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Summary 

During the last two centuries, humans have greatly altered the global nitrogen cycle by the 

production and use of nitrogen containing fertilizers, and by the combustion of fossil fuels. 

This excess of reactive nitrogen has led to nitrate (NO3
-) contamination of the drinking 

water in many regions of the world. The importance of riparian zones in reducing nitrate 

inputs from adjacent agricultural land to surface and groundwater is well known. However, 

most studies investigated either the topsoil or the groundwater and the soil column has 

been considered as a black box. Only a limited number of studies looked at the soil 

solution, which links these two compartments, to assess N transformation along its flow 

path. 

Therefore, the overall goal of this PhD thesis was to gain a better understanding of 

nitrogen dynamics in floodplain soils by monitoring nitrate concentrations and δ15N and 

δ18O of nitrate in soil solutions in the soil column. The steps taken towards this objective 

were: i) Development of simple and broadly applicable techniques for the online isotope 

ratio measurements of δ15N and δ18O in nitrate. ii) Assessment of nitrogen transformations 

and apportionment of nitrate sources by the application of these methods on soil 

solutions. iii) Creation of a nitrogen balance for the floodplain soils in order to evaluate 

whether they are a nitrogen sink or source. The study was carried out in a short-

hydroperiod floodplain of the Thur River (NE Switzerland). 

The first method developed in this work allows the measurement of both δ15N and δ18O in 

nitrate for samples containing at least 20 µmol NO3
-. The “acetone method” is based on 

the different solubilities of inorganic salts in an acetone-hexane-water mixture. In this 

solvent all major nitrate salts are soluble, whereas all other oxygen-bearing compounds 

such as most inorganic carbonates, sulfates, and phosphates are not. Using this ternary 

solvent, nitrate is first extracted from a freeze-dried salt bulk and subsequently 

precipitated as anhydrous barium nitrate by adding barium iodide. The method was 

evaluated using natural freshwater solutions amended with international certified nitrate 

standards with known N and O isotopic signatures. 

The second method allows the δ15N analysis of nitrate and was developed for samples 

with small nitrate amounts (≥4 µmol) and high dissolved organic matter (DOM) contents. 

The “two-phase method” is based on the fact that concentrated NaOH solution and pure 

acetone are immiscible. First, nitrate and DOM are extracted from a freeze-dried sample 

bulk by using concentrated sodium hydroxide. After the addition of acetone two liquid 
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layers are formed, and H2O and NO3
- migrate into the acetone layer whereas DOM 

remains in the highly polar hydroxide solution. With this novel technique up to 99% of 

DOM could be removed from river water and soil solutions assuring that no interference 

from organic N on the δ15N signature of nitrate occurs. 

Nitrate concentrations and stable isotopes in soil solutions from the riparian forest 

revealed that most of the nitrate was microbially produced. Denitrification played a 

subordinated role and was only visible during flooding in deeper soil layers close to the 

aquifer. Furthermore, because in our soils archaeal ammonia oxidizers (AOA) are more 

abundant than their bacterial counterparts (AOB), the O isotope systematics for nitrate 

produced over the archaeal ammonia oxidation could be deciphered. It was found that 

85% of the oxygen atoms in newly formed nitrate were mainly derived from the 

surrounding water. This is higher than reported for AOB (67–75%) and higher than 

expected for the archaeal nitrification based on the stochiometry (67%). This difference 

can most likely be attributed to an enhanced intracellular O-exchange (>50%) between 

one of the intermediary products (NH2OH, HNO) or NO2
- and H2O during archaeal 

ammonia oxidation. 

The nitrogen balance of the floodplain soils revealed that, due to high sedimentation rates, 

frequently inundated zones retain large amounts of nitrogen, and overall act as a N sink. 

In contrast, in the mature riparian forest, as a result of high net nitrification rates and large 

soil nitrogen pools that have been accumulated over time, nitrate leaching exceeds total 

nitrogen input most of the time, and thus acts as a N source. Main factor explaining the 

differences in nitrate concentrations was the variability in soil texture and field capacity 

(FC). In fine-grained subsoils with high FCs and volumetric water contents near FC, high 

nitrate concentrations were observed, often exceeding the Swiss and EU groundwater 

quality criterions of 400 and 800 µmol L-1, respectively. As a consequence, nitrate 

leaching from the unsaturated zone into groundwater led to a significant nitrate 

contribution during flood events and in winter when soil water fluxes were high. 

The findings of this thesis are of great interest for scientists as well as for water quality 

managers: i) The development of an efficient and simple sample preparation technique for 

the δ15N and δ18O analysis of nitrate in natural waters made the dual isotope approach 

more accessible. Up to now, only a limited number of laboratories worldwide was able to 

perform these analyses. ii) This is the first study showing in-situ isotopic signatures of 

microbially produced nitrate from soils dominated by ammonia-oxidizing archaea (AOA). 
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Because AOA genes are ubiquitous in terrestrial and marine environments, these findings 

contribute to a better fundamental understanding of nitrification and will help to improve 

the interpretation of the oxygen isotope signature of nitrate. iii) The common opinion that 

floodplain soils represent important nitrogen sinks has to be revised. The capacity of 

floodplain soils to retain and remove nitrogen depend on several factors such as 

inundation frequency and duration, nitrate load in the river and groundwater, 

physicochemical soil properties, soil microbial communities and the ecological succession 

stage.
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Zusammenfassung 

Menschliche Aktivitäten wie intensive Landwirtschaft und Verbrennung fossiler Brennstoffe 

haben den globalen Stickstoffkreislauf während der letzten beiden Jahrhunderte stark verändert. 

Der Überschuss an reaktivem Stickstoff (N) hat zu einer erhöhten Nitratbelastung im 

Trinkwasser in weiten Teilen der Welt geführt. Schwemmebenen von Flüssen und Seen wirken 

oft als Filter landwirtschaftlichen Eintrages von Nitrat (NO3
-) in Oberflächen- und Grundwasser. 

Die meisten Studien haben jedoch entweder nur den Oberboden oder nur das Grundwasser 

untersucht und die Bodensäule wurde dabei als „Blackbox“ angesehen. Nur wenige Studien 

fokussierten auf die Bodenlösung, das Bindeglied zwischen diesen beiden Kompartimenten, um 

Stickstofftransformationen entlang ihres Fliessweges zu untersuchen. 

Hauptziel dieser Doktorarbeit war ein verbessertes Verständnis der Stickstoffdynamik in Böden 

einer Flussaue anhand der Konzentration und der Isotopensignatur (δ15N und δ18O) von Nitrat in 

der Bodenlösung. Dieses Zieles wurde in folgenden Teilschritten erreicht: i) Entwicklung von 

einfachen und vielseitig anwendbaren Probenaufarbeitungs-Methoden für die Messung von δ15N 

and δ18O in Nitrat; ii) Anwendung dieser Methoden auf die Bodenlösung in einer Flussaue zur 

Evaluierung dominanter Stickstofftransformationen und der Bestimmung der Herkunft des 

Nitrats; iii) Erstellung einer Stickstoffbilanz für die untersuchten Auenböden, um zu eruieren, ob 

diese eine Stickstoffsenke oder Quelle sind. Die Studie wurde in einem renaturierten 

Flussabschnitt des perialpinen Flusses Thur in der Nordostschweiz durchgeführt und war Teil 

des interdiszipliären RECORD-Projektes des ETH Bereichs. 

Die erste in dieser Arbeit entwickelte Methode erlaubt die kombinierte Analyse von δ15N und 

δ18O in Nitrat für Wasserproben, welche mindestens 20 µmol NO3
- enthalten. Die sogenannte 

„Acetone Method“ beruht auf den Löslichkeitsunterschieden anorganischer Salze in einer 

Aceton-Hexan-Wasser-Mischung. In diesem Lösungsmittel sind alle natürlich vorkommenden 

Nitratsalze löslich, während alle anderen Komponenten, welche Sauerstoff enthalten, z.B. 

Karbonate, Sulfate und Phosphate, unlöslich sind. Mit Hilfe dieses Lösungsmittels werden die 

Nitratsalze zuerst aus einer gefriergetrockneten Wasserprobe extrahiert und anschliessend 

durch die Zugabe von Bariumiodid als wasserfreies Bariumnitrat ausgefällt. Testmessreihen mit 

verschiedenen simulierten Süsswasserproben mit bekannten Isotopensignaturen des gelösten 

Nitrats führten zu genauen und gut reproduzierbaren Ergebnissen. 
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Die zweite Methode erlaubt die Analyse von δ15N in Nitrat und wurde für Süsswasserproben mit 

kleinen Nitratmengen (≥4 µmol) und grossen Anteilen gelöster organischer Stoffe (DOM) 

entwickelt. Die sogenannte “Two-phase Method” basiert auf der Tatsache, dass konzentrierte 

Natronlauge und reines Aceton nicht mischbar sind und sich daher eine wässrige und 

organische Phase bilden. Zuerst wird Nitrat und DOM mit Hilfe von konzentrierter NaOH Lösung 

aus einer gefriergetrockneten Wasserprobe extrahiert. Bei der anschliessenden Zugabe von 

Aceton gehen ein Teil des Wassers und das Nitrat in die organische Phase über, während DOM 

in der stark polaren und alkalischen wässrigen Phase bleibt. Dank dieser neuartigen 

Separationstechnik, welche es erlaubt bis zu 99% des DOM in Flusswasser und Bodenlösungen 

zu entfernen, wird eine mögliche Interferenz von organischem Stickstoff auf die δ15N Signatur 

von Nitrat minimiert. 

Aufgrund der Nitratkonzentrationen und der stabilen Isotopen in Bodenlösungen des 

Auenwaldes konnte gezeigt werden, dass ein Grossteil des Nitrates durch Nitrifikation gebildet 

wurde. Denitrifikation war weniger stark ausgeprägt und konnte nur während Flut in den tieferen 

Bodenschichten, d.h. in der Nähe des Grundwasserspiegels beobachtet werden. Im weiteren, 

aufgrund der Dominanz von Archaeen über Bakterien bei den Ammonium-oxidierenden 

Mikroorganismen in unseren Auenböden konnte die Herkunft der Sauerstoffatome im Nitrat, 

welches über den archaealen Oxidationsweg produziert wird, bestimmt werden. Die Sauerstoffe 

stammen hauptsächlich (85%) vom umliegenden Wasser und zu einem grösseren Anteil, als es 

aufgrund der Stöchiometrie des Prozesses erwartet würde (67%). Grund für diese Differenz 

könnte ein erhöhter intrazellulärer Sauerstoffaustausch (>50%) zwischen einem der 

Zwischenprodukte (NH2OH oder HNO) und H2O bzw. NO2
- und H2O sein. Dieser Austausch 

scheint typisch für den archaealen Oxidationsprozess zu sein. 

Die Stickstoffbilanz für die Auenböden zeigte auf, dass oft geflutete Zonen aufgrund hoher 

Sedimentationsraten grosse Mengen an organischem Stickstoff einspeichern und deshalb als 

Stickstoffsenke fungieren. Im Gegensatz dazu wird der Stickstoffeintrag im stabilen Auenwald 

aufgrund hoher Netto-Nitrifikationsraten oft von der Nitratauswaschung übertroffen und stellt 

deshalb ein Stickstoffquelle dar. Ausgangsmaterial für die Nitrifikation im Auenwald sind die 

grossen während Zeiten intensiver Überschwemmungen akkumulierten Mengen organischen 

Stickstoffs. Insgesamt waren die Variabilität der Bodentextur und der Feldkapazität 

Hauptursache für die unterschiedlichen Nitratkonzentrationen in den Bodenlösungen. In 
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Unterböden mit hohen Feldkapazitäten und volumetrischem Wassergehalten nahe der 

Feldkapazität wurden der Schweizerische und der EU Grenzwert für Nitratkonzentrationen im 

Grundwasser von 400 und 800 µmol L-1 oft überschritten. Als Folge, bei Flut und im Winter, 

wenn hohe Wasserflüsse gemessen wurden, führte Nitratauswaschung aus der ungesättigten 

Zone zu einem signifikanten Nitrateintrag ins Grundwasser. 

Die Erkenntnisse dieser Doktorarbeit sind von grossem Interesse sowohl für Wissenschaftler als 

auch für Wasserqualitätsmanager: i) Mit der Entwicklung einer effizienten und einfachen 

Aufarbeitungs-Methode zur Bestimmung von δ15N und δ18O in Nitrat wurde der „Dual Isotope 

Approach“ für eine breitere Anwendung zugänglich gemacht. ii) Dies ist die erste Studie, welche 

in-situ Isotopen-Signaturen von Nitrat zeigt, welches über den archaealen Nitrifikationsweg 

produziert wurde. Da Ammonium-oxidierende Archaeen in terrestrischen und marinen 

Ökosystemen allgegenwärtig sind, helfen diese Resultate grundlegende Prinzipien der 

Nitrifikation besser zu verstehen und die Interpretation von δ15N und δ18O in Nitrat zu 

verbessern. iii) Die allgegenwärtige Meinung, dass Auenböden generell eine Stickstoffsenke 

darstellen, muss revidiert werden. Die Fähigkeit von Auenböden, Stickstoff zu speichern oder 

abzubauen hängt von mehreren Faktoren ab, wie zum Beispiel von der hydrologischen 

Konnektivität, der Nitratbelastung im Fluss- und Grundwasser, den physikochemischen 

Bodeneigenschaften, den mikrobiellen Gemeinschaften und dem ökologischen 

Entwicklungsstadium. 
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Chapter 1 

General introduction 

1.1 Scope 

Nitrate in the environment  

Nitrogen (N) is a component of amino acids in proteins and DNA and therefore a key nutrient 

element for any life form on earth. Although N as N2 gas makes up to 80% of the earth’s 

atmosphere, it is not biologically available for most organisms. Main reason is the triple-bond in 

the N2 molecule which has first to be broken in order to convert it into a reduced form of N 

(Vitousek et al., 1997). Therefore, in undisturbed ecosystems N is often one major factor 

limiting the net primary ecosystem production (Vitousek and Howarth, 1991).  

However, with the discovery of the Haber-Bosch process to convert N2 to ammonia and thus to 

produce artificial fertilizers, the global N cycle has been greatly altered. Intensive use of 

nitrogen-containing fertilizers and elevated N atmospheric deposition, as a result of fossil-fuel 

combustion and release of ammonia from intensive agriculture, have led to nitrate (NO3
-) 

contamination of aquatic and terrestrial ecosystems in many regions of the world. Besides 

eutrophication which can lead to an accelerated loss of biological diversity (Vitousek et al., 

1997), there are serious concerns whether elevated nitrate concentrations in drinking water 

pose a health risk to humans by causing illnesses such as infantile methaemoglobinaemia or 

cancer of the digestive tract (Powlson et al., 2008). 

Floodplains as nitrogen buffer 

Floodplains are low-relief areas that extend from the edge of permanent water bodies, such as 

rivers and creeks to uplands and are subjected to periodic flooding. They represent 

heterogeneous ecosystems composed of a set of hydrogeomorphic and dynamic patches, so 

called “functional process zones” (FPZs) (Thorp et al., 2006; Samaritani et al., 2011). They 

differ from their surroundings in structure and function, and the hydrological flow acts as a key 

connector within and among these patches. They function as a buffer zone filtering non-point 

source pollution from upland agriculture land to rivers. 
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The biogeochemical N cycle in floodplain soils is affected by i) the mode of nitrogen input, ii) 

the contact time between river water and soil, and groundwater and soil and iii) the alteration 

between flood and drought events (Pinay et al., 2002). Periodic flooding may increase the 

microbial activity and thereby increase the decomposition of soil organic matter that has been 

accumulated in earlier successional stages by sedimentation (Howard-Williams, 1985; 

Samaritani et al., 2011). This leads to high substrate availability for nitrification during non-

flooded periods (Baldwin and Mitchell, 2000; Olde Venterink et al., 2006). Nitrate is immobilized 

by microbes and plants or permanently removed by heterotrophic denitrification (Groffman et 

al., 1996). If available N exceeds the demand of plants and microbes, N saturation is reached 

and nitrate leaching into groundwater occurs (Aber et al., 1989; Gundersen et al., 2006) (Figure 

1). In the aquifer, nitrate is removed by denitrification if low redox conditions and the availability 

of electron donors, i.e. bioavailable organic carbon are present (Mayer et al., 2007; Rivett et al., 

2008). 

 

Figure 1: N sources and sinks, N transformations and N pools in a typical floodplain soil. This simplified 
scheme is based on the bacterial nitrification process. Immobilization involves NH4

+ and NO3
- uptake by 

plants and microbes. 

The power of the dual isotope approach 

In order to explain nitrate fluxes in aquatic and terrestrial ecosystems it is important to 

determine the sources and transformations of nitrate. Various isotopic techniques have been 

developed to analyze δ15N and δ18O in nitrate (Chang et al., 1999; Silva et al., 2000; Sigman et 
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al., 2001; Casciotti et al., 2002; McIlvin and Altabet, 2005). As illustrated in Figure 2, the 

combined analysis of δ15N and δ18O allows to distinguish between four major sources: 1) nitrate 

in precipitation 2) nitrate form artificial fertilizers 3) nitrate derived from nitrification in soils and 

water and 4) nitrate from manure and/or sewage. 

 

Figure 2: δ15NNO3 and δ18ONO3 values of four potential nitrate sources (modified from Nestler et al., 2011). 

Nitrogen and oxygen isotope ratios are reported in the conventional δ-notation (‰) with respect 

to atmospheric N2 (AIR) and Vienna Standard Mean Ocean Water (VSMOW), respectively: 

 

where R is the 15N/14N and 18O/16O ratio, respectively. 

The δ18O value in nitrate from the atmosphere ranges from +25 to 75‰ (Kendall, 1998; Pardo 

et al., 2004) and synthetic nitrate fertilizers usually have δ18O values close to the one of 

atmospheric O2 of δ18O = 23.5‰ (Xue et al., 2009). Microbially produced nitrate has δ18O 

values between less than 0 and 14‰ depending on the nitrification pathway and the oxygen 

isotope ratios of atmospheric O2 and soil water (H2O) (Mayer et al., 2001; Mayer et al., 2002). 

For the bacterial pathway based on the reaction stoichiometry, it is generally assumed that two 

O atoms are derived from water and one O atom from atmospheric O2 (Andersson and Hooper, 
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1983; Casciotti et al., 2010). Only a limited number of studies determined oxygen isotope ratios 

of nitrate from manure (Wassenaar, 1995) and sewage (Aravena et al., 1993). For both 

sources δ18O values range between 0 and 15‰. For δ15N, nitrate coming from manure and/or 

sewage sources (7 to 25‰) differs from the isotope ratios in nitrate from other sources, which 

are overlapping and range between -8 and 8‰ (Kendall, 1998; Xue et al., 2009; Nestler et al., 

2011). 

Apart from the source determination, the dual isotope approach also gives insight into N 

transformation processes. During denitrification for instance, the lighter isotopes 14N and 16O 

are preferentially metabolized by microorganisms and cause an enrichment of the heavy 

isotopes 15N and 18O in the remaining nitrate through kinetic isotope effects (Kendall, 1998). 

Various studies (Kendall, 1998; Mengis et al., 1999; Fukada et al., 2004) showed a linear 

relationship between the nitrate concentrations and isotope ratios due to the apparently 

constant 15N and 18O enrichment factors during denitrification. Other processes affecting the 

isotopic signature make the interpretation difficult. For example in summer it was not possible 

to trace inorganic N-fertilizers in soil water because of the high mineralization immobilization 

turnover (MIT) masking the original oxygen isotope ratio of the fertilizer (Mengis et al., 2001). 

Since soil nitrifiers are assumed to incorporate one oxygen atom from atmospheric oxygen 

(δ18O = 23.5‰) and two from the surrounding water (δ18O = -10‰) (Kendall, 1998), nitrate with 

high δ18O values (>20‰), like artificial fertilizers, is transformed to nitrate with low δ18O values 

close to 0‰ when microbial activity is high (Mengis et al., 2001). 

Analytical techniques for the determination of δ15N and δ18O in nitrate 

Over the years, a number of methods for the analysis of δ15N and δ18O in nitrate have been 

developed. Chang et al. (1999) and Silva et al. (2000) introduced the “ion-exchange” method 

which can be used for both the δ15N and δ18O analysis. This method is based on the extraction 

and purification of nitrate by using cation and anion exchange columns. The nitrate is then 

precipitation as AgNO3 for analysis. An alternative method is the “denitrifier method” (Sigman et 

al., 2001; Casciotti et al., 2002;), which is based on the measurement of δ15N and δ18O of N2O 

produced from the conversion of the nitrate by strains of denitrifying bacteria that lack the N2O-

reductase enzyme. The “Cadmium reduction method” is the latest method and was published 

in 2005 by McIlvin and Altabet. Nitrate is first converted to nitrite (NO2
-) using cadmium 
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reduction followed by a subsequent reduction to N2O using sodium azide. The main benefit of 

the denitrifier and cadmium reduction methods, compared with the ion-exchange method, is 

their sensitivity and the fact that they can be used for the nitrogen and oxygen isotopic analysis 

of saline matrices such as seawater and soil extracts. However, all the methods described 

above have several disadvantages: they are either costly, time-consuming or need an 

elaborate experimental setup and/or the use of toxic substances. 

1.2 Objectives of the thesis 

The importance of riparian zones in reducing nitrate inputs from adjacent agricultural land into 

streams and in groundwater is well known. However, most studies investigated either the 

topsoil or the groundwater and the soil column has been considered as a black box. Only a 

limited number of studies looked at the soil solution, which links these two compartments, to 

assess N transformation along its flow path. The major scientific objective of this thesis was 

therefore to gain a better understanding of N dynamics in floodplain soils by monitoring nitrate 

concentrations and δ15N and δ18O of nitrate in soil solutions in the soil column. 

In the respective field studies the following questions were addressed: 

• What are the relative contributions of different nitrate sources in soil solutions? What are 

the dominant N transformation processes in the soil affecting the isotopic signature in 

nitrate? Can we decipher the nitrification pathway based on the δ18O signature in nitrate 

and in water? 

• How do floodplain soils affect the quality of river- and groundwater with special emphasis 

on nitrogen? Are they a N sink or source? What is the effect of flooding on nitrate 

concentrations? Is there an attenuation of the nitrate concentration through increased 

denitrification? Or, on the contrary, is the nitrate input into the groundwater increased 

because of a “flushing-effect”? How do the soil physicochemical properties and soil 

environmental conditions affect the nitrate concentrations? 

Considering the problems with the existing methods to isolate nitrate from natural waters for 

isotopic analysis, a new method should be developed for this purpose. The method should 

have the following characteristics: 
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• It should be applicable on soil solutions with high dissolved organic matter contents and 

low nitrate concentrations. 

• Nitrate should be isolated from freshwater samples in an efficient and inexpensive way 

without elaborate laboratory setup. 

• For the δ15N and δ18O measurement commercially available EA-IRMS and TC/EA-IRMS 

systems have to be used. 

1.3 Study area 

Test site 

The test site is located in a restored section of the Thur River corridor at Niederneunforn (NE 

Switzerland, 8°77’12” E; 47°59’10” N) which is also the main test site of interdisciplinary project 

RECORD (Restored Corridor Dynamics) within the Competence Center of Environment and 

Sustainability (CCES) of the ETH domain (Figure 3a). An important question addressed in this 

project is how river revitalization influences the drinking water quality. At our test site, a 2 km 

channelized river section was widened in 2002 from 50 m to 110 m by removing the foreland in 

front of the levees. The levees were lowered to reconnect an old alluvial forest with the river 

during high floods and were stabilized by planting willow saplings. Fluctuations in discharge 

and sedimentation have led to evolution of a dynamic succession of gravel bars in the restored 

section. Based on vegetation, distance to the river and topography, three functional process 

zones (FPZ) were identified: GRASS, WILLOW BUSH, MIXED FOREST (Samaritani et al., 

2011) (Figure 3b). For this study, two parallel transects from the river towards alluvial forest 

across the FPZs were selected. 

Instrumentation 

Tensiometers, tension lysimeters and Decagon sensors were installed at 3 replicate locations 

(up-, mid- and downstream) at each plot. Replicates were in 5 m distance to each other and 

were tested in two depths (10, 50 cm) in GRASS and WILLOW BUSH and  in 3 depths (10, 50, 

100 cm) in MIXED FOREST. 
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Figure 3: (a) Areal view of the Thur River test site near Niederneunforn (NE Switzerland) showing the 
different plots in the three functional process zones (FPZs); inset map of Switzerland (b) Different FPZs 

along the sample transects. 

Tensiometers and tension lysimeters (highflow porous ceramic cups, Soil moisture 

Equipment Cop. Santa Barbara, USA) were used to measure the soil matric potential (Ψ) 

(Figure 4a and 4b) and to collect soil solution (Figure 4c and 4d), respectively. 

 

 

Figure 4: (a-b) Tensiometers to measure the soil matric potential (c-d) Tension lysimeter to collect soil 
solution. 

Decagon sensors (EC-TM, EC-5, 5TE) (Figure 5a) and data loggers (Figure 5b) (Em50R, 

Decagon Devices Inc., Pullman, WA, USA) measured and recorded soil temperature (T) and 

volumetric water content (VWC) in half-hour intervals. 

!"#$%&'()$*+&

,"--(,&./*0&

1)2**&

(a) (b) 

(a) (b) (c) (d) 
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Rain collectors (funnel-type polyethylene collectors with 100 cm2 openings) were installed in 

MIXED FOREST and in the open area (Figure 5c and 5d). Atmospheric N deposition was 

determined according to the throughfall method (Thimonier, 1998; Thimonier et al., 2005).  

 

 

Figure 5: (a) EC-5 Decagon sensor (b) Em50 Decagon data logger (c) Funnel-type rainwater collector           
(d) Rainwater collector installed in the field with a wire on the top to avoid bird droppings. 

Sediment traps (Figure 6a) and erosion pins (Figure 6b) were used to measure N 

sedimentation by the river (Steiger et al., 2003). In GRASS and WILLOW BUSH, at each plot 

nine erosion pins (150 cm) were piled into the ground with a distance of 5 m to each other, 

forming a 3 × 3 square. In MIXED FOREST where the sedimentation was lower, three artificial 

turf mats (0.3 × 0.45 m) with 2 cm plastic tufts were installed at each plot. 

 

 
Figure 6: (a) Sediment trap (b) Erosion pin. 

(a) (d) (c) (b) 

(a) (b) 
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1.4 Thesis structure 

This doctoral thesis includes four distinct papers, which are presented as separate chapters as 

follows: 

Chapter 2, “A new isolation procedure of nitrate from freshwater for nitrogen and oxygen 

isotope analysis”, published in “Rapid Communications in Mass Spectrometry” describing in 

detail the method applied in this thesis. This simple method for the isolation of nitrate is based 

on different solubilities of inorganic salts in an acetone/hexane/water mixture. In this solvent all 

major nitrate salts are soluble, whereas all other oxygen-bearing compounds are not, allowing 

an efficient separation of nitrate for the subsequent N and O isotope analysis. 

Chapter 3, “A simple method for the DOM removal and δ15N analysis of NO3
- from freshwater” 

published in “Rapid Communications in Mass Spectrometry” presents a second method that 

has been developed for the N isotope analysis of NO3
- for samples with low nitrate 

concentrations. Nitrate and dissolved organic matter are extracted from a freeze-dried sample 

bulk using concentrated sodium hydroxide. After the addition of pure acetone, most of the H2O 

and NO3
- migrates into the acetone layer, whereas DOM remains in the highly polar hydroxide 

solution, facilitating the nitrate separation. 

Chapter 4, “Oxygen isotope signature of nitrate produced via archaeal ammonia oxidation” is 

the first study showing natural abundance isotopic signatures of microbially produced nitrate 

from soils dominated by ammonia oxidizing achaea (AOA). We found that 85% of the oxygen 

atoms in newly formed nitrate were mainly derived from the surrounding water. This is 

significantly higher than reported for bacterial nitrification (67–75%). This difference can be 

attributed to an enhanced intracellular O-exchange in AOA (>50%) between H2O and one of 

the intermediary products (NH2OH, HNO) or NO2
- during archaeal nitrification. This study 

suggests that subsoils can produce high amounts of nitrate and their contribution to total soil 

nitrification might have been underestimated. Furthermore, based on the 18O systematics of 

AOA we propose that they may play an important role in the marine nitrification. 

In Chapter 5, “Nitrate leaching from short-hydroperiod floodplain soils” published online in 

“Biogeosciences Discussions”, we assessed the risk of nitrate leaching from short-hydroperiod 

floodplain soils into the groundwater by monitoring nitrate concentrations in soil solutions and 

relating them to soil properties and soil environmental conditions. Furthermore, we created an 
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N balance for floodplain soils along a successional gradient from frequently inundated gravel 

bars to an alluvial forest. Main factor explaining the differences in nitrate concentrations was 

the variability in soil texture and field capacity. Highest N retention rates were observed in early 

successional stages, whereas in the mature mixed forest nitrate leaching exceeded total N 

input most of the time. 
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Abstract 

The nitrogen (δ15N) and oxygen isotope (δ18O) analysis of nitrate (NO3
-) from aqueous samples 

can be used to determine nitrate sources and to study N transformation processes. For these 

purposes, several methods have been developed, however none of them allows an accurate, 

fast and inexpensive analysis. Here, we present a new simple method for the isolation of 

nitrate, which is based on the different solubilities of inorganic salts in an acetone-hexane-

water mixture. In this solvent, all major nitrate salts are soluble, whereas all other oxygen-

bearing compounds such as most inorganic carbonates, sulfates, and phosphates are not. 

Nitrate is first concentrated by freeze-drying, dissolved in the ternary solvent and separated 

from insoluble compounds by centrifugation. Then anhydrous barium nitrate is precipitated in 

the supernatant solution by adding barium iodide. For δ18O analysis, dried Ba(NO3)2 samples 

are directly reduced in a high-temperature conversion system to CO and measured on-line 

using an isotope ratio mass spectrometer (IRMS). For δ15N analysis, samples are combusted 

in an elemental analyzer (EA) coupled to an IRMS. The method has been tested down to 20 

µmol NO3
- with a reproducibility (1SD) of 0.1‰ for nitrogen and 0.2–0.4‰ for oxygen isotopes. 

For nitrogen we observed a small consistent enrichment of +0.2‰, probably due to an 

incomplete precipitation process and for oxygen, a correction for the incorporation of water in 

the precipitated Ba(NO3)2 has to be applied. Apart from being robust, this method is highly 

efficient and low in cost. 
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2.1 Introduction 

Intensive agriculture, high population densities and increased atmospheric nitrogen input have 

led to nitrate contamination of surface- and groundwater in many regions of the world. In 

addition to eutrophication of rivers, lakes and the coastal oceans, there are strong concerns 

whether nitrate can cause serious human diseases such as infantile methaemoglobinaemia 

(Powlson et al., 2008). Tracing nitrate in catchments is therefore important to determine the 

most effective land management practices for a sustainable water supply of good quality. Apart 

from the successful identification of nitrate sources (Amberger and Schmidt, 1987; Aravena et 

al., 1993; Durka et al., 1994; Mayer et al., 2001; Spoelstra et al., 2007), the nitrogen and 

oxygen isotope ratios in nitrate can provide important information about biologically-mediated 

N transformations, such as nitrification, denitrification or plant uptake (Mariotti et al., 1988; 

Wassenaar, 1995; Kendall, 1998; Mengis et al., 2001; Lehmann et al., 2003). 

In recent years, three methods for the determination of the δ15N and δ18O in nitrate have been 

used widely (Xue et al., 2009): i) the “ion-exchange” method for both δ15N and δ18O, which 

uses cation and anion exchange columns for isolating and concentrating dissolved nitrate 

followed by neutralization with silver oxide to produce AgNO3 (Chang et al., 1999; Silva et al., 

2000), ii) the “denitrifier method”, which is based on the conversion of nitrate to N2O by 

denitrifying bacteria that lack the N2O-reductase enzyme, followed by the measurement of N2O 

for its isotopic composition (Sigman et al., 2001; Casciotti et al., 2002), and iii) the “cadmium 

reduction method”, using cadmium to convert NO3
- to NO2

-, which is then transformed to N2O 

using sodium azide (McIlvin and Altabet, 2005). The main benefit of the denitrifier and 

cadmium reduction methods, compared to the ion-exchange method, is their sensitivity and the 

fact that they can be used for the nitrogen and oxygen isotopic analysis of saline matrices such 

as seawater and soil extracts. This is impossible with ion exchange columns due to the high 

ion concentrations, which saturate the active sites of the resin. However, all methods 

described above have several disadvantages: they are either costly, time-consuming or need 

an elaborate experimental setup and/or the use of toxic substances. 
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Our aim was to develop a new simpler method, which is efficient, robust and as accurate as 

the established procedures. The method is based on the rapid and compound-specific 

decrease in solubility of inorganic salts in acetone-water mixtures, allowing the separation of 

nitrates from all other N- and O-bearing inorganic compounds. Table 1 summarizes the results 

from a literature review of solubilities of common inorganic salts in water and acetone. It can 

be clearly recognized that some nitrate salts, especially Ca(NO3)2 and Mg(NO3)2, are very 

soluble in acetone, whereas Ba(NO3)2 is practically insoluble. For some carbonates and 

sulfates there are no solubility data available for acetone and for others, the solubility has only 

been determined in aqueous acetone. However, considering their low solubility in water, and 

the further decreasing solubility with increasing proportions of acetone, it can be assumed that 

Table 1. Solubilities of inorganic salts in water and acetone 
 Salt  Water Acetone 

 T °C % wt T °C % wt 
CaCO3 16 0.00631, a na na 
MgCO3*3H2O 25 0.08541, b na na 
CaSO4 20 0.2981 na na 
Na3PO4*12H2O 20 10.81 20 0.172, d 
Ba(NO3)2 20 8.271 25 0.00023 
K2SO4 20 10.01 25 0.031, e 
Na2SO4 20 16.31 33 0.444, f 
Na2CO3 20 18.01 35 0.024, g 
KNO3 20 24.01 25 0.0153 
MgSO4*7H2O 20 25.21 na na 
KCl 20 25.41 25 0.000915, c 
BaCl2*2H2O 20 26.31 na insoluble6 
NaCl 20 26.371 25 0.000425, c 
MgCl2*6H2O 20 35.31 25 0.00317 
Mg(NO3)2*6H2O 25 42.11 na very soluble8 
CaCl2*6H2O 20 42.71 20 0.01011, c 

NaNO3 20 46.71 25 0.0243 
K2CO3*11/2H2O 20 52.51 20 0.00241, h 
Ca(NO3)2 20 56.391 20 33.083 
NH4NO3 20 65.241 25 0.1453 

T = temperature. % wt = weight percent of saturated solvent if not differently stated. na = not available. 
agrams per 100 ml H2O at 3*10-4 partial pressure of CO2 measured in the atmosphere. bgrams per 100 ml H2O based on [Mg2+] = 
0.01013 mol per 1000 grams H2O at 3.1*10-4 partial pressure of CO2 measured in the atmosphere. cgrams per 100 grams acetone. 
dacetone 32.36 % wt. eacetone 62.4 % wt. facetone 45.76 % wt. gacetone 80.33 % wt. hacetone 96.4 % wt. 
1(Seidell, 1940), 2(Nirenberg et al., 1977), 3(Norwitz and Chasan, 1968), 4(Lynn et al., 1996), 5(Burgess, 1978), 6(ScienceLab, 2010), 
7(Emons and Pollmer, 1981), 8(Norwitz and Chasan, 1969) 
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they are practically insoluble in pure acetone. Furthermore, some anhydrous sulfates, such as 

MgSO4 and CaSO4 are well known as drying agents for organic solvents and thus, they can 

also be considered insoluble (Armarego and Chai, 2009). To evaluate the efficiency of our 

method in eliminating these salts, we applied the acetone method to natural river water 

samples rich in carbonate and sulfate. We also investigated the removal of dissolved organic 

matter (DOM), as this is a major concern in the application of combustion and pyrolysis based 

analytical methods due to its possible interference on the isotopic signatures (Sigman et al., 

1997). The accuracy and reproducibility of our new method was tested with KNO3 standard-

solutions and a river water sample with known isotopic signature of dissolved nitrate. 

Furthermore, a calibration with international recognized nitrate standards dissolved in a 

common matrix was performed. 

2.2 Experimental 

Nitrate isolation procedure 

A scheme of the isolation procedure is given in Figure 1. The raw water samples are first 

filtered through 0.45 µm filters and aliquots containing 25–30 µmol of NO3
- are filled into 

acetone-resistant 50 mL polypropylene centrifugation tubes, with conical bottoms and screw 

caps (CELLSTAR®, Greiner Bio-one). If the water samples contain <500 µmol L-1 of NO3
-, they 

are first concentrated by freeze-drying larger sample volumes in 250 mL plastic bottles and the 

resulting solids are dissolved in 10 mL milli-Q water (QPAK 2 Purification Pack, Cat. No. 

CPMQ004D2, Millipore). The samples in the centrifugation tubes are subsequently freeze-

dried to precipitate all salts. 

The freeze-dried salts are first suspended in 350 µL 1 M NaI-solution (Sodium iodide, 99.999% 

trace metal basis, Aldrich) with a Vortex shaker for 1–2 min. Then 1 mL of pure acetone 

(CHROMASOLV® for HPLC >99.8%, Sigma-Aldrich) is added to each tube and swirled over 

the bottom and sides to collect all particles that may adhere to the sides of the tubes. Finally, 

20 mL of pure acetone and 10 mL of pure n-hexane (for analysis EMSURE® ACS, Merck 

Chemicals) are added and samples are shaken again. Then, samples are refrigerated at 3 °C 

overnight to allow insoluble compounds to settle. On the following day, the resulting solids 

(carbonates, sulfates, phosphates, NaCl and DOM) are separated by centrifugation (5 min with 
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a relative centrifugation force RCF = 6240 x g) and the nitrate containing supernatants are 

pipetted into new 50 mL centrifugation tubes. 

 

Figure 1. Scheme of the isolation procedure. 

For the precipitation of barium nitrate, 750 µL of 0.1 M BaI2-solution in acetone (BaI2 

anhydrous, 99.995% trace metal basis, Aldrich) are added to the tubes and samples are stored 

in the fridge (3 °C) for 9–12 h to allow the precipitate to settle. Samples are centrifuged and 

Ba(NO3)2 is separated from the ternary solvent by decantation of the supernatant. The 

Ba(NO3)2 is dried in the open tubes at 60 °C overnight. On the next day, the nitrate salt is 

dissolved in 240 µL milli-Q water and split into four silver capsules (4 x 6 mm) by pipetting 60 

µL in each one. Because we always start with a sample amount of 25–30 µmol NO3
- and 

because the nitrate recovery is approximately 2/3 (Table 4) each capsule contains 4–5 µmol 

NO3
-. The open capsules are dried in a desiccator over silica gel for 4–5 days. This drying 

process is crucial because absorbed water on the surface of the nitrate salt would alter the 

δ18O signature. 

On-line isotope analysis 

The oxygen isotope composition of the Ba(NO3)2 was determined by conversion to CO gas via 

pyrolysis using a high temperature conversion elemental analyzer (TC/EA, ThermoFisher 

Scientific, Bremen Germany). Dry silver capsules are pyrolyzed over glassy carbon at 1450 °C 
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in a continuous flow of ultra pure He gas. Before the transfer to the mass spectrometer 

(ThermoFisher Scientific Delta V) via a ThermoFisher Scientific Conflo IV interface, the 

pyrolysis products, mainly N2 and CO, are passed through water and CO2 absorption traps, 

and are subsequently separated on a 1 m long molecular sieve 5Å packed column held at 50 

°C. For attenuating the m/z-30 interference between the N2 peak and the CO peak arising from 

traces of NO generated from N2 and traces of oxygen in the ion source (Brand et al., 2009), 

samples are diluted with Helium by 28% in the ConFlo IV interface. 

For nitrogen isotope analysis an elemental analyzer (ThermoFisher Scientific FlashEA 1112) 

coupled in continuous-flow with a mass spectrometer (ThermoFisher Scientific Delta V) was 

used. Samples are combusted in the presence of O2 in an oxidation column at 1030 °C and 

combustion gases are passed through a reduction column (650 °C). Then N2 is separated 

chromatographically from CO2 for the on-line isotope measurement. 

The isotope ratios are reported in the conventional δ-notation with respect to atmospheric N2 

(AIR) and VSMOW (Vienna Standard Mean Ocean Water) standards, respectively. The 

measurements were calibrated with IAEA-N3 (δ15N = +4.72‰ and δ18O = +25.3‰), USGS34 

(δ15N = -1.8‰ and δ18O = -27.8‰) and USGS35 (δ15N = +2.7‰ and δ18O = +56.8‰) reference 

materials (distributed by the International Atomic Energy Agency (IAEA), Vienna Austria) 

(Brand et al., 2009). Based on repeated single measurements of these standards the 

instrumental precision is 0.1‰ for nitrogen and generally better than 0.6‰ for oxygen. 

Hydrochemical analysis 

Nitrate, sulfate and chloride concentrations were measured by ion chromatography (Dionex, 

DX-120) with a quantification limit of 0.56, 0.52 and 0.28 µmol L-1, respectively. For the 

analysis of dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC), a carbon 

analyzer (Shimadzu, TOC-V CPH) with a quantification limit of 25 µmol L-1was used. 

Preparation of test solutions 

The acetone method was tested on the following solutions: i) a nitrate standard solution (700 

µmol L-1 NO3
-) made from a KNO3 in-house standard salt and milli-Q water. For the blank 

evaluation, only milli-Q water was used. ii) For the simulation of a natural water sample, KNO3 

standard salt was dissolved in 300 mL Miramichi river water (certified reference material, 



 

20      Chapter 2 

Miramichi-02, lot 0310, Environment Canada, Burlington Canada) and then split into 3 

replicates. This reference material is rich in DOC (381 µmol L-1) but contains only minor 

amounts of natural nitrate (3.6 µmol L-1). Pure Miramichi water was used to test the sample 

matrix blank. iii) For the intercalibration with reference materials, nitrate standards of known 

δ15N and δ18O (USGS34, USGS35, IAEA-N3, in-house KNO3 standard) were first diluted in 30 

mL VALSER® mineral water (total dissolved solids TDS = 1826 mg L-1, NO3
-<4.8 µmol L-1; 

Valser Naturelle, www.valser.ch) and then split into 3 replicates, such that each sample 

contained between 26 and 29 µmol nitrate. Three replicates of 10 mL VALSER® water without 

the addition of nitrate were prepared to test the blank derived from the matrix. All three 

solutions were processed in three different series and the isotopic signatures of the recovered 

nitrates and blanks were measured together in three different runs. The chemical compositions 

of all tested water types are summarized in Table 2. 

Table 2. Chemical composition of water types tested by the acetone method 

 Units Miramichi 
river watera 

VALSER® 
mineral watera 

Thur 
river waterb 

pH  6.91 NA 8.4 
Electric cond. 25°C µS cm−1 24.7 1739 (20° C) 449 
DOC µmol L-1 381 NA 267 
DIC µmol L-1 143 NA NA 
Ca2+ µmol L-1 68 10430 1720 
Mg2+ µmol L-1 19 2180 494 
Na+ µmol L-1 60 457 435 
K+ µmol L-1 9 36 61 
Cl- µmol L-1 18 62 367 
HCO3

- µmol L-1 NA 5900 NA 
SO4

- µmol L-1 26 9800 115 
NO3

- µmol L-1 <3.6 <4.8 161 
TDS mg L−1 NA 1826 240 

adata from producers, samples were used for the preparation of test solutions. baverage concentrations of chemical water 
constituents in water of the Thur river (Hoehn and Scholtis, 2011) samples were used to demonstrate the N and O removal 
other than nitrate (see section Results and Discussion). NA = not available. 
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2.3 Results and discussion 

Nitrogen isotope ratios 

The measured δ15N values were very close to the target values with a small consistent 

enrichment of 0.2‰ compared to the solid salts. The reproducibility of the δ15N of the isolated 

nitrate salts by the acetone method was 0.1‰ for all test solutions (Table 3). Based on the 

linear relationship between the recovered nitrates from the test solutions with VALSER® water 

as matrix and the expected values from the reference materials, the following simple correction 

is sufficient (Figure 2a): 

                                                            δ15Nnitrate = δ15Nmeasured − 0.2‰                                       (1) 

Because no nitrogen blank contribution could be detected in any sample and because the 

nitrate recovery of the acetone method was only around 2/3 (Table 4), the enrichment of 0.2‰ 

must be caused by an isotopic fractionation during the sample preparation procedure. We 

assume that the main reason is an incomplete precipitation of Ba(NO3)2 from the ternary 

solvent leading to an enrichment since heavy isotopes preferentially partition into the solid 

phase. 

Table 3. Accuracy and reproducibility 

NO3
- standard matrix 

test 
vol 
mL 

sample size 
µmol NO3

-  δ15N 
exp, ‰a 

δ15N 
meas, ‰b 

δ15N 
corr, ‰d 

stdev 
δ15N, ‰a  δ18O 

exp, ‰a 
δ18O 

meas, ‰c 
δ18O 

corr, ‰d 
stdev 

δ18O, ‰b 

              in-house KNO3 milli-Q 30 21  7.2 7.4 7.2 0.1 (n=2)  23.6 23.3 23.9 0.3 (n=6) 

in-house KNO3 milli-Q 40 28  7.2 7.3 7.1 0.1 (n=2)  23.6 22.9 23.5 0.2 (n=6) 
              
in-house KNO3 Miramichi 100 28  7.2 ND ND ND  23.6 23.1 23.8 0.3 (n=3) 
              
in-house KNO3 VALSER® 10 26  7.2 7.4 7.2 0.1 (n=3)  23.6 23.3 24.0 0.1 (n=3) 

IAEA-N3 VALSER® 10 29  4.7 5.0 4.8 0.1 (n=3)  25.3 25.2 25.9 0.2 (n=3) 

USGS35 VALSER® 10 28  2.7 2.9 2.7 0.1 (n=3)  56.8 54.8 56.4 0.3 (n=3) 

USGS34 VALSER® 10 28  -1.8 -1.6 -1.8 0.1 (n=3)  -27.8 -25.4 -26.0 0.4 (n=3) 

aexpected values of nitrate reference materials. bδ15N analysis by the acetone method from n replicates based on single measurements. 
cδ18O analysis by the acetone method from n replicates based on triplicate measurements. dcorrected results according to Equations 
1and 2, respectively (for more details please refer to text). ND = not determined. 
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Figure 2. Relationship between (a) nitrogen and (b) blank corrected oxygen isotopic compositions of 
recovered nitrate standards measured by the acetone method and expected isotopic ratios. 

Table 4. Total sample amounts of nitrate, sulfate, chloride, DOC and DIC beforea and afterb the isolation 
procedure (average of 2 replicates) 

 test vol 
mL 

NO3
- 

µmol 
SO4

2- 
µmol 

Cl- 
µmol 

DOC 
µmol 

DIC 
µmol 

sample description  before after before after before after before after before after 

Thur river water Nov 2009 200 28.8 16.3 18.8 <0.02 75.9 4.5 36.7 1.4 798.3 <0.8 

Thur river water Jul 2010  110 17.9 12.1 13.3 <0.02 139.4 3.9 32.5 2.4 410.9 <0.8 

blank 110 <0.06 ND <0.06 ND <0.03 ND <2.8 0.9 <2.8 <0.8 

ainitial amounts, calculated by multiplying the concentrations in the test solutions with the test volume. bfor measuring the 
concentrations and calculating the amounts after the isolation procedure, the dried barium nitrate salt was dissolved in 30 mL 
milli-Q water. ND = not determined. 

Oxygen isotope ratios 

The measured δ18O values from the recovered nitrate from the IAEA-N3 (+25.3‰) and KNO3 

in-house standard (+23.6‰) were close to the expected values with a small variability for all 

standards ranging between 0.2 and 0.4‰ (Table 3). By contrast, the δ18O of the USGS34 

standard was heavier than the certified value (-25.4‰ vs. -27.8‰), whereas the δ18O of 

USGS35 was somewhat lower (+54.8‰ vs. +56.8‰). These uncertainties can be related to 

two main causes i) a blank contribution from the sample, i.e. small amounts of coprecipitated 

carbonate, sulfate and DOC that remained in the separated supernatant solution, ii) an 

incorporation of minor amounts of H2O in the precipitated Ba(NO3)2. The latter effect is also 
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known from the oxygen isotopic analysis of barium sulfate from water samples and can be 

corrected for (Hannon et al., 2008). In the following we discuss these two factors. 

Blank contribution from the sample 

For water samples with milli-Q water as a matrix, no blank contribution to the δ18O could be 

detected, whereas for the Miramichi water, the blank contribution to mass 28 was 2.7% with a 

δ18O = 20.5‰ (n = 1). The blank from VALSER® water contributed 2.6±0.2% to mass 28 with 

δ18O = 42.0±3.3‰ (n = 3). Hence, the blank can cause a maximum error of approximately 3‰ 

if the difference between δ18Oblank and δ18Onitrate is 100‰. However, if the focus of research is 

on biological processes, such as nitrification and denitrification, i.e. analyzing isotopic 

differences between samples with a similar blank and within a small isotopic range, the blank 

effect is smaller and within the standard deviation of the measurements. This blank 

contribution probably varies with the chemical composition of the water sample, and cannot 

easily be corrected for, unless nitrate-free samples of this water type are available. 

Incorporation of water 

To assess and correct for the error of the oxygen contribution from water incorporated in the 

Ba(NO3)2, we correlated the blank corrected-results measured by the acetone method with the 

expected values from the reference materials. According to the linear relationship in Figure 2b, 

our method overestimates negative and underestimates positive δ18O values, i.e. -27.2‰ vs. 

-27.8‰ (USGS34), 24.7‰ vs. 25.3‰ (IAEA-N3), 55.2‰ vs. 56.8‰ (USGS35) and 22.8‰ vs. 

23.6‰ (in-house KNO3). Therefore, the measured values have to be corrected according to 

following equation: 

                                                   δ18Onitrate = 1.027 × δ18Omeasured + 0.1‰                                    (2) 

If these assumptions are correct, Equation 2 would depend from the δ18O value of the milli-Q 

water used and the 18O enrichment during the evaporation process in the silver capsules (last 

step of isolation procedure). Because this effect might slightly differ for other water sources 

and other drying processes, e.g. freeze-drying or heating, we recommend performing the same 

test as described here. 



 

24      Chapter 2 

Removal of interfering compounds 

To demonstrate the removal efficiency for O- and N-bearing compounds other than nitrate, the 

acetone method was applied on i) two natural river water samples that contain DOC, 

carbonate, sulfate and chloride and ii) milli-Q water as a blank. The resulting barium nitrate 

was dissolved in 30 mL of milli-Q water and analyzed for these components. A summary of the 

results is given in Table 4. DOC in the natural river water sample was reduced from 36.7 to 

≤2.4 µmol including a blank of 0.9 µmol. The latter can be attributed most likely to dissolution 

of organic compounds from the polypropylene centrifugation tubes. Considering this blank and 

an O/C atomic ratio of 0.36–0.96 for humic and fulvic acids as compounds representative for 

DOM (Ussiri and Johnson, 2001), samples contain ≤1.5 µmol O from dissolved organic matter. 

DIC was below the quantification limit in both samples and in the blank. Furthermore, no 

sulfate and only small amounts of chloride were found. The removal of phosphates was not 

tested, because trisodium phosphate (Na3PO4) is the only phosphate that is soluble in water, 

but is insoluble in an aqueous solution of 60 vol % acetone (Nirenberg et al., 1977). We 

conclude that the total of non-nitrate oxygen derived from the sample and laboratory material is 

≤2 µmol. Based on an average NO3
- recovery of 60% from 20–30 µmol NO3

-, it contributes 

max 3.7–5.6% to the δ18O signature. Considering the isotopic measurements of the blank from 

the Miramichi water and VALSER® water (contribution of 2.7% and 2.6%) we estimate that the 

lower boundary is more reasonable. 

The removal of ammonium and its possible influence on the δ15N signature was not tested 

specifically, because i) for carbonate-rich water samples most of the NH4
+ will volatilize as NH3 

during the freeze-drying process, ii) the remaining ammonium salt will be extracted from the 

salt bulk (Table 1), but will not co-precipitate with Ba(NO3)2 when adding BaI2, as ammonium 

iodide is very soluble in acetone (Majumdar and Chakrabartty, 1958). The contribution from 

organic nitrogen to the sample can also be neglected, when considering the residual DOC 

after processing and assuming an average DOC to DON ratio of 26 in soil solutions (Michalzik 

et al., 2001). 

Solvent mixture and reagents 

At the beginning of the development of the isolation procedure, first tests were performed with 

pure acetone (>99.8%) and magnetic and ultrasonic stirring at different temperatures were 
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used instead of the Vortex shaker. For the dissolution process of 30 µmol KNO3 in 40 mL 

acetone, more than 90 minutes were needed and the results did not reproduce satisfactorily. 

This problem was solved by starting the separation process with a small amount of an 

aqueous NaI-solution to bring all nitrate salts in solution and subsequently increase the 

percentage of acetone to induce the precipitation of interfering compounds. Furthermore, the 

precipitation yield of barium nitrate in the final step was increased by adding pure n-hexane, 

likely due to the lower polarity of this solvent, to reach a final acetone-hexane-water mixture of 

21 mL : 10 mL : 0.35 mL. At room temperature not more than 30 µmol KNO3 can be dissolved 

in this mixture. Sodium iodide was used to precipitate all chlorides as NaCl in order to prevent 

the formation of hydrous BaCl2 when adding barium iodide in the last step (Table 1). The BaI2 

used corresponds to approximately a 250% barium excess necessary for the precipitation of 

30 µmol nitrate. 

Application to other water types 

This method has not yet been tested on rain and soil solutions characterized by low nitrate 

(<100 µmol L-1) and high DOC concentrations (>500 µmol L-1). Beside the time-consuming 

freeze-drying process of large sample volumes to preconcentrate the nitrate, it is necessary to 

test possible interferences due to high DOC concentrations. The main issues facing the 

adaptation of the acetone method on seawater samples and soil-extracts are the high salinities 

and the general low nitrate concentrations. For the desalination prior to the freeze-drying step 

we suggest using acetone in which NaCl and KCl are practically insoluble (Table 1) and for the 

reduction in sample size we propose using smaller volumes of the acetone-hexane-water 

mixture and eventually modifying it’s mixing ratio. At present, the lower cut-off of the sample 

size is mainly given by the minimum nitrate amount needed for a triplicate isotopic 

measurement, which is 5–10 µmol NO3
- for commercially available EA-IRMS systems. 

2.4 Conclusions 

The acetone method is a simple and efficient technique for a precise δ15N and δ18O analysis of 

nitrate in freshwater samples with moderate to high nitrate concentrations. Up to forty-eight 

samples can be prepared simultaneously with little time and material per sample: apart from 

small amounts of NaI and BaI2, only two centrifugation tubes, a few pipette tips, 20 mL 

acetone, 10 mL hexane and 4 silver capsules are needed. The reproducibility is similar or even 
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better than previously published methods, which report less than 0.2‰ for nitrogen and 0.5‰ 

for oxygen. Furthermore, the δ15N results from the acetone method need only a small 

consistent correction of -0.2‰ and for the δ18O analysis, the only uncertainty remains from the 

matrix blank, which is less than 3%. Although our method has been applied to a limited 

number of water samples, the concept of organic solvents as separation agent has proven to 

be a powerful tool to separate and isotopically characterize nitrate, with many potential 

applications in chemistry and environmental sciences. 
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Abstract 

Stable isotopes of nitrogen in nitrate (NO3
-) are frequently used to identify nitrate sources 

and to study N transformation processes, but the measurement methods available are 
generally rather labor intensive and/or costly and dissolved organic matter (DOM) can 
interfere with δ15N signature of nitrate. We therefore have developed a simple cleanup 
procedure for freshwater samples with low nitrate and high dissolved organic matter (DOM) 
concentrations. Nitrate and DOM are extracted from a freeze-dried water sample by using a 
concentrated sodium hydroxide solution. By the subsequent addition of acetone two liquid 
layers are formed, and nitrate migrates into the acetone while DOM remains in the 
concentrated NaOH solution, thus separating the nitrate from the DOM. For nitrogen 
isotope analysis, purified nitrate salts are combusted at 1030 °C to produce N2 gas in an 
elemental analyzer (EA) coupled to an isotope ratio mass spectrometry (IRMS) system. 
With this novel technique up to 99% of DOM could be removed from river water and soil 
solutions. The method has been tested for sample amounts as small as 4 µmol NO3

- with a 
precision of <0.1‰ (1SD). Nitrate standards are reproduced accurately without any blank 
correction. The benefits of this method are the lack of interferences derived from DOM on 
the δ15N signature and ease of sample preparation. 
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3.1 Introduction 

The increased anthropogenic input of inorganic nitrogen into the atmosphere and 

hydrosphere has led to eutrophication of rivers, lakes and the coastal ocean and increased 

nitrate levels in groundwater. Because nitrate is a dominant form of bioavailable nitrogen, it 

is an important driver of the productivity and biodiversity in aquatic ecosystems (Vitousek et 

al., 1997). In addition, there are strong concerns whether nitrate can cause serious human 

diseases such as infantile methaemoglobinaemia (Powlson et al., 2008). Tracing nitrate 

sources in catchments and groundwater is therefore important to select the most effective 

practice of land management to ensure a sustainable water supply of good quality. Apart 

from the source identification (Amberger and Schmidt, 1987; Spoelstra et al., 2007), the 

δ15N value of nitrate can also provide valuable information about biologically-mediated N 

transformations, such as nitrification, denitrification or plant uptake (Mariotti et al., 1988; 

Kendall, 1998).  

The simplest procedure for the δ15N analysis of nitrate from freshwaters is the freeze-drying 

of filtered water samples and the combustion of the resulting solids in an elemental 

analyzer coupled to an IRMS system. However, the resulting solids may still include other 

nitrogen-bearing compounds, such as dissolved organic nitrogen (DON) or ammonium and 

thus may lead to incorrect results for the δ15N of nitrate. A more widely used method is 

based on a Kjeldahl reaction, converting nitrate to ammonium and the subsequent diffusion 

onto acidified filters (“ammonium diffusion method”) (Brooks et al., 1989). The main 

problems related to this technique are the slow diffusion process and a strong isotopic 

fractionation if the diffusion is not complete (Schleppi et al., 2006). Furthermore, a blank 

contribution from DON, that can vary with sample type, has been observed (Sigman et al., 

1997). 

For the coupled nitrogen and oxygen analysis, methods are based on the purification of 

nitrate salt by using cation and anion exchange columns (“ion-exchange method”) (Chang 

et al., 1999; Silva et al., 2000) or by the stepwise reduction of nitrate to nitrous oxide gas 

(N2O) by bacteria (Sigman et al., 2001; Casciotti et al., 2002) or by using cadmium and 

sodium azide as a reduction agent (McIlvin and Altabet, 2005). Main drawbacks of these 

methods are the need of large samples volumes or an elaborate experimental setup and/or 

the use of toxic substances. Apart from these well-established methods we have recently 

developed the “acetone-method”, which is based on the nitrate extraction from the salt 

obtained by freeze-drying of water sample using an acetone-hexane-water mixture and the 
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subsequent precipitation of anhydrous barium nitrate by the addition of BaI2 (Huber et al., 

2011) . However, for the coupled analysis of δ15N and δ18O a minimum sample size of 20 

µmol NO3
- is needed, but for some studies the oxygen isotope composition of nitrate is not 

required. Therefore, in this report we describe a new simpler method, which allows the δ15N 

analysis for samples with only 4 µmol NO3
-. In particular, we focused on the removal of 

DOM as this is a major concern due to its possible interference with the nitrogen isotopie 

signature of nitrate. 

Briefly, the principle of the method is the following. Nitrate and DOM are extracted from a 

freeze-dried salt bulk by using 1 M NaOH (Bagheri et al., 2007). By the addition of acetone 

two liquid layers are formed (Gibby, 1934), and most of the H2O and NO3
- migrates into the 

acetone layer, concentrating the NaOH solution. This highly polar solution containing the 

DOM forms a small permanent layer at the bottom of tube and can be easily separated 

from the nitrate bearing acetone-water mixture through centrifugation. This highly polar 

solution containing the DOM forms a small permanent layer at the bottom of tube and can 

be easily separated from the nitrate bearing acetone-water mixture through centrifugation. 

The efficiency for DOM removal of this “two-phase method” was tested on river water, soil 

solution and water from a sewage plant. To test the accuracy and reproducibility for 

nitrogen isotope measurements, the method was tested on water samples containing 

nitrate of known isotopic composition. As an example of an application, we show nitrogen 

isotopic data for nitrate isolated from soil solutions from a riparian forest. 

3.2 Experimental 

Removal of dissolved organic matter  

A scheme of the complete two-phase method is given in Figure 1 and the results are 

illustrated in Figure 2. The raw water samples are filtered through 0.45 µm filter 

membranes (Whatman®, ME25 mixed cellulose ester, Ref 10401612, Dassel, Germany) 

and aliquots containing 6–9 µmol of NO3
- are filled into acetone-resistant 50 mL 

polypropylene centrifugation tubes (Figure 1 and 2a), with conical bottoms and screw caps 

(CELLSTAR®, Greiner Bio-one, Frickenhausen, Germany). If samples contain <120 µmol 

L-1 of NO3
-, they are first concentrated by freeze-drying larger sample volumes in 250 mL 

plastic bottles, and the resulting solids are dissolved in 10 mL milli-Q water (QPAK 2 

purification pack, Cat. No. CPMQ004D2, Millipore, Billerica, MA, USA). The samples in the 

centrifugation tubes are freeze-dried to precipitate all salts (Figure 1 and 2b).  
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The freeze-dried salts are suspended in 350 µL 1 M aqueous NaOH-solution (sodium 

hydroxide, puriss. p.a., ACS reagent ≥98%, Sigma-Aldrich, Munich, Germany) and shaken 

for 1–2 min on a Vortex shaker (Figure 1 and 2c). Then 1 mL of pure acetone 

(CHROMASOLV® for HPLC >99.8%, Sigma-Aldrich, Munich, Germany) is added to each 

tube and swirled over the bottom and sides to catch all particles that may adhere to the 

sides of the tubes. Finally, 20 mL of pure acetone is added and samples are shaken again. 

A concentrated NaOH and DOM mixture will smear over the bottom of the tubes (Figure 1 

and 2d). 

 

Figure 1. Scheme of the complete two-phase method. The results of steps (a-e) are shown in Figure 2. 

 
Figure 2. (a) DOM and nitrate containing filtered water samples in 50 mL centrifugation tubes. (b) 
Precipitated salt amount after freeze-drying. (c) Freeze-dried salts suspended in 350 µL 1 M aqueous 
NaOH solution. (d) NaOH and DOM mixture smeared over the bottom of the tube (before centrifugation) 
(e) DOM containing NaOH layer at the bottom of the tube and above the nitrate-bearing acetone layer 
(after centrifugation). 
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DOM and other insoluble compounds are separated by centrifugation (5 min with a relative 

centrifugation force RCF = 6240 × g) (Figure 1 and 2e) and the nitrate-containing 

supernatants are pipetted into 40 mL glass vials (Figure 1f). Open vials are dried in a 

vacuum oven at 70 °C and a vacuum of 200–300 hPa. We found that the supernatant dries 

slower than it is expected for acetone requiring 1–2 days. At the end, the nitrate salt (Figure 

1g) is dissolved in 300 µL milli-Q water (Figure 1h) and split into two silver capsules (5 × 6 

mm), and open capsules are dried in a desiccator over silica gel for 4 days. 

Nitrogen isotope analysis 

For the nitrogen isotope analysis an elemental analyzer (Thermo Fisher Scientific FlashEA 

1112, Bremen, Germany) coupled in continuous flow with an isotope ratio mass 

spectrometer (Thermo-Fisher Scientific Delta V) was used. Samples are combusted in the 

presence of O2 in an oxidation column at 1030 °C and combustion gases are passed 

through a reduction column (650 °C). Produced N2 and CO2 gases are separated 

chromatographically and transferred to the mass spectrometer via an open split for on-line 

isotope measurements. Isotope ratios are reported in the conventional δ-notation with 

respect to atmospheric N2 (AIR). The method was calibrated with IAEA-N3 (δ15N = +4.72‰) 

and USGS34 (δ15N = -1.8‰) reference materials (distributed by the International Atomic 

Energy Agency (IAEA), Vienna, Austria). Based on repeated single measurements of these 

standards the instrumental precision is generally better than 0.2‰. 

Preparation of test solutions 

To assess the efficiency of DOM removal, the method was applied to three sample types: 

1) Soil solutions from the LWF (long-term forest ecosystem research) sites Novaggio and 

Beatenberg (Switzerland) managed by the Swiss Federal Research Institute WSL (Graf 

Pannatier et al., 2011). Solutions are characterized by a pH of 4.7 and 4.0 respectively, a 

low electrical conductivity (EC) of <47.1 µS cm-1 and a high dissolved organic carbon 

(DOC) content of >2.8 mmol L-1. For the tests, both solutions were enriched with 

approximately 240 µmol L-1 KNO3. 2) Water from the Thur river near Niederneunforn 

(Switzerland) with pH = 8.6, EC = 531 µS cm-1 and DOC = 574 µmol L-1. 3) Water from the 

nitrification basin of a test sewage plant from EAWAG (Dübendorf, Switzerland) with pH = 

8.4, EC = 1218 µS cm-1 and DOC = 298 µmol L-1. For the blank evaluation, milli-Q water 

was used. 
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To test the absence of isotopic fractionation during the procedure, we applied the method 

to solutions made from KNO3 in-house standard salts (KNO3 zur Analyse, Art. 5063, Merck 

Chemicals, Darmstadt, Germany, δ15N = -6.9‰; KNO3 TraceSelect, Art. 60429, Aldrich, 

Munich, Germany, δ15N = +7.1‰) dissolved in VALSER® water (conductivity = 1739 µS 

cm-1, nitrate <1.6 µmol L-1, Valser Naturelle, www.valser.ch). As a blank, VALSER® water 

without the addition of nitrate was analyzed. 

Finally, we demonstrate the applicability of the two-phase method on soil solutions from a 

riparian forest located within the short-hydroperiod floodplain of the Thur River near 

Niederneunforn. The forest is characterized by nutrient-rich sediments with low C/N ratios 

and is dominated by Acer pseudoplatanus and Fraxinus excelsior (Samaritani et al., 2011; 

Huber et al., 2012). Soil solutions were sampled monthly from April to September 2009 and 

after a one-day flood event in July (one, two, four and nine days later) at 100 cm depth by 

using one ceramic suction cup (Huber et al., 2012).  

Hydrochemical analysis 

For the analysis of DOC and total nitrogen (TN) a carbon analyzer (TOC-V CPH, 

Shimadzu, Duisburg, Germany) with a quantification limit of 40 µmol L-1 was used. The pH 

was measured by a combined glass electrode (pHC4000-8, Radiometer analytical, Lyon, 

France), and EC using a 5 mm conductivity cell (CDC 241-9, Radiometer analytical, Lyon, 

France). Nitrate concentrations in soil solutions were measured by ion chromatography 

(DX-120, Dionex, Idstein, Germany) with a quantification limit of 0.56 µmol L-1. 

3.3 Results and discussion 

DOM removal 

Table 1 shows the results of the DOM analyses. The total amount of DOC in the soil 

solutions from Novaggio (115.9 µmol)) and Beatenberg (97.8 µmol) was lowered to ≤4.3 

µmol, whereas for the samples from the river (≤32.7 µmol) and the sewage plant (5.7 µmol) 

the amount was reduced to ≤3.2 µmol. For the blank from milli-Q water we measured 1.8–

2.5 µmol DOC and no nitrogen. Taking this blank into account, 92–99% of the DOC was 

removed  (Table 1). Hence, based on an average DOC to DON ratio of 26 as it has been 

calculated in an earlier study for soil solutions (Michalzik et al., 2001), the contribution from 

organic nitrogen to the purified nitrate sample can be neglected. We assume that the DOC 

blank contribution is derived either by i) the dissolution of organic compounds from the 
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polypropylene centrifugation tubes due to the aggressive NaOH-acetone mixture or ii) by 

the self-polymerization of acetone under action of NaOH (Cataldo, 1996). The latter seems 

to be more reasonable because by-products such as isophorone have high boiling points 

(e.g. 215°C for isophorone) (Cataldo, 1996; IPCS, 2004), explaining the long evaporation 

time (1−2 days) of the acetone solution in the oven at 70°C. 

The removal of ammonium was not tested specifically, because i) in carbonate-rich water 

samples NH4
+ will volatize as NH3 during freeze-drying ii) the remaining NH4

+ salt that will 

be extracted from the salt bulk will volatize as NH3 during the evaporation of the aqueous 

highly alkaline acetone supernatant in the vacuum oven. 

Table 1. Total nitrogen (TN) and total dissolved organic carbon (DOC) beforea and afterb applying the 
two-phase method 

    DOC  TN 
    µmol  µmol 

test 10/08/23  Test vol [mL] before after  before after 

Sewage plant Rep 1 10  5.7 3.2  4.6 3.5 
Sewage plant Rep 2 10  5.7 2.6  4.6 3.1 
Thur river Rep 1 35  10.4 2.6  6.2 4.9 
Thur river Rep 2 35  10.4 2.7  6.2 4.9 
Blank Rep 1  35  <1.46 2.4  <1.25 <0.84 
Blank Rep 2  35  <1.46 2.5  <1.25 <0.84 

         test 10/09/03         
Thur river Rep 1 110  32.7 2.2  19.6 13.7 
Thur river Rep 2 110  32.7 2.2  19.6 14 
Thur river Rep 1 35  10.4 2.4  6.2 4.8 
Thur river Rep 2 35  10.4 3  6.2 4.9 
Beatenberg Rep 1 35  97.8 3.6  8.4 4.9 
Beatenberg Rep 2 35  97.8 3.9  8.4 4.8 
Blank Rep 1  35  <1.46 1.8  <1.25 <0.84 
Blank Rep 2  35  <1.46 2  <1.25 <0.84 

         test 10/12/20         
Novaggio Rep 1 35  115.9 3.9  14 8.5 
Novaggio Rep 2 35  115.9 4.3  14 8.9 
Blank Rep 1  35  <1.46 2.3  <1.25 <0.84 
Blank Rep 2  35  <1.46 2.1  <1.25 <0.84 

 

a Initial amounts, calculated by multiplying the concentration in the test solutions by the test volume.  
b To measure the concentrations and calculate the amounts after applying the two-phase method, nitrate salts were dissolved 
in 20 mL milli-Q water. 
Rep 1 = replicate No. 1, Rep 2 = replicate No. 2. 

Accuracy and precision 

The nitrogen isotope ratios of the in-house standard salts added to the different tested 

waters (standard A: δ15N = -6.9‰, Standard B δ15N = +7.1‰) and the recovered nitrates 

differed only little with a small depletion of around 0.1‰ (Table 2), except in run 11/01/10 
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for samples amended with standard B we observed a depletion of around 0.4‰. For all test 

solutions the measurement reproducibility (1SD) was better than 0.1‰ and sample 

amounts ranging from 6 to 9 µmol NO3
- in run 11/04/07 did not have any visible effect on 

the isotopic composition (Table 2). The blank contribution to mass 28 was always less than 

the background and hence, was not corrected for. 

Table 2. Accuracy and reproducibility of isotopic analyses, and nitrate recovery of amended 
VALSER® water 

run date 
test vol 

mL 
sample size 
µmol NO3

-  
meas δ15N values 

‰a 
stdev δ15N values 

‰a  
salt amount 

mgb 
N recovery 

% 

    amended with nitrate standard A (-6.89‰) 
11/01/10 20 4.1  -6.98 0.02 (n=4)  37.4 60 
11/04/07 10 6.0  -7.01 0.07 (n=3)  18.7 80 
11/04/07 10 9.0  -7.01 0.04 (n=2)  18.7 76 

    amended with nitrate standard B (+7.10‰)    
11/01/10 20 6.4  6.74 0.04 (n=4)  37.4 61 
11/04/07 10 6.0  7.01 0.02 (n=3)  18.7 71 
11/04/07 10 9.0  7.07 0.02 (n=3)  18.7 72 
a Calculated from n replicates based on duplicate isotope analyses. 
b Precipitated salt amount after freeze-drying. 

Recovery of N 

The N recoveries were calculated from the peak areas of mass 28 that were calibrated with 

known amounts of nitrate standards.  The overall nitrate recovery ranged from 60 to 80% 

and seemed to be dependent on the amount of salt produced during freeze-drying. With a 

precipitated salt amount of 37.4 mg, N recovery was only 60%, whereas the N recovery 

ranged between 71 and 80% when the salt amount was half as much (Table 2). This 

decrease in yield with increasing salinity of the sample may be related to co-precipitation of 

nitrate with the strongly insoluble carbonates and sulfates during the freeze-drying step 

(Hannon et al., 2008). At present we do not know what caused the small 15N depletion in 

the samples with an expected value of 7.1‰ in run 11/01/10. The small deviation could be 

related to the lower N recovery or it may just represent the uncertainty of the individual 

measurements (Xue et al., 2010). Apart from the co-precipitation of nitrate in poorly soluble 

compounds, nitrate could also be lost due to an incomplete recovery in the final step when 

the samples are redissolved in 300 µl milli-Q water before the pipetting into the silver 

capsules. For our tests we used vials with flat bottoms, which is not ideal because nitrates 

can be spread over the large bottom surface. Therefore, we suggest using glass vials with 

conical bottoms. Nevertheless, the observed low recoveries do not appear to influence 

isotopic composition, as in the “ammonium diffusion method” or “ion-exchange method” 
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where large isotopic discriminations were observed if the diffusion of NH4
+ or desorption of 

nitrate from columns is incomplete (Chang et al., 1999; Schleppi et al., 2006; Sigman et al., 

1997; Silva et al., 2000). Based on our current results, we propose a N recovery of 60% as 

a lower limit to ensure accurate results. 

Application to solutions from a forest soil 

δ15N values of the recovered nitrate from monthly samples ranged from 2.0 to 3.1‰ (Figure 

3) and were close to δ15N of the bulk soil (2.9‰). This minor deviation can be explained by 

the low 15N discrimination during the mineralization of soil organic matter and by the strong 

ammonium (NH4
+) limitation of our soils leading to a complete conversion of NH4

+ to NO3
- 

during nitrification (Kendall, 1998; Shrestha, 2011). One day after the summer flood, the 

δ15N of nitrate increased to 4‰ and decreased again in the following days. Assuming 

nitrate removal by denitrification, we calculated the enrichment factor ε  using a Rayleigh 

distillation model (Figure 3a) (Mariotti et al., 1981). The enrichment factor ε of -2.1‰ is 

smaller than it is expected for denitrification (ε ranging between -40 and -5‰) (Kendall, 

1998) and we therefore conclude that denitrification is probably not the reason. Hence, 

dilution of soil solution by river- or groundwater with lower nitrate concentration but 

isotopically heavier nitrates rather explains our data. This contention is supported by the 

linear relationship between δ15N values and reciprocal nitrate concentrations (Figure 3b) 

(Kendall, 1998). The ability to show such relationships in this small isotopic range highlights 

the excellent precision of this method. 

 

Figure 3. (a) Rayleigh plot of δ15N compositions of nitrate vs. the natural log of NO3
- concentrations and 

(b) cross-plot of δ15N vs. reciprocal nitrate concentrations of soil solution samples from a forest soil at 
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100 cm depth. Grey thin ‘ex’ (×) are measurements after flood (elapsed days after flood peak in 
numbers), triangles (△) represent measurements during monthly sampling campaigns. 

3.4 Conclusions 

We presented a new two-phase method to remove DOM from water samples for the 

analysis of δ15N in nitrate. This is a robust, efficient and simple cleanup procedure that is 

especially appropriate for freshwater samples with high DOM contents and low nitrate 

concentrations. In river waters and soil solutions, up to 99% of DOC could be removed and 

δ15N of recovered nitrate salts could be reproduced accurately without any blank correction. 

Although the two-phase method has only been applied to a limited number of water 

samples, it represents a promising tool for evaluating nitrogen cycling in terrestrial and 

aquatic systems. Further refinements and tests on other water types, such as atmospheric 

deposition samples and soil extracts will broaden the applicability of this technique. 
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Oxygen isotope signature of nitrate produced via archaeal 
ammonia oxidation 
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Abstract 

Nitrate is a major nutrient and pollutant in terrestrial and marine ecosystems (Cardinale, 

2011). Its origin and fate are often elucidated using the stable isotope composition of 

nitrogen and oxygen. Although archaeal ammonia-oxidizers (AOA) are increasingly 

recognized as important players in the nitrification process, the oxygen isotopic signature of 

nitrate (δ18ONO3) was exclusively interpreted based on the bacterial metabolism. Here, we 

present the first isotope study of NO3
- in soils where archaeal ammonia oxidizers are much 

more abundant than their bacterial counterparts (AOB). We found that 85% of the oxygen 

atoms in newly formed nitrate were mainly derived from the surrounding water. This is 

significantly higher than reported for bacterial nitrification (67–75%) (Buchwald and 

Casciotti, 2010; Casciotti et al., 2010). This difference can be attributed to an enhanced 

intracellular O-exchange (>50%) in AOA between H2O and one of the intermediary 

products (NH2OH, HNO) or NO2
- during ammonia oxidation. This study suggests that 

subsoils can produce high amounts of nitrate and their contribution to total soil nitrification 

might have been underestimated. Furthermore, based on the 18O systematics of AOA we 

propose that they may play an important role in the marine nitrification. 
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4.1 Letter 

Nitrate is an important nutrient in terrestrial and marine ecosystems and, at the same time, 

one of the most abundant pollutants worldwide (Cardinale, 2011). The stable isotope 

compositions of nitrogen (N) and oxygen (O) in NO3
- have frequently been used to identify 

the sources and fate of NO3
- in natural waters (Xue et al., 2009), and to better understand 

the terrestrial (Durka et al., 1994; Kendall, 1998) and marine N cycle (DiFiore et al., 2009; 

Sigman et al., 2009). For source assessment, the δ18O of the microbially produced NO3
- in 

soils is generally estimated based on the metabolism of ammonia and nitrite oxidizing 

bacteria (AOB and NOB), assuming that one oxygen atom is derived from atmospheric O2 

and two oxygen atoms from water (Kendall, 1998). However, measured δ18O values of 

microbial NO3
- are most of the time higher (Nestler et al., 2011) but also occasionally lower 

than expected (Casciotti et al., 2002; Wankel et al., 2006; Barnes et al., 2008; Snider et al., 

2010) and therefore inconsistent with this simple 1:2 (O2:H2O) prediction rule. This has 

been attributed to O-exchange between nitrite (NO2
-) and H2O and/or to isotope 

fractionations during the incorporation of O atoms into nitrate during bacterial nitrification 

(Casciotti et al., 2002; Buchwald and Casciotti, 2010; Snider et al., 2010). Although 

ammonia-oxidizing archaea (AOA) are increasingly recognized as dominant players in the 

terrestrial and marine nitrogen cycle (Leininger et al., 2006; Martens-Habbena et al., 2009; 

Santoro et al., 2011), so far they were not considered in isotope fractionation models. 

This is the first study showing oxygen isotopic data of microbially produced NO3
- in soils 

dominated by AOA. The sampling site is located in a riparian forest of the Thur River 

floodplain (NE Switzerland, 8°77’12’’E; 47°59’10’’N) where soils developed on nutrient-rich 

alluvial sediments with low C/N ratios. The riparian forest is dominated by maple (Acer 

pseudoplatanus) and ash (Fraxinus excelsior) trees and is flooded once or twice a year 

(Samaritani et al., 2011; Huber et al., 2012). Topsoils were sampled in April, August and 

October, while soil solutions from top and subsoils were collected over an entire year. In 

the soil samples, the abundance of archaeal amoA genes was 15–33 times higher than 

bacterial amoA genes (Figure 1). The archaeal amoA copy numbers per gram of soil were 

of the same order of magnitude over time with highest abundance in August. This high 

abundance of amoA genes in our soils suggests that AOA play an important role in the 

ammonia oxidation process (Prosser and Nicol, 2008; Schauss, et al. 2009). Furthermore, 

because in soils AOA to AOB ratios are known to increase with depth we expect AOA to be 

the main driver for nitrification also in the subsoil (Leininger et al., 2006). 
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Figure 1. Mean abundances of archaeal and bacterial amoA genes in forest topsoils (0−10 cm) for 
different sampling times. Bars are means with standard deviations of quadruplicate q-PCRs on each of 
four replicate soil samples.  

The δ15Nsoil in the soil profile increased from 2.3‰ at 10 cm to 3.7‰ at 100 cm depth. In 

soil solutions, the δ15NNO3 ranged from 1.9 to 16.7‰ (Figure 2a) and were not markedly 

depleted compared to δ15Nsoil. Since 15N discrimination during the mineralization of soil 

organic matter can be neglected, we suppose a complete conversion of NH4
+ to NO3

- 

during the oxidation process which is in good agreement with the strong NH4
+ limitation in 

our floodplain soils (Kendall, 1998; Shrestha, 2011). For δ15NNO3 values above that of 

δ15Nsoil we assume that samples were affected by denitrification. Indeed, for δ15NNO3 values 

greater than 3.7‰ the regression slope between δ18ONO3 and δ15NNO3 was 0.6 (Figure 2b) 

which is characteristic for freshwater denitrification (Granger et al., 2008; Lehmann et al., 

2003). This was mainly observed at 100 cm depth during floods in June and July when the 

subsoil was temporarily water saturated (Huber et al., 2012). 

The δ18OH2O in soils solutions ranged from -14.1 to -5.6‰, with constant values of around -

10‰ at 100 cm depth, whereas δ18ONO3 ranged from -4.9 to +7.5‰ (Figure 2c). When 

omitting the samples affected by denitrification, δ18ONO3 were strongly correlated (r2 = 0.84, 

p<0.0001) with δ18OH2O, indicating that H2O was the main source of oxygen in NO3
-. The 

slope of the linear regression  of 0.85±0.09; (p<0.0001) is related to the fraction of oxygen 

atoms in the NO3
- molecule derived from water (Figure 2d). 
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Figure 2. (a) δ15NNO3 vs. NO3
- concentration in soil solutions at different depths. (b) δ18ONO3 plotted 

against the corresponding δ15N of NO3
- for sample with δ15N>3.7‰. The slope close to 1:2 is 

characteristic for freshwater denitrification. (c) δ18ONO3 vs. δ18OH2O at different depths. (d) δ18ONO3 vs. 
δ18OH2O excluding data points that where affected by denitrification. 

For the archaeal ammonia oxidation two alternatives metabolic pathways have been 

proposed (Walker et al., 2010): (i) ammonia (NH3) is oxidized to hydroxylamine (NH2OH) 

and further oxidized to NO2
- via the CuHAO enzyme or (ii) NH3 is oxidized to nitroxyl 

(HNO), which is then oxidized further via the NXOR enzyme (Figure 3). For both pathways, 

it is assumed that one oxygen atom is incorporated from O2 and one from H2O, the same 

stoichiometry as for AOB. Equation 1 describes the δ18O systematics for nitrate produced 

a b

c d
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via archaeal ammonia oxidation, modified from the model for bacterial nitrification 

(Buchwald and Casciotti, 2010; Casciotti et al., 2010; Snider et al., 2009). Besides kinetic 

isotope effects during the incorporation of O2 (18εk,O2) and H2O (18εk,H2O,1 and 
18εk,H2O,2) and 

O-exchange (fB) between H2O and NO2
- (18εk,B) (Snider et al., 2009; Buchwald and 

Casciotti, 2010; Casciotti et al., 2010) as in the original AOB model, we considered 

additional O-exchange (fA) between H2O and NH2OH (Dua et al., 1979) or HNO and its 

associated kinetic isotope effect (18εk,A). 

 

            (1)  

For ftot = (1 − fB) fA + fB, this equation can be rearranged into a linear function with δ18OH2O 

as a variable. 

 

            (2) 

Based on the slope of the linear regression in Figure 2d and Equation 2, the fraction of O-

exchange (ftot) is is 0.55±0.26 and happens between H2O and one of the intermediate 

products during ammonia oxidation. In natural systems the oxidation of NO2
- to NO3

- is 

rapid and O-exchange with water does not occur to any appreciable degree (Hollocher, 

1984; Dispirito and Hooper, 1986; Buchwald and Casciotti, 2010). In addition, NO2
- 

concentrations in the soil solutions were lower than the detection limit of 0.22 µmol L-1 and 

thus much lower than the average NO3
- concentration of 790 µmol L-1 (Figure 2a). For this 

reason we assume that the residence time of NO2
- is too short for a significant extracellular 

O-exchange (Casciotti et al., 2007). This implies that the 29–81% O-exchange, a 

proportion that is much higher than it has been reported for AOB species (0–25%) 

(Casciotti et al., 2010), must have occurred intracellularly. Our results are in good 

agreement with a laboratory experiment with 18O-labeled water and different soil types, 

reporting an O-exchange of 52 and 88% for microbial nitrification in two agricultural soils 

(Snider et al., 2010). Even though these soils were not tested for the nitrifier communities, 

we assume this could be due to nitrification via AOA pathway. 
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 The intercept expression shown in Equation 2 depends on several factors: fA, fB, δ18OO2 

and five 18O-isotope effects (18εk) and can be simplified by assuming that δ18OO2 is equal to 

δ18O of atmospheric O2 (+23.5‰), and that 18εk,B is close to the equilibrium isotope effect 

(18εeq = +14‰) for abiotic oxygen exchange between H2O and NO2 (Casciotti et al., 2007). 

However, there are still unknown (fA, fB, 18εk,O2, 
18εk,H2O,1, 18εk,A) or variable terms (18εk,H2O,2 = -

12 to -18‰) (Buchwald and Casciotti, 2010) that at present make an accurate prediction of 

δ18ONO3 impossible. 

 

 

 
Figure 3. Schematic representation of the nitrification process modified from the bacterial nitrification 
model (Buchwald and Casciotti, 2010; Casciotti et al., 2010; Snider et al., 2009). Ammonia-oxidizing 
archaea (AOA) convert NH3 to NO2

- and nitrite-oxidizing bacteria (NOB) converts NO2
- to NO3

-. δ18ONO3 is 
determined by the δ18O of H2O and O2, kinetic isotope effects during the O incorporation (18εk,O2, 18εk,H2O,1 

and 18εk,H2O,2), and O-exchange (18εk,A and 18εk,B) between one or both intermediate products (NH2OH, 
HNO and NO2

-) and H2O. 

Despite these uncertainties, the strong dependency of δ18ONO3 from δ18OH2O can be used to 

locate the production place of nitrate. At our study site, the isotopic signature and the high 

nitrate concentrations (>2000 µmol L-1, Figure 2a) at 100 cm depth indicate that most of the 

nitrate is locally produced and nitrification rates are high. This is in contrast to the common 

opinion that soil nitrification happens mainly in the topsoil (Hadas et al., 1986). Hence, in 

substrate and oxygen limited environments (Martens-Habbena et al., 2009; Zhu et al., 

2011) such as subsoils high nitrate production via AOA may be widespread.  

Furthermore, as enhanced O-exchange (ftot) seems to be a typical feature of AOA it may 

help to distinguish between nitrate formed by AOA or AOB in marine environments (Yool, 

2007; Martens-Habbena et al., 2009; Sigman et al., 2009). In the deep ocean the δ18O of 

H2O is constant at (0‰) whereas the δ18O of O2 varies between +24 and +36‰ (Bender, 

1990). Although laboratory experiments with AOB and NOB have shown that at least 25% 
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of the O atoms in NO3
- are derived from O2, it is surprising that δ18O of deep ocean nitrate 

remains constant and hence, marine nitrification cannot be explained by bacterial 

nitrification alone. This narrow range between +1.5 and +2.0‰ in δ18ONO3 is only possible if 

high intracellular O-exchange (>50%) (Sigman et al., 2009) between H2O and the 

intermediary nitrification products occur, which is consistent with the high amount of O-

exchange reported during archaeal nitrification in our soils. Therefore, we suggest that 

AOA may also play a dominant role in the marine nitrification (Wuchter et al., 2006; 

Martens-Habbena et al., 2009). 

4.2 Methods 

Three soil cores (6.5 cm diameter, 10 cm deep) from each plot were collected, pooled and 

sieved fresh (2 mm mesh). Genomic DNA was isolated from 0.5 g of bulk soil by using a 

bead-beating procedure (Frey et al., 2008) and the extracted DNA was quantified with Pico 

Green. Functional marker genes encoding archaeal and bacterial ammonia 

monooxygenase (archaeal amoA, bacterial amoA) were quantified by real-time PCR using 

primers and thermocycling conditions as previously described for bacterial amoA (AmoA-

1F and AmoA-2R)(Rotthauwe et al., 1997) and archaeal amoA (Arch-amoAF and Arch-

amoAR)(Francis et al., 2005). All quantitative PCR assays were carried out with equal 

amounts of template DNA (25 ng) in 20 µl reactions using SYBR green chemistry on an 

ABI 7500 (PE Applied Biosystems) real-time PCR instrument (Frey et al., 2011). The 

specificity of the amplification products was confirmed by melting-curve analysis, and the 

expected sizes of the amplified fragments were checked in a 1.5% agarose gel stained with 

ethidium bromide. Abundances of bacterial and archaeal amoA genes refer to copy 

numbers per gram dry soil. Standards for qPCR were generated by serial dilution of stocks 

containing a known number of plasmids carrying the respective functional gene as an 

insert. Reaction efficiencies of qPCRs were 95% (±2) for archaeal amoA and 93% (±3) for 

bacterial amoA. R2 values were 0.99 for all runs. δ15NNO3 and δ18ONO3 were analyzed with 

the acetone method (Huber et al., 2011). 
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Abstract 

Numerous studies have shown the importance of riparian zones to reduce nitrate (NO3
-) 

contamination coming from adjacent agricultural land. Much less is known about nitrogen 

(N) transformations and nitrate fluxes in riparian soils with short hydroperiods (1−3 days of 

inundation) and there is no study that could show whether these soils are a N sink or 

source. 

Within a restored section of the Thur River in NE Switzerland, we measured nitrate 

concentrations in soil solutions as an indicator of the net nitrate production. Samples were 

collected along a successional gradient from frequently inundated gravel bars to an alluvial 

forest, at three different depths (10, 50 and 100 cm) over a one-year period. Along this 

gradient we quantified N input (atmospheric deposition and sedimentation) and N output 

(leaching) to create a nitrogen balance and assess the risk of nitrate leaching from the 

unsaturated soil to the groundwater. 

Main factor explaining the differences in nitrate concentrations was the variability in soil 

texture and field capacity (FC). In fine-grained subsoils with high FCs and volumetric water 

contents near FC, high nitrate concentrations were observed, often exceeding the Swiss 

and EU groundwater quality criterions of 400 and 800 µmol L-1, respectively. High 

sedimentation rates of river-derived nitrogen led to apparent N retention up to 200 kg N ha-1 

y-1 in the frequently inundated zones. By contrast, in the mature alluvial forest, nitrate 

leaching exceeded total N input most of the time. As a result of the large soil N pools, high 

amounts of nitrate were produced by nitrification and up to 94 kg N-NO3
- ha-1 y-1 were 

leached into the groundwater. Thus, during flooding when water fluxes are high, nitrate 

from soils can contribute up to 11% to the total nitrate load in groundwater. 
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5.1 Introduction 

Intensive agriculture, high population densities and high atmospheric nitrogen input have 

led to nitrate (NO3
-) contamination of surface and groundwater in many regions of the 

world. Besides eutrophication which can lead to an accelerated loss of biological diversity 

(Vitousek et al., 1997) there are serious concerns whether elevated nitrate concentrations 

in drinking water pose a health risk to humans by causing illnesses such as infantile 

methaemoglobinaemia or cancer of the digestive tract (Powlson et al., 2008). 

The importance of riparian zones in reducing nitrate inputs from adjacent agriculture land 

into streams and groundwater has been shown (Hefting et al., 2006; Mayer et al., 2007). 

However, most of these studies were performed in floodplains with long hydroperiods 

(week to months of inundation) or permanently inundated water bodies with strongly 

reducing conditions, facilitating nitrate removal by denitrification. Much less is known about 

N processes in riparian soils with short hydroperiods (1−3 days of inundation) (Noe and 

Hupp, 2007). In such soils, drying and re-wetting may increase the microbial activity and 

thereby increase the decomposition of soil organic matter that has been accumulated in the 

past by sedimentation (Howard-Williams, 1985; Samaritani et al., 2011). This leads to high 

substrate availability for nitrification during non-flooded periods (Baldwin and Mitchell, 

2000; Olde Venterink et al., 2006). In addition, inundation times might be too short to 

establish strong reducing conditions necessary for denitrification (Noe and Hupp, 2007). 

There are a number of studies focusing on denitrification as a means of permanent N 

removal from floodplain soils and sediments, but there are only a few considering other 

processes within the N cycle, in particular nitrification during unsaturated conditions ( Pinay 

et al., 1995; Hefting et al., 2004). However, none of these studies could show whether the 

unsaturated zone of a floodplain soil is a N sink or source. 

In this study, we monitored nitrate concentrations in soil solutions as an indicator of the net 

nitrate production. To the best of our knowledge, there are no comparable studies. The 

study was performed within a restored section of the Thur River corridor (Canton Thurgau, 

NE Switzerland) and was part of the interdisciplinary project RECORD of the Competence 

Center Environment and Sustainability (CCES) of the ETH domain 

(http://www.cces.ethz.ch/ projects/nature/Record). Main objectives were: (1) to explain the 

spatial variability of nitrate concentrations in soil solutions and relate them to soil properties 

and soil environmental conditions (2) to quantify nitrate leaching from the floodplain soils to 
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the groundwater and assess the N saturation status of the soils (3) to create a nitrogen 

balance for different parts of the floodplain. Therefore, in addition to monitoring nitrate 

concentrations in soil solutions, we measured both the atmospheric deposition and 

sediment input of nitrogen and calculated the water flow for the estimation of nitrate 

leaching. 

5.2 Materials and methods 

Test site 

The test site is located in a restored section of the Thur River near Niederneunforn (Canton 

Thurgau, Switzerland, 8°77’12’’E; 47°59’10’’N). The river originates in the limestone 

formation of the Mount Säntis region (2500 m.a.s.l.) and drains a catchment area of 1750 

km2, before entering the Rhine river at 345 m a.s.l.. Because there are no reservoirs or 

natural lakes, the river discharge is dominated by a flashy flow regime with extremes of 2 

and 1130 m3 s-1 and an average of 50 m3 s-1 (recording period 1904−2005, Federal Office 

for the Environment FOEN, http://www.hydrodaten.admin.ch/en/2044.html). Floods are 

observed in spring due to snowmelt and in summer and fall during heavy rainfall events. 

 

Figure 1. Aerial view of the Thur River test site near Niederneunforn (NE Switzerland) showing the 
different plots in the three functional process zones. 
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The Thur River was channelized in the 1890s to protect adjacent lands against flooding. 

Starting in 1993, several 1−3 km long river sections were restored, among them the 2 km 

long stretch at the test site. During restoration the river was widened and levees were 

lowered to increase the hydrological connectivity between the main channel and an alluvial 

forest. Following the restoration, a dynamic successional gradient including dynamic gravel 

bars and more stable alluvial forests has developed and habitat diversity has increased 

(Peter, 2011; Samaritani et al., 2011). 

Table 1. Hydrogeological characteristics and soil properties of sampling plots within different FPZs. 
Soil properties are given for the top 10 cm of soil. 

  Units GRASS WILLOW BUSH MIXED FOREST 

    G1 G2 WB1 WB2 MF1 MF2 MF3 MF4 

Elevation1 m a.s.l. 372.9 373.2 373.4 373.4 374.1 373.9 374.0 373.0 

GW level below surface2 m -1.1 -1.1 -1.5 -1.5 -2.2 -1.8 -2.1 -1.2 

Flooding frequency3 times year-1 15 8 7 7 1 1 1 1 

Flooding duration3 days 1-3 1 1 1 <1 <1 <1 <1 

Soil thickness4 m 0.5−1.3 0−0.5 1.0−2.2 ND 2.8 1.5 ND 2.4 

Sand g kg-1 497 755 322 461 304 312 369 227 

Clay g kg-1 114 54 138 112 170 167 144 194 

Total N g kg-1 1.21 0.81 1.46 1.05 1.97 1.12 1.33 1.60 

C/N ratio g g-1 14.6 15.7 14.3 16.0 13.5 14.3 13.9 14.4 

1 Measured in May 2010. 
2 Average GW level during the observation period (28.3.2009–29.3.2010). 
3 Flood duration per event, approximated using the river discharge data for the period of 28.3.2009−29.3.2010 and 
inundation maps produced by digital terrain modeling based on river cross section measurements (Pasquale et al., 
2011). 
4 Data from drilling cores taken during piezometer installation. No piezometers were installed in WB2 and MF3. 
ND = not determined. 

 

The study was carried out in three functional process zones (FPZ), i.e. hydrogeomorphic 

patches which were identified based on vegetation, distance to the river and topography 

(Samaritani et al., 2011; Thorp et al., 2006): 1) Gravel bar next to the river covered by up to 

1 m of fine sediments and densely overgrown by the dominant grass Phalaris arundinacea 

(GRASS). 2) River banks composed of older sediments and dominant vegetation of Salix 

viminalis that was planted as part of the restoration in order to stabilize the new banks 

(WILLOW BUSH). 3) Old riparian forest located 50−90 m from the edge of the river 

dominated by Acer pseudoplatanus and Fraxinus excelsior trees (MIXED FOREST). No 

nitrogen fixing plants have been found in any of these FPZs and GRASS and WILLOW 
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BUSH are considered as “dynamic” and MIXED FOREST as “stable” FPZs (Samaritani et 

al., 2011). For this study, two parallel transects across the described FPZs were selected 

(Figure 1). Due to differences in altitude, sampling plots within these FPZs are exposed to 

different flooding frequencies and durations (Table 1, Figure 2). Major flooding during the 

observation period occurred on 16 June (335 m3 s-1), 18 July (748 m3 s-1), 8 and 30 

December (338 and 362 m3 s-1) 2009.  

At the test site the Thur River infiltrates year-round into the groundwater (Vogt et al., 

2010a). Below GRASS and WILLOW BUSH the groundwater is mainly the freshly infiltrated 

river water with 1 to 5 days travel time, whereas travel times from the river to the MIXED 

FOREST are in the order of weeks (Peter, 2011). 

 

Figure 2. Daily average and maximum discharge of the Thur River at the test site, and minimum 
discharge required for inundation of the different plots (Pasquale et al., 2011). 

Soil sampling and soil properties 

Topsoil sampling was carried out in April 2008. In each plot, three soil cores (6.5 cm 

diameter, 10 cm deep) were collected and pooled. Soils were dried (40 °C, 48 h) and then 

sieved at 2 mm mesh size. Soil texture of dried samples was measured using the pipette 

method (Gee and Bauder, 1986) after removing organic matter with hydrogen peroxide and 

dispersing with sodium hexametaphosphate. Grain size classes were defined as clay (<2 

µm), silt (2–63 µm) and sand (63 µm–2 mm). Soil pH was measured in a 1:2 slurry of dried 

soil in 0.01 M calcium chloride after 30 min equilibration. Total N and organic and inorganic 
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C contents of finely ground, dried soils were determined as described by Walthert et al., 

(2010). Bulk densities were determined by drying samples of known volume. 

Atmospheric N deposition 

Precipitation samples were collected every two weeks from April 2009 to September 2009 

and then monthly till March 2010 using the throughfall method (Thimonier, 1998; Thimonier 

et al., 2005). In the MIXED FOREST ten funnel-type (100 cm2 opening) polyethylene 

collectors (throughfall) were randomly distributed along MF1, MF2 and MF4, and three 

collectors (bulk precipitation) in the open area close to the forest stand.  

In the laboratory, samples were pooled, filtered (0.45 µm) and analyzed for pH, electrical 

conductivity (EC), dissolved organic carbon (DOC), total N (TN), and major cations and 

anions. The pH was measured potentiometrically by means of a combined glass electrode 

(Radiometer analytical, pHC4000-8), EC conductometrically (Radiometer analytical, CDC 

241-9). Total cation concentrations were analyzed by ICP-AES (ARL 3580, Perkin-

ElmerOPTIMA3000) and the concentrations of major anions were analyzed by ion 

chromatography (DX-120, Dionex). Ammonium (NH4
+) was determined colorimetrically 

(indophenol blue) through automated flow injection analysis and DOC/TN by high-

temperature combustion followed by infrared detection of CO2 and by chemoluminescence 

detection of the reaction product of NO with ozone, respectively (Shimadzu TOC-V and 

Skalar Formacs TOC/TN analyzer). The concentration of dissolved organic N (DON) was 

calculated as difference between TN and the sum of ammonium, nitrite and nitrate. 

Precipitation amounts for missing intervals were estimated using regressions of 

precipitation amounts measured by our collectors against precipitation data of the nearby 

RECORD meteo-station and missing element concentrations were estimated using linear 

regression between concentrations and precipitation volumes (Thimonier et al., 2005). Bulk 

and throughfall deposition fluxes were calculated by multiplying the 14 days or monthly 

precipitation amounts and concentrations. In GRASS the atmospheric N deposition is equal 

to N fluxes in bulk deposition. In the MIXED FOREST, estimates of dry deposition were 

derived from the difference between throughfall and bulk precipitation, with correction for 

canopy exchange processes (Thimonier et al., 2005). We used the canopy budget model 

developed by Ulrich et al. (1983) and synthesized by de Vries et al. (2001). In this model, 

atmospheric N deposition represents throughfall N fluxes plus or minus canopy exchanges 

(uptake or leaching). It is assumed that sodium does not interact with the canopy and 
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therefore can be used as a tracer for estimating the dry deposition of base cations. The 

model also includes the relative exchange capacities of protons, ammonium, and nitrate 

(Thimonier et al., 2005). In WILLOW BUSH no collectors were installed and we assumed 

the atmospheric N deposition to be equal to the one in the MIXED FOREST. 

N sedimentation 

Determination of N sedimentation was performed during the period from April 2010 to 

March 2011. In GRASS and WILLOW BUSH where sedimentation was high, N 

sedimentation was determined using erosion pins (Steiger et al., 2003). In each plot, nine 

pins with a distance of 5 m to each other were piled 0.5 m into the ground forming a 3 × 3 

square. The change in the exposed length and the bulk density of the sediments were used 

to calculate the deposited amount. Fresh sediments were collected, dried and analyzed for 

total N. 

In MIXED FOREST, where the sedimentation was lower, three artificial turf mats (0.3 × 

0.45 m) with 2 cm plastic tufts were installed at each plot before floodings predicted by 

discharge forecasting (Steiger et al., 2003; Federal Office for the Environment FOEN, 

http://www.hydrodaten.admin.ch/en/2044.html). After flooding, sediment traps were 

removed and sediments were washed out using deionized water and collected in plastic 

bins. On the next day, the settled sediments were dried, weighed and analyzed for total N. 

Soil solution, river water sampling 

Soil solution, river water and water from the side channel were sampled every two weeks 

from April 2009 till July 2009 and then monthly till March 2010. Additional samplings were 

carried out during and after the flood events of 16 June 2009 (one and ten days later) and 

18 July 2009 (one, two, four and nine days later). Soil solution was collected at 3 replicate 

locations (parallel to the river flow direction and 5.5 m apart) and two depths (10, 50 cm) at 

each plot in GRASS and WILLOW BUSH and at 3 depths (10, 50, 100 cm) at each plot in 

the MIXED FOREST. Tension lysimeters (highflow porous ceramic cups, Soil moisture 

Equipment Corp. Santa Barbara, USA) were installed at least six weeks and flushed five 

times before the first sampling. Two to three days before each sampling a constant vacuum 

of 500−600 hPa was applied to the suction cups. Collection volumes were measured in the 

field before aliquots were taken to the laboratory. Upon arrival in the laboratory, the 3 

replicates of each plot and depth were pooled proportionally to the sampling volume. 
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Pooled samples were handled together with the precipitation samples and analyzed for the 

same constituents. 

Soil environmental conditions 

Soil temperature (T) and volumetric water content (VWC) were recorded in half-hour 

intervals at all plots and depths using Decagon sensors (EC-TM, EC-5, 5TE) and data 

loggers  (Em50R, Decagon Devices Inc., Pullman, WA, USA). Each EC-TM and EC-5 

sensor was calibrated individually. For the 5TE sensors the calibration for mineral soils 

provided by the manufacturer was used. For plots in GRASS, WILLOW BUSH as well as 

MF1 and MF3 one EC-TM sensor (recording T and VWC) and two EC-5 (VWC only) 

sensors were installed at each depth (close to the replicate locations of the soil solution 

samplers). For MF2 and MF4 5TE sensors were installed at 10 and 50 cm depth at two 

replicate locations and at one location also at 100 cm. Recording period was 

28.3.2009−29.3.2010, except for MF1 at 100 cm depth (30.8.2009−29.3.2010) and MF3 at 

all depths (25.7.2009−29.3.2010). For the data evaluation means of VWC replicates were 

taken for the same periods when soil solutions were collected (average of half-hourly 

measurements over 2−3 days). 

For measuring soil matric potential (Ψ) between saturation and -900 hPa, tensiometers 

built of ceramic cups (highflow porous ceramic cups, Soil moisture Equipment Cop. Santa 

Barbara, USA) were installed at two depths (10, 50 cm) in GRASS and WILLOW BUSH 

and at three depths (10, 50, 100 cm) in the MIXED FOREST. Three replicate locations 

close to the soil solution samplers and water content sensors were chosen, however in a 

distance that should exclude interactions. Manual readings were taken concurrently to soil 

solution collection. Beside this, matrix potentials were recorded for Ψ ranging between -100 

hPa to -5000 hPa in half-hour intervals using one MPS1 Decagon sensor for each plot and 

depth. Field capacity (FC) was defined as the VWC for Ψ between -100 hPa and -60 hPa 

based on manual readings. 

Modelling of water and N fluxes 

The CoupModel was used to simulate daily water fluxes for all plots. Except for WILLOW 

BUSH only one simulation was made for both replicate plots. This model is based on 

coupled heat and mass transfer and was developed for soil-plant-atmosphere systems 

(Jansson and Karlberg, 2004). Meteorological data (air temperature, precipitation, relative 

humidity, global radiation, wind speed) and continuously recorded groundwater levels were 
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received from the meteo-station and pressure head sensors installed in observation wells, 

respectively (Pasquale et al., 2011; Schneider et al., 2011). 

Water retention curves were calculated for each plot using van Genuchten parameters 

determined for different classes of bulk density and texture (Teepe et al., 2003) and were 

validated by the measured VWC and Ψ. The saturated hydraulic conductivity (Ksat) was 

derived from pedotransfer functions based on soil texture, bulk density and soil organic 

matter content (Teepe et al., 2003; KA5, 2005). The model was calibrated and validated 

with the measured VWC. The results from the model were compared to the measurements 

using the root mean square error (RMSE) and the mean error (ME). Output data were daily 

soil water fluxes at 50 cm below the surface in GRASS and WILLOW BUSH and at 100 cm 

in MIXED FOREST. Annual N fluxes were calculated by summing up seasonal N fluxes, 

which were calculated by multiplying three-month averages (Mar-May, Jun-Aug, Sep-Nov, 

Dec-Feb) of NO3
-, NH4

+, and DON concentrations in soil solutions and the corresponding 

three-monthly water fluxes. N fluxes during flooding were based on average N 

concentrations and water fluxes during these events. The standard error of N fluxes was 

calculated using the standard error of N concentrations during the period considered. 

Statistical analyses 

Data were analyzed using linear mixed effect models fitted by maximum likelihood (lme 

function from the nlme-package of R 2.11.1, R Development Core Team 2010). The 

models included the nested random effects FPZ, plot, and depth while soil environmental 

conditions (T, VWC, FC) and sampling date (time) were the fixed effects tested. Effects of 

soil environmental conditions and sampling date on nitrate concentrations in soil solutions 

were tested. Data that were not normally distributed were log transformed. Significance 

level was p<0.05. Boxplots for nitrate concentrations and VWCs were drawn using the 

statistic program SPSS 17 (SPSS Inc.). 

5.3 Results 

Precipitation and soil temperature 

Total precipitation from 28 March 2009 to 29 March 2010 was 910 mm. The lowest monthly 

amount was measured in April (12 mm) and the highest in July (140 mm) with a daily peak 

of 36 mm on 17 July 2009 (Figure 3). 
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The soil temperature at 50 cm did not differ much between GRASS and WILLOW BUSH 

(std error = ±1 °C). The daily average exhibited a maximum of 21 °C in August 2009 and a 

minimum of 2 °C in February 2010. In MIXED FOREST the daily average temperature at 

100 cm depth was maximum in August (17 °C) and minimum in February (4 °C; Figure 3). 

 

Figure 3. Daily precipitation for the period from 28.3.2009−29.3.2010 and daily average soil temperature 
at 50 cm depth in GRASS and WILLOW BUSH and 100 cm in MIXED FOREST. 

Soil properties 

Soil thickness increased along both transects from GRASS (0−1.3 m) to MIXED FOREST 

(1.5−2.8 m) (Table 1). Soils became more finely textured and total nitrogen (TN) increased 

along the same gradient. The C/N ratio was around 15 in all FPZs. The soils in all FPZs are 

haplic Fluvisols (calcaric, humic) according to the world reference base for soil resources 

(IUSS Working Group WRB, 2006). 

Hydrochemistry 

Mean concentrations over the entire sampling period of chemical constituents in soil 

solutions from the lowest soil compartment in different FPZs (50 cm depth in GRASS and 

WILLOW BUSH and 100 cm depth in MIXED FOREST) are compared with those from the 

river, side channel and bulk deposition in Table 2. The pH values of the soil solutions, river 

water and water from the side channel were between 8.2 and 9.6. EC values in soil 

solutions showed a large variability ranging from 598 µS cm-1 to 1006 µS cm-1. By contrast, 
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the EC in the river water (402 µS cm-1) and side channel (478 µS cm-1) were distinctly 

lower. Highest nitrate concentrations were measured at MF4 (1153 µmol L-1) and G1 (903 

µmol L-1), whereas concentrations at WB1, WB2 (both <44 µmol L-1) and MF3 (93 µmol L-1) 

were lower. Nitrate concentrations in the river and side channel were similar with 122 and 

138 µmol L-1, respectively. In all samples nitrite concentrations were below 1.2 µmol L-1. In 

soil solutions, ammonium concentrations never exceeded 2.9 µmol L-1. 

Table 2. Average of chemical constituents (±std error) between 28.3.2009 and 29.3.2010 in soil solutions 
from the lowest soil compartment in different FPZs, the Thur River, side channel and bulk deposition 
for n replicates.  

  
 

Units 

GRASS 

50 cm 

WILLOW BUSH 

50 cm 

MIXED FOREST 

100 cm 
THUR 

RIVER 

SIDE 

CHANNEL 

BULK 

DEPOSITION 
   G1 G2 WB1 WB2 MF1 MF2 MF3 MF4 

n  16 15 15 19 14 17 17 13 20 15 15 

pH  8.4±0.1 8.4±0.1 8.5±0.1 8.2±0.1 8.3±0.2 9.6±0.4 8.3±0.2 8.8±0.4 8.3±0.1 8.4±0.0 6.6±0.2 

EC µS cm-1 801±45 709±43 598±25 779±40 790±26 855±40 688±19 1006±51 402±23 478±20 18±2 

DOC µmol L-1 621±41 895±108 605±45 533±70 849±58 743±40 983±299 896±82 299±45 207±39 154±24 

NO3
- µmol L-1 903±287 283±81 44±10 15±7 646±118 589±99 93±8 1153±84 122±11 138±12 35±5 

NO2
- µmol L-1 0.4±0.1 0.8±0.2 <0.2 <0.2 <0.2 0.7±0.2 <0.2 0.4±0.1 0.8±0.1 0.7±0.0 1.2±0.3 

NH4
+ µmol L-1 1.6±0.4 0.8±0.2 2.9±1.2 0.9±0.2 2.1±0.8 1.5±0.3 1.3±0.2 1.4±0.2 2.0±0.5 2.1±1.0 45.5±7.6 

DON µmol L-1 162±31 81±17 33±3 50±7 134±29 105±27 75±7 173±31 34±4 37±10 26±6 

 

Nitrogen input 

Nitrogen inputs from the atmosphere and from sedimentation are given in Table 4. Annual 

atmospheric deposition in GRASS was 8 kg ha-1 (5 NH4
+-N and 3 kg NO3

--N ha-1) and in 

MIXED FOREST and WILLOW BUSH 17 kg ha-1 (14 NH4
+-N and 3 kg NO3

--N ha-1) mainly 

due to the additional canopy uptake. 

The highest annual N sedimentation was measured in GRASS (194−252 kg N ha-1), which 

corresponds to an average sediment layer of approximately 2 cm y-1. In WILLOW BUSH we 

measured 61−86 kg N ha-1 and in the MIXED FOREST <50 kg N ha-1. No sedimentation 

was detected in MF1 because this plot was never inundated during the observation period. 

Soil N pools of the top 10 cm were lowest in GRASS (700−1000 kg N ha-1) and highest in 

MIXED FOREST (1200−2100 kg N ha-1).  

Spatial variability of nitrate concentrations, VWC and FC 

The highest nitrate concentrations were measured in GRASS at G1 in 10 cm depth and in 

MIXED FOREST at MF4 in 100 cm depth with medians of 752 and 1149 µmol L-1, 

respectively (Figure 4). Lowest nitrate concentrations were measured in WILLOW BUSH, 
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with medians lower than 52 µmol L-1. In MIXED FOREST nitrate concentrations generally 

increased with depth. 

Similarly, the highest VWC medians were observed at G1 and in all plots in MIXED 

FOREST, and the lowest VWC were found at G2 (Figure 4). FC was highest in MF 4 

(0.34−0.41) and lowest in G2 (0.09−0.14). VWC medians expressed in percentage of the 

FC ranged between 90 and 120% in all the plots and depths, except in G2 where VWC 

medians were 180−200% FC (Figure 4). In other words, the soil during the sampling of soil 

solutions in the different FPZs was on average at FC or wetter, except in WB1 and MF3 

where it was drier. Both nitrate concentrations and VWC were significantly correlated to FC 

with (p≤0.03 and p<0.001 respectively), whereas nitrate concentrations were not 

significantly correlated to VWC. 

 

Figure 4. (Above) Boxplot of nitrate concentrations of the pooled samples for different plots and depths 
showing the minimum value, lower quartile, median, upper quartile, and maximum value. (Below) 
Boxplots of VWCs for periods when soil solutions were taken (average of half-hourly measurements 
over 2−3 days). Crosses indicate the field capacity (FC) for the corresponding soil layer. Outliers are 
not shown. 
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Temporal variability of nitrate concentrations and VWC 

Because nitrate leaching is one of the main targets in this paper, we focus on nitrate 

concentrations in soil solutions and VWCs in the lowest soil horizons, i.e. 50 cm depth in 

GRASS and WILLOW BUSH, and 100 cm depth in MIXED FOREST. 

In GRASS we observed the highest seasonality of nitrate concentrations. In spring 

(12.5.2009) we observed 640 µmol L-1 at G1 increasing up to 4771 µmol L-1 in late autumn 

(27.11.2011) and decreasing again in winter to 557 µmol L-1 (Figure 5d). This seasonal 

pattern was interrupted by flooding events in June, July and December (Figure 5a) when 

nitrate concentrations dropped to values close to the concentrations of the Thur River 

(Table 2). Both nitrate concentrations and VWC in G2 were distinctly lower than those in 

G1. 

In WILLOW BUSH nitrate concentrations were one order of magnitude lower than those 

measured in the other FPZs and the river water (Figure 5e; Table 2). For both plots we 

could observe an increase in the nitrate concentrations during the flood events in summer. 

MF1 and MF2 in MIXED FOREST (Figure 5f) showed almost identical nitrate 

concentrations with a minimum (∼300 µmol L-1) in summer (11.6.2009−4.8.2009) and a 

peak of ∼1600 µmol L-1 in winter (18.1.2010). In MF4 we also observed the highest nitrate 

concentration (1654 µmol L-1) in January. By contrast, nitrate concentrations in MF3 were 

lower with no clear seasonal pattern. In MIXED FOREST flooding did not affect nitrate 

concentrations strongly in any of the plots. During autumn VWC in MF3 was distinctly lower 

than in the other forest plots. 
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Water and nitrate fluxes 

RMSE and ME of simulated VWCs in all plots equaled 15% and 10% of the mean 

measured VWCs, except in G2 where the performance was lower with 41% and 33%, 

respectively (Table 3). The leaching volumes at 50 cm depth in GRASS and WILLOW 

BUSH were similar, ranging from 412 to 476 L m-2 over the entire observation period. In 

MIXED FOREST the total water fluxes at 100 cm depth were highest in MF4 (584 L m-2) 

and distinctly lower in the higher lying plots MF1 and MF3. In GRASS leaching volumes 

were similar for both summer floods, whereas in the more elevated WILLOW BUSH 

leaching volumes were higher during the major flood in July. A similar picture could be 

observed in MIXED FOREST. In the plot with the lowest elevation (MF4), water fluxes were 

similar for both flood events, whereas in the other plots leaching mainly occurred during the 

July flood. In all plots the largest water flows were observed during winter when compared 

to the other seasons (Table 3). 

Table 3. (Above) Statistical performance of the modelling of VWC, including the root mean squared 
error (RMSE), the mean error of estimate (ME), the average of measurements (±std error) between 
October 2008 and May 2010 and number of measurements (n). (Below) Leaching volumes and nitrate 
leaching for the complete sampling period (28.3.2009−29.3.2010) and during summer floods (16.6.2009 
and 18.7.2009) and in winter (1.12.2009−28.2.2010). In brackets leaching duration in days. 
 

          GRASS 50 cm WILLOW BUSH 50 cm MIXED FOREST 100 cm 

  G1 G2 WB1 WB2 MF1 MF2 MF3 MF4 

Statistical performance VWC [%]        

RMSE 3.4 8.7 2.5 2.5 1.7 2.6 4.5 2.0 

ME 2.8 7.1 -1.2 -1.2 -1.0 1.8 3.1 -1.2 

Mean measured 33.8 21.3 18.7 18.7 34.4 32.2 32.1 36.6 

n 361 361 520 520 230 363 257 355 

                

Leaching volume [L m-2]                

28.3.2009−29.3.2010 476 (291) 412 (317) 472 (257) 472 (257) 353 (231) 467 (234) 288 (241) 584 (225) 

Flood June 76 (6) 46 (15) 31 (14) 31 (14) <1 (0) 35 (14) <1 (0) 116 (13) 

Flood July 60 (3) 52 (7) 103 (6) 103 (6) 63 (5) 115 (4) 27 (4) 93 (5) 

Winter 216 (88) 191 (89) 231 (88) 231 (88) 202 (90) 209 (89) 185 (90) 226 (87) 

                 

Nitrate leaching [kg N ha-1]                

28.3.2009−29.3.2010 54±12 21±8 4±1 <1 54±5 59±8 4±1 94±18 

Flood June 3±1 <1 <1 <1 <1 2±1 <1 19±0 

Flood July 3±1 <1 <1 <1 5±1 5±0 <1 13±2 

Winter 18±2 12±4 3±1 <1 42±4 43±6 3±1 38±15 
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Leaching of nitrate over the entire observation period in MIXED FOREST and GRASS, 

ranged from 4 to 94 and 21 to 54 kg N ha-1, respectively. By contrast, in WILLOW BUSH 

nitrate leaching from the soil into the groundwater did not exceed 4 kg N ha-1. During flood 

events nitrate leaching was normally less than 5 kg N ha-1, except in MF4. Similar to the 

pattern of water fluxes, nitrate leaching mainly occurred in winter. 

 

Table 4. Annual N fluxes (±std error) [kg N ha-1 y-1] for the observation period from April 2009 to March 
2010 and soil N pools (±std error) [kg N ha-1] of the top 10 cm. 

  GRASS WILLOW BUSH MIXED FOREST 
  G1 G2 WB1 WB2 MF1 MF2 MF3 MF4 
Atmposheric N deposition 8 8 17 17 17 17 17 17 
N sedimentation1 252±70 194±31 62±26 106±48 0 23±6 20±7 50±4 
Dissolved N input2 4±2 3±1 4±2 4±2 2±1 1±1 8±3 5±2 
Total N input 265±71 205±32 83±27 126±50 19±1 41±4 45±10 71±9 
         

Soil N pools (0−10 cm) 1000 700 1600 1200 2100 1200 1400 1700 
                

NO3
- leaching 54±12 21±8 4±1 <1 54±5 59±8 4±1 94±18 

DON leaching 12±4 6±2 2±0 4±1 7±1 12±3 3±0 16±4 
Total N leaching 66±16 27±9 7±1 5±1 60±6 71±11 7±1 110±23 
         

Apparent N retention3 199±88 178±41 76±28 122±52 -41±7 -30±15 38±10 -39±32 

1N sedimentation determined for the period from April 2010 to March 2011. 
2N inputs in dissolved form (mainly nitrate) into the unsaturated soil from the Thur River and groundwater due to overland 
flooding and raising GW level. 
3 Denitrification not considered. 

5.4 Discussion 

Soil properties 

The low C/N ratios in all topsoils indicate favorable conditions for a high microbial activity at 

all depths and are characteristic of many floodplains (Tockner and Stanford, 2002; 

Samaritani et al., 2011). According to a study of (Samaritani et al., 2011), which was 

performed at the same study site, the C/N ratio does not vary with depth. In addition, they 

showed that our soils exhibit a high carbonate content with a pH of about 7.5.  

When comparing the different FPZs, the decreasing average grain size, and, as a 

consequence, increasing FC with increasing distance from the river reflect the decreasing 

stream energy during sediment deposition, whereas on a smaller scale the high spatial 

variability of the FC reflects the permanently changing geomorphic and hydrologic 

processes within different FPZs (Nanson and Croke, 1992; Pinay et al., 2002). 
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Nitrate concentrations 

There is no literature about nitrate concentrations in soil solutions from riparian soils that 

would allow an appropriate comparison of our respective measurements. However, in a 

representative soil solution-monitoring program of 135 European forest sites, only 9% 

exceeded the EU groundwater quality criterion of 800 µmol L-1 in the subsoil (de Vries et 

al., 2003) whereas 53% were below 100 µmol L-1. Therefore, the nitrate concentrations in 

MIXED FOREST at 100 cm depth with a mean of 620 µmol L-1 and ranging between 60–

1150 µmol L-1, fall in the upper range of forest soil solutions. 

The measured nitrate concentrations in soil solutions are the net result, on one hand of in-

situ nitrate producing and consuming processes, including nitrification, denitrification, 

microbial immobilization and plant uptake, on the other hand of mixing with ground and 

river water. Despite these multiple factors, the nitrate concentrations in our soil solutions 

were explained by FCs (p≤0.03), underpinning the importance of soil properties on soil 

nitrogen processes. For example, in GRASS the replicate plots G1 and G2 showed large 

differences in nitrate concentrations, which clearly could be related to differences FC and 

texture (Figure 4 and Figure 5).  

There are various studies examining the relationship between soil moisture and 

aerobic/anaerobic microbial activities using the degree of water-holding capacity (% WHC) 

or of FC (% FC), both depending on soil type (Maag and Vinther, 1996; Bollmann and 

Conrad, 1998) . In the study of Maag and Vinther (1996) they showed that maximum 

nitrification occurred at a soil moisture of 100% FC (w/w at 100 hPa) for sandy loam soils. It 

can be concluded that at this moisture level conditions for aerobic processes (nitrification) 

are optimum, as neither the diffusion of substrates, nor of oxygen are restricted. By 

contrast, soil moisture above a threshold of 125% FC favors denitrification, because the 

higher percentage of water filled porosity will decrease the diffusion rate of oxygen, 

facilitating the development of anaerobic conditions (Parkin and Tiedje, 1984). This is in 

good agreement with our results. In most plots the median of VWC was around 100% FC, 

ideal for the nitrification process. This also indicates that the soil solution in the different 

FPZs was collected at similar soil matric potentials, suggesting that nitrate concentrations 

were probably measured in similar water fractions in the different FPZs.  

In WILLOW BUSH, although soil moisture conditions appeared to be ideal for nitrification, 

nitrate concentrations were very low and even lower than those at G2 despite the higher 

FCs (Figure 4). We assume that the high demand of N by the still young (7 years) and 
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rapidly growing Salix viminalis (Rytter, 2001) led to either high nitrate uptake, or 

competition for ammonium between the plants and microbes, leading to limited substrate 

availability for the nitrification process. Considering the preference of ammonium over 

nitrate by these trees (Burger Chakraborty and Sägesser, 2010), the latter is the more likely 

reason. Similarly, we conclude that the increasing nitrate concentration with depth in 

MIXED FOREST can be attributed to a maximum plant uptake in the topsoil. 

Flooding affects both nitrate concentration and soil moisture significantly (Figure 5) and it is 

not completely clear whether mixing with river water and/or denitrification is the main driver 

for the observed decline in nitrate concentration during inundation. However, due to the 

short flood durations, the longest in GRASS lasting between 1 and 3 days at G1, we 

assume that this inundation time is often too short to reach redox potentials sufficiently low 

to favor denitrification. This assumption is also supported by the study of Pinay et al. (2000) 

where the flood frequency was too short to observe any significant influence by soil 

denitrification. 

Nitrate leaching and N status 

The statistical performance of the CoupModel (Table 3) was similar to that shown by a 

study of Christiansen et al. (2006) assessing nitrate leaching in temperate Norway spruce 

and beech forests. Except in G2, where we were not able to reflect the dry period from 

September till mid November 2009 (Figure 5) leading to an overestimation of the simulated 

VWC. However, this is of minor concern, because water fluxes are mainly driven by VWC 

differences between FC and saturation, which were well reproduced by the model. 

The largest water fluxes were observed in the low-lying plots, i.e. in GRASS and at MF4 in 

MIXED FOREST, where the sampled soil depths were closer to the aquifer. By contrast, for 

plots in MIXED FOREST that are located higher, water fluxes were small and mainly driven 

by precipitation, with little influence from groundwater (Figure 5). Because the variability of 

nitrate concentrations between the plots is higher (difference of two orders of magnitude 

between the plots with the lowest and the highest nitrate concentrations) than the variability 

of water fluxes, differences in nitrate leaching are mainly driven by variation in nitrate 

concentration (Figure 4 and Table 3). Hence, due to the low nitrate concentration nitrate 

leaching is minor in WILLOW BUSH compared to GRASS and MIXED FOREST. 

The spatial variability in concentrations and leaching of nitrate between the plots within 

MIXED FOREST and GRASS was substantial. This suggests that the soil texture and the 



  

74       Chapter 5 

depth of groundwater might be more important factors than the position in the succession 

stage. In contrast, both plots within WILLOW BUSH showed consistently low 

concentrations and fluxes of nitrate, highlighting the role of the vegetation in this zone. 

The standard errors of the nitrate fluxes (Table 3), including the temporal variability in 

nitrate concentrations, might be underestimated during the late autumn and winter, 

especially in GRASS (G1, G2) and in MF1 and MF2. Large nitrate fluxes were calculated 

during this period due to high nitrate concentrations and large water fluxes. The sampling 

of soil solution during this time was more sporadic (monthly) and therefore the temporal 

variability of nitrate concentrations is rather uncertain. Since the estimated nitrate fluxes 

during the winter contributed substantially to the annual fluxes, we tested a conservative 

scenario assuming that nitrate concentrations during the winter were similar to the annual 

median concentrations. This scenario resulted in winter and annual nitrate fluxes similar to 

the estimates given in Table 3 at all plots, except at MF1 and MF2 where the annual nitrate 

fluxes would decline to values of 27-30 kg N ha-1y-1. It can be concluded that, despite the 

uncertainties in nitrate concentrations, the low nitrate fluxes in WILLOW BUSH compared 

to the leaching in GRASS and MIXED FOREST were likely caused by a high nitrate uptake 

by the young willows or a limited ammonium availability. 

There are no comparable studies on nitrate leaching from riparian soils. Thus, we can only 

compare our data to studies from forested sites that were performed to predict nitrate 

leaching based on N atmospheric deposition and the N soil status (MacDonald et al., 2002; 

de Vries et al., 2003; Dise et al., 2009). In MIXED FOREST with an average of 53 kg N ha-1 

y-1 and a maximum of 94 kg N ha-1 y-1, the nitrate leaching losses are very high considering 

a survey of 181 forest sites with a mean N export by leaching of 6 kg N ha-1 y-1 and a 

maximum of 43 kg N ha-1 y-1 (MacDonald et al., 2002).  

Because of the strong nitrate leaching in MIXED FOREST we assume a nitrogen saturation 

of the soils, i.e. the availability of mineral N exceeds the combined nutritional demands of 

plants and microbes (Aber et al., 1989). Considering the classification of N saturation for 

forest soils, which is based on changes in seasonality and levels of nitrate leaching in 

streams (Stoddard, 1994; Gundersen et al., 2006), the constantly high nitrate concentration 

with only a weak seasonal pattern at 100 cm depth (Figure 5f) supports our assumption. 

To test the effect of nitrate leaching below MIXED FOREST on groundwater quality for high 

water and N fluxes we used a linear mixing model. Properties of the aquifer used in this 
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model are the following (Vogt et al., 2010a; Vogt et al., 2010b): Specific discharge qaquifer = 

1 to 10 m d-1, Thickness h = 5−6 m and Porosity Φ = 0.25 m3 m-3. For the nitrate 

concentration in groundwater we used 136 µmol L-1 (Peter, 2011). At MF4 at 100 cm depth, 

the vertical water flow through the soil during the major flood in July was 93 L m-2 over 5 

days with an average nitrate concentration of 1028 µmol L-1 (Table 3 and Figure 5). Based 

on these figures, the nitrate contribution from soil into groundwater at MF4 ranged between 

1 and 11%, depending on aquifer discharge. 

N balance 

The organic N input by sedimentation in GRASS and WILLOW BUSH, often exceeding 100 

kg N ha-1 y-1 was in the same range as found for reedbeds (210−240 kg N ha-1 y-1) and for 

woodlands (43−112 kg N ha-1 y-1) along two distributaries of the river Rhine (Olde Venterink 

et al., 2006). We did not observe significant erosion at any plot. It should be noted that N 

sedimentation is controlled by organic matter accumulation and hence, is not equal to 

available N. Because of the linear relationship between N and organic C content of 

deposited sediments (C/N ratio of fresh sediments was around 11 in all FPZs, Weibel, 

2011) we assume as in earlier studies (Stoeckel and Miller-Goodman, 2001; Noe and 

Hupp, 2005)  that N is dominantly organic and has first to be mineralized. Furthermore, this 

low C/N ratio compared to that of the top 10 cm (C/N ratio = 15, Table 1) suggests that 

around 30% of the organic matter in the newly deposited sediments is easily degradable. 

The minor input of dissolved N by the Thur River and groundwater into the soil (<8 kg N ha-1 

y-1) in all plots (Table 4) can be explained by the low dissolved nitrogen concentrations in 

river and groundwater (Table 2; Peter, 2011) and the short contact times with the soil. 

In our study we did not quantify N loss by denitrification. Reported values vary from 1.1 kg 

N ha-1 y-1 in a sandy loam soil of a well-drained riparian forest (Davis et al., 2011), 6 kg N 

ha-1 y-1 for shallow groundwater in loamy sand soil of a riparian forest (Groffman et al., 

1996), up to 60 kg ha-1 y-1 in a sandy aquifer of a riparian forest (Jordan et al., 1993). 

Similarly to the high variability in nitrate concentration and of other control factors driving 

denitrification, there is a high spatiotemporal variability of soil N effluxes. In GRASS where 

soils are more frequently flooded and are inundated for a longer time (Table 1 and Figure 

5), N loss can be assumed to be in the upper range of these reported values, whereas in 

WILLOW BUSH and MIXED FOREST the value might be at the lower end. 
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There is a positive apparent N retention in the dynamic FPZs and negative N retention in 

the stable MIXED FOREST (Table 4). These findings are similar to the conceptual model of 

N dynamics proposed for two fens in the Netherlands by Koerselman et al. (1990). In early 

successional stages, i.e. GRASS and WILLOW BUSH, the dominant process is N 

sedimentation (N sink) increasing the buffering capacity of the river corridor (Olde 

Venterink et al., 2006). With increasing distance from the river, in the mature MIXED 

FOREST, soils are less hydrologically linked with the river and N sedimentation is smaller. 

If soils show high clay contents together with low C/N ratios and VWCs nearby 100% FC, 

high amounts of nitrogen that have been accumulated at earlier successional stages (soil N 

pools in Table 4) are mineralized and nitrified. As a consequence, nitrate leaching from the 

unsaturated zone into groundwater occurs (N source), especially at MF4. Even if the nitrate 

leaching at MF1 and MF2 was lower (27-30 kg N ha-1 y-1) than the values presented in 

Table 3 (see earlier discussion), the decreasing gradient in apparent N retention from the 

GRASS zone to the MIXED FOREST would be still visible.   

Implications for river restorations 

Restoration has increased hydrological connectivity of all FPZs (Schneider et al., 2011) 

leading to increased N sedimentation rates and water fluxes. Although there is no N 

balance available for the study site before restoration or from a comparative site in the non-

restored section, our data allow to predict possible changes in the N balance induced by 

restoration. 

Before restoration, in place of the dynamic FPZs, there was a homogeneous dam foreland 

(PASTURE) which was extensively used for fodder production (Shrestha, 2011). Due to the 

small N input by sedimentation and due to the permanent N removal by harvesting, we 

conclude that nitrate leaching in PASTURE was lower than in GRASS, similar as it has 

been observed for WILLOW BUSH (Table 4). Harvesting can remove up to 61 or 92 kg N 

ha-1 y-1 for semi-natural or agriculture grassland, respectively (Olde Venterink et al., 2001), 

which is in the same range as N plant uptake (100 kg N ha-1 y-1) based on a three-year 

study for Salix viminalis on sandy soil (Rytter, 2001). These figures, together with our 

results, highlight the importance of harvesting grass and/or planting young willow trees as 

an important tool to manipulate the N balance and reduce nitrate leaching. However, N 

uptake by plants cannot be equated to N retention as a large part of the N is recycled 

through litter fall. Moreover, N retention by willow trees decreases with age when organic N 

from above- and below ground litter equals to N plant uptake. Therefore, regular harvesting 
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of the grass Phalaris arundinacea might be a more effective practice to ensure a low nitrate 

concentration in groundwater. 

Because in MIXED FOREST the N input by sedimentation is small compared to the large 

soil N pool (Table 4), we assume that NO3
- leaching before and after restoration is mainly 

affected by differences in soil moisture and hence mainly driven by changes in the 

groundwater table. We do not know whether the groundwater table has been affected by 

the restoration or not. But it can be expected that a decline in the groundwater table favors 

nitrification and as a consequence higher NO3
- leaching, whereas an increase of the 

groundwater table favors denitrification and diminishing NO3
- leaching (Hefting et al., 2004). 

5.5 Conclusions 

In this study we assessed nitrate leaching from riparian soils into groundwater. An 

important factor explaining the differences in nitrate concentrations was the high horizontal 

variability of soil texture (and FC), which is typical for riparian zones. In subsoils with high 

FCs in GRASS and MIXED FOREST, high nitrate concentrations were measured, often 

exceeding the Swiss and EU groundwater quality criterions of 400 and 800 µmol L-1, 

respectively. In these zones, nitrate leaching from the unsaturated zone into groundwater 

can lead to a significant nitrate contribution during flood events and in winter when soil 

water fluxes are high. In contrast, high N plant uptake or limited substrate availability for 

nitrification in WILLOW BUSH resulted in very low nitrate concentrations and fluxes. 

Highest N retention rates were observed in the dynamic FPZs (GRASS and WILLOW 

BUSH). By contrast, in the stable MIXED FOREST nitrate leaching exceeded total N input 

most of the time. As a result of large soil N pools, which have accumulated at earlier 

successional stages, high amounts of nitrate are produced by nitrification but cannot be 

retained by the N saturated forest soil. 
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Chapter 6 

Synthesis 

6.1 Conclusions 

The main objective of this PhD thesis was to gain an improved understanding of N 

dynamics in floodplain soils by monitoring nitrate concentrations and the isotopic signature 

of nitrogen and oxygen in nitrate from soil solutions. I was particularly interested in the role 

of floodplain soils on the quality of river- and groundwater. The achievements of this thesis 

are built on (i) methods developed for the analysis of N and O isotopes in nitrate from 

freshwater samples and (ii) a case study in the short-hydroperiod floodplain of the Thur 

River. 

Features of the methods (Chapter 2 and 3) developed are: 

• The acetone method is a simple and efficient technique for a precise δ15N and δ18O 

analysis of nitrate in freshwater samples with moderate to high nitrate concentrations. 

The isolation of nitrate from a freeze-dried water sample is based on the different 

solubilities of inorganic salts in an acetone/hexane/water mixture. 

• The two-phase method is a robust and simple cleanup procedure for the δ15N 

analysis of nitrate from freshwater samples with high DOM contents and low nitrate 

concentrations. For the extraction and purification of nitrate from a freeze-dried water 

sample we used sodium hydroxide and acetone, allowing a DOM removal of up to 

99% in soils solutions and river water. 

Based on the results of the case study (Chapter 4 and 5) I conclude that: 

• In the riparian forest soil at the study site, in-situ microbial nitrate production is the 

main source of nitrate. Nitrification is the dominant process in the soil column even at 

a depth of 100 cm. DNA analyses show that archaea are the dominant ammonia 

oxidizing microorganisms. Denitrification plays a subordinate role in nitrogen cycling 

in these soils. 

• 85% of the oxygen atoms in newly formed nitrate were derived from the surrounding 

water, which is higher than it has been reported for AOB (67-75%). We postulate that 

the different metabolic pathway of archaea leads to an enhanced intracellular O-
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exchange between one of the intermediate products (NH2OH or HNO) or NO2
- and 

H2O during ammonia oxidation. 

• The main driver controlling the differences in nitrate concentrations in soil solutions 

appears to be the variability in soil texture and field capacity (FC). In fine grained 

subsoils with high FCs and volumetric water contents near FC, high nitrate 

concentrations were measured, often exceeding the Swiss and EU groundwater 

quality criterions of 400 and 800 µmol L-1, respectively. Nitrate was leached into the 

groundwater during flooding and in winter when water fluxes were high. 

• The N balance for different parts of the floodplain revealed that, due to high N 

sedimentation rates, frequently inundated zone show a large N retention (N sink). In 

contrast in the mature riparian forest, as a result of the large soil N pools that have 

been accumulated over time, nitrate leaching exceeded total N input most of the time 

(N source). 

• The common opinion that floodplain soils represent nitrogen sinks has to be revised. 

N dynamics in floodplain soils, that as a whole determine the buffer capacity and filter 

function of a floodplain, depend on several factors such as inundation frequency and 

duration, nitrate load in the river and groundwater, physicochemical soil properties, 

soil microbial communities and the ecological succession stage. 

6.2 Implications 

• “The acetone method is a highly innovative approach for analyzing the isotopic 

composition of nitrate in freshwater samples. Given the wide interest in using the 

isotopic composition of nitrate from surface water and groundwater systems for 

identification of nitrate sources and transformations, it is highly likely that this paper 

will be of great interest for the readership…” (anonymous reviewer). 

• Findings in Chapter 4 have important implications for studies focusing on NO3
- source 

determination and N transformations processes. We showed that at present it is not 

possible to accurately predict the oxygen isotopic signature of microbially produced 

nitrate. Furthermore, due to the strong dependency of δ18ONO3 from the oxygen 

isotopic signature of the surrounding water, δ18ONO3 can naturally vary throughout the 

year by ±5‰. Hence in order to avoid any misinterpretation, I recommend 
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measurements of the δ18ONO3 in soil solutions at least every season, especially in the 

topsoil. 

• The findings of Chapter 5 provide valuable information for future restoration projects. 

Our forest soils have large soil N pools that have been accumulated in earlier 

successional stage. Favorable soil environmental conditions lead to high amounts of 

microbially produced nitrate that can get leached into groundwater. Moreover, we 

highlighted the importance of manipulating the N balance to ameliorate the river and 

groundwater quality. For example, harvesting of grass for the permanent N removal, 

and/or the plantation of young willow trees for the temporary N retention in biomass 

seem to be effective tools to reduce nitrate leaching. Hence, I recommend a 

“managed restoration”, i.e. regular harvesting of Phalaris arundinacea, instead of 

aiming for a return to a state as close as possible to natural conditions (Dufour and 

Piegay, 2009). 

• The discovery of high abundances of the archaeal amoA gene in our soils questions 

the results obtained with the “shaken slurry method” to measure the potential 

nitrification (Hart et al., 1994). Ammonia-oxidizing archaea are known to be adapted 

to ammonium and oxygen limited systems (Martens-Habbena et al., 2009; Zhu et al., 

2011), whereas the bacterial nitrification process is favored under high ammonia 

availability and good aeration. Hence, the initial high ammonium concentration of 500 

µmol L-1 and constant shaking in the laboratory incubation experiment may inhibit the 

archaeal and favor the bacterial activity, leading to misinterpretations.  

• No correlation in nitrate and ammonium concentrations between soil solutions and 

soil extracts was found (Shrestha, 2011). Strong extractants, destruction of soil 

structure and other laboratory artifacts during soil extraction may have led to different 

results. This further highlights the strength of soil solution monitoring as an 

appropriate tool to better understand natural processes. Here, we successfully used 

nitrate concentrations and its δ15N and δ18O signature, to better understand in-situ 

nitrate consuming and producing processes. Moreover, the lower disturbance of the 

soil during sampling and the easiness to collect, process and analyze soil solutions 

offer researchers a wide range of possibilities to reconstruct and understand natural 

processes in floodplain soils more precisely. 
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6.3 Outlook 

This study elucidates N dynamics in floodplain soils and presents new techniques for the 

analysis of δ15N and δ18O of nitrate from freshwater. In the following I summarize some 

future research needed to further improve our understanding of N cycling in these 

environments. 

• The acetone method needs to be further tested for different sample types. For the 

δ18O analysis, the blank contribution should to be tested for a bigger range of water 

types, so that it can be corrected for more accurately. 

• Further refinements and tests on other water types, such as soil extracts and 

seawater samples, will broaden the applicability of the two-phase method. Main 

issues facing the adaptation of this method are the high salinities of these samples. 

For the desalination prior to freeze-drying step I suggest adding acetone to the 

samples. In acetone NaCl and KCl are practically insoluble and hence will precipitate.  

• Laboratory soil incubation experiments with pure AOA cultures and with 18O labeled 

H2O and/or O2 should be carried out to gain an improved understanding of the 

archaeal ammonia oxidation process. 

• The “shaken slurry method”, commonly used to measure the potential nitrification in 

soils, is based on the AOB metabolism (Hart et al., 1994). This method should be 

modified for soils dominated by AOA, especially with respect to initial ammonium 

concentration, different aeration and pH. This might reduce artifacts related to the 

different reaction of archaea and bacteria to oxygenation and ammonia 

concentrations. 

• In the study of Shrestha (2011) highest N2O effluxes from floodplain have been 

observed two weeks after flood, when gross nitrification rates were highest. 

Therefore, we hypothesize that during this time N2O was mainly derived from 

archaeal ammonia oxidation (“nitrifier-denitrification”) and not by heterotrophic 

denitrification (Kool et al., 2007; Santoro et al., 2011). In order to identify the N2O 

forming pathway we propose the determination of the 15N site preference in the linear 

NNO molecule (Yoshida and Toyoda, 2000) in addition to the combined analysis of 

δ15N and δ18O in N2O. 
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• The effect of the N balance manipulation through regular harvesting of riparian grass 

on nitrate leaching should be assessed. On a long-term, nitrate leaching might be 

reduced due to permanent N removal from the system, whereas on a short-term, 

nitrate leaching might be enhanced immediately after grass cutting due to reduced 

plant uptake. 
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