler (KAPS denuder filter samplers)
Day and night-time concentration measurements of various gaseous (NH3, HNO3, HNO2)
and particulate (NH4+, NO3-) Nr species were carried out using KAPS denuder filter
samplers [Peake, 1985] (Figure 1.4-1a). Dry deposition rates of N compounds were
calculated based on measured concentrations and micrometeorological parameters (e.g. air
temperate, relative humidity, precipitation) using the PLant-ATmosphere-INteractionmodel [PLATIN, Grünhage & Haenel, 1997] (cf. Section ˈModelling biosphere-atmosphere
nitrogen exchangeˈ). Complemented with bulk N samplers for dry and wet sedimenting
particles, this approach allowed the determination of total atmospheric N deposition to the
study site. In Germany, KAPS systems have been mainly used to determine concentrations
and fluxes in forests or arable land [e.g. Mohr et al., 2005, Dämmgen & Zimmerling, 2002]
and so far no comparable measurements have been conducted in peatland ecosystems. A
detailed description of the principles of KAPS denuder filter systems can be found in
Section 2.2.

Modelling biosphere-atmosphere nitrogen exchange
As atmospheric Nr deposition contributes to eutrophication and acidification of
ecosystems, estimation of Nr fluxes between biosphere and atmosphere is of particular
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interest. However, if only mean atmospheric concentrations are available (e.g. from KAPS
denuder filter system measurements), fluxes need to be determined by model calculations
based on measured or calculated gradients including atmospheric resistances and
micrometeorological parameters.
While models on the regional and national scale usually simplify assumptions and are
based on dry deposition velocities, local scale Soil-Vegetation-Atmosphere-Transfer
(SVAT) models are more complex and include parameterisations of the canopy energy
balance of ecosystems and describe e.g. bulk stomatal and mesophyll resistances of gas
biosphere-atmosphere exchange. A variety of available SVAT models is based on the bigleaf concept which assumes equal properties of the soil-plant system and neglects the
vertical resolution of sources and sinks within the stand [Baldocchi et al., 1987]. Plantatmosphere N exchange is considered as deposition to leaf surfaces and bi-directional NH3
exchange between leaf apoplasts through stomata. These models are referred to as one-layer
models [e.g. Grünhage & Haenel, 1997, Grünhage & Haenel, 2008]. Two-layer models [e.g.
Nemitz et al., 2001] further include N exchange with soil surfaces, and multi-layer models
additionally describe different layers in the plant canopy [e.g. Nemitz et al., 2000].
Particularly multi-layer models have a high degree of complexity as they require
parameterisations of numerous processes, and one-layer models were identified as a suitable
means to calculate N fluxes in non-fertilised ecosystems (e.g. peatlands) where soil N
emissions are of minor importance [Massad et al., 2010].
The one-layer SVAT model PLATIN was used to calculate biosphere-atmosphere
exchange of N at the investigated site based on measured concentrations and
micrometeorological data. Besides turbulent atmospheric and quasi-laminar boundary layer
resistances, the resistance scheme includes parameterisations of bulk stomatal, mesophyll,
and cuticular resistances. In contrast to e.g. HNO3 and HNO2, the vegetation can be both a
sink and source of NH3 dependent on the N status of plants resulting in bi-directional
fluxes. The temperature sensitive canopy compensation point [Farquhar et al., 1980]
controls whether NH3 is emitted or deposited. It is predominantly based on the NH4+ to
proton (H+) concentration ratio (Γ) as well as pH in leaf apoplasts and is rather a modelling
than a measurable entity. Γ usually ranges from 300 (N-limited ecosystems) to
8500 mol mol-1 (eutrophicated ecosystems), however, it is still highly debated in the
scientific community and various approaches determining Γ can be found in literature [e.g.
Massad et al., 2010, and references therein]. Flux calculations using PLATIN have shown to
correspond well with measured fluxes, demonstrating good model performance [Grünhage
& Haenel, 2008, Grünhage & Haenel, 1997]. A detailed description of the
parameterisations used in PLATIN can be found in Section 2.2.

Integrated Total Nitrogen Input (ITNI) –
Stable isotope 15N in biomonitoring approaches
Isotopes are atoms with the same atomic number but different atomic masses due to
different numbers of neutrons. They can be divided into stable and non-stable isotopes, the
latter being subjected to radioactive decay [e.g. Delaeter et al., 1992, Bigeleisen, 1965].
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N has two stable isotopes, 14N and 15N, with natural abundances of 99.634 % and 0.366 %,
respectively. Both have equal chemical characteristics. However, due to their different
masses, the covalent bonds between N atoms are differently formed: The heavy isotope
15
N has stronger atomic bonds than the lighter 14N [Bigeleisen, 1965]. This causes
fractionation processes during chemical (e.g. 15N discrimination during photolysis of N2O)
and biological (e.g. 15N discrimination in N2 fixation) processes [e.g. Delwiche & Steyn,
1970]. Stable N isotopes are thus commonly used in environmental research to determine
e.g. 15N balances, system losses (e.g. denitrification), and process rates (e.g. N2 fixation,
pool dilution) [e.g. Robinson, 2001, Dawson et al., 2002].
The pool dilution technique is a valuable tool to investigate e.g. N mineralisation,
nitrification, N2 fixation, and N uptake by plants. The here presented ITNI method is
based on a 15N biomonitor technique (Figure 1.4-1b) [Mehlert et al., 1995, Russow &
Weigel, 2000]. The monitor plant is supplied with tracer solution enriched in 15N. Airborne
N input into the ITNI system – consisting of 99.634 % of 14N – dilutes the 15N label
according to the atmospheric N deposition rate. It further allows the partitioning of
atmospheric N after its uptake by the biomonitor in above-, belowground biomass,
nutrient solution, and soil. Using different grass species (Eriophorum vaginatum, Lolium
multiflorum) as monitor plants and different levels of added 15N, both species and growth
effects on atmospheric N uptake can be investigated. ITNI has been applied in several field
experiments in Germany and China using various monitor plants [e.g. Tauchnitz et al.,
2010, He et al., 2010b]. A detailed description of the principles and application of the ITNI
approach can be found in Section 3.2.

The eddy-covariance technique
In order to investigate potential feedbacks of N-flux variability on net ecosystem CO2
fluxes, the eddy-covariance technique was used to measure CO2 exchange between
atmosphere and biosphere (Figure 1.4-1c). The eddy-covariance method has proven to be a
robust means to directly measure net ecosystem CO2 fluxes [Aubinet et al., 2000, Baldocchi
et al., 1988]. Up- and downward moving eddies transport CO2 and the respective flux can
be calculated from high frequent measurements as the covariance between gas
concentration and vertical wind velocity:

Fc  ρa  w' c'

(1.1)

where Fc is the net CO2 flux, ρa the air density, w' the vertical wind velocity, and c ' the
measured CO2 concentration. Scores indicate the time averaging interval (30 minutes) and
primes denote variations from the mean. Negative fluxes represent net CO2 uptake by the
ecosystem (gross primary production, GPP), whereas positive fluxes express net CO2
release to the atmosphere (respiration, Reco). The sum of GPP and Reco is defined as net
ecosystem CO2 exchange (NEE).
Although the eddy-covariance method has been applied in various research networks
across various biomes [e.g. FLUXNET; Baldocchi et al., 2001], most of the peatland studies
have focused on high-latitude [e.g. Lund et al., 2010, Turunen et al., 2002] and tropical sites
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[e.g. Melling et al., 2005, Jauhiainen et al., 2004], and only very few CO2 flux measurements
have been carried out in temperate peat bogs [e.g. Koebsch et al., 2013, Lund et al., 2007].

(a)

(b)

(c)

Figure 1.4-1 Experimental setups in the field: KAPS-denuder pair (a), biomonitor with Lolium
multiflorum (ITNI) (b), and eddy-covariance tower (c).

1.5 Thesis outline
This thesis comprises results of two independent methods to determine annual
atmospheric N deposition to a semi-natural ombrotrophic bog in Northwestern Germany.
A further emphasis is placed on the investigation of possible effects of N-flux variability on
net ecosystem CO2 exchange.
Following the introduction in Chapter 1, Chapter 2 focuses on the determination of
atmospheric N deposition using KAPS denuder filter samplers complemented with SVAT
modelling using PLATIN and bulk N sampler measurements. Data were used to analyse
interannual variabilities as well as seasonalities in airborne deposition of various Nr species.
Chapter 3 deals with the quantification of atmospheric N deposition using a 15N pool
dilution technique called Integrated Total Nitrogen Input (ITNI). Atmospheric N in different
compartments of a biomonitor (above-, belowground biomass, soil, and nutrient solution)
was investigated. Additionally, grass species and grass growth effects on airborne N
deposition were determined. Results from ITNI experiments were compared to KAPS
measurements and other conventional approaches such as inferential modelling and
throughfall method for the determination of atmospheric N deposition.
Study site characteristics in terms of its CO2 sink or source strength are provided in
Chapter 4. This section incorporates results from KAPS denuder filter samplers and eddycovariance measurements to investigate potential short-term effects of N-flux variability on
net ecosystem CO2 exchange.
Chapter 5 synthesises and concludes the main results obtained within this thesis and
provides an outlook for potential future research.
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Abstract
Rising levels of atmospheric nitrogen (N) deposition have been found to affect the primary
productivity and species composition of most terrestrial ecosystems. Highly vulnerable
ecosystems such as nutrient-poor bogs are expected to respond to increasing N input rates
with a decrease in plant species diversity. Our study site – a moderately drained raised bog
and one of only very few remaining protected peatland areas in Northwestern Germany –
is surrounded by highly fertilised agricultural land and intensive livestock production. We
quantified the annual deposition of atmospheric N over a period of two years. Dry
deposition rates of different N species and their reactants were calculated from day and
night-time concentrations measured by a KAPS denuder filter system. Dry N deposition
amounted to 10.9 ± 1.0 kg N ha-1 yr-1 (year 1) and 10.5 ± 1.0 kg N ha-1 yr-1 (year 2). More
than 80 % of total deposited N was attributed to ammonia (NH3). A strong seasonality in
NH3 concentrations and depositions could be observed. Day and night-time concentrations
and depositions, however, did not differ significantly. Total N deposition including bulk N
deposition resulted in about 25 kg N ha-1 yr-1. Our results suggest that the intensive
agricultural land management of surrounding areas and strongly emitting animal husbandry
lead to N inputs into the protected peatland area that exceed the ecosystem-specific critical
load up to fivefold. This gives rise to the assumption that a further shift in plant species
composition with a subsequent alteration of the local hydrological regime can be expected.

2.1 Introduction
Atmospheric nitrogen (N) deposition can be a major driver of change in most natural and
semi-natural terrestrial ecosystems and particularly threats species composition, diversity,
and functioning of ecosystems adapted to nutrient-poor conditions. Galloway et al. [2004]
reported an increase in anthropogenic reactive N generation rate by a factor of >10 in
comparison to the late 19th century due to increased agricultural production and energy
consumption. Anthropogenic N deposition mainly originates from ammonia (NH3)
volatilisation caused by agricultural activities and from NOx emissions from combustion
processes [Erisman et al., 2011]. NH3 deposition can have significant effects on the nutrient
imbalance of terrestrial plants and increasing N fertilisation potentially limits plant growth
[e.g. Van der Eerden, 1982]. NH3 accumulation within plant cells may lead to growth
reduction, an increased sensitivity to e.g. frost, and can even cause toxic effects such as
alkali burning of plant tissue and subsequent necrosis [Krupa, 2003, Van der Eerden, 1982].
Furthermore, N saturation of ecosystems results in N dispersion to atmosphere, streams,
and groundwater, and nitrate (NO3) enrichment. Consequently, increasing nitrous oxide
(N2O) emissions from soils may occur due to denitrification and nitrification processes
[Vitousek et al., 1997].
Experiments in various ecosystems demonstrated that both long-term low
(~10 kg ha-1 yr-1) and short-term high (>25 kg ha-1 yr-1) levels of N addition resulted in a
reduction in plant species numbers as well as shifts in plant species composition [Bobbink
et al., 1998, Clark & Tilman, 2008, Mountford et al., 1993]. In nutrient-poor ecosystems like
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peatlands, high levels of N deposition can affect the primary production resulting in shifts
in plant species compositions and decreases in plant diversity [Verhoeven et al., 2011].
Ombrotrophic bogs belong to those ecosystems which are most sensitive to increased
N inputs [e.g. Berendse et al., 2001, Bobbink et al., 2010, Gunnarsson & Rydin, 2000].
Critical N loads have been estimated to range from 5 to 10 kg N ha-1 yr-1 [Bobbink et al.,
2010, Bobbink & Roelofs, 1995, UNECE, 2004]. Tomassen et al. [2003] showed in an
ombrotrophic bog in the Netherlands that the exceedance of this deposition level results in
an invasion by more nitrophilous grasses and trees (e.g. Molinia caerulea, Betula pubescens) and
a decline in the native ecosystem-specific species.
N deposition from the atmosphere into ecosystems takes place by sedimenting and
non-sedimenting particles and gases (see VDI 4320, Part 1). While wet only samplers
exclusively collect wet sedimenting particles (rain, hail, snow, etc.), bulk samplers
additionally assess dry sedimenting particles. Highly frequent fluxes of non-sedimenting
gases and particles can be determined by means of micrometeorological approaches such as
gradient techniques or the newly established TRANC methodology within an eddycovariance setup [Ammann et al., 2012, Brümmer et al., 2013, Marx et al., 2012]. If only
mean atmospheric concentrations over longer periods are available, dry N deposition can
be determined by model calculations based on gradients either measured or calculated by
means of atmospheric resistances and micrometeorological parameters. Standard devices to
determine concentrations of a variety of reactive N compounds include filter packs
(NH4NO3 particles), denuders or other wet-chemical samplers (NH3, HNO2, and HNO3)
and recently developed absorption spectroscopy systems (NH3) [Fowler et al., 2009, Sutton
et al., 2007]. Denuder filter systems have long been used to collect or remove gaseous and
particulate species from an air sample. In 1985, among others, Peake developed a denuder
system primarily for the collection of SO2 and its atmospheric reactants and products
[Peake, 1985]. Known as KAPS denuder filter systems (Kananaskis Atmospheric Pollutant
Sampler), this method has been further developed and modified particularly to determine
concentrations of NH3 and its reaction partners and products in the polluted atmosphere
of Central Europe [Dämmgen, 2007, Zimmerling, 1994]. KAPS systems were also used to
determine atmospheric N fluxes into forest ecosystems. Dämmgen and Zimmerling [2002]
measured fluxes of gases and aerosols above a pine forest in Northeast Germany and
estimated deposition velocities. Mohr et al. [2005] applied KAPS systems to quantify N
inputs into a pine forest in a region with intensive agriculture in Northwest Germany.
We used KAPS systems to determine dry N deposition to a semi-natural raised bog in
Northwest Germany. The bog, which is surrounded by intensive agriculture, is one of the
last protected wetland areas in this region [Mohr et al., 2013]. Thus, we expected local N
depositions with rates that are likely to exceed the ecosystem-specific critical load of about
5 kg N ha-1 yr-1, the regional threshold value established by the German Federal
Environment Agency [Nagel et al., 2004], defined as deposition rate below which no
significant negative effect has been observed. Nagel et al. [2004] followed the UNECE
[2004] guidelines, and the lower value of the global range of 5 to 10 kg N ha-1 yr-1 was
chosen according to precipitation and phosphorous limitation. Due to numerous farms in
the vicinity of the survey area, we assumed that NH3 is the most important contributor to
local N depositions.
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The objectives of this study were (i) to quantify dry N deposition and its controlling factors
at a semi-natural bog ecosystem which is located in a region with intensive livestock
production, (ii) to determine the contribution of different N species to total atmospheric
deposition, and (iii) to identify and compare different sources of uncertainties in the
approaches used.

2.2 Materials and methods
The study at hand was part of the integrated project ERNST [Mohr et al., 2013], whose aim
was the experimental determination and modelling of N loads in bog ecosystems as well as
the derivation of recommendations for reducing N emissions from agricultural practices in
Germany and The Netherlands.

2.2.1 Site description
Measurements were carried out in the ombrotrophic bog 'Bourtanger Moor' located in
Northwest Germany and Northeast Netherlands which was – prior to its cultivation in the
17th century – one of the largest raised bogs in mid Europe [Casparie, 1993]. The
experimental site (52°39'21.25'' N, 7°11'0.17'' E, Figure 2.2-1) is located within a natural
park and has been moderately drained. It is one of a few remaining protected bog areas in
this region. The recent vegetation of the peat in the surroundings comprises mainly bog
heather (Erica tetralix), purple moor-grass (Molinia caerulea), cotton grass (Eriophorum
vaginatum, Eriophorum angustifolium), and coppices with birches and Scots pines (Betula
pubescens, Pinus sylvestris).
As seen from the position of the tower, the study site has a homogeneous fetch of up
to 130 m to the north and east, 150 m to the south and 160 m to the west. In the mean
wind direction (south-southwest) the inner homogenous fetch is about 230 m. Outside this
area, surface characteristics and plant species composition were similar, but included
smaller paths, hedgerows, and lines of trees resulting in an outer fetch of up to 650 m
facing south-southwest. Results of a footprint analysis are given in Section 2.3.1.
The land use in the vicinity is characterised by intensive crop and livestock production.
In total, about 10 million animals, mainly broilers and laying hens are kept on a
30 km x 35 km area around the study site. The arable land is predominantly used for
cultivation of maize, potatoes and grain, and highly fertilised with organic fertilisers.
Grassland is limited to small edges of the moorland.
The altitude of the site is 19 m a.s.l., the annual average air temperature is about
9.5 °C, annual precipitation about 751 mm (1980–2010; German Meteorological Service,
Station Emden, distance to study site ca. 80 km). During the experimental period, annual
average air temperature was 10.5 °C and annual precipitation was 781 mm (own
observations). Mean annual water level was around 0.1 m below surface with considerable
seasonal variation (constantly saturated soil in December and January and 0.4 m below
surface in September). Peat depth is approximately 4 m.
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Figure 2.2-1 Left: Location of the investigated area in Northwestern Germany. Right: Study site
(red dot) and surrounding areas (map taken from Google™ Earth, 2012). Dark brownish areas
around the red dot and at the lower mid end of the picture indicate protected peat areas or areas of
active peat cutting. Bright brownish and green parcels indicate arable land and grasslands.

2.2.2 Determination of dry N deposition
A KAPS [Kananaskis Atmospheric Pollutant Sampler; Peake, 1985, Peake & Legge, 1987]
denuder filter system (Figure 2.2-2) was used to collect gaseous NH3, HNO3, HNO2, and
aerosol NH4 and NO3 for subsequent chemical analysis. The sampler consisted of an air
inlet with cyclone, three glass annular denuders in series and a dual filterpack. All glass
components including precision bore tubes were obtained from Duran Group, Wertheim,
Germany. PTFE-couplings were manufactured by GH-Feinmechanik, Braunschweig,
Germany, according to instructions provided by Peake (pers. comm.).
Ambient air was sucked through a glass intake protecting the cyclone from rain and
wet fog. A PTFE-cyclone was set up downstream to separate large particles (aerodynamic
diameter >2 mm). The interaction of the surface with HNO3 and NH3 was found to be of
minor importance [Zimmerling, 1994]. During our two-year experiments, no smearing
effects within the cyclone could be observed. Two subsequent glass denuders coated with
basic solution (cf. Section 2.2.2.2) absorbed acidic trace gases (HNO2, HNO3, and SO2), a
third denuder coated with acidic solution (cf. Section 2.2.2.2) collected NH3. An outer
tubing (inner diameter 13.0 ± 0.01 mm, length 250 ± 0.50 mm) and an inner tubing (outer
diameter 10.0 ± 0.14 mm, length 242 ± 0.50 mm) were interlocked and fixed with PTFEcouplings. The width of the gap was 1.5 mm.
After separation from reactive gases, fine particles (aerodynamic diameter ≤2 µm)
were collected on a filter pack consisting of a PTFE-filter and a polyamide backup filter
(pore sizes 0.45 µm, diameter 47 mm, Sartorius Stedim Biotech GmbH, Göttingen,
Germany) to deposit aerosol NH4, NO3, and SO4. The polyamide filter was used to collect
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volatile HNO3 and HCl resulting from thermolysis of NH4NO3 and NH4Cl on the PTFEfilter.

Figure 2.2-2 The KAPS system. Left: Construction and coatings. Right: Operating system
(modified after Dämmgen, 2007).

2.2.2.1 Experimental setup
Concentration measurements were carried out with the denuder filter system from 1st of
April 2011 to 31st of March 2013. Apart from an interruption of two weeks in December
2011 due to storm damage, measurements were performed continuously. A total of four
KAPS systems were mounted in pairs at 6.0 m aboveground on separate towers to sample
day and night-time concentrations of the above mentioned species. They were exposed for
six days with exchanges being conducted once a week. Day and night-time differentiation
was done according to sunrise and sunset using time controlled solenoid valves.
Determination of concentrations from April 2011 to end of August 2011 was performed
without a differentiation between day and night-time. In all cases, the mean air flow was
about 4.2 l min-1.

2.2.2.2 Sample preparation, extraction, and chemical
analyses
Denuder tubes were rinsed, flushed, and dried prior to coating. The basic denuders were
coated with solution of 2 g sodium carbonate (Na2CO3), 2 mL glycerol (C3H8O3) and
50 mL H2O filled up to 100 mL with methanol (CH3OH). The acidic coating contained 1 g
citric acid (C6H8O7), 1 mL C3H8O3 and 25 mL H2O filled up to 50 mL with CH3OH.
Denuders were blow-dried with N2 after preparation. Polyamide filters were washed prior
to usage in order to reduce background contamination. According to pre-tests this was
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unnecessary for PTFE-filters. After sampling for one week, denuders were removed from
the sampling tower, sealed, and sent by express to the laboratory of the Thünen Institute of
Climate-Smart Agriculture in Braunschweig, Germany. Samples were extracted
immediately. Both filters and denuder tubes were eluated with 15 mL H2O using an
ultrasonic bath (1 h, 40 °C). Sample extraction, filter prewashing and coating solutions used
bidistilled H2O (conductivity <0.055 µS cm-1). The resulting solutions were analysed by ion
chromatography (NH4+, [882 Compact IC plus, Metrohm AG, Herisau, Switzerland]; NO3-,
NO2-, Cl-, SO42- [761 Compact IC plus, Metrohm AG, Herisau, Switzerland]).

2.2.2.3 Calculation of concentrations
Calculation of gas concentrations was performed as
βgas 

mden  mblank
v

(2.1)

where βgas is the gas concentration [µg m-3], mden the mass collected on the exposed
denuder [mg], mblank the mass collected on the laboratory blank denuder [mg], and v the
air volume sucked through the KAPS [m3] within one week of sampling.
Particle concentrations were determined considering both PTFE- and polyamide
filters:

 NO 
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 mNOPTFE blank  mNOpol  mNO polblank
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(2.3)

where  NO3 is the aerosol NO3 concentration [µg m-3], mNOPTFE the aerosol NO3 mass
3

collected on the PTFE-filter [mg], mNOPTFE blank aerosol NO3 mass collected on the PTFE
3

blank [mg], mNOpol the aerosol NO3 mass collected on the polyamide filter [mg],
3

mNO polblank the aerosol NO3 mass collected on the polyamide blank [mg],  NH the aerosol
4

3

-3

NH4 concentration [µg m ], mNHPTFE the aerosol NH4 mass collected on the PTFE-filter
4

[mg], mNH PTFE blank the aerosol NH4 mass collected on the PTFE blank [mg], mClpol the Cl
4

mass collected on the polyamide filter [mg], and mClpolblank the Cl mass collected on the
polyamide blank [mg]. The quantification of aerosol NH4 concentrations included the sum
of NO3 and Cl equivalents on the polyamide filter resulting from thermolysis of NH4NO3
and NH4Cl on the PTFE-filter.

24

Atmospheric nitrogen deposition to ombrotrophic bogs in Northwestern Germany

The calculation of gas and particle concentrations in ambient air required the conversion of
measured mass concentrations based on the molar masses of the respective species.
Laboratory blank values were determined on a weekly basis.

2.2.2.4 Meteorological parameters
Wind speed and sonic temperature were determined with a sonic anemometer with a
sampling frequency of 10 Hz (R3, Gill Instruments, Lymington, UK). Micrometeorological
parameters were continuously measured in 30 s intervals and were averaged over
30 minutes for flux calculations.
Radiation components were determined using a net radiometer (CNR1, Kipp &
Zonen, Delft, The Netherlands). Air temperature and relative humidity data were obtained
from a humidity and temperature probe (HMP35a, Vaisala, Helsinki, Finland). A barodiver (DI500, Schlumberger, Tucson, USA) was used to measure atmospheric pressure.
Photosynthetically active radiation (PAR) was determined with a PAR Lite sensor (LI-190,
LI-COR Biosciences, Lincoln, USA), and an automatic rain gauge (Thies Clima, Göttingen,
Germany) was used for precipitation measurements. Air and sonic temperature, relative
humidity, wind speed and direction were measured at 6.0 m, precipitation at 1.5 m,
radiation components and PAR at 3.0 m, and air pressure at 2.0 m above ground.
Missing data, e.g. air temperature 12 %, radiation 25 %, were filled with the respective
data from the nearest DWD (German Meteorological Service) weather station (Lingen,
Germany, distance to study site ca. 15 km). We installed our own radiation sensors six
months after the start of the measurement campaign.
To quantify the contributing source area, a footprint estimation was conducted using
the simple parameterisation of Kljun et al. [2004] implemented in the eddy-covariance
software EddyProTM (version 4.1.0; LI-COR Inc.). Using this model, the horizontal
distance from the measurement mast within which 50 % and 90 % of the signal originated
were calculated.

2.2.2.5 Calculation of deposition rates and deposition
velocities
Calculation of deposition rates of N compounds made use of measured concentrations and
micrometeorological data as input data to the PLant-ATmosphere INteraction Model
[PLATIN, Grünhage & Haenel, 1997, Grünhage & Haenel, 2008]. This model is based on
the canopy energy balance and the 'big leaf' approach [Baldocchi et al., 1987] including
three major resistance components: the turbulent atmospheric resistance, the quasi-laminar
layer resistance, and the canopy resistance. The model needs half-hourly data. As day and
night-time concentrations did not deviate from one another, no corrections were made
with respect to diurnal variations, and concentrations were set constant over one week of
measurements, respectively, and were transformed to half-hourly values. According to
Grünhage and Haenel [2008], trace gas fluxes were modelled by the following approach:
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Fc (NH3 )  

Fc (HNO2 )  

ρNH3 ( z ref, NH3 )  ρNH3 (d  z 0c )

(2.4)

Rah (d  z0m , z ref, NH3 )  Rb,NH3
ρHNO2 ( z ref, HNO2 )

Rah (d  z 0m , z ref, HNO2 )  Rb,HNO2  Rc,HNO2

(2.5)

where Fc (NH3 ) is the total vertical atmosphere-canopy NH3-N flux [µg m-2 s-1],
ρNH3 ( z ref, NH3 ) the measured NH3 concentration [µg m-3] at the measurement height,

ρNH3 (d  z0c ) = ρNH3 (d  z0h ) the NH3 concentration [µg m-3] at the sink height (with

roughness length for sensible heat z 0h ), d the displacement height [m], z 0m the roughness
length for momentum [m], Rah (d  z0m , zref, NH ) the turbulent atmospheric resistance
3

[s m ] between the conceptual height of the momentum sink d  z0m  and a reference
-1

height above the canopy z ref, NH , Rb,NH the quasi-laminar layer resistance [s m-1] between
3

3

d  z0m and the conceptual sink height d  z0c = d  z0h , and Rc,HNO 2 the bulk canopy or
surface resistance for HNO2 [s m-1]. The canopy resistance characterises the flux through
the leaf stomata, into or out of the mesophyll tissue, through the cuticle of the leaves, to or
from external plant surfaces, and down to or up from the soil surface. HNO3-N fluxes
were calculated according to equation (2.5).
Since plant-soil systems are assumed to be a perfect sink for HNO2 and HNO3, the
canopy compensation concentration of these gases was set to 0 [Grünhage & Haenel,
2008]. Due to its bi-directional fluxes over vegetated land, the vegetation can be both a sink
and a source for NH3. Taking this into account, equation (2.4) was used to calculate
NH3-N fluxes with a modelled concentration at the sink height ρNH (d  z0c )  (see eq.
3

(2.5)) [Grünhage & Haenel, 2008].
The NH3 concentration at the sink height ρNH (d  z0c )  was calculated as follows:
3

ρNH3 ( z ref, NH3 )
ρNH3 (d  z 0c ) 

Rah (d  z0m , z ref, NH3 )  Rb,NH3

 (1  β * ) 

ρNH3 ,stom
Rc,stom,NH3

1
(1  β )
(1  β )
β



Rah (d  z 0m , z ref, NH3 )  Rb,NH3 Rc,stom,NH3 Rc,ext,NH3 Rsoil,NH3
*

(2.6)

where β * is the weighting factor for the canopy development stage based on nonsenescent leaf area index (LAI), ρNH3 ,stom the NH3 concentration [µg m-3] in the substomatal cavities (see eq. (2.7)), Rc,stom,NH3 the bulk stomatal resistance for NH3 [s m-1], β
the weighting factor for the canopy development stage based on total LAI [cf. Grünhage &
Haenel, 2008], Rc,ext,NH3 the bulk external plant surface resistance for NH3 [s m-1], and
Rsoil,NH3 the soil resistance for NH3 [s m-1].
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The NH3 concentration in the sub-stomatal cavities ρNH3 ,stom is related to the plant N status
and pH in the apoplast by the Henry and dissociation equilibria for NH3 and NH4+
[Flechard & Fowler, 1998a, Sutton et al., 1994], and is calculated by the following approach:
15.43

ρNH3 ,stom  a NH3 

10

4507.08
Ts

Ts

Γ

(2.7)

where aNH 3 is a dimension adaption factor (=1 µg m-3 K), Ts is the surface absolute
temperature of the canopy [K], and Γ is the vegetation type-specific ratio of NH4+ to
protons (H+) in the apoplast [mol mol-1]. Γ is rather a modelling than a measurable entity
and only a few studies determined it experimentally [e.g. Flechard et al., 1999, Nemitz et al.,
2001, Sorteberg & Hov, 1996]. Following default estimates for moorland vegetation, Γ was
set to 300 mol mol-1. We further calculated Γ according to Massad et al. [2010]. Using the
parameterisation for unmanaged ecosystems and an estimated total N input of
24 kg N ha-1 yr-1 resulted in a Γ of about 580 mol mol-1 that is in a similar low range as
reported above.
The bulk stomatal resistance Rc,stom  for a gaseous species is related to that of water
vapour Rc,stom,H O  by the ratio of the molecular diffusivities. Rc,stom,H O depends on
2

2

radiation, temperature, soil moisture content, vapour pressure deficit, and includes the
minimum bulk stomatal resistance for water vapour Rc,stom,min,H O  . According to model
2

-1

adjustments (cf. Section 2.3.1), Rc,stom,min,H O was set to 53 s m for flux calculations.
2

Dry deposition velocities for NH3 were estimated from the ratio of the vertical NH3-N
flux and the mean NH3 concentration.
Aerosol NH4-N fluxes were calculated as follows:
Fc NH4   





u*
 ρNH4 z ref, NH4 , L  0m
500

(2.8)

2
u*   300  3 
Fc NH 4   
 1  
   ρNH 4 z ref, NH4  , L  0m
500    L  



(2.9)

where Fc NH4  is the NH4-N flux [µg m-2 s-1], u* the friction velocity [m s-1], ρNH ( z ref, NH )
4

4

the measured NH4 concentration [µg m-3] at the measurement height, L the MoninObukhov length [m]. NO3-N fluxes were calculated according to equations (2.8) and (2.9).

2.2.3 Detection limits, error propagation, calibration
of PLATIN model, and statistical methods
Detection limits for KAPS data were calculated according to German Standard DIN
32645:
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LOD  xblank  3σ blank

(2.10)

where LOD is the limit of detection concentration [mg L-1], xblank the arithmetic mean of
the concentrations of blanks which was found to be in the order of 10-3 mg L-1, and σ blank
the standard deviation of the concentration of blanks [mg L-1].
LOQ  xblank  3LOD

(2.11)

where LOQ is the limit of quantification [mg L-1].
Error propagation of concentrations of species in ambient air was calculated according
to German Standard DIN 2620:

v
 c
  c v

σ f   ex Δcex    ex Δvex    ex 2 ex Δv 
 v
  v
  v

2

2

2

(2.12)

where σ f is the propagated error [µg m-3], vex the volume of extraction solution [mL],

vex the uncertainty of the volume of extraction solution [mL], cex the concentration of
species in extraction solution [mg L-1], cex the uncertainty of the concentration of species
in extraction solution [ Γ ], and v the uncertainty of the air flow through the KAPS
denuder [m3]. Deposition uncertainties were estimated from propagated errors of
concentrations. For this purpose, highest and lowest values of the concentration
uncertainty range were used to calculate fluxes. To test the sensitivity of NH3 fluxes
towards Γ , depositions were further calculated with Γ ranging from 250 to
1000 mol mol-1 since a long-term N overload at the site and thus assumed non-N-limited
conditions could have resulted in an increase of Γ . Furthermore, an uncertainty analysis
was carried out using various values for Rc,stom,min,H O (5, 25, 75, 100 s m-1) for flux
2

calculation.
Model adjustment was performed by comparing measured and modelled sensible (H)
and latent heat (LE) fluxes. Only high quality day time data sets of measured fluxes (e.g.
0-flagged fluxes according to Mauder and Foken [2004], and no rainfall during
measurements) with energy balance residuals less than 30 W m-2 were used.
The application of deposition rates calculated on 30 minute intervals to weekly
concentrations might have introduced errors in flux estimates. To determine potential
uncertainties due to correlations between concentrations and depositions, we generated
diurnal courses based on random numbers with the mean measured concentration for the
respective period for three weeks in March 2012. Fluxes calculated based on data sets with
diurnal variations were compared to fluxes from measured weekly concentrations.
R studio (version 2.15.0; R Core Team, 2012) and nlme [Pinheiro & Bates, 2000] were
used to perform a linear mixed effect analysis (LME) of the relationship between N
concentrations and day and night-time, season, as well as year. The positioning of the
denuder masts was used as random effect in LME analysis. Statistical evaluation of N
depositions was performed without random effects using multcomp [Hothorn et al., 2008]
and a generalised least squared analysis (GLS). P-values were determined using ANOVA
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tests [car; Fox & Weisberg, 2011] of the model with the effect in question and the model
without the effect in question. A subsequent post-hoc analysis using the Tukey-test in
multcomp was applied for pairwise comparison between year one and year two.

2.3 Results and discussion
2.3.1 Measurement and model uncertainties
Over the whole experimental period, data coverage from measurements was >90 %.
Values below the LOQ were excluded from further calculation and amounted in total to
about 8 % of primary data. Major problems encountered with denuders were occasionally
broken tubes (3 % loss of data) and creased filters (2 % loss of data). The uncertainty of
the air flow through KAPS denuders was mainly caused due to reading errors from the
body flow meter by different viewing angles and was estimated to about 15 %. Error
propagation resulted in a concentration uncertainty of on average 8 % (cf. Section 2.2.3).
Based on the footprint analysis, the contribution of both the inner homogenous fetch
(up to 230 m) and the outer fetch (up to 650 m) to the signal was estimated (Table 2.3-1).
Outside the given fetch area land surface and land use were similar except for small roads
and masts for power lines. Thus, we expect N fluxes to be comparable to the determined
N depositions inside the inner and outer fetch.
Table 2.3-1 Contribution (%) of inner and outer fetch to the observed 50 and 90 % share of
footprint.
Fetch [m]

Footprint [%]
50

90

230

97.2

79.0

650

99.8

85.9

The comparison of measured (independent variable) and modelled (dependent variable) H
and LE fluxes resulted in R2 values of 0.95 and 0.97 and slopes of 0.92 and 1.05,
respectively. These results showed that PLATIN is able to simulate measured fluxes with a
maximum uncertainty of 8 %.
The sensitivity test of calculated NH3-N fluxes towards Г resulted in a maximum
divergence of 3 % of total deposited NH3-N for both years. Determined NH3-N
depositions in the first year of observations ranged from 9.0 kg NH3-N ha-1 yr-1
(Г=1000 mol mol-1) to 9.2 kg NH3-N ha-1 yr-1 (Г=250 mol mol-1) and in the second year of
investigations from 8.7 kg NH3-N ha-1 yr-1 (Г=1000 mol mol-1) to 9.0 kg NH3-N ha-1 yr-1
(Г=250 mol mol-1). A sensitivity test using NH3 concentrations measured above an
extensively managed grassland in June 2004 at a suburban background station in Linden,
Germany, without major sources (animal houses, industry, etc.) in the surroundings
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resulted in NH3N-fluxes of 0.25 (Г =300 mol mol-1), 0.17 (Г=600 mol mol-1) and
0.08 kg ha-1 (Г=1000 mol mol-1). These results clearly show that PLATIN is sensitive
towards changes in Г. However, this sensitivity is related to the NH3 concentration level
and the relatively high concentrations at the here presented study site lead to less
pronounced changes with increasing Г.
N flux calculation for the different Rc,stom,min,H O values (5, 25, 75, 100 s m-1) resulted in
2

a sensitivity ranging from 1 % ( Rc,stom,min,H O =75 s m-1) to 14 % ( Rc,stom,min,H O =5 s m-1).
2

2

Flux estimations based on generated diurnal courses resulted in a maximum deviation
of 18 % from depositions calculated based on measured weekly concentrations. Since day
and night-time concentrations did not deviate from one another, we expect only small
actual changes in the diurnal variation of flux rates.

2.3.2 Concentrations and dry N depositions from
KAPS-denuder measurements and modelling
NH3-N concentrations: Highest concentrations of all reactive N species were found for
NH3 (Figure 2.3-1). NH3-N concentrations remained below 10 µg m-3 from end of March
until mid-October 2011. A first concentration maximum of 12.6 ± 1.2 µg m-3 NH3-N was
observed in October 2011. After a decrease of concentrations during December 2011 and
January 2012 down to values below 5 µg m-3, a second maximum with peaks up to
11.4 ± 1.1 µg m-3 occurred in March 2012. During the second year of our observations,
NH3-N concentrations showed a less pronounced seasonality with maxima of about
10 µg m-3. Summer and winter concentrations in 2012 were similar to those of the previous
year and did not differ significantly (p>0.05) indicating that the long-term (seasonal) level
of concentrations was relatively constant. Dependent on the respective weather conditions,
however, fertiliser application on surrounding arable land may have shifted resulting in
variations in single peaks especially during spring and autumn. In particular, concentrations
measured in autumn 2012 were considerably lower than in 2011 with maxima of
5.5 ± 0.5 µg m-3 in October 2012. In contrast to other observations [i.e. Sharma et al., 2010,
Whitehead et al., 2007], day and night-time concentrations after September 2011 did not
differ significantly (p>0.05). A similar annual variation with peaks in spring and autumn
was observed by Dämmgen [2007] at a site in Northern Germany surrounded by
grasslands, arable land, and animal housings. High NH3-N concentration levels resulted
mainly from manuring of surrounding arable land.
No distinct dependency between measured micrometeorological parameters (e.g.
humidity, turbulence) and concentrations could be observed. In spite of the different time
scales of weekly NH3-N concentrations and 30 minute wind directions with high diurnal
variations in stability, it could be shown that the level of NH3-N concentration is
independent of wind direction (Figure 2.3-2). Different prevailing wind sectors were
observed for periods in summer and winter with low NH3-N values (Figure 2.3-2a) and for
periods in spring and autumn with high NH3-N values (Figure 2.3-2b). Thus, it can be
assumed that the NH3 sources are evenly distributed within this region indicating that the
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NH3 availability depends on the surrounding agricultural land use and not on the local
micrometeorology.
NH3-N fluxes: Mean NH3-N deposition rates were constantly around
0.2 kg ha-1 week-1 from the beginning of the measurements in May 2011 until end of
November 2011. During winter, NH3-N depositions decreased below 0.1 kg ha-1 week-1,
followed by a maximum of 0.5 ± 0.1 kg ha-1 week-1 in spring 2012. The second year of
investigation showed equally high mean deposition rates. In general, a dependency of
NH3-N fluxes on NH3 concentrations could be fitted to a linear regression with a poor R2
of 0.4 (Figure 2.3-3). No clear relationship to air temperature was observed. However, we
found linear dependencies when classified into 5 K temperature intervals with R2 ranging
from 0.6 to 0.9. Some data points did not show a relationship indicating non-stomatal N
uptake during winter with extremely low temperatures and N saturation with subsequent
lower N uptake during high temperature events in summer.
Day and night-time deposition rates differed significantly most likely due to a nighttime peak at the end of March 2013 (p<0.001). In general, however, day and night-time
fluxes were similar during the rest of the year indicating that they were mainly controlled by
non-stomatal pathways of NH3-N uptake such as leaf surface wetness through precipitation
or dew formation. Calculated dry deposition velocities for NH3 were on average 0.7 cm s-1
ranging from 0.2 cm s-1 in winter 2012 to 1.9 cm s-1 in summer 2011. Deposition velocities
were in the same range as reported by Cape et al. [2008] for an ombrotrophic bog in
Southeast Scotland. In general, dry deposition velocities depend on meteorological
conditions (e.g. wind speed, surface wetness) as well as surface roughness, growth habits,
and distance to local emitters. Therefore, they may vary daily and seasonally, with
vegetation type and concentration levels. Phillips et al. [2004] estimated a deposition
velocity of 2.41 ± 1.92 cm s-1 in winter and 3.94 ± 2.79 cm s-1 in summer over grassland in
North Carolina. A dry deposition velocity of 3.6 cm s-1 was derived for a coniferous forest
in central Netherlands [Duyzer et al., 1992]. Peak values of up to 9 cm s-1 have been
determined by Dämmgen and Zimmerling [2002] over a pine forest in Northeastern
Germany.
HNO2-N concentrations: A distinct seasonal pattern could be observed for HNO2N concentrations (Figure 2.3-4) with significantly higher values during autumn and winter
(p<0.05). Concentrations remained below 0.2 µg m-3 with an average of 0.1 µg m-3 during
summer 2011 and 2012. Maxima of 0.8 ± 0.1 µg m-3 and 0.6 ± 0.1 µg m-3 were reached in
autumn 2011 and end of January 2012, respectively. Night-time concentrations were on
average significantly higher than those measured during day time resulting from higher
concentrations during night in late winter (p<0.001). A possible source for the considerably
higher concentrations during night-time is domestic fuel. HNO2 formed during night is
photolysed to NO and OH again during day time [Seinfeld & Pandis, 2006]. As shown by
Lång et al. [1995], drained peat soils emit NO. NO absorption on wet surfaces and
oxidisation to HNO2 might thus represent an additional source [Finlayson-Pitts & Pitts,
2000, Joshi et al., 1985].
HNO2-N fluxes: Of all N compounds, HNO2 showed the strongest linear
relationship between concentrations and depositions (R²=0.7). HNO2-N deposition rates
were below 3·10-3 kg ha-1 week-1 during summer and winter 2011 and peak rates up to
8·10-3 ± 3·10-4 kg ha-1 week-1 occurred end of January 2012. Deposition rates measured
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during night were significantly higher (p<0.001) most likely due to the nightly
concentration maxima end of January 2012 and 2013. High night-time and winter
concentrations and subsequent deposition might be induced by combustion of domestic
fuel and low radiation.
HNO3-N concentrations: No distinct seasonal pattern could be observed for
HNO3-N concentrations with average concentrations of 0.1 µg m-3 ranging from
10-2 ± 3·10-4 to 0.6 ± 0.1 µg m-3 (Figure 2.3-5).
Due to the high NH3 concentrations and high reactivity of HNO3 in the atmosphere
we assume that it reacts immediately to NH4NO3 [Finlayson-Pitts & Pitts, 2000, Seinfeld &
Pandis, 2006]. Furthermore, as previously shown for different regions and types of
ecosystem [Bari et al., 2003, Khoder, 2002, Kumar et al., 2004], HNO3 concentrations tend
to be higher during spring and summer due to increased photochemical activity and
subsequent higher HNO3 production from NO2 by OH radicals. However, due to the rural
location of the study site and low density of industry within this region, NOx emissions
mainly originate from combustion of domestic fuel during winter. Photochemical activity is
lower during that time and formation of HNO3 is inhibited. The missing summer maxima
are most likely caused by reduced NOx emissions from domestic fuel during that time.
Furthermore, photolysis of NO2 results in O3 formation and is higher during summer
months with increased photochemical activity [Seinfeld & Pandis, 2006] and less NOx is
available for HNO3 formation.
HNO3-N fluxes: HNO3-N depositions did not show a seasonal distribution with
peaks in spring and summer. According to HNO3-N concentrations, depositions were
relatively constant and low throughout the measurement period (Figure 2.3-5) as a
consequence of high NH3 availability and its immediate reaction to NH4NO3 particles. Day
time depositions (0.6 kg N ha-1 week-1) were on average lower than night-time values
(0.7 kg N ha-1 week-1), mainly caused by significantly lower deposition during day time in
winter (p<0.001).
Aerosol NH4-N and NO3-N concentrations: NH4-N concentrations during
summer 2011 and 2012 did not exceed 1.5 µg m-3 with an average of about 1 µg m-3 (Figure
2.3-6) and approximately 30 % higher concentrations in summer 2011 compared to the
same period in 2012. Particle NO3-N concentrations during summer time were below
1 µg m-3 with an average of 0.5 µg m-3, and the same pattern with higher concentrations
during summer 2011 in comparison to the previous year could be observed (Figure 2.3-7).
In contrast to the gaseous compounds, particulate NH4 and NO3 showed highest
concentrations in January and may have resulted from the reaction of NH3 with HNO3 to
NH4NO3 which is favoured at lower temperatures. Furthermore, high SO4 concentrations
during wintertime (data not shown) indicate that most NH3 reacts to NH4HSO4 and
(NH4)2SO4 depending on the ammonia/sulphuric acid molar ratio [Seinfeld & Pandis,
2006]. An aerosol NH4-N concentration maximum of 5.7 ± 0.7 µg m-3 occurred end of
January 2012 (Figure 2.3-6); aerosol NO3-N concentrations were found to be highest end
of January 2012 reaching 4.2 ± 0.5 µg m-3 (Figure 2.3-7). Night-time concentrations were
significantly higher than day time values (p<0.05) which indicates that NH4 and NO3 were
composed of NH3 and HNO3. Evaporation and condensation of aerosols may have
occurred as they approached warmer and colder surfaces during day and night-time,
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respectively. However, we did not correct the aerosol fluxes for warming and cooling
effects of filters in KAPS denuders.
Aerosol NH4-N and NO3-N fluxes: Deposition rates, however, were found to be
higher at day and during periods with high concentrations in autumn 2011 and spring 2012.
The well-mixed surface layer during day time promotes the particle deposition mainly
driven by turbulence. Significantly higher NH4-N deposition (p<0.05) could be observed
during spring 2011 and spring 2012 reaching rates of up to 0.04 ± 0.00 kg ha-1 week-1
(Figure 2.3-6). NO3-N deposition rates were highest in spring 2011 with
0.03 ± 0.00 kg ha-1 week-1 (Figure 2.3-7).

Figure 2.3-1 Weekly mean NH3-N concentration and dry NH3-N deposition rates
(year 1 = 01/04/2011 to 31/03/2012, year 2 = 01/04/2012 to 31/03/2013). Upper panel:
concentrations and depositions without diurnal differentiation. Mid panel: day time values. Lower
panel: night-time values (error bars and shaded areas around lines represent uncertainties in
concentrations (from propagated errors) and fluxes (from concentration measurements)).
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Figure 2.3-2 Wind directions and their frequency during (a) low and (b) high NH3-N
concentrations and different times of the year.

Figure 2.3-3 Dependency of NH3-N fluxes on NH3-N concentrations according to classified
ambient air temperatures (Errors of single measurements were omitted due to reasons of readability
and can be found in Figure 2.3-1).
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Figure 2.3-4 Weekly mean HNO2-N concentration and dry HNO2-N deposition rates
(year 1 = 01/04/2011 to 31/03/2012, year 2 = 01/04/2012 to 31/03/2013). Upper panel:
concentrations and depositions without diurnal differentiation. Mid panel: day time values. Lower
panel: night-time values (error bars and shaded areas around lines represent uncertainties in
concentrations (from propagated errors) and fluxes (from concentration measurements)).

Figure 2.3-5 Weekly mean HNO3-N concentration and dry HNO3-N deposition rates
(year 1 = 01/04/2011 to 31/03/2012, year 2 = 01/04/2012 to 31/03/2013). Upper panel:
concentrations and depositions without diurnal differentiation. Mid panel: day time values. Lower
panel: night-time values (error bars and shaded areas around lines represent uncertainties in
concentrations (from propagated errors) and fluxes (from concentration measurements)).
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Figure 2.3-6 Weekly mean NH4-N concentration and dry aerosol NH4-N deposition rates
(year 1 = 01/04/2011 to 31/03/2012, year 2 = 01/04/2012 to 31/03/2013). Upper panel:
concentrations and depositions without diurnal differentiation. Mid panel: day time values. Lower
panel: night-time values (error bars and shaded areas around lines represent uncertainties in
concentrations (from propagated errors) and fluxes (from concentration measurements)).

Figure 2.3-7 Weekly mean NO3-N concentration and dry aerosol NO3-N deposition rates
(year 1 = 01/04/2011 to 31/03/2012, year 2 = 01/04/2012 to 31/03/2013). Upper panel:
concentrations and depositions without diurnal differentiation. Mid panel: day time values. Lower
panel: night-time values (error bars and shaded areas around lines represent uncertainties in
concentrations (from propagated errors) and fluxes (from concentration measurements)).
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Figure 2.3-8 Cumulative dry N depositions of the single N species from 01/04/2011 to
31/03/2013 (grey shaded area represents total uncertainty obtained from propagated errors; see
Section 2.2.3 for details).

Figure 2.3-8 shows the cumulative dry deposition of all investigated N species based on
30-minute values obtained from flux calculations. During the first year of investigations
9.2 ± 0.9 kg N ha-1 yr-1 were deposited as NH3-N, 0.8 ± 0.0 kg N ha-1 yr-1 as HNO3-N,
0.6 ± 0.1 kg N ha-1 yr-1 as aerosol NH4-N, 0.4 ± 0.0 kg N ha-1 yr-1 as aerosol NO3-N and
0.1 ± 0.0 kg N ha-1 yr-1 as HNO2-N. In total, dry N deposition was 10.9 ± 1.0 kg N ha-1 yr-1.
More than 80 % of total dry deposited N resulted from NH3-N deposition, while HNO3-N
and aerosol NH4-N contributed to the total dry N deposition with about 7 % and 5 %,
respectively. The lowest contributions were detected for aerosol NO3-N and HNO2-N with
less than 3 % and 1 %, respectively. Also in the second year of observations, NH3-N
contributed with more than 80 % the largest share to total dry N deposition and of single
N species. The total dry N deposition was similar to the determined input of the first
experimental period (10.5 ± 1.0 kg N ha-1 yr-1). The high fraction of NH3-N indicates that
most of the deposited N originated from the application of animal manure and mineral N
fertiliser on surrounding arable land.
Total air-borne N input rates into the investigated site were determined by adding bulk
and dry N depositions. For this purpose, wet N input data from bulk sampler
measurements at the same site were used [Mohr et al., 2013]. Bulk samplers were exposed
in a field close to the study site and were exchanged every two weeks. Water samples were
analysed for their NH4-N, NO3-N, and total N content. Bulk deposition resulted in about
14 kg N ha-1 yr-1 [Mohr et al., 2013] for both years. Hence, the estimated total N input was
about 25 kg N ha-1 yr-1 during both years.
As stated above, enhanced NH3 depositions can significantly affect plant health
resulting in e.g. increased sensitivity to cold [Van der Eerden, 1982]. Especially ecosystems
adapted to nutrient-poor conditions such as the here presented ombrotrophic bog may be
subjected to substantial plant injury due to toxicity of NH3. Although we did not observe N
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effects on plant physiology at the investigated site, it can be expected that the high share of
NH3 on local N depositions has long-term impacts on the native vegetation with shifts in
plant species compositions. Already at its present state, more nitrophilous species (e.g.
Betula pubescens, Molinia caerulea) can be observed at the experimental site. Measurements of
N2O emission should be considered in future studies to account for potential N losses due
to ecosystem N saturation.
A comprehensive study using KAPS systems in combination with inferential
modelling (PLATIN) for determination of total N input into a forest ecosystem in
Northern Germany resulted in 57 kg N ha-1 yr-1 of which 44 kg N ha-1 yr-1 was associated
with dry N deposition [Mohr et al., 2005]. Dry NH3-N deposition into mixed woodland in
the Scottish Borders has been investigated by Fowler et al. [1998b]. The study site was in
close vicinity to livestock buildings and NH3-N depositions were determined along a
transect. Using passive diffusion samplers combined with a simple inferential approach for
estimating N fluxes, NH3-N depositions declined from 42 kg N ha-1 yr-1 at 15 m distance to
5 kg N ha-1 yr-1 at 270 m. Dry NH3-N deposition into a moorland site was observed in
southern Scotland using continuous annular wet denuders in different heights [Flechard &
Fowler, 1998b, Fowler et al., 1998a]. The two studies measured dry NH3 deposition in the
same order of magnitude ranging from 2.0 to 2.5 kg NH3 ha-1 yr-1 and were almost identical
to the measured wet NH4+-N deposition. These deposition rates correspond to almost
average background levels of N deposition during pre-industrial times [Holland et al., 1999].
Compared to these numbers, our study site in the Bourtanger Moor is subjected to a
tenfold N input. While forest ecosystems generally show higher N depositions than
ecosystems with lower vegetation due to elevated N capture by canopy, ecosystems in close
vicinity to livestock and arable land, such as the nutrient-poor bog Bourtanger Moor
studied here, are subjected to increased N input from manure and N fertiliser. In
comparison to the calculated total N input of about 36 kg ha-1 yr-1 into the investigated area
by the German Environmental Agency using the MAPESI model [Modelling of Air
Pollutants and EcoSystem Impact, Gauger et al., 2008], our approach resulted in lower
atmospheric N deposition. This might be due to several reasons, e.g. general uncertainties
by modelling N deposition on a large scale [Flechard et al., 2011, Loubet et al., 2006]. The
study site is located in the centre of the peat bog with distances from the measurement site
of at least 2 km to the next farm. Given the fact that local NH3 depositions decrease with
increasing distances to livestock buildings [cf. Fowler et al., 1998b], there are no local
effects of the strongest emitters and N concentrations. It can thus be assumed that the
outermost peatland areas are more affected by NH3 deposition. Furthermore, parts of the
bog with taller plants (shrubs, trees) have rougher surfaces which promote NH3-N
deposition. However, MAPESI is based on 7 km x 8 km grid cells and does not account
for the above mentioned sub-grid heterogeneity.

2.3.3 Comparison to other N deposition approaches
Within the integrated project ERNST, our results were compared to other approaches to
determine N loads by measurement and modelling [Mohr et al., 2013]. Parallel
quantification of airborne N input into the study site was carried out by throughfall
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measurements within different types of vegetation (e.g. birch forest, heathland) and an
OPS model [Operational Prioritiy Substances; version 4.3.12.; Van Jaarsveld, 2004]. N
deposition from throughfall measurements ranged from 13 kg N ha-1 yr-1 (open land) to
23 kg N ha-1 yr-1 (birch forest) and underestimated N input due to non-consideration of
direct N uptake by plants and non-stomatal N uptake by wet surfaces. Based on regional
NH3 emissions from agricultural practices and animal husbandry as well as NOx emissions,
N loads within the region were modelled using an OPS-model and resulted in a total N
input of about 22 kg N ha-1 yr-1 into the study site. Hence, the applied approaches
corresponded well and determined similar N loads for the peat bog as KAPS systems
[Mohr et al., 2013].
Additionally, a biomonitoring approach based on the 15N pool dilution method called
ITNI [Integrated Total Nitrogen Input; Mehlert et al., 1995, Russow & Weigel, 2000] was set up
to determine atmospheric N uptake by plants. The ITNI approach resulted in a minimum
total N uptake of 25 kg N ha-1 yr-1 [Mohr et al., 2013, Hurkuck et al., subm.]. Using Lolium
multiflorum as monitor plant we allocated airborne N after its uptake by the ecosystem in
aboveground biomass, roots, and soil. We found highest N input of 63 % into plant
biomass and the rest (37 %) has been allocated to substrate and nutrient solution. The 15N
recovery rate, describing the ratio of 15N found after field exposure and initially applied 15N,
was between 50 and 80 %, which suggests a substantial uncertainty. N uptake rates are thus
likely higher than the above mentioned 25 kg N ha-1 yr-1 indicating that consideration of
plant specific N uptake results in relatively higher N input than model estimations (i.e.
PLATIN, OPS) [Mohr et al., 2013].
In combination with micrometeorological measurements, KAPS denuder filter
samplers proved to be a suitable means to determine dry N deposition into bog
ecosystems. They allowed for the separation of different reactive N species. In
combination with bulk sampler measurements, the determination of total atmospheric N
input is feasible. Major disadvantages of KAPS systems are high costs, extensive post-field
laboratory analyses and the requirement of power supply, which makes an operation at
remote sites difficult. Furthermore, depending on the investigated area and the respective
N sources, additional difficulties can occur. KAPS systems do not detect NO2
concentrations. In areas with high NO2 concentrations, the total N deposition can be
underestimated. Using PLATIN, we calculated NO2-N depositions based on NO2
concentrations measured at a suburban background station in Lingen, Germany (distance
to study site ca. 20 km). Data were provided by the 'Air Quality Monitoring Lower Saxony'
(Lower Saxony Ministry of Environment, Energy and Climate Protection). However, this
site is expected to be subjected to slightly higher NO2 concentrations since the here
presented study site is in a rural area with mainly agricultural practices. The calculations
resulted in a total dry NO2-N deposition of 1.1 kg ha-1 yr-1, indicating that potential NO2
contribution within the investigated area does not lead to a considerable dry NO2-N
deposition. Furthermore, a sensitivity study was performed using PLATIN assuming
different NO2 concentration levels (5 %, 25 %, and 50 % of total reactive N
concentration). A total dry NO2-N deposition of 0.04 kg ha-1 yr-1, 0.17 kg ha-1 yr-1, and
0.35 kg ha-1 yr-1 was simulated, respectively. The results confirm that the share of NO2 on
total deposited N at the study site is comparatively low.

Chapter 2

39

Fowler et al. [2009] summarised various approaches to measure NH3 biosphere-atmosphere
exchange rates differing considerably with regard to accuracy, feasibility, and costs. A
simple approach to determine NH3 concentrations is the use of passive samplers.
Comparative studies showed a good agreement between passive samplers and active
samplers such as KAPS denuders [Dämmgen et al., 2010]. However, the low temporal
resolution of ca. four weeks does not allow investigations of diurnal concentration and
deposition changes. Most of the available automatic denuder systems such as wet annular
denuders are based on the same temporal (hourly) resolution. Numerous studies during the
last 15 years have shown that denuder systems provide reliable and precise datasets
[Flechard & Fowler, 1998b, Milford et al., 2001, Neftel et al., 1998]. More recent techniques
are based on laser absorption spectroscopy [e.g. Famulari et al., 2004] or on commercial
Proton Transfer Reaction-Mass Spectrometry (PTR-MS) [Sintermann et al., 2011]. In an
eddy-covariance setup, they are suitable for continuous flux measurements at one reference
height. One of the main advantages is the fast detection of matter concentration, thereby
allowing for flux calculations on half-hourly basis. Up to now, the general problem of
biosphere-atmosphere exchange measurements is usually the limitation to single
compounds [e.g. Sutton et al., 2007] on the one hand, and the provision of concentration
values and flux rates in poor time resolution as well as labour- and cost-intensive lab
analyses [e.g. Dämmgen & Zimmerling, 2002, Zimmerling et al., 1997] on the other hand.
The recent development of the TRANC (Total Reactive Atmospheric Nitrogen Converter)
methodology [Ammann et al., 2012, Brümmer et al., 2013, Marx et al., 2012] overcomes the
above-mentioned shortcomings; however, a differentiation into single reactive N
compounds is not possible at its current developmental stage.

2.4 Conclusion
Total N input of 25 kg ha-1 yr-1 into the investigated area was similar during both years of
observation. NH3-N contributed the largest share to dry N deposition; a strong seasonal
variability of concentrations with peaks in spring and autumn corresponding to main
fertilisation times could be observed. Based on these results, it can be assumed that the
main driving factor for local NH3 concentrations and NH3-N depositions is the agricultural
land use within the region, and the main source for atmospheric N input is the application
of organic fertilisers across the surrounding arable land.
The large contribution of NH3-N and NH4-N to the total N input poses a high
eutrophication risk to the ecosystem. The determined total airborne N input exceeds the
defined ecosystem-specific critical load of peat moorland up to fivefold, which most
probably will result in negative consequences such as changes in the biodiversity of the
ecosystem, thereby affecting bog drainage and the local hydrological regime.
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Grass species and grass growth effects on atmospheric nitrogen uptake

Abstract
We applied a 15N dilution technique called Integrated Total Nitrogen Input (ITNI) to quantify
annual atmospheric N input into a peatland surrounded by intensive agricultural practices
over a two-year period. Grass species and grass growth effects on atmospheric N
deposition were investigated using Lolium multiflorum and Eriophorum vaginatum and different
levels of added N resulting in increased biomass production. Plant biomass production was
positively correlated with atmospheric N uptake (up to 102.7 mg N pot-1) when using
Lolium multiflorum. In contrast, atmospheric N deposition to Eriophorum vaginatum did not
show a clear dependency to produced biomass and ranged from 81.9 to 138.2 mg N pot-1.
Both species revealed a relationship between atmospheric N input and total biomass N
contents. Airborne N deposition varied from about 24 to 55 kg N ha-1 yr-1. Partitioning of
airborne N within the monitor system differed such that most of the deposited N was
found in roots of Eriophorum vaginatum while the highest share was allocated in
aboveground biomass of Lolium multiflorum. Compared to other approaches determining
atmospheric N deposition, ITNI showed highest airborne N input and an up to fivefold
exceedance of the ecosystem-specific critical load of 5 to 10 kg N ha-1 yr-1.

3.1 Introduction
One of the main threats to the diversity, functioning, and species composition of most
natural and semi-natural aquatic and terrestrial ecosystems is increasing nitrogen (N) input
via atmospheric deposition [Rockström et al. 2009].
Atmospheric N is deposited as sedimenting and non-sedimenting particles and gases in
both dry and wet processes on soil and plant surfaces [see VDI 4320, Part 1]. Depending
on different properties of the site (e.g. meteorological conditions, vegetation, N
deposition), the share of dry deposition on plant surfaces changes. Gaseous NOx and NH3,
as well as NH4+ and NO3-, are taken up from the atmosphere through stomata and cuticles.
While N uptake from soils is metabolically driven and plants take up N according to
demand, foliar N uptake cannot be controlled and gases exchange as soon as stomata open
[Schulze et al. 2005]. However, depending on the stomatal compensation point (function of
NH4+ concentration and pH value of plant apoplasts), NH3 can be either taken up or
emitted by plants [Mattsson & Schjørring 2003]. Both soil-borne NH4+ and NO3- are
assimilated into amino acids and are transported to the plant leaves and shoots. Airborne
NH3, however, can be either assimilated or accumulated as amino acids dependent on the
ratio of NH3 uptake and NH3 assimilation rate [Guderian, 2001, Schulze et al., 2005].
Ammonia accumulation within the plant cells can result in growth reduction, an increased
sensitivity to e.g. frost and may even cause toxic effects such as alkali burning of plant
tissue and subsequent necrosis [Krupa, 2003, Pearson & Stewart, 1993, Van der Eerden,
1982].
High levels of N deposition can have pronounced effects on primary production,
especially in nutrient-poor ecosystems. Ombrotrophic bogs are N-limited ecosystems and
belong thus to the most sensitive ecosystems to increased atmospheric N input [Succow &
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Joosten, 2001]. Nitrogen input into bogs occurs by precipitation, dry deposition, and
biological N2 fixation. Critical N loads have been estimated to range from
5 to 10 kg N ha-1 yr-1 [Bobbink et al., 2010, Bobbink & Roelofs, 1995, Tomassen et al.,
2003]. As has been shown in various studies in different bog ecosystems across Europe,
exceedance of this threshold is expected to result in a shift in plant species compositions
with decreases in plant diversity, a reduction in plant species numbers and invasion by
more N-demanding species (i.e. Molinia caerulea, Betula pubescens) [Bobbink et al., 1998, Clark
& Tilman, 2008, Mountford et al., 1993, Verhoeven et al., 2011].
Conventional methods to monitor wet or bulk N deposition (i.e. by wet only and bulk
samplers) as well as gaseous N deposition (i.e. by passive samplers, denuder-filter systems)
consider only parts of the total atmospheric N input. Furthermore, these methods do not
take into account direct plant uptake of atmospheric N. Biomonitoring approaches
overcome this shortcoming by using 15N labelled monitors [soil-plant systems, e.g.
Böhlmann et al., 2005, Böhme et al., 2002, He et al., 2007, Russow & Weigel, 2000, Sommer,
1988]. The 15N tracer is circulated in those pot systems and only dilutable by atmospheric
N, thus providing a direct measurement of total atmospheric N input into soil, plant, and
solution covering dry and wet deposition as well as direct N uptake by plants over the
exposure period. In 1995, Mehlert et al. developed the Integrated Total Nitrogen Input (ITNI)
approach. This 15N biomonitor technique has been applied in several field experiments in
Germany and China using varying monitor plants [Böhlmann et al., 2005, Böhme et al.,
2003, Böhme et al., 2002, He et al., 2007, He et al., 2010b, Russow & Böhme, 2005, Russow
& Weigel, 2000, Weigel et al., 2000]. The results show that deposition and plant uptake of
atmospheric N increase with increasing biomass production and leaf area of the monitor
plant [e.g. Böhme et al., 2003, Russow & Böhme, 2005]. While ITNI is the only known
technique that measures total atmospheric N deposition including wet inorganic and
organic N, gaseous N, and direct N uptake by plants, the methodological uncertainties of
this biomonitoring approach yet need to be discussed.
In this study, we investigated total airborne N input into biomonitors exposed at a
semi-natural raised bog in Northwestern Germany. We used the ITNI approach with
Lolium multiflorum and Eriophorum vaginatum differing in N demands as monitor plants.
Furthermore, various levels of fertiliser were applied to change biomass and N status of the
monitor plants. We hypothesised that (i) local atmospheric N depositions from intensive
agricultural land use exceed the ecosystem-specific critical load of 5 to 10 kg N ha-1 yr-1, (ii)
plant biomass production positively correlates with airborne N uptake, (iii) increasing plant
N status from increased N addition leads to saturation of N within plant cells and thus
decreasing atmospheric N uptake by the monitor plant, and (iv) ITNI results in higher
airborne N input into the study site than conventional approaches as it considers direct N
uptake by plants.
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3.2 Materials and methods
3.2.1 Site description
The experimental work was conducted in the ombrotrophic bog 'Bourtanger Moor' in
Northwestern Germany. The study site (52°39'21.25'' N, 7°11'0.17'' E, 19 m a.s.l.) is
located within a protected bog area (size 5 ha). It is surrounded by extensively drained and
excavated peat areas. The region is further characterised by intensive crop production and
livestock breeding.
After ground water lowering, peat excavation, and renaturation, the recent vegetation
comprises bog heather (Erica tetralix), purple moor-grass (Molinia caerulea), cotton grass
(Eriophorum vaginatum, Eriophorum angustifolium), coppices with birches and Scots pines (Betula
pubescens, Pinus sylvestris), and Sphagnum mosses.
The annual average air temperature is about 9.5 °C and annual precipitation is about
751 mm (1981-2010; German Meteorological Service, Emden, Germany, distance to study
site ca. 80 km). During the experimental period from 2011 to 2013, annual average air
temperature was 10.5 °C and annual precipitation was 781 mm (own meteorological
observations). Mean annual water level was around 0.1 m below surface with considerable
seasonal variation (constantly saturated soil in December and January and 0.4 m below
surface in September). The maximum peat layer depth is approximately 4 m.
A detailed description of the historical development of the peat bog and livestock
characteristics can be found in Casparie [1993] and Hurkuck et al. [2014].

3.2.2 Experimental design
3.2.2.1 Experimental setup
To determine the total airborne N input into the investigated area, an Integrated Total
Nitrogen Input (ITNI) approach was used [Russow & Böhme, 2005, Russow & Weigel, 2000,
Tauchnitz et al., 2010, Weigel et al., 2000]. This method allows the quantification of direct
atmospheric N deposition to a soil-plant model system based on a 15N pool dilution
technique. The biomonitor is supplied with 15N-labelled tracer solution and airborne N
input into the ITNI system – consisting of 99.6 % of 14N – dilutes the 15N label according
to the atmospheric N deposition rate. In 2011, Lolium multiflorum LAM. (var. LEMA) was
used as 15N labelled biomonitor plant. In 2012, two different grass species, the fast-growing
crop grass Lolium multiflorum Lam. (Lema) and the well-germinating site-specific species
Eriophorum vaginatum, were exposed as monitor plants at our experimental site.
Germination of grass seeds was carried out on N-free quartz sand in a glasshouse.
Plants were supplied with a 15N tracer solution. After about four and six weeks of precultivation, eight Lolium multiflorum or sixteen Eriophorum vaginatum seedlings were planted
on about 10 kg N-free quartz sand in Kick-Brauckmann plant culture pots (surface area
0.038 m²) (STOMA GmbH, Siegburg, Germany), respectively (cf. Table 3.8-1, Table 3.8-2,
Table 3.8-3). In total, five and eight pots per species were prepared and exposed in the
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study area in July 2011 and May 2012, respectively (Figure 3.2-1). About 600 mL nutrient
solution from a tank (total volume of solution 15 L) was given automatically to the
vegetation pot by a gear pump twice a day. The nutrient solution contained macro nutrients
(34.021 mg L-1 KH2PO4, 130.693 mg L-1 K2SO4, 160.205 mg L-1 MgSO4·7 H2O,
13.514 mg L-1 FeCl3·6 H2O) and micro nutrients (0.061 mg L-1 H3BO3,
0.025 mg L-1 CuSO4·5 H2O, 0.169 mg L-1 MnSO4·H2O, 0.001 mg L-1 Na2MoO4·2 H2O,
0.288 mg L-1 ZnSO4·7 H2O) following He et al. [2007]. 15N labelled N fertiliser was applied
manually two to six times over the growing season in form of dissolved 15NH4 15NO3
(5.431 at. % 15N (2011), 5.521 at. % 15N (2012), conc. 20 g N L-1) (Campro Scientific
GmbH, Berlin, Germany). Excessive nutrient solution was returned to the tank and one
buffer vessel per vegetation pot was set up to collect possible overflow water during heavy
rain events. The solution was ventilated with air sucked through charcoal filter by a
diaphragm pump to prevent gaseous N losses from the nutrient solution by anoxic
microbial processes (i.e. denitrification) (Figure 3.2-1).

Figure 3.2-1 Scheme of the ITNI setup in the field: overview (left) and cross-section (right).

3.2.2.2 Nitrogen fertilisation
In 2011, each of the five pots with Lolium multiflorum was supplied with 25 mL 15N tracer
solution (=0.50 g N pot-1). The 2011 data were used to quantify total airborne N input into
the biomonitor systems. To study the effects of grass species and grass growth on total
atmospheric N deposition, we applied different levels of fertiliser by varying doses of 15N
tracer solution to change biomass and N status of the monitor plants during the
experiments in 2012. For this purpose, three pots with Eriophorum vaginatum received a low
and a high N supply of 0.10 g N pot-1 and 0.44 g N pot-1, respectively. Two pots were
moderately (0.26 g N pot-1) fertilised. According to the experiments in 2011, three pots
with Lolium multiflorum were fertilised with 0.50 g N pot-1. Additionally, two pots with
moderate (0.40 g N pot-1) and three pots with low N supply (0.30 g N pot-1) were exposed
in the field. After exposure times ranging from 86 to 93 days (2011) and 147 to 156 days
(2012) at our experimental site (cf. Table 3.8-1, Table 3.8-2, Table 3.8-3), the vegetation
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pots were collected for harvest at the end of October in 2011 and in 2012. One high and
one low fertilised pot per species remained in the field until end of May 2013 to provide
data of a whole year of investigation. To our knowledge, this is the first attempt to quantify
annual atmospheric N deposition using the ITNI approach. Previous studies extrapolated
results obtained from ITNI experiments during the growing season to a whole year [cf.
Section 3.2.5; e.g. Böhlmann et al., 2005, Russow & Böhme, 2005].

3.2.2.3 Analyses
For analysis, the different parts of the biomonitor system were separated into aboveground
biomass, roots, substrate (quartz sand), and nutrient solution. Separation of roots from
substrate was carried out by sieving the sand with 3 L slightly acidic (sulphuric acid, H2SO4)
potassium chloride (KCl) solution (0.02 mol L-1) (sieve mesh size 500 µm). Total N content
and 15N abundances of plant material were analysed using an isotope ratio mass
spectrometer (Delta C, Finnigan GmbH, Bremen, Germany) coupled to an elemental
analyser (NC 1108, Carlo Erba Instruments Ltd., Wigan, UK). The measurement
uncertainty of total N analysis was calculated as the deviation between measured and
theoretical N contents of control measurements (n=12) and was 2.1 %. Determination of
N contents of substrate was conducted using the Kjeldahl method (10 g substrate, n=3)
with subsequent water steam distillation (Faust et al., 1981). 15Nitrogen abundances of total
N in distilled substrate samples (i.e. NH4+) were measured by the SPINMAS technique
[Sample Preparation unit for Inorganic Nitrogen (SPIN) coupled to a MAss Spectrometer
(MAS); Stange et al., 2007]. Total N contents and 15N abundances of solution were analysed
by oxidising solute N completely to NO3- prior to the SPINMAS analyses. For that purpose
3 mL of solution were treated with 1 mL potassium persulfate (K2S2O8) solution
(0.15 mol L-1) and 50 µL sodium hydroxide (NaOH) solution (2.5 mol L-1) and incubated in
a compartment drier for 48 h at 80 °C. Measurement uncertainties related to SPINMAS
analysis were in the order of <1 % (15N analysis) and <5 % (total N analysis).

3.2.3 Calculation of airborne N deposition and 15N
recovery
Calculation of total N deposition into the vegetation pots was performed according to
Russow and Weigel [2000]:

a 'pot

N d  npot  1 
 a 'tracer


  nseed


(3.1)

where N d is the total atmospheric N deposition into the soil-plant model system during
exposure and pre-cultivation [mg], npot and nseed the total N content [mg] of the soil-plant
model system (i.e. substrate, solution, plant) after exposure and the seeds used per system,
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respectively, a 'pot and a 'tracer represent the excess 15N abundance [at. %] (determined 15N
abundance minus natural 15N abundance of 0.3663 at. %) of npot and the applied tracer,
respectively.
The 15N recovery was calculated as the following:
15
15

where
15

15

N rec is the 15N recovery [%],

N rec 
15

N pot 100
15

N exc

(3.2)

N pot the excess 15N abundance in the pots [mg], and

N exc the excess 15N abundance in applied fertiliser [mg].

Calculation of total N recovery was performed according to:

N rec 

N pot 100
N fert

(3.3)

where N rec is the total N recovery [%], N pot the total N content in pots at the end of the
experiments [mg], and N fert the N content of grass seedlings and applied fertiliser [mg].

3.2.4 Detection of 15N2O and 15N2 in substrate and
nutrient solution
Concentrations of 15N2O and 15N2 were determined in substrate and nutrient solution to
detect possible gaseous N losses via denitrification. Substrate air samples were taken from
bottom (n=4) and middle (n=4) parts of the vegetation pots in spring 2013 after exposing
pots in the field for one year. The sampling was performed using a custom-built cannula
(length 200 mm; diameter 1.5 mm) connected to a syringe (20 mL, Terumo Europe N.V.,
Leuven, Belgium) and an evacuated Exetainer® (12 mL, Labco Limited, High Wycombe,
Buckinghamshire, England) by a three-way valve (Discofix, Braun Melsungen AG,
Melsungen, Germany). The Exetainer® was filled with 15 mL soil air. Nutrient solution
samples were taken using a syringe (50 mL, Omnifix, Braun Melsungen AG, Melsungen,
Germany) connected to a glass vial (120 mL). Glass vials were flushed with helium prior to
usage and 60 mL were evacuated. Soil air and headspace 15N2 and 15N2O samples were
measured immediately after sampling using a Stable Isotope Ratio Mass Spectrometer
(MAT 253, Thermo Scientific, Bremen, Germany). The detection limit (7.45 ppm) was
defined as two times the standard deviation of the external reference gas (air-N2, n=12).
A rough estimate of the minimum detectable flux can be obtained using Fick’s 2nd law
of diffusion:
FN2O  Ds 

dC
dx

(3.4)
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where FN 2O is the N2O flux, Ds the diffusivity in soil [cm2 s-1], and dC/dx the N2O
concentration gradient. A best estimate of Ds is obtained using the empirical approach
proposed by Millington and Quirk [1961]:
10

Ds  3

D0  2

(3.5)

where Ds /D0 is the relative diffusivity, D0 the diffusivity in air [cm2 s-1],  the volumetric
air content [cm3 cm-3], and  the porosity [cm3 cm-3]. Assuming a bulk density of 1.5 and
volumetric water content of 0.2 L L-1 we obtain a diffusion coefficient of 0.0085 cm2 s-1.
The water content is estimated assuming a tension of -10 hPa at the middle part of the pot
since there was free outflow of water at the bottom of the pot and thus suggesting zero
tension using a default soil water retention curve for sandy soil [Durner & Flühler, 2005].

3.2.5 Extrapolation from pot to field scale and from
the growing season to one year
As the ITNI approach is a pot-based experiment, extrapolation to the field scale is
necessary. N deposition is expected to be controlled by either plant species, the
physiological status, shape of the plant, and/or development of dry matter [Russow &
Böhme, 2005], which basically gives three ways to extrapolate data to the field scale:
extrapolation based on (1) pot area, (2) aboveground dry matter, and (3) a combination of
both. Previous studies using an ITNI setup almost exclusively extrapolated data based on
the area method [e.g. Böhlmann et al., 2005]. Potential problems in extrapolating results
from pot to field scale were discussed by Russow and Böhme [2005]. In this study,
extrapolation of data to field scale was performed based on the pot area.
To compare plant biomass of natural vegetation and of our monitor plants, we
sampled aboveground biomass from three plots (1 m x 1 m) in the field in July 2014
comprising (i) mainly bog grasses Eriophorum vaginatum and Molinia caerulea, (ii) mainly Erica
tetralix and Sphagnum mosses, and (iii) a mix of bog grasses, bog heather and mosses.
Biomass samples were dried for 96 hours at 60 °C in a compartment drier. Field biomass
samples were used to exemplarily extrapolate data based on aboveground dry matter.
As ITNI experiments are usually carried out only during the growing season to avoid
plant senescence and N losses due to outgassing of NH3 during winter, data have to be
extrapolated to one year in order to quantify annual N deposition. However, physiological
inactivity of plants during winter has to be considered and extrapolation of results obtained
during the growing season might lead to an overestimation of annual atmospheric N
deposition. To evaluate potential uncertainties in annual airborne N input extrapolated
from data, we carried out ITNI experiments over an experimental period of one year using
both perennial and annual grass species.
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3.2.6 Statistical evaluation of data
R studio (version 3.1.0; R Core Team, 2012) was used to perform a student's t-test for
analysing the relationships between properties of the two monitor plants Eriophorum
vaginatum and Lolium multiflorum (e.g. total vs. aboveground biomass production, share of
total biomass on atmospheric N uptake vs. share of substrate on airborne N deposition).
All tests were based on a 95 % confidence interval and results are given as significant
(p<0.05).

3.3 Results
3.3.1 Mass of aboveground biomass in the field
Biomass sampling in the field resulted in aboveground dry matter of 576.5 ± 28.8,
517.0 ± 25.9, and 303.3 ± 15.2 g m-2 for the bog grass dominated plot, the bog heather and
Sphagnum moss dominated plot, and the plot with mixed bog grasses, bog heather and
mosses, respectively. Based on these results, grass biomass has a share of slightly above
50 % of total biomass in the field and we assume average field aboveground grass biomass
to be in the order of 300 g m-2.

3.3.2 Monitor plant Lolium multiflorum
The produced above- and belowground biomass and total atmospheric N deposition
determined with the ITNI system using Lolium multiflorum in the first year of investigation is
shown in Table 3.3-1. Four of five vegetation pots showed a similar aboveground biomass
production with a maximum variability of 5 %. Only one biomonitor produced about 30 %
less biomass than the other pots. The share of roots to total biomass was with an average
of about 70 % significantly higher than the produced aboveground biomass (p<0.05).
The average amount of atmospheric N deposited into a single monitor system during
the whole experimental period (pre-cultivation and exposure in the field) is calculated from
total N contents and 15N signatures of the different monitor components (aboveground
biomass, roots, substrate, and nutrient solution) and was 33.2 ± 5.1 mg N pot-1
(Table 3.3-1). Total N deposition amounted to about 7 % of initially total added N with
fertiliser. The different exposure times (differences up to 30 days) of pots in the field have
to be considered when comparing average airborne N deposition to the single biomonitor
systems. The mean allocation rate per pot and day, however, allows for the direct
comparison between the different vegetation pots and was on average
251.7 ± 30.5 µg N d-1 pot-1 (Table 3.3-1).
A considerably higher contribution of about 70 % of total deposited airborne N was
found for plant biomass, while the rest (30 %) was allocated to substrate and nutrient
solution. Previous studies showed that the variability in N allocation rates between the
single vegetation pots was larger than the methodological error during sample preparation
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and chemical analyses [Russow & Weigel, 2000], and was on average 12 % for our
experiments. Highest variabilities between pots of up to 47 % were found for root samples
from the different vegetation pots.
The dependence between atmospheric N deposition and produced biomass for the
single biomonitor systems is shown in Figure 3.3-1. Airborne N in both aboveground and
total biomass increased with increasing mass of aboveground and total biomass.
Total N recoveries ranged from 52.6 to 74.0 % with an average of 61.8 % and the
mean excess 15N recovery was 55.2 % varying from 46.1 to 65.8 % (Table 3.8-1). As shown
in Figure 3.3-2, a positive linear relationship between total N contents of total produced
biomass and excess 15N recoveries (R2=0.97) could be found. Total N contents of substrate
and nutrient solution did not show a clear dependency on excess 15N recoveries (data not
shown).
Table 3.3-1 Dry matter (DM) and content of total and airborne N in different compartments of
the biomonitor system and calculated mean daily allocation rates of deposited N for the biomonitor
experiment with Lolium multiflorum in the first year of investigation (± standard deviation (SD)).
Fraction

Mass/Volume

N content

[g DM pot-1; mL pot-1] [mg g-1 DM; mg mL -1]

Abovegr. plant
Roots
Substrate

[mg g-1 DM; mg mL-1]

[mg pot-1]

[µg d-1 pot-1]

8.5 ± 1.31

17.9 ± 2.0

1.7 ± 0.2

14.3 ± 1.8

107.9 ± 6.3

23.2 ± 10.91

6.0 ± 1.7

0.4 ± 5•10-2

8.4 ± 3.5

63.4 ± 23.3

10000.0 ± 0.01

3•10-3 ± 3•10-4

9•10-4 ± 1•10-4

9.3 ± 1.2

71.0 ± 13.8

2•10-3

5•10-4

2•10-4

1.1 ± 0.7

9.2 ± 7.4

-

33.2 ± 5.1

251.7 ± 30.5

Nutrient solution

1997.9 ±

Whole system

12029.7 ± 284.3

1Mass

Deposited N Deposited N N allocation rate

284.02

±

1•10-3
-

±

of fraction, 2Volume of fraction

Figure 3.3-1 Relation between airborne N in the biomonitor system and produced biomass for
aboveground and total biomass (a) and dependence between atmospheric N in aboveground parts
of the monitor plant and biomass production of aboveground and total biomass (b). Results from
the experimental year 2011.
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Figure 3.3-2 Dependency between total N contents of biomass and
multiflorum in 2011.
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15N

recoveries of Lolium

The experiments using Lolium multiflorum under the same experimental conditions during
the second year of investigation (N application 0.5 g pot-1) showed an average total and
aboveground biomass production of 31.2 ± 3.1 g DM and 8.7 ± 0.9 g DM, respectively,
which was in the same range as the biomass production during the first year (Table 3.3-1).
The mean atmospheric N deposition to the biomonitor system resulted in
570.1 ± 40.3 µg N d-1 pot-1. About 55 % of total atmospheric N deposition was allocated to
plant biomass; substrate and nutrient solution contributed to total N uptake with on
average 45 % (high level of total biomass production, Figure 3.3-3a). The total N and
excess 15N recoveries were on average 111 % and 91 %, respectively.
Of all investigated pots, the share of roots on total biomass production amounted on
average to 78 % ranging from 66.8 to 83.6 % and was thus significantly higher than
aboveground biomass production (p<0.05).
In general, a positive dependency between applied N fertiliser and the development of
aboveground biomass (Figure 3.3-4a) and total N contents of aboveground biomass
(Figure 3.3-4b) could be observed. Furthermore, atmospheric N in both total biomass and
aboveground biomass was found to be positively correlated to the produced total and
aboveground biomass (Figure 3.3-4c, Figure 3.3-4d) and to the total N contents of total
and aboveground biomass (Figure 3.3-4e, Figure 3.3-4f).
On average, 64 and 68 % of total atmospheric N deposition was allocated to plant
biomass under medium and low total biomass production, respectively (Figure 3.3-3a).
Substrate and nutrient solution contributed to total N uptake with on average 36 and 32 %
(medium and low level of total biomass production, Figure 3.3-3a). The mean atmospheric
N deposition to the biomonitor system resulted in 495.2 ± 49.5 µg N d-1 pot-1 (moderate
biomass production) and 337.9 ± 33.8 µg N d-1 pot-1 (low biomass production),
respectively. As shown in Figure 3.3-3a, the partitioning of airborne N within the
biomonitor system differed with increasing biomass production. While the relative
proportion of total airborne N in roots decreased with increasing total biomass production,
atmospheric N in aboveground biomass positively correlated with the produced amount of
aboveground and total biomass (Figure 3.3-3a, Figure 3.3-4c, Figure 3.3-4d).
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Total N and excess 15N recoveries of all six vegetation pots were on average 107 and 87 %
varying from 92.4 to 130.3 % and from 72.1 to 104.8 %, respectively (Table 3.8-2). As
shown in Figure 3.3-5, total N and excess 15N recoveries increased with increasing addition
of 15N fertiliser. Furthermore, highest share of 15N excess was found in biomass, whereas
no dependency between biomass production and the relative share of fractions on total 15N
excess could be observed (Figure 3.3-3c).
Furthermore, in correspondence with findings for Lolium multiflorum in 2011
(Figure 3.3-1), total N contents of biomass and excess 15N recoveries positively correlated
(R²=0.71), while no such relationship could be found for substrate and nutrient solution
(data not shown).

3.3.3 Monitor plant Eriophorum vaginatum
Using Eriophorum vaginatum as monitor plant during the second year of experiments, total
biomass production ranged from 15.3 to 89.6 g DM. The share of roots on total biomass
was only slightly higher as observed during experiments with Lolium multiflorum and varied
from 73.6 to 88.6 % with an average contribution of 82.4 %. Root biomass production was
significantly higher than the produced amount of aboveground biomass (p<0.05). No
significant difference could be found between root production of Eriophorum vaginatum and
Lolium multiflorum in 2012 (p>0.05).
As shown in Figure 3.3-4a, aboveground biomass production increased with increasing
fertilisation. Furthermore, increasing fertilisation of monitor plants led to an increasing N
status of aboveground biomass (Figure 3.3-4b). During the whole experimental period
including pre-cultivation and exposure in the field, the atmospheric N deposition ranged
from 81.9 to 138.2 mg N pot-1. The mean allocation rate per pot and day was in the range
from 342.9 to 580.6 µg N d-1 pot-1. While atmospheric N in both aboveground and total
biomass increased with total N contents of aboveground and total biomass (Figure 3.3-4e,
Figure 3.3-4f), no distinct dependency could be found for atmospheric N in total and
aboveground biomass in relation to the produced total and aboveground biomass
(Figure 3.3-4c, Figure 3.3-4d).
In contrast to the experiments using Lolium multiflorum as monitor plant, most of the
deposited atmospheric N was found in the substrate (up to 85 %) (Figure 3.3-3a,
Figure 3.3-3b). While vegetation pots with high biomass production resulted in a share of
on average about 44 % of total biomass on airborne N uptake, the contribution of biomass
decreased with decreasing amount of produced biomass (Figure 3.3-3b).
While no dependency between total N contents of substrate and nutrient solution and
excess 15N recoveries could be observed, a strong positive linear relationship between total
N contents of biomass and excess 15N recoveries was found (R²=0.92, data not shown).
Total N and excess 15N recoveries of all six vegetation pots were on average 107.2 and
48.4 % ranging from 80.6 to 168.2 % and from 17.5 to 77.5 %, respectively (Table 3.8-3).
While excess 15N recoveries positively correlated with initially added 15N with fertiliser, total
N recoveries decreased with increasing N fertilisation of vegetation pots and biomass
production (Figure 3.3-5). A positive dependency between produced biomass and share of

Chapter 3

59

biomass on 15N excess could be observed (Figure 3.3-3d). In correspondence with findings
for Lolium multiflorum, highest shares of 15N excess were found in biomass.

Figure 3.3-3 Proportion of total atmospheric N deposition ((a) and (b)) and contribution of 15N
excess ((c) and (d)) found in different compartments of the biomonitor systems to the total 15N
recovery in dependency to level of total biomass production during experiments in 2012.
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Figure 3.3-4 Dependence between fertilisation level and produced aboveground biomass and total
N content of aboveground biomass ((a) and (b)), atmospheric N in total biomass and aboveground
biomass in relation to total biomass and aboveground biomass ((c) and (d)), and relations between
atmospheric N in biomass and total N content of biomass (e) and atmospheric N in aboveground
biomass and total N content of aboveground biomass (f) for both Lolium multiflorum and Eriophorum
vaginatum in 2012.
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Figure 3.3-5 Excess 15N and total N recoveries in relation to N added with fertiliser for both
Lolium multiflorum and Eriophorum vaginatum in 2012.

3.3.4

15

N2O and 15N2 enrichment in substrate and
nutrient solution

The maximum concentration of fertiliser-derived N2 and N2O in soil air samples taken
from the middle part of the pot was 3.7 ppm and was thus below the detection limit. Still,
flux calculation resulted in 45 mg N pot-1 yr-1, that is, about 15 % of the N added with
fertiliser and gives thus a rough estimate of the minimum detectable flux.
Mean fertiliser-derived N2 and N2O in the headspace samples of the nutrient solution
was 14.8 ppm and was hence above the detection limit. This concentration corresponds to
3.8 µg N per solution container assuming a concentration of dissolved air N2 according to
N2 solubility at 10 °C [Weiss, 1970]. Extrapolating this number to the entire period results
in 111.1 µg N and thus explains only a small part of N losses. However, it is a direct proof
of denitrification in the experimental setup. We suspect that these dissolved 15N gases were
leached from the vegetation pot and thus probably indicate denitrification in the rooting
zone of the plants.

3.3.5 Year-round experiments
During the second year of experiments, two pots per grass species remained exposed in the
moorland during winter time (397 days). This year-round experiment resulted in N uptake
ranging from 216.7 to 524.0 µg N d-1 pot-1 depending on grass species (Table 3.3-2). Both
Eriophorum vaginatum and Lolium multiflorum showed a positive correlation between
atmospheric N deposition and produced biomass. In contrast to experiments carried out
during the growing season, biomass production decreased with increasing N fertilisation.
Total N and excess 15N recoveries ranged from 58.5 and 40.1 % to 125.1 and 72.9 %
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(Lolium multiflorum) and from 88.0 and 37.0 % to 286.1 and 53.6 % (Eriophorum vaginatum),
respectively.
Table 3.3-2 N supply, total biomass production, N content of total biomass, N deposition to
monitor systems, and N allocation rates of vegetation pots (n=2) exposed in the field for one year.
Species

N supply Total biomass
[mg]

[g DM

pot-1]

N content
[mg

g-1

Deposited N Deposited N N allocation rate

total DM] [mg g-1 total DM]

[mg pot-1]

[µg d-1 pot-1]

Lolium
multiflorum

300.0

16.0

13.3

4.2

157.1

368.8

500.0

11.2

14.0

3.8

92.3

216.7

Eriophorum
vaginatum

100.0

36.9

5.0

4.3

252.0

524.0

440.0

25.8

8.4

2.3

152.1

316.3

3.4 Discussion
3.4.1 Monitor plant Lolium multiflorum
On average, 55 % of initially added 15N tracer was recovered in the ITNI system during the
first year of investigation. In contrast to the results from experiments carried out in 2012,
this indicates substantial losses of 15N in the first year. The high 15N losses might have
occurred during the growing season (e.g. losses of biomass, nutrient solution) and during
extraction of samples (e.g. harvest of biomass, homogenisation of samples). Based on the
findings from detection of 15N2O and 15N2 in nutrient solution and soil air, small losses of
N from solution cannot be excluded. The strong linear dependency found between total N
contents of total biomass and excess 15N recoveries may indicate that N losses mainly
occurred from plant biomass. However, as we did not investigate NO emissions,
nitrification processes might enhance potential gaseous N losses from substrate and their
actual significance may be greater. As stated by Russow and Weigel [2000], a 15N recovery
below 80 % has to be critically regarded with respect to the calculated total atmospheric N
input. A 15N recovery of <100 % will always result in an underestimation of the exact
airborne N input, whereby the magnitude of discrepancy depends on the type and time of
the 15N losses (e.g. denitrification, loss of 15N-labelled leaves, loss of 15N-labelled solution
during harvesting). In any case, however, underestimation cannot fall below the 15N
recovery rate, and hence, calculated atmospheric N input in the present experiment
corresponds on average to at least 55 % of the ˈrealˈ airborne N input. Due to the high
share of about 85 % of biomass on total N contents of biomonitors, excess 15N recoveries
>100 % most likely resulted from measurement uncertainties when determining N
contents and 15N contents of plant biomass samples. The positive dependency between
total contents of biomass and excess 15N recoveries and the high share of grass biomass on
15
N excess (Figure 3.3-3c) show that a low excess 15N recovery of experiments is most likely
related to plant N losses during, for example, exposure of vegetation pots in the field,
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sample preparation, or measurement uncertainties of N determination in biomass samples
using isotope ratio mass spectrometry coupled to an elemental analyser.
A high dependency of plant biomass on atmospheric N uptake has been also shown
by He et al. [2007] using Zea mays and Lolium multiflorum as monitor plants. Using Lolium
perenne in pot experiments at three different levels of N fertilisation ranging from 300 to
900 mg N, Böhme et al. [2003] also found increasing biomass production and subsequent
increasing N deposition: About 760 µg N d-1 pot-1 was deposited to pots with high biomass
production (127.29 ± 5.76 g DM), while at medium (83.75 ± 1.37 g DM) and low
(44.45 ± 8.71 g DM) levels of biomass production only about 610 and 590 µg N d-1 pot-1
could be found. It is thus suggested that the increasing airborne N uptake with increasing
biomass in the pots most likely resulted from larger leaf areas of the grasses and thus
higher N uptake through stomata and cuticles.
On average, the total amount of atmospheric N was significantly higher in shoots than
roots of our monitor plants (p<0.05). Furthermore, atmospheric N found in total biomass
was significantly higher than in substrate (p<0.05). Based on the fact that the share of
aboveground biomass on total atmospheric N uptake positively correlated with total and
aboveground biomass production, it can be assumed that the main entry path for airborne
N changed from substrate (wet N deposition) to aboveground biomass (N uptake through
stomata and cuticles) most likely due to the lower wet N deposition to the sand surface as
the coverage of the substrate increases. In contrast, it has been previously reported that
dependent on location and used monitor plant, the main entry path for atmospheric N is
the soil substrate by wet N deposition to the substrate cover. Böhlmann et al. [2005] as well
as Russow and Weigel [2000] found highest N deposition to sand and nutrient solution,
while N uptake by Calamagrostis villosa and different types of grain accounted for 9-11 % to
32 % of total atmospheric N deposition, respectively. Böhlmann et al. [2005] reported low
biomass production to be the main factor causing this relatively low contribution of plant
uptake on total atmospheric N deposition.
Due to the similar developmental stage of plants during experiments with same
amounts of added N fertiliser in both 2011 and 2012 (500 mg N), the considerably higher
calculated atmospheric N uptake in 2012 compared to 2011 most likely resulted from
higher average excess 15N recovery rates of 91 %. Furthermore, the vegetation pots were
already exposed in the field in May 2012, thus taking into account N deposition peaks due
to N emissions from fertilisation of surrounding arable land in late spring 2012 [Hurkuck et
al., 2014]. As shown in that study, year-to-year variability in total N deposition of
0.4 kg N ha-1 yr-1 to the site determined with a micrometeorological approach (KAPS
denuder filter systems) and bulk samplers was low during two consecutive experimental
periods. However, it has to be taken into account that this approach disregards speciesspecific plant N uptake and might therefore underestimate total N deposition as
determined by ITNI. The deviation found in N input into the biomonitor between both
years is therefore most likely not caused by differing N depositions within this region but
can be attributed to methodological short-comings (low excess 15N recovery) during the
first year of investigation.
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3.4.2 Monitor plant Eriophorum vaginatum
The missing dependency of atmospheric N deposition on biomass production was in
contradiction to the observations during experiments using Lolium multiflorum as monitor
plant and differed also from previous studies [Böhlmann et al., 2005, He et al., 2007, Leith et
al., 2001, Russow & Böhme, 2005, Russow & Weigel, 2000]. In contrast to Lolium
multiflorum, Eriophorum vaginatum showed a less extensive plant growth within the vegetation
pots resulting in a lower coverage of the substrate surface. It can thus be assumed that the
main atmospheric N input happened by dry and wet N deposition on the substrate with
following N uptake from substrate by roots and transport of assimilated NO3- and NH4+ to
the plant leaves and shoots.
This is further confirmed by the high share of the substrate on atmospheric N uptake
which decreased with increasing biomass production and subsequent increasing substrate
coverage. The amount of airborne N was significantly larger in substrate than in the
monitor plant (p<0.05). In comparison to the experiments using Lolium multiflorum as
monitor plant in 2012, atmospheric N found in the substrate was significantly higher
(p<0.05).
The strong positive correlation between total N contents of biomass and excess 15N
recoveries as well as the high share of biomass on 15N excess of the biomonitor
(Figure 3.3-3d) indicates that low excess 15N recoveries of experiments mainly occurred due
to 15N losses from biomass.
While total N recoveries ranged from slight losses of N (up to 20 %) and moderate N
uptake (up to 50 %), excess 15N recoveries during experiments with low biomass
production (17.5 %) indicated substantial N losses from vegetation pots during e.g.
exposure of pots in the field, sample preparation, and uncertainties in 15N analysis. As
described above, this may result in a strong underestimation of the exact airborne N input
(cf. Section 3.4.1) and the ˈrealˈ airborne N deposition might be up to about fivefold higher.
As discussed by Russow and Böhme [2005] increasing N fertilisation may not only lead to
an increasing biomass production and subsequent increasing N uptake but might also limit
N uptake due to the enhanced mesophyll resistance caused by increasing apoplastic N
content [Frank & Marek, 1983, Rowland et al., 1985].

3.4.3 Extrapolation of data from the growing season
and year-round experiments
Data from ITNI experiments carried out only during the growing season have to be
extrapolated to determine annual N input. As discussed elsewhere [Russow & Böhme,
2005], extrapolation of data is subjected to uncertainties which mainly depend on the
applied method and how representative the used monitor plant is compared to the natural
field vegetation. In correspondence with most of the previous ITNI studies, extrapolation
of data was done based on the pot area, assuming deposition rates during non-growing
season to be similar as during growing season since high water table, rain, and fog in winter
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time result in high N deposition via non-stomatal pathways which may thus compensate
for the missing plant uptake.
Calculation of total airborne N input into pots planted with Lolium multiflorum and high
N status amounts to 24.2 ± 2.9 kg N ha-1 yr-1 for the first experimental period
(Figure 3.4-1). Extrapolation of data from experiments with low, medium, and high
biomass production during the growing season resulted in 32.5 ± 3.2 kg N ha-1 yr-1,
47.6 ± 4.8 kg N ha-1 yr-1,
54.8 ± 5.5 kg N ha-1 yr-1
(Lolium
multiflorum)
and
-1
-1
-1
-1
-1
-1
50.5 ± 5.1 kg N ha yr , 36.1 ± 3.6 kg N ha yr , 34.9 ± 3.5 kg N ha yr (Eriophorum
vaginatum), respectively (Figure 3.4-1).
We additionally compared results from extrapolation of pots exposed during the
growing season and year-round experiments with low and high biomass production
(Figure 3.4-1). In general, year-round ITNI experiments corresponded well with
extrapolated data. Only the year-long growth and high biomass production of Lolium
multiflorum resulted in substantially lower annual N deposition which was most likely due to
the low excess 15N recovery of 40 %.

3.4.4 Comparison to other studies
As part of the ERNST project [Landkreis Emsland, Germany, 2013], different methods
have been applied to determine and model N loads into the study site which are described
in the below-mentioned references: throughfall method, micrometeorological approach
(KAPS denuder filter systems; Peake, 1985, Hurkuck et al., 2014) complemented with bulk
samplers, inferential modelling, Operational Priority Substances (OPS) modelling [Van
Jaarsveld, 2004], and the ITNI experiments presented here (Figure 3.4-1). Figure 3.4-1
presents an overview of the obtained results and further compares them to the total N
deposition into the investigated area calculated by the German Environmental Agency
using the MAPESI model [Modelling of Air Pollutants and EcoSystem Impact, Gauger et
al., 2008].
On average, atmospheric N deposition was highest when determined by ITNI
experiments (Figure 3.4-1). This confirms the previous assumption that ITNI additionally
considers plant species-specific N uptake and thus may generally result in higher N input
compared to N deposition modelling based on the big leaf concept. However, the low
excess 15N recovery during some experiments resulted in a relatively high uncertainty and
the actual airborne N input into the biomonitors may be strongly underestimated.
Considering the excess 15N recovery rate of on average 55 % in 2011 and during
experiments with vegetation pots exposed for a whole year, the actual N input accounts for
at least the determined input and at maximum a possible N uptake of twice as high as the
determined input (i.e. 48 (Lolium multiflorum year 1) to 110 kg N ha-1 yr-1 (Lolium multiflorum
year 2), respectively).
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Figure 3.4-1 Overview of results from different methods to determine atmospheric N input into
the study site (black bars indicate year-round experiments, LM = Lolium multiflorum, EV =
Eriophorum vaginatum, l = low, m = medium, and h = high biomass production).

A previous study by Böhlmann et al. [2005] using Calamagrostis villosa as monitor plant
within a mire in the Hochharz Mountains in Germany resulted in a mean atmospheric N
deposition of 30 kg N ha-1 yr-1 (extrapolation of data based on the pot area), which differed
only little from wet deposited N. The biomass developed poorly and the study area was not
in close vicinity to agriculturally used land. The authors explain the increased N input by N
capture through surrounding forest canopy. Using Zea mays, Hordeum vulgare L., and Secale
cereale atmospheric N deposition into a study site in Central Germany ranged from 45 to
75 kg N ha-1 yr-1 [Böhme et al., 2002]. Extraordinary high N deposition of up to
117 kg N ha-1 yr-1 using Zea mays was found in the North China Plain, one of the most
intensively used agricultural regions in China [He et al., 2010b]. All studies conducted on
this subject found a dependency between the total atmospheric N deposition and the
season, the used monitor plant as well as the development of biomass [Böhlmann et al.,
2005, Böhme et al., 2002, He et al., 2007, He et al., 2010b, Russow & Böhme, 2005].
In the present study, the determined total airborne N input in both years exceeded the
defined ecosystem-specific critical load of 5 to 10 kg N ha-1 yr-1 at least two- to fivefold.
Thus, the ecosystem might be subjected to an increased sensitivity and shifts in plant
species compositions cannot be excluded (cf. Section 3.4.5).

3.4.5 Potential ecosystem response to increasing N
deposition
In general, increased N deposition has been shown to substantially affect moorland
vegetation: Steubing and Buchwald [1989] and Heil and Diemont [1983] described a
transition of heathlands to grasslands in Northern Germany and the Netherlands. Bobbink
et al. [2010] reported N saturation in Sphagnum mosses with significant changes in Sphagnum
cover of mire, bog, and fen habitats. Tomassen et al. [2003] found stimulation of growth of
Molinia caerulea and Betula pubescens, more nitrophilous grass and tree species, in an
ombrotrophic bog in the Netherlands. To evaluate ecological effects of increased
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atmospheric N input, the uptake pathway and form of dominantly available N species have
to be taken into account. According to Van der Eerden et al. [1990], NH3 uptake by foliar is
more rapid than NH4+ and NO3- assimilation by roots and foliar. Furthermore, Dueck et al.
[1991] reported that NH3 is mainly taken up through plant stomata instead of cuticles. As a
consequence, N deposition in form of gaseous NH3 was found to have greater effects on
moorland vegetation than wet deposited NH4+ [Leith et al., 2002]. They found increasing
shoot extension after exposure of Calluna vulgaris to increasing doses of dry NH3
(2-90 µg m-3). As shown by Hurkuck et al. [2014], more than 80 % of total dry deposited N
to the here presented study site resulted from NH3 deposition. It can thus be assumed that
NH3 is the N compound mostly contributing to N uptake. Van der Eerden [1982]
observed different crop plants (e.g. Lolium multiflorum cv. Optima) exposed to increased
NH3 concentration levels. They reported both direct and indirect effects, such as necrosis,
growth reduction, NH3-specific symptoms (e.g. black spots on leaves), and increased
sensitivity to cold, respectively, as major responses of plants to NH3 fumigation. Lolium
multiflorum (cv. Optima) did not show foliar injury during their experiments and it was
suggested that crop grasses (e.g. Lolium multiflorum LAM. cv. RVP) are insensitive to
increased NH3 concentrations of up to 709 µg m-3 [Whitehead & Lockyer, 1987]. However,
these studies have been carried out over a maximum period of 33 days. Long-term field
observations using ombrotrophic mire-specific vegetation (e.g. Calluna vulgaris, Eriophorum
vaginatum) exposed to increasing levels of NH3 and NH4+ supply over two years have been
carried out by Leith et al. [2002]. There was no species loss or foliar injury during their
experiments, and they suggested that only the presence of secondary stress factors (e.g.
drought) initiates changes in species composition.
In the present study, we did not observe plant responses other than changes in
biomass production to increased N fertilisation during our experiments. The plants were
exposed in the field for a period of one year at maximum, and as has been previously
shown, we assume that effects of increased N deposition occur only during long-term
investigations and under presence of secondary stress factors. Furthermore, maximum NH3
concentration at the study site integrated over one week periods was about 15 µg m-3 and
was thus comparably lower than those in the above-mentioned experiments [Hurkuck et al.,
2014]. The measurement site had a distance of at least 2 km to the next farm and there
were thus no local effects of the strongest emitters and ambient air N concentrations. Still,
the high share of NH3 on total N input might lead to an increased sensitivity of
ombrotrophic vegetation to, for example, frost, growth reduction, and toxic effects such as
necrosis when atmospheric N deposition increases. Consequently, a change in the
biodiversity of the ecosystem could promote the drainage of the bog and a subsequent
alteration of the local hydrological regime.

3.4.6 Uncertainties of ITNI experiments
Pre-cultivation of grasses was carried out in a glasshouse, and atmospheric N uptake by
plants prior to their exposure in the field could not be excluded. However, the
overestimation of airborne N uptake during the exposure at the study site due to
atmospheric N deposition during pre-cultivation is expected to be low since plants were
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protected from external influences and the period of pre-cultivation was kept as short as
possible (on average 50 days, ranging from 14 to 83 days).
In comparison with other ITNI studies [Russow & Weigel, 2000: 80 %; Weigel et al.,
2000: 80-99 %], the experiments using Lolium multiflorum in 2011 and Eriophorum vaginatum
in 2012 showed a low 15N recovery. This has to be taken into account when estimating N
input using the soil-plant model system and atmospheric N uptake might be considerably
higher. However, so far most studies on biomonitoring approaches did not indicate 15N
recovery rates and evaluation of results is difficult. To get a more detailed picture on the
main reasons for low 15N recovery, dynamics of 15N recovery should be assessed. Repeated
15
N2 and 15N2O flux measurements could help to more precisely quantify N losses from
denitrification processes within the nutrient solution containers and/or substrate in future
studies. Furthermore, 15N recoveries of the different compartments of the biomonitor
should be determined directly after 15N supply to estimate sources of losses.
Another error might have occurred due to the fact that the monitor plants differed
from the site-specific vegetation when using Lolium multiflorum as monitor plant. However,
using native Eriophorum vaginatum during the second year of experiments overcame this
shortcoming. In general, the used monitor plant should be as representative as possible
compared to natural vegetation (e.g. soil coverage, N status) to quantify real atmospheric N
depositions.
Furthermore, ITNI experiments are usually carried out during the growing season and
extrapolation of data to a whole year is critical. The exposure of vegetation pots only
during the growing season and thus optimum growth conditions may lead to a strong
overestimation of results when extrapolated to a whole year. To avoid under-representation
of winter time, year-round experiments are crucial. However, they have to be critically
regarded due to the fact that the used grass species were inactive (Eriophorum vaginatum)
during winter time or even died off (Lolium multiflorum). Subsequently, N losses due to NH3
outgassing during senescence of plants could presumably not be avoided. In order to
quantify annual atmospheric N deposition, we assume that year-round experiments can
only result in realistic annual N depositions if the monitor plant is physiologically active
throughout the whole year. Although both approaches corresponded well and resulted in
similar annual N input, they are subjected to the above-mentioned uncertainties. We
therefore suggest a combined approach consisting of an ITNI setup used during the
growing season and micrometeorological techniques [e.g. KAPS denuder filter systems,
Hurkuck et al., 2014] during non-growing season when the application of ITNI
experiments is constrained due to the above-mentioned shortcomings.
Another source of uncertainty is the extrapolation from pot to field scale. This issue
has been intensively discussed by Russow and Böhme [2005]. They suggest a combination
of area and dry matter method. He et al. [2010a] applied both the area method and a plant
number method for extrapolation of data using Zea mays as monitor plant. It was found
that the plant density within the pot has to be as representative as possible to achieve
realistic results. If single plants are used as biomonitors, a correction factor has to be
applied when using the area method.
In order to evaluate the comparability of the used monitor plants within the vegetation
pots and the native vegetation in the surrounding area, pot data were additionally
extrapolated based on aboveground dry matter of field plots. Dry matter sampling in the
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field resulted in aboveground grass biomass of on average about 3000 kg DM ha-1. In
comparison with that vegetation pots contained aboveground biomass ranging from 526.3
to 3210.5 kg DM ha-1 depending on the used monitor plant and fertilisation level when
extrapolated from pot scale to one hectare. Atmospheric N in aboveground biomass of
vegetation pots ranged from 0.2 to 11.3 kg N ha-1. Taking into account aboveground
biomass in the field, we calculated atmospheric N in aboveground grass matter ranging
from 1.4 to 10.7 kg N ha-1. Extrapolation of data based on dry matter sampling shows that
airborne N in aboveground biomass of the biomonitors is in the same range as the
estimated atmospheric N uptake by aboveground grass biomass in the field. However, this
method has to be critically regarded since the plots in the field not only consisted of grasses
but also comprised heath vegetation and Sphagnum mosses. As the dry matter method
presented here considers only grass biomass, additional N uptake from atmosphere by
other species in the field was not taken into account and actual plant N uptake might be
substantially higher. We suggest that the most realistic results can be obtained from the dry
matter method when monitor plants are representative in terms of size and N status
compared to the native vegetation in the field.
Using Lolium multiflorum and Eriophorum vaginatum grown in the glasshouse prior to the
experiments during a maximum exposure of one year resulted in an investigation of young
plants compared to the natural vegetation of the study site. He et al. [2010a] found a
relationship between N uptake and different growth stages for Zea mays, and it can be
assumed that plant age and subsequent biomass production might affect N uptake. Young
plants are expected to have higher nutrient demands due to their vegetative growth and the
results presented here might overestimate N input into the used soil-plant systems
compared to the actual plant N uptake by native perennial vegetation. However, the lower
density of grasses in the pots compared to the field most presumably leads to a lower
atmospheric N uptake through the leaf surfaces and might thus offset this overestimation.
Finally, due to constraints in the experimental setup only one to three replicates could
be used per fertilisation level during the second year of investigation. The experiments in
2011, however, showed a high variability in N uptake between the single vegetation pots
and uncertainties in experiments with pots exposed at the study site for a whole year (2012)
can be only estimated.
Although the ITNI method was found to be subjected to a number of uncertainties, it
is a valuable approach to determine atmospheric N deposition. ITNI is the only known
technique providing direct measurements of both dry and wet deposition as well as direct
N uptake by plants, thus considering plant-specific characteristics such as biomass and N
status. In order to improve its performance and reduce uncertainties related to ITNI,
representative species should be chosen (e.g. similar biomass production), 15N recoveries
need to be in the order of 80 % at least, and the method used for the extrapolation of data
to field scale and a whole year should be selected according to the comparability between
monitor plants and native vegetation.
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3.5 Conclusion
Airborne N input into soil-plant systems was found to be dependent on the monitor plant
and was on average higher when using Eriophorum vaginatum. It could be shown that grass
species respond differently to increasing N supply. Based on our findings, it can be
assumed that Lolium multiflorum takes up N according to biomass production and leaf area
as well as total N contents of biomass. In contrast, it was found that the slow-growing bogspecific grass adapted to nutrient-poor conditions Eriophorum vaginatum is more sensitive
most likely due to an increasing compensation point resulting from N saturation within the
leaves when N supply increases. In comparison with other approaches, ITNI revealed the
highest atmospheric N deposition as it considers direct N uptake by plants. However, the
low 15N recovery rate during some experiments indicated an underestimation of the applied
ITNI approach and the 'real' airborne N input may be significantly greater, but maximally
almost twice as high when considering an average 15N recovery of 55 %. The determined
total airborne N input in both years exceeded the defined ecosystem-specific critical load of
5 to 10 kg N ha-1 yr-1 at least two- to fivefold. The high share of NH3 on total N input
might lead to an increased sensitivity of ombrotrophic vegetation to, for example, frost,
growth reduction, and toxic effects such as necrosis when atmospheric N deposition
increases. Consequently, a change in the biodiversity of the ecosystem could promote the
drainage of the bog and a subsequent alteration of the local hydrological regime.
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1_Abovegr. biomass
1_Roots
1_Substrate
1_Nutrient solution
1_Whole system
1_Recovery [%]
2_Abovegr. biomass
2_Roots
2_Substrate
2_Nutrient solution
2_Whole system
2_Recovery [%]
3_Abovegr. biomass
3_Roots
3_Substrate
3_Nutrient solution
3_Whole system
3_Recovery [%]
4_Abovegr. biomass
4_Roots
4_Substrate
4_Nutrient solution
4_Whole system
4_Recovery [%]

Pot number and fraction

148
148
107
148
-

Duration of exp.
[days]
8.91
22.71
10000.01
1724.02
9.31
16.31
10000.01
2262.52
8.51
21.51
10000.01
2340.02
9.71
41.61
10000.01
1780.02
-

Mass/Volume
[g DM pot-1; mL pot-1]
165.5
128.7
25.7
1.4
321.2
64.2
158.6
120.4
26.9
7.8
313.7
62.7
130.0
105.9
22.2
5.2
263.3
52.6
175.0
162.4
31.6
1.3
370.3
74.0

N content
[mg]
5.0
5.0
3.7
3.3
5.3
5.0
5.2
3.7
4.6
7.5
5.0
5.0
3.1
3.1
6.9
5.0
5.0
3.7
2.6
5.2
-

[at. %]

15N

15N

7.6
6.0
0.8
0.0
14.5
57.3
7.3
5.8
0.9
0.3
14.3
56.5
6.0
4.9
0.6
0.1
11.7
46.1
8.0
7.5
1.1
0.0
16.7
65.8

excess
[mg]
15.1
9.9
8.9
0.5
34.5
14.8
5.6
9.4
1.3
31.1
11.9
8.4
10.1
2.3
32.8
16.5
13.6
10.6
0.7
41.5
-

Deposited N
[mg pot-1]
102.1
66.7
60.3
3.7
233.0
100.2
37.5
63.6
8.8
210.4
111.1
78.7
94.5
21.9
306.6
111.8
91.8
71.6
4.7
280.1
-

N allocation rate
[µg d-1 pot-1]

Table 3.8-1 Duration of experiments, volume, N contents and N recoveries, 15N contents and 15N recoveries, and calculated N deposition for the
single fractions of Lolium multiflorum in 2011 (exp. = experiments (pre-cultivation and exposure in the field)).
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3.8 Supplementary material

content of grass seed: 0.370 at. %, total N content of grass seed: 0.036 mg N

15N

6.31
14.11
10000.01
1883.22
-

Mass/Volume
[g DM pot-1; mL pot-1]

content of fertiliser: 5.431 at. %, total N content of fertiliser: 500 mg N

of fraction, 2Volume of fraction

114
-

Duration of exp.
[days]

15N

1Mass

5_Abovegr. biomass
5_Roots
5_Substrate
5_Nutrient solution
5_Whole system
5_Recovery [%]

Pot number and fraction
130.4
11.9
26.1
8.6
277.0
55.4

N content
[mg]
4.9
5.2
4.0
4.9
8.1
-

15N
[at. %]

15N

5.9
5.4
0.9
0.4
12.7
50.2

excess
[mg]
13.0
4.8
7.4
0.8
26.1
-

Deposited N
[mg pot-1]

114.4
42.1
64.9
6.9
228.7
-

N allocation rate
[µg d-1 pot-1]
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1_Abovegr. biomass
1_Roots
1_Substrate
1_Nutrient solution
1_Whole system
1_Recovery [%]
2_Abovegr. biomass
2_Roots
2_Substrate
2_Nutrient solution
2_Whole system
2_Recovery [%]
3_Abovegr. biomass
3_Roots
3_Substrate
3_Nutrient solution
3_Whole system
3_Recovery [%]
4_Abovegr. biomass
4_Roots
4_Substrate
4_Nutrient solution
4_Whole system
4_Recovery [%]

Pot number and fraction

180
180
177
176
-

Duration of exp.
[days]
4.41
22.51
9000.01
1265.02
5.61
17.21
8700.01
1195.02
4.71
22.71
8980.01
1260.02
9.01
35.81
9020.01
1237.52
-

Mass/Volume
[g DM pot-1; mL pot-1]
33.4
234.5
35.8
1.4
305.0
101.5
53.5
158.8
36.8
1.5
277.4
92.4
67.8
260.0
58.5
2.1
388.4
97.0
116.3
341.6
61.6
2.1
521.5
130.3

N content
[mg]
4.1
4.8
3.2
3.9
4.5
4.2
4.8
2.6
3.6
4.4
4.4
4.9
3.2
4.0
4.6
4.4
4.9
2.6
3.8
4.5
-

[at. %]

15N

15N

1.2
10.3
1.0
0.0
12.6
81.5
2.1
8.2
0.8
0.0
11.2
72.1
2.8
11.8
1.7
0.1
16.3
79.0
4.7
15.5
1.4
0.1
21.6
104.8

excess
[mg]
9.4
34.3
16.2
0.4
60.4
13.4
26.1
21.1
0.6
61.2
14.3
31.3
26.0
0.6
72.3
25.7
40.7
35.3
0.7
102.5
-

Deposited N
[mg pot-1]

Table 3.8-2 Duration of experiments, volume, N contents and N recoveries, 15N contents and 15N recoveries, and calculated N
deposition for the single fractions of Lolium multiflorum in 2012 (exp. = experiments (pre-cultivation and exposure in the field)).

52.3
190.8
89.9
2.2
335.7
74.5
145.0
117.3
3.3
340.1
80.9
176.7
147.0
3.5
408.2
146.1
231.4
200.7
4.0
582.1
-

N allocation rate
[µg d-1 pot-1]
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15N

1194.02
-

10.71
21.51
9380.01
1246.02
6.61
23.51
9370.01

Mass/Volume
[g DM pot-1; mL pot-1]

3.2
508.7
101.7

227.7
311.0
59.9
4.5
603.1
120.5
110.6
315.9
78.9

N content
[mg]

4.5
4.5
-

4.8
5.1
2.1
4.8
4.7
4.6
5.0
2.2

15N
[at. %]

15N

0.1
21.0
81.2

10.2
14.6
1.1
0.2
26.0
100.8
4.6
14.7
1.5

excess
[mg]

content of grass seed: 0.3732 at. %, total N content of grass seed: 0.0467 mg N

0.6
102.7
-

30.9
28.1
39.4
0.6
99.1
20.9
30.8
50.4

Deposited N
[mg pot-1]

content of fertiliser: 5.527 at. %, total N content of fertiliser (pots 1 and 2): 300 mg N, total N content of fertiliser (pots 3 and 4): 400 mg N,

total N content of fertiliser (pots 5 and 6): 500 mg N

15N

of fraction, 2Volume of fraction

176
-

6_Nutrient solution
6_Whole system
6_Recovery [%]

1Mass

178
-

Duration of exp.
[days]

5_Abovegr. biomass
5_Roots
5_Substrate
5_Nutrient solution
5_Whole system
5_Recovery [%]
6_Abovegr. biomass
6_Roots
6_Substrate

Pot number and fraction

3.7
583.3
-

173.9
157.9
221.6
3.6
556.9
118.5
174.7
286.5

N allocation rate
[µg d-1 pot-1]

Chapter 3
77

1_Abovegr. biomass
1_Roots
1_Substrate
1_Nutrient solution
1_Whole system
1_Recovery [%]
2_Abovegr. biomass
2_Roots
2_Substrate
2_Nutrient solution
2_Whole system
2_Recovery [%]
3_Abovegr. biomass
3_Roots
3_Substrate
3_Nutrient solution
3_Whole system
3_Recovery [%]
4_Abovegr. biomass
4_Roots
4_Substrate
4_Nutrient solution
4_Whole system
4_Recovery [%]

Pot number and fraction

235
238
238
238
-

Duration of exp.
[days]
2.41
12.91
9000.01
494.02
2.01
15.61
9000.01
522.02
6.91
41.41
9000.01
495.02
4.61
14.31
9000.01
540.02
-

Mass/Volume
[g DM pot-1; mL pot-1]
5.4
25.9
96.5
0.2
128.0
126.7
12.2
57.5
100.0
0.2
169.9
168.2
19.3
115.0
77.6
0.7
212.7
81.5
37.7
122.1
69.9
0.5
230.2
88.2

N content
[mg]
2.7
2.8
0.5
0.8
1.1
2.6
2.6
0.5
0.8
1.3
4.6
4.6
1.1
4.2
3.3
4.7
4.7
1.1
4.0
3.6
-

[at. %]

15N

15N

0.4
0.6
0.1
0.0
0.9
17.5
0.3
1.3
0.1
0.0
1.6
31.7
0.8
4.8
0.5
0.0
6.2
46.3
1.6
5.2
0.5
0.0
7.4
55.2

excess
[mg]
2.9
13.6
93.8
0.2
110.5
7.0
33.0
97.9
0.2
138.2
3.5
21.3
67.3
0.3
92.2
6.4
20.7
59.4
0.2
86.7
-

Deposited N
[mg pot-1]

Table 3.8-3 Duration of experiments, volume, N contents and N recoveries, 15N contents and 15N recoveries, and calculated N
deposition for the single fractions of Eriophorum vaginatum in 2012 (exp. = experiments (pre-cultivation and exposure in the field)).

12.4
57.8
399.0
0.9
470.1
29.6
138.8
411.4
0.7
580.6
14.7
89.6
282.6
0.8
387.6
26.9
87.1
249.6
0.7
364.2
-

N allocation rate
[µg d-1 pot-1]
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15N

9.01
25.11
9000.01
508.02
12.21
77.41
9000.01
5192
-

Mass/Volume
[g DM pot-1; mL pot-1]
78.2
209.1
67.4
0.8
355.6
80.6
49.5
314.9
67.9
0.6
433.0
98.2

N content
[mg]
4.9
4.9
1.9
4.0
4.3
4.9
4.9
1.7
3.9
4.4
-

15N
[at. %]

15N

3.6
9.5
1.0
0.0
14.1
62.2
2.3
14.4
0.9
0.0
17.6
77.5

excess
[mg]

content of grass seed: 0.3701 at. %, total N content of grass seed: 0.0635 mg N

9.2
25.3
47.3
0.2
81.9
5.6
36.2
50.0
0.2
91.9
-

Deposited N
[mg pot-1]

content of fertiliser: 5.527 at. %, total N content of fertiliser (pots 1 and 2): 100 mg N, total N content of fertiliser (pots 3 and 4): 260 mg N,

of fraction, 2Volume of fraction

239
239
-

Duration of exp.
[days]

total N content of fertiliser (pots 5 and 6): 440 mg N

15N

1Mass

5_Abovegr. biomass
5_Roots
5_Substrate
5_Nutrient solution
5_Whole system
5_Recovery [%]
6_Abovegr. biomass
6_Roots
6_Substrate
6_Nutrient solution
6_Whole system
6_Recovery [%]

Pot number and fraction

38.5
105.7
197.7
1.0
342.9
23.4
151.4
209.1
0.8
384.7
-

N allocation rate
[µg d-1 pot-1]
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Abstract
The majority of peatlands in the temperate zone is subjected to drainage and agricultural
land use and has been found to be anthropogenic emission hotspots for greenhouse gases.
Especially in Central Europe many peatlands are located in regions with intensive
agricultural land use most likely leading to increased atmospheric nitrogen (N) deposition
to these nutrient-poor ecosystems. Increasing N loads could potentially alter microbial
activities or stimulate plant growth followed by increased carbon (C) decomposition or
sequestration rates. The effects of additional N input on the C balance of peat bogs are still
debated. Here we provide eddy-covariance measurements determining net ecosystem
carbon dioxide (CO2) exchange at a moderately drained ombrotrophic bog in
Northwestern Germany over three consecutive years. The region is dominated by intensive
agricultural land use (cultivation and livestock farming). Determination of atmospheric N
deposition (dry plus wet) resulted in N input rates to the study site of about
25 kg N ha-1 yr-1 with a strong seasonality and peaks in spring and autumn. The investigated
peat bog was a net CO2 source during all three years with annual C balances ranging from
35.1 ± 8.1 to 78.1 ± 7.8 g C m-2 yr-1. We found temperature dependent ecosystem
respiration and no significant correlations to water table depths. No apparent short-term
effects of atmospheric N depositions on CO2 exchange could be observed during the
experimental period. However, we suggest that changes in plant species compositions due
to long-term N loads lead to changes in plant species compositions as an invasion by more
nitrophilous species (i.e. Molinia caerulea, Betula pubescens) is already apparent. Due to higher
decomposability of vascular plant litter, effects of long-term atmospheric N depositions
may contribute to the CO2 source strength of the ecosystem.

4.1 Introduction
Peatland ecosystems store about 30 % of the global soil organic carbon (SOC) although
covering only 3 % of the terrestrial surface [Frolking et al., 2011, Gorham, 1991, and
references therein]. Most available peatland studies have focused on arctic [e.g. Lafleur et
al., 1997, Lund et al., 2010, Roulet et al., 2007, Turunen et al., 2002] or tropical regions [e.g.
Chimner, 2004, Jauhiainen et al., 2004, Melling et al., 2005], where the majority of peat
(90 %) can be found [Andriesse, 1988, Lappalainen, 1996]. Peatlands in the temperate zone
have been less investigated [e.g. Koebsch et al., 2013, Lund et al., 2007, Hommeltenberg et
al., 2014]. However, they can also be hotspots of greenhouse gas emissions when drained
or converted into agricultural land [e.g. Beetz et al., 2013, Maljanen et al., 2001, LeiberSauheitl et al., 2014].
C cycling in peatland ecosystems and the exchange of carbon dioxide (CO2) and
methane (CH4) with the atmosphere is primarily driven by permanently or frequently
waterlogged soil, acidic water conditions, and low nutrient quality of plant litter. The
resulting reduction of respiration often leads to a slow but continuous long-term fixation of
C since CO2 uptake exceeds its release through respiration [Van Breemen, 1995]. Peatlands
can also be substantial sources of CH4 when its anaerobic formation by methanogenic
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archaea exceeds aerobic oxidisation by methanotrophs [Whalen, 2005]. CO2 release
through respiration and CH4 oxidising activity by methanotrophs predominantly depend on
water level and temperature. While drainage of peatlands has been found to significantly
accelerate CO2 losses [Joosten & Clarke, 2002], reduced CH4 emissions were observed due
to increasing oxidisation [e.g. Beetz et al., 2013, Maljanen et al., 2001].
Peatlands in temperate zones are often affected by high atmospheric nitrogen (N)
deposition due to their proximity to industrial or agricultural areas [e.g. Hurkuck et al.,
2014]. The effects of increasing N availability on C accumulation remain unclear [Bragazza
et al., 2006, Larmola et al., 2013, Malmer & Wallén, 2004]. Several studies have shown that
increasing N availability can increase microbial activity leading to increasing respiration and
thus increasing C release from peatlands to the atmosphere [e.g. Galloway et al., 2008]. It
was further found that elevated atmospheric N deposition promotes shifts in plant species
composition, and an invasion by more N-demanding species (e.g. Molinia caerulea, Betula
pubescens) replacing Sphagnum mosses could be observed [Berendse et al., 2001, Gunnarsson
& Rydin, 2000, Larmola et al., 2013, Verhoeven et al., 2011]. Therefore, potential alterations
of the C cycling and reduced net C sequestration due to the higher decomposability of
vascular plant litter compared to Sphagnum mosses have to be considered [Berendse et al.,
2001, Gunnarsson & Rydin, 2000]. In contrast, increased vascular plant growth stimulated
by increased airborne N input may result in increasing photosynthesis rates and subsequent
higher C uptake by vascular plants [Lund et al., 2010].
To assess CO2 exchange at a temperate peat bog site, we used the eddy-covariance
(EC) technique over an experimental period of three years. EC measurements have become
the predominant means to determine net ecosystem CO2 exchange covering a variety of
ecosystem types [Baldocchi, 2003], and an increasing number of peatland studies using the
EC technique has been carried out in the temperate zone [Hommeltenberg et al., 2014,
Koebsch et al., 2013, Lafleur et al., 2001, Lafleur et al., 2003, Sottocornola & Kiely, 2005].
The examination of controlling factors (e.g. temperature and soil moisture) for ecosystem
respiration (Reco) is usually performed by chamber-based or laboratory studies with only
short observation periods and disturbed soil samples that represent only a very small area.
In contrast, long-term EC measurements provide an alternative possibility to investigate
CO2 exchange and its sensitivity to changes in environmental conditions (i.e. water table
depths, soil water contents, soil and air temperatures) continuously at high temporal
resolutions and larger spatial scales up to a few hectares without disturbance of the
sampling area. Night-time CO2 flux data can be used to estimate ecosystem respiration
when carefully quality checked regarding e.g. thermodynamic stabilities in the lower part of
the planetary boundary layer [Hollinger et al., 1994, Lafleur et al., 2005, Valentini et al.,
2000]. Simultaneous determination of atmospheric N deposition to the investigated site can
further help to understand potential effects of increasing N loads on local NEE (e.g.
increasing microbial activities, stimulation of plant growth) when CO2 fluxes are partitioned
into Reco and gross primary productivity (GPP).
In this study we aimed at (i) quantifying net ecosystem CO2 exchange at a moderately
drained temperate ombrotrophic peat bog site that is surrounded by intensive agricultural
land use and thus elevated atmospheric N deposition at the study site, at (ii) partitioning
fluxes and determining driving factors for Reco and GPP, and at (iii) analysing potential
short-term effects of increased atmospheric N deposition on CO2 exchange.
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4.2 Materials and methods
4.2.1 Site description
Measurements were carried out in the temperate ombrotrophic bog 'Bourtanger Moor' in
Northwest Germany and Northeast Netherlands which was – prior to its cultivation in the
17th century – one of the largest raised bogs in mid Europe [Casparie, 1993].
The experimental site (52°39'21.25'' N, 7°11'0.17'' E, 19 m a.s.l.) is located within a
natural park and has been moderately drained (size 5 ha). After ground water lowering, peat
excavation, and renaturation, the recent vegetation comprises mainly bog heather (Erica
tetralix), purple moor-grass (Molinia caerulea), cotton grass (Eriophorum vaginatum, Eriophorum
angustifolium), coppices with birches and Scots pines (Betula pubescens, Pinus sylvestris), and
Sphagnum mosses. The bog microtopography is characterised by hummocks and hollows
with average hummock-hollow reliefs of 30 cm. The maximum depth of accumulated peat
is approximately 4 m.
The climate is characterised as cool-temperate with a long-term annual average air
temperature of about 9.5 °C and long-term annual precipitation of about 751 mm
(1981-2010; German Meteorological Service, Station Emden, distance to study site ca.
80 km). During the experimental period from 2011 to 2014, annual average air temperature
was 9.2 °C and annual average precipitation was 783 mm (own observations). Mean annual
water level was around 10 cm below surface with considerable seasonal variation
(constantly saturated soil in December and January and 40 cm below surface in autumn).
The research site is one of a few remaining protected bog areas in this region and
critical loads have been estimated to range from 5 to 10 kg N ha-1 yr-1 [Nagel et al., 2004].
However, it is surrounded by intensive crop production and livestock breeding leading to
increased atmospheric N depositions of about 25 kg N ha-1 yr-1 to the investigated peat
bog, thus exceeding the ecosystem-specific critical load about fivefold [Hurkuck et al.,
2014].

4.2.2 Eddy covariance and meteorological
measurements
The EC technique [Aubinet et al., 2000, Baldocchi, 2003, Baldocchi et al., 1988, Moncrieff et
al., 1997a] was used to determine net exchange of CO2 between ecosystem and atmosphere
at the investigated study site during three consecutive years. Measurements were carried out
from 1st of June 2011 to 31st of May 2014. In the following, year 1, year 2, and year 3 refer
to the periods June 2011 to May 2012, June 2012 to May 2013, and June 2013 to May 2014,
respectively. EC instrumentation comprised a three-dimensional sonic anemometer (R3-50,
Gill Instruments, Lymington, UK) to measure wind velocities, direction, and sonic
temperature and a fast response open-path infrared gas analyser (IRGA; LI-7500, LI-COR
Biosciences, Lincoln, USA) for measurements of CO2 molar densities. IRGA and sonic
anemometer were installed on a tower at 5.15 m with a distance of 30 cm to each other
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facing prevailing wind directions (south-southwest). The IRGA was mounted at a 20° angle
to the horizontal. Data were logged at a frequency of 10 Hz and acquired using the EC
software EddySoft (MPI-BGC Jena, Germany). The IRGA zero and span were set using
high-purity CO2-free N2 gas and two concentration standards (400 and 500 ppmv). As the
sonic anemometer was found to slightly overestimate temperatures, they were corrected
according to ambient air temperatures measured using temperature probes (see below).
Meteorological parameters were continuously monitored in close proximity to the
installed EC tower. Radiation components were determined using a net radiometer (CNR1,
Kipp & Zonen, Delft, The Netherlands). Air temperature and relative humidity data were
obtained from a humidity and temperature probe (HMP35a, Vaisala, Helsinki, Finland).
Diver and baro-diver (DI500, Schlumberger, Tucson, USA) were used to determine water
table depth (WTD) and atmospheric pressure. Photosynthetically active radiation (PAR)
was determined with a PAR Lite sensor (LI-190, LI-COR Biosciences, Lincoln, USA), and
an automatic rain gauge (Thies Clima, Göttingen, Germany) was used for precipitation
measurements. Air temperature and relative humidity were measured at 5.15 m,
precipitation at 1.5 m, radiation components and PAR at 3.0 m, and air pressure at 2.0 m
above ground. Soil temperature profile measurements were carried out at 5 cm below the
surface using a profile probe (Th3-s, UMS, München, Germany). Theta probes were used
to determine soil water content (SWC) at 2.5 cm below surface (ML2x, UMS, München,
Germany). The precipitation data were summed and all other supporting meteorological
variables were averaged over 30-min periods to correspond to the respective flux averaging
interval.
Missing data, e.g. air temperature (14 %), were filled with the respective data from the
nearest DWD (German Meteorological Service) weather station (Lingen, Germany,
distance to study site ca. 15 km).

4.2.3 Flux calculation and quality assurance
Half-hourly mean CO2 fluxes were calculated from high-frequency data using the EC
software EddyProTM 5.1.1 (LI-COR Inc., Lincoln, Nebraska, USA). Air density fluctuations
were compensated according to Webb et al. [1980]. Short-term spikes in high-frequency
raw data were detected and eliminated following Vickers and Mahrt [1997]. Corrections in
high- and low-pass filtering effects (e.g. flux losses due to detrending, sensor separation,
and time response) were performed using the methods introduced by Moncrieff et al.
[2004] and Moncrieff et al. [1997b], respectively. According to Mauder and Foken [2004]
and Mauder et al. [2013], fluxes were quality flagged to rate stationarity. Quality criteria
ranged from 0 (good quality) to 2 (bad quality) and 2-flagged CO2 fluxes were rejected.
Additionally, extreme flux values above and below ±50 µmol m-2 s-1, night-time fluxes
<0 µmol m-2 s-1 as well as fluxes measured during rain events were removed from further
analysis. To further eliminate extraordinary large values, CO2 flux datasets were divided
into day and night-time periods and values beyond ±2 standard deviations from the twoweek mean were discarded. Night-time fluxes were rejected when u* <0.1 m s-1 indicating
high thermodynamic stability during e.g. calm nights [Goulden et al., 1996]. The resulting
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loss of data from all sources was 62 % (first year), 59 % (second year), and 49 % (third
year).
It has been shown by Burba et al. [2008] that self-heating (or cooling) of the Licor CO2
analyser leads to sensible heat fluxes inside the sensor cell that differ from those measured
in ambient air, thus affecting CO2 density measurements and resulting in physiological
unreasonable off-season CO2 uptake. To account for the additional instrument-related
sensible heat flux due to instrument surface heating/cooling under low ambient air
temperatures, the surface temperature was estimated using the so-called Burba correction
based on a multiple regression and biometeorological parameters (e.g. air temperature,
global radiation) measured at the study site (cf. Section 2.2) [Burba et al., 2008]. CO2 fluxes
measured at air temperatures below -5 °C were corrected according to Burba et al. [2008].
No correction was applied to fluxes measured above +5 °C; during events between -5 and
+5 °C a 'smoothing function' was applied on fluxes such that values were corrected using
weighed averages in relation to actual air temperature (e.g. -2.5 °C, 25 % of uncorrected
and 75 % of Burba corrected value).

4.2.4 Gap filling and flux partitioning
To calculate annual CO2 budgets, missing or rejected flux data were gap filled using a
moving lookup table approach considering temporal autocorrelation of NEE fluxes
[Moffat et al., 2007, Reichstein et al., 2005]. Filling gaps was performed based on similar
meteorological conditions (e.g. global radiation <50 W m-2) within a time window moving
±7 days around the missing value. In case no corresponding meteorological variable was
found, the time window was extended (e.g. ±14 days). The gap filled data set included
43 % of measured data. Uncertainties of annual sums equal the standard error (SE) of
single years (n=17520).
The observed NEE consists of two opposing fluxes originating from CO2 release to
the atmosphere, ecosystem respiration (Reco), and CO2 uptake by the ecosystem, gross
primary production (GPP). NEE flux partitioning was carried out using non-gap filled
datasets following the method proposed by Reichstein et al. [2005]. Night-time data were
filtered according to a global radiation threshold of <20 W m-2. Given the temperature
sensitivity of Reco, day time Reco was calculated based on the regression between
temperature and night-time Reco using the exponential regression model [Lloyd & Taylor,
1994]:
  1
1 

Reco  Rref exp  E0 

  Tref  T0 Tair  T0 

(4.1)

where Rref [µmol m-1 s-1] is the reference ecosystem respiration at the reference
temperature Tref (=283.15 K), E0 is the activation energy fitting parameter [K], T0 is kept
constant at 227.13 K, and Tair is the measured air temperature at the study site [K]. As soil
temperatures were measured only during the last two years of measurements, air
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temperatures were taken to fit the Lloyd and Taylor regression model. GPP was calculated
as:
GPP  Reco  NEE

(4.2)

Thus, negative NEE indicates net CO2 uptake by the ecosystem, whereas positive NEE
values express net CO2 release to the atmosphere with Reco dominating over
photosynthesis.
The determination of controlling factors for Reco and GPP was done based on nighttime and day time CO2 flux data, night-time air and soil temperatures, night-time WTD and
day time PAR. In order to account for the temperature sensitivity of Reco when comparing
Reco to driving factors other than temperature (i.e. WTD), Reco of each half-hourly measured
night-time flux was calculated for the reference temperature of 10 °C following Lloyd and
Taylor [1994]:
R10 

Reco



1  
1
  

exp 308.56  
T

T
T

T
0 
 ref
 soil 0 


(4.3)

where R10 [µmol m-1 s-1] is the ecosystem respiration at the reference soil temperature
(10 °C) and Tsoil [K] is the measured soil temperature.

4.2.5 Atmospheric N deposition data
Atmospheric N deposition to the investigated study site was determined from 1st of April
2011 to 31st of March 2013 and is explicitly described in Hurkuck et al. [2014]. Briefly,
concentrations of ammonia (NH3), nitrous acid (HNO2), nitric acid (HNO3), aerosol nitrate
(NO3), and aerosol ammonium (NH4) were measured using KAPS denuder filter systems
[Peake, 1985, Peake & Legge, 1987]. Calculations of dry N depositions made use of
measured N concentrations, determination of the three major resistances (turbulent
atmospheric resistance, quasi-laminar boundary layer resistance and the canopy or surface
resistance) and micrometeorological parameters using the Soil-Vegetation-AtmosphereTransfer model PLATIN (PLant ATmosphere INteraction model; Grünhage & Haenel, 2008,
Grünhage & Haenel, 1997]. Bulk N samplers were used to quantify wet N depositions of
both wet and dry sedimenting particles.

4.2.6 Statistical evaluation of data
R studio (version 3.1.0; R Core Team, 2012) was used to perform an analysis of variances
(ANOVA) analysing the relationships between Reco and Tsoil, Reco and WTD, R10 and WTD,
NEE and total atmospheric N deposition. All tests were based on a 95 % confidence
interval and results are considered significant if p<0.05.
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4.3 Results and discussion
4.3.1 Meteorological conditions during the
experimental period
Average Tair was 10.6, 7.2, and 9.8 °C during the first, second, and third experimental
period, respectively, ranging from -16.2 to 33.0 °C (year 1), -16.8 to 36.6 °C (year 2),
and -10.5 to 38.2 °C (year 3). Especially from December to March in year 2, Tair was
considerably lower compared to the other years. Mean monthly air temperatures were
below the long-term average during year 2 and were substantially lower in winter.
Temperature anomalies were more variable during the first and third year of measurements
(Figure 4.3-1a). Global radiation (Rg) measurements resulted in maximum incoming solar
radiation ranging from 950.0 (year 2) to 970.0 W m-2 (year 3) and monthly averages were
similar during most of the time (Figure 4.3-1d). However, Rg was lower during July and
August of year 1. Tsoil in 5 cm depth were in the same range during summer of year 2 and 3
but were considerably lower from February to April in year 2 compared to the coldest
period in year 3 (Figure 4.3-1b, no measurements during year 1). Annual precipitation was
789.0, 629.3, and 929.3 mm during the three years of investigation (Figure 4.3-1c). Heavy
rainfall was observed in September of year 3 leading to highest annual precipitation in that
year. Precipitation was variable throughout the years, however, lowest rainfall was observed
during February and March in all years. Although all three years were on average drier
compared to the 30-years long-term average, strong excess rainfall occurred during summer
(year 1, year 3) (Figure 4.3-1c).
Mean WTD was -10.8 cm below the surface and seasonally varying from -54.4 cm
(summer year 3) to constantly saturated soil (3.5 cm above surface) during winter time (i.e.
December and January year 1, Figure 4.3-1e). In general, WTD is expected to be lowest
during summer months when both air and soil temperatures increase. Intriguingly, water
table drawdown did not occur during summer year 1 and was on average -6.5 cm below the
surface (August, September). A positive correlation was observed between precipitation
and WTD such that heavy rain events resulted in prompt increases in WTD with shortterm soil saturation. SWC at 2.5 cm below the surface space ranged from 0.78 to
0.83 m3 m-3 with an average of 0.82 m3 m-3. Lowest SWC were measured during July,
August, and September of year 3 (Figure 4.3-1f, no measurements during year 1).
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Figure 4.3-1 Monthly averages of (a) Tair and (b) Tsoil 5 cm below the surface, (c) precipitation, (d)
global radiation (Rg), (e) WTD, and (f) SWC at the study site from 01/06/2011 to 31/05/2014.
Solid lines represent 30-year long-term averages (1981–2010).

4.3.2 Controlling factors for flux components Reco
and GPP
The underlying processes of NEE (Reco and GPP) are controlled by different seasonally
varying environmental parameters. As shown in previous studies [e.g. Nemani et al., 2003,
Churkina & Running, 1998, Hall & Rao, 1999], GPP is primarily driven by PAR.
Accordingly, we observed a weak (R²=0.1) but highly significant (p<0.001) hyperbolic
dependence between measured day time NEE as well as GPP and PAR during year 2 and
year 3 (no PAR measurements during year 1, data not shown). The key controlling factors
for Reco have been identified as Tsoil and SWC, which is most often correlated to WTD [e.g.
Drösler et al., 2008, Fang & Moncrieff, 2001, Joffre et al., 2003, Davidson et al., 2000].
Measured night-time NEE significantly correlated with temperatures showing strongest
dependencies between Reco and Tsoil (p<0.001, R²=0.4) (Figure 4.3-2a, Figure 4.3-2b). The
relationship between Reco and WTD was found to be somewhat weaker (R²=0.1) but highly
significant (p<0.001) (Figure 4.3-2c). However, temperature insensitive R10 and WTD did
not correlate (R²=0.0), the dependency between the two was not significant (p>0.05), and
the widespread assumption that R eco increases with decreasing WTD [e.g. Maljanen et al.,
2001, Dinsmore et al., 2009, Aerts & Ludwig, 1997] could not be observed at our study site
(Figure 4.3-2d). Water tables close to the surface led to high scatter in measured Reco while
WTD drawdown down to 55 cm below the surface did not accelerate Reco (Figure 4.3-2c).
The strong dependency between Reco and temperatures is in correspondence with
observations from field measurements using chambers [e.g. Silvola et al., 1996, Bubier et al.,
1998]. Studies examining controlling factors on Reco using night-time flux data obtained
from EC measurements reported strong dependencies between Reco and air and soil
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temperatures, and only weak or even missing correlations to WTD [e.g. Lafleur et al., 2005,
Nieveen et al., 2005]. In contrast, most laboratory manipulation experiments resulted in
strong dependencies between Reco and WTD [e.g. Bridgham & Richardson, 1992, Scanlon
& Moore, 2000, Waddington et al., 2001] which were both confirmed [e.g. Silvola et al.,
1996, Oechel et al., 1998, Bubier et al., 2003a, Bubier et al., 2003b] and disproved [e.g.
Bubier et al., 1998, Updegraff et al., 2001] by chamber-based measurements.
Although most of the available peatland studies investigate significant relationships
between Reco and Tsoil, the dependency on WTD is not yet fully understood. As discussed by
Lafleur et al. [2005], an exceptional relationship to WTD in some peatland ecosystems may
be caused by complex interactions between WTD and vertical profiles of (i) peat quality
and thus CO2 decomposability, and (ii) soil water contents in unsaturated zones and
subsequent decreasing oxygen availability for heterotrophic respiration. Furthermore, they
identified that the ratio between heterotrophic and autotrophic respiration mainly depends
on autotrophic productivities which are primarily controlled by topsoil and air
temperatures thus contributing to strong relationships between Reco and temperature.

Figure 4.3-2 Dependencies between night-time NEE fluxes and (a) Tair and (b) Tsoil (5 cm depth),
(c) night-time WTD, as well as the (d) relationship between R10 and night-time WTD. Plots show
daily averages of half-hourly measurements for the single years.

4.3.3 Seasonal variabilities in net ecosystem CO2
exchange
The annual C balance was similar during the first and the third year of experiments and
resulted in net C loss of 78.1 ± 7.8 and 77.0 ± 9.8 g C m-2 yr-1 (Figure 4.3-3a). The study
site was a slightly smaller net C source of 35.1 ± 8.1 g C m-2 yr-1 in the colder second year
corresponding with the finding that CO2 release is primarily temperature dependent
(Figure 4.3-2a, Figure 4.3-2b). The average annual NEE was 63.4 ± 14.9 g C m-2 yr-1. While
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annual NEE only moderately differed between the years, seasonal variabilities were more
distinct (Figure 4.3-4a). Both Reco and GPP varied seasonally and revealed peak values
during summer months (Figure 4.3-4b, Figure 4.3-4c). Net CO2 uptake in the order of
30 g C m-2 month-1 was observed during June and July; net CO2 release could be detected
from October to April. Contrasting patterns of both positive and negative monthly values
of NEE indicating the dominance of Reco over GPP and vice versa were observed during
August, September, and May among all three investigated years.
Monthly Reco ranged from 18.2 (March, year 2) to 142.4 C m-2 (July, year 3), GPP was
highest (177.3 g C m-2) in July (year 3) and lowest (1.8 g C m-2) in February (year 3). Overall
highest annual Reco (846.0 g C m-2 yr-1) and GPP (769.0 g C m-2 yr-1) were measured in
year 3.
All three years showed a steep increase in NEE towards more negative numbers in
June and July reflecting increasing dominance of photosynthesis rates over Reco and
therefore increased C uptake (Figure 4.3-3a). The annual course of NEE during year 1 and
2 was very similar, however, annual NEE of year 1 was about twice as high compared to
year 2. This was primarily due to differences during summer when GPP of year 2 was
comparably higher than year 1. Lower GPP during August and September of year 1 may
have resulted from lower Rg from July to September of the same year, thus inhibiting
photosynthesis and C uptake. Furthermore, it can be assumed that plant growth was
hampered due to reduced light availability, leading to generally lower C assimilation. In year
3, the ecosystem more rapidly switched from a net C sink (August) to a net C source
(October), resulting in a steep decrease in NEE during the C neutral September. The shift
in NEE during that period resulted from differences between Reco and GPP which were
much higher in August and October of year 3. Generally higher Reco and GPP in year 3 may
have resulted from higher biomass production induced by warmer and wetter conditions.
Annual NEE highly varied depending on the start of the cumulating period and ranges
from 26.2 to 110.0 g C m-2 yr-1 (Table 4.3-1). Highest variabilities of 74.8 g C m-2 yr-1 were
found during the second year of experiments.
The annual net CO2 source in our study was considerably higher than what was
estimated for other temperate peat bogs using the EC technique. Lund et al. [2007]
determined a small CO2 sink of -21.4 ± 5.5 g C m-2 yr-1 at a an eccentric bog in Southern
Sweden. Similar magnitudes of -49 and -61 g C m-2 yr-1 were reported for an Irish blanket
bog by Sottocornola and Kiely [2005]. NEE ranging from 10 to -76 g C m-2 yr-1 dependent
on the water availability and snow cover was detected at a cool-temperate bog in Canada
[Lafleur et al., 2003]. Hommeltenberg et al. [2014] determined -53 ± 28 g C m-2 yr-1
and -73 ± 38 g C m-2 yr-1 for a near-natural forested bog in Southern Germany. Besides
changes in e.g. vegetation cover (i.e. forestation) or moisture gradients, atmospheric N
depositions have been identified to affect net ecosystem CO2 exchange of innately nutrientpoor peat bogs. As Reco at the here presented study site was found to be temperature rather
than WTD dependent and the surrounding area is characterised by intensive agricultural
land use, potential impacts of airborne N input through e.g. fertilisation of arable land in
close vicinity have to be considered to be a major control for local NEE.
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Figure 4.3-3 Annual cumulative (a) NEE, (b) Reco, and (c) GPP of all three observation years based
on half-hourly values.

Figure 4.3-4 Monthly sums of (a) NEE, (b) Reco, and (c) GPP for each observation year.
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Table 4.3-1 Annual NEE for different starts of averaging points of the year.
Annual NEE [g C m-2]
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

2011

-

-

-

-

-

78.1

70.0

67.3

47.5

33.6

31.7

34.7

2012

42.3

42.3

36.9

42.8

43.8

35.1

39.2

39.9

26.2

71.3

87.8

101.0

2013

81.0

60.5

79.3

86.7

94.8

77.0

-

-

-

-

-

-

4.3.4 Effects of atmospheric N deposition on CO2
exchange
Determination of atmospheric N deposition to the study site using KAPS denuder filter
systems and bulk samplers during year 1 and 2 resulted in total annual airborne N input of
about 25 kg N ha-1 yr-1 [Hurkuck et al., 2014]. Of all investigated reactive N species, NH3
was found to contribute most (>80 %) to dry atmospheric N depositions indicating a
strong influence of agricultural land use on local N input. This was further confirmed by
the strong seasonality in N depositions with peaks in spring and autumn which coincided
with the main fertilisation times of the surrounding arable land.
As shown in Figure 4.3-5a, no relationship could be found between atmospheric N
deposition and net ecosystem CO2 exchange (R²=0.0, p>0.05). Additionally, differentiation
into Reco (measured night-time NEE) and measured day time NEE did also not result in
significant correlations to total N input (Figure 4.3-5b, Figure 4.3-5c) (p>0.05). In
comparison to plants, microorganisms have higher turnover rates and are thus expected to
most likely respond more rapidly to increasing N availability [Lund et al., 2009]. However,
no dependence between total N deposition and GPP was detected when gradually shifting
data sets up to 6 months (p>0.05). Based on these results it can be assumed that increases
in atmospheric N deposition due to fertilisation of surrounding arable land do apparently
not cause immediate changes in Reco and GPP at least at the here investigated time frame.
These findings are in contradiction to results obtained from previous studies. Lund et
al. [2009] investigated two northern peatland sites with contrasting background
atmospheric N deposition (2 and 15 kg N ha-1 yr-1) and found increasing Reco in response to
short-term increases in N supply of up to 40 kg N ha-1 yr-1 to the two bogs during
fertilisation experiments. Furthermore, Bragazza et al. [2006] observed enhanced
decomposition rates with increasing N supply (2 to 20 kg N ha-1 yr-1) and suggested that
both ameliorations of peat litter quality and reduced N constraints on microbial
metabolism are the main reasons for their findings. Alterations of the decomposition of
bog plant litter and reduced C accumulation in response to high N deposition was found
by Bragazza et al. [2012].
As shown by Lund et al. [2009], GPP only increased after additional N supply when
usual background N depositions were low (2 kg N ha-1 yr-1). No significant relationship was
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found between GPP and N addition at a peat bog site subjected to higher background N
loads (15 kg N ha-1 yr-1). They suggested that after long-term enhanced N depositions,
native vegetation is rather phosphorous (P) than N limited and surplus N leaches down to
the rooting zone of vascular plants. It can thus be assumed that long-term high
atmospheric N depositions lead to shifts in plant species compositions with a stimulation
of vascular plant growth eventually leading to increasing decomposability of plant litter
[Verhoeven et al., 2011, Tomassen et al., 2004, Tomassen et al., 2003, Bobbink et al., 2010].
The study site presented here is located in Northwestern Germany – a region that has
a long tradition in agricultural land use. Intensification of cultivation of drained peat areas
already started in the 1950ies. Furthermore, increasing industrialisation of agriculture in
form of livestock farming represents a substantial burden to the sensitive peatland
ecosystems as they emit NH3 and thus contribute to a constant additional atmospheric N
deposition to the investigated site. As a consequence, changes in species compositions with
an invasion by more nitrophilous species (i.e. Molinia caerulea, Betula pubescens) are already
apparent at the study site. As shown by Hurkuck et al. [subm.] using 15N labelled
biomonitors, bog specific grasses such as Eriophorum vaginatum do not take up N according
to N availability, indicating N saturation in plant cells when N input increases and
subsequently mesophyll resistances increase [Frank & Marek, 1983, Rowland et al., 1985].
Long-term N depositions are thus assumed to lead to N saturation at the here presented
study site, apparently leading to insensitivity of C fluxes towards short-term increases in
airborne N input. However, the determination of long-term impacts is beyond the
experimental duration of three years. Both longitudinal and cross-sectional studies would
help to fully understand the development of peatlands in response to increased
atmospheric N depositions.
The dominance of Reco over GPP when taking into account full annual cycles drives
the NEE and makes the investigated peat bog to a net CO2 source. Besides, plant growth
by more N demanding species can be observed. Both indicate that the study site is
substantially affected by long-term atmospheric N depositions from the agricultural land
use of surrounding areas of presence and past. Whether airborne N input is likely to further
increase predominantly depends on the development of agricultural practices in close
vicinity. In fact, the alteration of the examined peat bog is already in progress. Future
changes due to increasing N depositions cannot be excluded and a further threat for the
peatlands ability to act as a net C sink has to be considered.
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Figure 4.3-5 Dependencies between atmospheric N deposition and (a) NEE, (b) night-time NEE,
and (c) day time NEE. Data points show daily averages.

4.4 Conclusion
The investigated peat bog was a net CO2 source of on average 63.4 ± 14.9 g C m-2 yr-1
during three consecutive years. Seasonal variabilities were found to exceed interannual
differences. It could be further observed that Reco is primarily driven by soil temperatures
and no significant correlation to WTD was detected. Reco and GPP were not correlated to
atmospheric N depositions and no apparent short-term effects could be found between the
two parameters. Disentangling the effects of long-term airborne N input due to intensive
agricultural practices in the surroundings on Reco is beyond the experimental period;
however, impacts of enhanced N loads cannot be excluded. As the study site vegetation
already comprises more N demanding species, we conclude that the peatland is subjected
to an alteration of the species compositions likely contributing to the CO2 source strength
of the ecosystem.
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Chapter 5

Synthesis
This thesis aimed at improving our understanding of the effects of agricultural practices on
peatland ecosystems in Northwestern Germany. The region is dominated by intensive
agricultural land use which was expected to lead to increased atmospheric N depositions to
the neighbouring peatlands. In order to investigate interactions between N-flux variability
and the CO2 balance, airborne N input as well as net ecosystem CO2 exchange were
determined. The detailed aims are as follows:
[1] Estimation of atmospheric N deposition to the sensitive ecosystem using two
independent methods and comparison of results to other conventional approaches.
[2] Investigation of airborne input of different Nr species to the experimental site.
[3] Determination of interannual and seasonal variabilities in Nr fluxes and their driving
factors.
[4] Investigation of grass species effects on atmospheric N uptake.
[5] Analyses of impacts of plant development and plant N status on airborne N
deposition.
[6] Determination of the annual net CO2 balance of the peat bog and its underlying
processes respiration and assimilation.
[7] Investigation of short-term effects of atmospheric N deposition on net CO2
exchange between biosphere and atmosphere.

5.1 Main findings
Chapter 2 – Atmospheric nitrogen deposition to ombrotrophic bogs in
Northwestern Germany based on KAPS-denuder measurements
Atmospheric N deposition of about 25 kg N ha-1 yr-1 to the investigated site was similar
during both years of observation resulting in a fivefold exceedance of the ecosystemspecific critical load of 5 to 10 kg N ha-1 yr-1. Of all Nr species, NH3 contributed most
(>80 %) to dry atmospheric N deposition, and a strong seasonality in concentrations and
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depositions could be observed. Seasonal peaks in local NH3 concentrations and depositions
in spring and autumn coincided with the main fertilisation times.

Chapter 3 – Grass species and grass growth effects on atmospheric nitrogen
uptake
Plant-specific responses to increasing atmospheric N input were found for two different
grass species with contrasting N demands. Whereas biomass production of the high N
demanding crop grass Lolium multiflorum was found to be positively correlated to
atmospheric N uptake, species adapted to nutrient-limited conditions (Eriophorum vaginatum)
did not show such a clear relationship. The two indicator plants showed a positive
correlation between atmospheric N input and total biomass N contents. Partitioning of the
airborne N differed between the plant species used as biomonitors: While highest shares of
atmospheric N input were allocated in aboveground biomass of Lolium multiflorum, most of
the deposited N to Eriophorum vaginatum was found in roots. Atmospheric N deposition
ranged from 24 to 55 kg N ha-1 yr-1 dependent on used monitor plant and the amount of
produced biomass resulting in a strong exceedance of critical loads.

Chapter 4 – Annual carbon dioxide balance of a peat bog affected by
increased atmospheric nitrogen deposition
The investigated ombrotrophic peat bog was found to be a net source of CO2 of on
average 63.4 ± 14.9 g C m-2 yr-1. While interannual variability was relatively small, seasonal
variations have been found to be more distinct with peaks in ecosystem respiration (CO2
release) and gross primary productivity (CO2 assimilation) during summer. Ecosystem
respiration primarily depended on soil temperatures and no correlation to water table
depths was observed. Short-term peaks in atmospheric N deposition after fertiliser
application on the surrounding arable land did apparently not affect net ecosystem CO2
exchange, respiration, and gross primary productivity during the experimental period of
two years.

5.2 Conclusions and implications
KAPS denuder filter samplers complemented with bulk N collectors and SVAT modelling
using PLATIN generally corresponded well with findings using the ITNI method as both
approaches resulted in similar annual atmospheric N depositions. Besides being suitable
means to generally investigate airborne N input, the used techniques further complement
one another: While KAPS systems allow the investigation of seasonal courses and the
differentiation of dry atmospheric N input into single Nr compounds, thus giving insight
into the main sources of deposited N, the ITNI approach allows partitioning of
atmospheric N after its uptake by above-, belowground biomass, and substrate.
KAPS systems revealed strong seasonalities in dry atmospheric N depositions. Peaks
in spring and autumn overlapped with the main fertilising times indicating that airborne N
originates from agricultural practices in the surrounding areas such as application of
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organic fertiliser on arable land. This was further confirmed as NH3 contributed most to
dry atmospheric N input. Atmospheric N depositions were found to exceed the ecosystemspecific critical loads of 5 to 10 kg N ha-1 yr-1 at least fivefold. The interesting fact that the
measured deposition rates were still lower than the modelled input by the large-scale
MAPESI model [Gauger et al., 2008] could be an indication that the N-uptake capability of
the studied peatland is reduced. Indeed, ITNI experiments clearly showed that grass
species respond differently to increasing airborne N supply: The crop grass Lolium
multiflorum produced biomass according to N availability; biomass production of the
nutrient-poor sedge Eriophorum vaginatum did not increase with increasing N input
indicating N saturation. It can thus be assumed that ecosystem-specific species cannot
utilise elevated N supply. As already discussed by Russow and Böhme [2005], Frank and
Marek [1983] and Rowland et al. [1985], N uptake may not only be stimulated by increasing
N input but might also be limited due to enhanced mesophyll resistance caused by elevated
N contents in plants apoplasts. Based on this it can be assumed that species adapted to
nutrient-limited conditions respond more sensitive to increasing N supply from
atmosphere due to an increasing compensation point resulting from N saturation within
the leaves. In other words: The actual NH3 deposition is reduced as the consequence of
earlier deposition already ongoing since decades. Shifts in plant species compositions and
an invasion by more nitrophilous species such as Molinia caerulea and Betula pubescens due to
increased N supply can be already observed at the investigated site, confirming previous
observations across various European peatlands [e.g. Tomassen et al., 2003, Bobbink et al.,
1998, Tomassen et al., 2004]. Besides ecosystem eutrophication and acidification due to
large contributions of NH3 and NH4+ on atmospheric N deposition, increasing sensitivities
of plants towards drought and cold, as well as toxic damages to plants (e.g. necrosis) may
occur and further threaten vegetation with potential losses in biodiversity [e.g. Guderian,
2001, Schulze et al., 2005].
Although numerous studies suggested an effect of increased atmospheric N
depositions on net ecosystem CO2 exchange (Reco and GPP) of peatland ecosystems [e.g.
Bragazza et al., 2012, Bragazza et al., 2006, Lund et al., 2009], no short-term interactions
between the two were apparent at the investigated study site during the experimental
period. This – and the finding that biomass production of Eriophorum vaginatum did not
increase with increasing N supply – further confirms the previous assumption that the
investigated ecosystem is N saturated due to permanent airborne N loads in the past.
Extensive conversion of moorland to arable land and an intensification of agricultural land
use in that region already started in the 1950ies thus resulting in long-term atmospheric N
depositions to neighbouring peat bogs. In contrast to other peatlands in the temperate
zone which are less affected by agricultural practices and increased atmospheric N
depositions [e.g. Hommeltenberg et al., 2014, Lund et al., 2009], the investigated study site
was found to be a net CO2 source indicating a substantial alteration of the CO2 balance
with increasing ecosystem respiration most likely resulting from increased microbial
activities, decomposability of vascular plant litter, and priming effects.
The majority of peatlands in Central Europe has been drained for peat extraction,
forestry, and agriculture. Altogether, more than 90 % of former Central European peat
areas have been lost since the beginning of their cultivation in the 18th century [Succow &
Joosten, 2001]. Current SOC stocks in temperate peatlands have been estimated to range
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from 1300 [Moore, 2002] to 1600 t ha-1 [Leifeld et al., 2005] for pristine peatlands and from
710 [Leifeld et al., 2005] to 1120 t ha-1 [Paustian et al., 1997] for artificially drained peat
areas. Considering the reduction in peat areas as suggested by Succow and Joosten [2001],
cultivation of peatlands in Central Europe resulted in C losses ranging from 0.68 to
3.9 Gt C (7-51 %) of former peat SOC stocks demonstrating the critical role of peatlands
in the global greenhouse gas cycling [Leifeld, 2006].
Based on the findings of this thesis, it can be concluded that the nutrient-limited
ombrotrophic bog under consideration is already subjected to substantial impacts of longterm surrounding agricultural land use leading to increased atmospheric N depositions. The
ecosystem is characterised by shifts in the plant species composition and a significant
reduction of the CO2 sink strength. As long as atmospheric N depositions constantly
exceed critical loads, future developments of the peat bog may include increased risks of
desiccation and subsequently an alteration of the hydrological regime with further shifts in
dominance from bog specific species (e.g. herbs, Eriophorum vaginatum, Carex) to grasses,
shrubs and trees, which will most likely further destabilize C storage.
The gained knowledge may be meaningful for all peatlands, particularly in the rural
areas of the temperate zone. As temperate peatlands are most often heavily degraded due
to drainage, they are specifically sensitive to increased atmospheric N depositions. In order
to retain the ability of peatlands to act as C sinks, their protection is indispensable. Besides
e.g. raising water tables, maintenance of peat areas requires low airborne N inputs which
could be achieved when changing management practices of the surrounding arable land:
Landkreis Emsland, Germany (2013) suggested that e.g. feeding of food low in proteins,
coverage of manure storage, advanced deployment technologies, and filter units in
livestock facilities could counteract and sustainably reduce emissions from stables and
croplands with subsequently decreasing atmospheric N depositions. Landscape
maintenance measures (e.g. mowing, removal of young woods, and clearing) could further
help to reduce N pools in peatlands already subjected to shifts in species compositions.
Although these approaches will not be sufficient to reach critical load levels and do not
solve the structural problem between pristine peatlands and agricultural management
within these regions, they will lead to a reduction of both N depositions to and N pools in
peatlands and should thus be considered in order to protect peatlands affected by
neighbouring agriculture.

5.3 Recommendations for future research
This thesis presents the first simultaneous measurements of atmospheric N depositions
and the C balance in a temperate peatland ecosystem. The experiments provide insight into
airborne input of various Nr species, allocation of N after its uptake by the soil-plant model
ecosystem, and potential effects of atmospheric N deposition on CO2 exchange. The
obtained results can be used for the following future research considerations:
- The N saturation indicated in the presented study requires further research on
underlying mechanisms. It remains uncertain whether short-term effects of atmospheric
N depositions on net ecosystem CO2 exchange are overlayed by long-term impacts.
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Long-term observations at the ecosystem under investigation and determination of
interactions between airborne N supply and CO2 exchange at different times during the
experimental period (longitudinal studies) would allow observing temporal
developments of peatland ecosystems.
- Future experimental designs should include comparisons between ecosystems affected
by surrounding agricultural land use and unaffected sites (cross-sectional studies) in
order to determine potential sensitivities of the respective ecosystems towards increased
atmospheric N depositions.
- Long-term fertilisation experiments in pristine peatlands could give additional insight
into dependencies between atmospheric N depositions and the CO2 balance of peatland
ecosystems.
- While impact studies of N deposition on plant community structure have been already
conducted, detailed studies how N input affects eco-physiology of different species or
mineralisation of peat soils are sparse. In particular, the combined effects of N
deposition and lowered water tables should be studied.
- Future research should address the species compositions of the ecosystem under
investigation. Vegetation surveys combined with eco-physiological studies of key species
could help to analyse potential shifts in plant species compositions with invasion by
more nitrophilous species (e.g. vascular plants) especially during long-term manipulation
experiments. Furthermore, observations of Sphagnum growth will be useful to determine
peat accumulation rates as peat mosses belong to the most important peat formers.
- Technical developments will support future studies. The implementation of recently
developed laser absorption spectroscopy (e.g. quantum cascade laser (QCL)) enables
high-temporal determination of net fluxes of single Nr species (e.g. NH3) and thus
allows the investigation of emissions from and depositions to the ecosystem taking into
account potential N losses due to N saturation of plants and exceedances of canopy
compensation points. In combination to QCL measurements, high-frequent
determination of total Nr fluxes (NHx and NOx) using the Total Reactive Atmospheric
Nitrogen Converter [TRANC; Marx et al., 2012, Brümmer et al., 2013] system within an
eddy-covariance setup will help to investigate sources of both agricultural and industrial
sectors. High-temporal flux measurements could further give insight into dependencies
between Nr fluxes and micrometeorological driving factors such as e.g. wind direction,
wind velocities, and air temperatures.
- In order to account for the whole greenhouse gas balance of peatland ecosystems
subjected to increased atmospheric N depositions, future research should consider
measurements of N2O emissions due to potentially increased denitrification and
nitrification processes as N availability in peat soil increase, and determination of C
losses due to methane (CH4) emissions from frequently waterlogged soil.
Based on the findings of this thesis, future research as suggested above will be a first step
to help answering the remaining open questions. Knowledge about interactions between
increased atmospheric N supply and CO2 balances over longer time scales is of particular
importance in order to evaluate the perspective of temperate peatlands to act as C sinks.
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