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Summary 
Floodplains are characterized by high spatiotemporal variability and they are considered as 

biogeochemical reactors that temporarily store and process organic and inorganic matter. They 

represent an ideal ecosystem to study the effects of environmental heterogeneity on 

biogeochemical cycling. The overall aim of this study was to explore the spatial and temporal 

variability in soil carbon and nitrogen dynamics in restored and channelized sections of a 

temperate floodplain with short inundation periods and to assess the factors that lead to this 

variability. The objectives of the study were: (i) to assess the spatiotemporal variability of 

carbon pools and fluxes, and relate them to soil physicochemical properties and soil 

environmental conditions, (ii) to relate the spatiotemporal variability of nitrogen pools, 

transformations and flux to soil properties and hydrological processes and (iii) to assess the 

spatial variability in the temporal patterns of nitrogen transformations, and to explore these 

differences in terms of temporal change in environmental condition and substrate availability.  

The study was carried out in a restored and channelized section of the Thur River, Northeast 

Switzerland. The study area is the main study site of the interdisciplinary project RECORD 

(Restored Corridor Dynamics). For the study, the study site was subdivided into six functional 

process zones (FPZs) based on vegetation, distance from river and topography: GRAVEL, 

GRASS, WILLOW BUSH, MIXED FOREST, WILLOW FOREST and PASTURE. The first 

three FPZs are frequently flooded dynamic FPZs in the restored section, the forest FPZs are 

stable alluvial forests and the last FPZ represents a homogeneous dam foreland in the adjacent 

channelized section. 

To achieve the first objective of the study, we quantified soil organic carbon pools (microbial 

carbon and water extractable organic carbon) and fluxes (soil respiration and net methane 

production) for each FPZ on a seasonal basis. The results showed that soil nenvironmental 

factors related to seasonality and flooding (temperature, water content and organic matter input) 

affected soil carbon dynamics more than soil properties. The coarse-textured soils in the gravel 

bars were characterized by a lower organic carbon pools, but frequent flood disturbance led to 

high heterogeneity with temporary and local increase in carbon pools and soil respiration. In 

contrast, fine-textured soils of stable riparian forests with a higher organic carbon pool exhibited 

lower spatial heterogeneity, but exhibited temporal variability in carbon pools and soil 

respiration resulting from major floods and seasonal temperature change. Soil properties and 

base level of organic carbon in the dam foreland of the channelized section were similar to that 

of the gravel bars, whereas the spatial heterogeneity and temporal variability were similar to 
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that of the forests. Irrespective of FPZ, the input of non-structured allochthonous material and 

destruction of local aggregates during flood pulses appear to be the cause of the transient 

increase of microbial activity. 

For the second objective, selected soil nitrogen pools (ammonium and nitrate), nitrogen 

transformations (gross mineralization, gross and potential nitrification and potential 

denitrification) and gaseous nitrogen flux (nitrous oxide) were measured on a seasonal basis in 

all FPZs. Results showed that the nitrogen dynamics in floodplain soils are dependent on soil 

physicochemical properties and flood disturbances. Soil moisture and carbon availability were 

identified as the main factors controlling soil nitrogen transformations. Furthermore, our results 

revealed a considerably higher nitrogen turnover and nitrogen removal in the restored section, 

particularly in the frequently flooded dynamic gravel bar, covered by herbaceous macrophyte, 

and in the old low-lying alluvial forest. Particularly high denitrification in these two FPZs was 

attributed to coupled nitrification-denitrification. In contrast, lower nitrogen turnover rates were 

found in the channelized section possibly due to the lower hydrological connectivity and 

extensive use for fodder production.  

To assess the spatial differences in temporal patterns of soil nitrogen turnover, nitrogen pools 

and transformations were monitored at higher temporal resolution in GRASS, WILLOW BUSH 

and MIXED FOREST. The results showed a decreasing temporal variability with decreasing 

hydrological connectivity and / or disturbance. Differences in duration and frequency of 

inundation, and sediment deposition were the main factors behind the difference in temporal 

patterns of nitrogen pools and transformations among the FPZs. In our floodplain soils, 

mineralization was driven by soil moisture, sediment deposition and mobilization of organic 

matter, nitrification by ammonium availability and aeration, and denitrification by soil moisture, 

organic carbon availability and nitrification rate. Overall, our results indicate that the floodplain 

zones characterized by strong flood disturbances are “hot spots” and flood events are “hot 

moments” of nitrogen soil transformations in a floodplain system. 

In conclusion, the restored section exhibited a higher heterogeneity of soil carbon and nitrogen 

dynamics than the channelized section. Flood related disturbance is the main reason for the 

spatial and temporal variability of carbon and nitrogen turnover. Positive aspects of river 

restoration, in context of our study, are improved carbon and nitrogen retention capacity and 

increased turnover rate. By contrast, increased emissions of nitrous oxide, a potent greenhouse 

gas, and hot spots of nitrification and subsequent nitrate accumulation in the soil, which might 

get leached into the groundwater during flood events, could be a matter of concern. 
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Zusammenfassung 
Schwemmebenen sind durch eine hohe räumlich-zeitliche Variabilität gekennzeichnet und sind 

u.a. anderem „biogeochemische Reaktoren“, welche organische und anorganische Stoffe 

speichern und transformieren, bevor sie diese wieder freigeben. Sie stellen daher ideale 

Untersuchungsgebiete dar, um die Auswirkungen von veränderten Umweltfaktoren auf 

biogeochemische Kreisläufe zu prüfen. Hauptziel dieser Arbeit war es, die räumliche und 

zeitliche Variabilität der Kohlen- und Stickstoffdynamik in einem renaturierten und 

kanalisierten Flussabschnitt mit kurzer Überflutungsdauer zu erfassen und deren Ursachen zu 

erklären. Die Themenschwerpunkte waren: (i) die räumlich-zeitliche Variabilität des 

Kohlenstoffgehalts im Boden und der Kohlenstoffflüsse zu bestimmen und diese durch 

physikochemische Eigenschaften des Bodens und Umweltbedingungen zu erklären, ii) die 

räumlich-zeitliche Variabilität des Bodenstickstoffgehalts, der Stickstoffflüsse und 

Stickstofftransformationen zu verstehen, insbesondere in Bezug auf unterschiedliche 

Bodeneigenschaften und auf Störungen durch Überflutungen, und iii) die räumliche Variabilität 

von zeitlichen Mustern der Stickstofftransformationen zu erfassen und diese mit Hilfe von 

unterschiedlichen Umweltbedingungen und Substratverfügbarkeiten zu erklären. 

Die Studie wurde in einem renaturierten und kanalisierten Abschnitt der Thur, in der 

Nordostschweiz durchgeführt. Es ist das Hauptuntersuchungsgebiet des interdisziplinären 

RECORD Projektes (Restored Corridor Dynamics) des ETH Bereichs. Für diese Studie wurde 

das Testgelände aufgrund der Vegetation, Distanz zum Fluss und Topographie, in sechs so 

genannte „functional process zones“ (FPZs) unterteilt. GRAVEL (Kies), GRASS (Gras), 

WILLOW BUSH (Weidenbusch), MIXED FOREST (Mischwald), WILLOW FOREST 

(Weidenwald), PASTURE (Grasland). Die ersten drei FPZs befinden sich im häufig 

überfluteten renaturierten Flussabschnitt und werden auch als dynamische FPZs klassifiziert. 

Die stabilen FPZs bilden die angrenzenden Auenwäldern und das homogene Dammvorland im 

kanalisierten Abschnitt. 

Zur Erreichung des ersten Ziels haben wir den organischer Kohlenstoff im Boden (mikrobielle 

Biomasse und extrahierbarer organischer Kohlenstoff) sowie die Kohlenstoff Flüsse 

(Bodenatmung und Methanproduktion) für jede FPZ ganzjährig quantifiziert. Unsere Resultate 

zeigten, dass die Umweltfaktoren (Temperatur, Wassergehalt und Eintrag von organischem 

Material) die Dynamik des Bodenkohlenstoffs mehr beeinflussten als die Bodeneigenschaften. 

Grobkörnig texturierte Böden in den Kiesbänken zeigten einen geringen Gehalt an organischem 

Kohlenstoff, während häufige Störungen durch Überflutungen zu einer hohen Heterogenität mit 



 

viii     Zusammenfassung 

einer lokalen und temporären Zunahme des Kohlenstoffgehalts und der Bodenatmung führten. 

Im Gegensatz dazu hatten die feinkörnigen Böden in den Auenwäldern einen höheren 

Kohlenstoffgehalt, zeigten aber aufgrund von Temperaturunterschieden und 

Überflutungsereignissen eine erhöhte zeitliche Variabilität. Bodeneigenschaften und 

Kohlenstoffgehalt im Dammvorland des kanalisierten Flussabschnittes waren ähnlich wie in den 

Kiesbänken, während die räumliche Heterogenität und Variabilität derjenigen der Auenwälder 

entsprach. Unabhängig von den FPZs scheint der Eintrag von nicht-strukturiertem allochthonem 

Material und die Zerstörung von lokalen Bodenaggregaten während der Überflutungen die 

Hauptursache für eine vorübergehende Zunahme der mikrobiellen Aktivität zu sein. 

Für das zweite Ziel wurde der Bodenstickstoffgehalt (Ammonium und Nitrat), stellvertretend 

für Stickstofftransformationsraten (Mineralisation, Nitrifikation und Denitrifikation) und der 

Ausstoss von Lachgas saisonal und in allen FPZs gemessen. Es konnte gezeigt werden, dass die 

Stickstoffdynamik in den Auenböden sowohl von den physikochemischen Eigenschaften des 

Bodens als auch von Störungen, verursacht durch Überflutungen, abhängig ist. 

Bodenfeuchtigkeit und verfügbarer organischer Kohlenstoff wurden als Hauptfaktoren ermittelt, 

welche die Stickstofftransformationen kontrollieren. Zudem wurde ein höherer Stickstoffumsatz 

im renaturierten Flussabschnitt gemessen. Insbesondere in den oft gefluteten dynamischen 

Kiesbanken, welche von krautigen Makrophyten überwachsen sind, und im tieferliegenden 

Auenwald. In diesen beiden FPZs wurden aufgrund gekoppelter Nitrifikation und 

Denitrifikation hohe Denitrifikationsraten gemessen. Im Gegensatz dazu wurde im kanalisierten 

Flussabschnitt ein tieferer Stickstoffumsatz gefunden, wahrscheinlich wegen der tieferen 

hydrologischen Konnektivität und der extensiven Nutzung (Weide und Streu-Produktion). 

Um die räumliche Variabilität von zeitlichen Mustern der Stickstoffdynamik zu prüfen, wurden 

der Stickstoffgehalt und die Stickstofftransformationsraten in GRASS, WILLOW BUSH und 

FOREST in höherer zeitlicher Auflösung untersucht. Es konnte eine Abnahme der zeitlichen 

Variabilität mit abnehmender hydrologischer Konnektivität und/oder Frequenz von 

flutverursachten Störungen gezeigt werden. Unterschiede in Flutdauer, –frequenz und 

Sedimenteintrag waren die Hauptgründe für Unterschiede im zeitlichen Muster des 

Stickstoffgehalts und –transformationen zwischen den FPZs. In unseren Auenböden war die 

Mineralisation durch die Bodenfeuchtigkeit und den Sedimenteintrag gesteuert, die Nitrifikation 

durch die Verfügbarkeit von Ammonium und die Bodendurchlüftung, und die Denitrifikation 

durch die Bodenfeuchtigkeit, den verfügbaren organischen Kohlenstoff und die 

Nitrifikationsrate. Neben den aktuellen Bedingungen, wurden die Stickstofftransformationen, 

vor allem nach Hochwasserereignissen, auch durch die vorhergehenden Umweltbedingungen im 
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Boden und die Substratverfügbarkeit, sowie durch die Entwicklung dieser beiden Faktoren mit 

der Zeit beeinflusst. All diese Transformationsraten wurden durch die von Fluten 

hervorgerufenen Störungen beeinflusst. Jedoch wurden signifikante Unterschiede zwischen den 

Transformationsraten in der Grössenordnung und der Zeitdauer der Auswirkung gefunden. 

Zusammengefasst, zeigte der renaturierte Flussabschnitt eine höhere Heterogenität des 

Bodenkohlenstoffes und der Stickstoffdynamik als der kanalisierte Abschnitt. Flutverursachte 

Störungen sind der Hauptgrund für die räumlich-zeitliche Variabilität des Kohlenstoffes und  

des Stickstoffumsatzes. Positive Aspekte von Flussrenaturierungen in diesem Kontext sind die 

verbesserte Kohlenstoff- und Stickstoffspeicherkapazität und erhöhte funktionelle Diversität. 

Weniger wünschenswerte Nebeneffekte sind erhöhte Emissionen von Lachgas, eine starkes 

Treibhausgas, und „Hot spots“ von Nitrifikation und die mögliche Auswaschung von im Boden 

akkumuliertem Nitrat ins  Grundwasser. 
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Chapter 1 

General introduction 

1.1 Floodplains – Structure and function 

Floodplains are low-relief areas that extend from the edge of permanent water bodies to uplands 

and are subjected to periodic flooding. Junk (1989) incorporated the ecological aspect and 

defined them as areas that are periodically inundated by the lateral overflow of rivers or lakes, 

and / or by direct precipitation or groundwater. The resulting physicochemical environments 

create characteristic community structures through morphological, anatomical, physiological, 

phenological and / or ecological adaptations. In a natural floodplain, community structures are 

differentiated into a dynamic mosaic of habitat patches created by the complex interactions 

between hydrogeomorphic processes (flood disturbance) and ecological processes (biological 

succession) (Naiman and Decamps, 1997). These hydrogeomorphically distinct patches differ in 

age of formation, inundation regime and soil properties and thereby express differences in 

productivity, organic matter dynamics and community composition and are generally arranged 

along distinct succession gradients within a floodplain (Naiman and Decamps, 1997) (Figure 1). 

These patches can be referred to as “Functional Process Zones” (FPZs) by extending the FPZ 

concept (Thorp et al., 2008) to smaller scale hydrogeomorphic patches within a single reach. 

Thorp et al. (2008) has considered larger scale hydrogeomoprhic patches of valley to reach 

scale as FPZs. 

The spatial complexity and dynamic nature allow floodplains to provide a wide range of 

ecosystem services. Thorp et al. (2010) has used the definition of ecosystem services as 

“quantifiable or qualitative benefits of ecosystem functioning to the overall environment, 

including products, services and other benefits that human receive from natural, regulated, or 

otherwise perturbed ecosystems”. The examples of benefits of floodplains are biogeochemical 

cycling, habitat provision and biodiversity maintenance (supporting services); control of floods 

and erosion and water quality maintenance (regulating services); provision of water, food or 

fuel for human (provisional services); and educational, aesthetic and recreational (cultural 

services) (Thorp et al., 2010).  



 

2            Chapter 1 

 
Figure 1: Successional stages along the lateral gradient from the river to upland in a typical 
dynamic floodplain system. 
 

1.2 River flow alteration and rehabilitation – Effect on floodplain 

Widespread regulation of the flow regime of rivers has led to the loss of environmental 

heterogeneity, biodiversity and associated ecosystem services in many of the floodplains 

(Tockner and Stanford, 2002; Lepori et al., 2005). Flow alteration is one of the most serious 

threats to the ecological integrity of river-floodplain systems (Tockner et al., 2008). Natural 

flow regimes of a river show regional patterns that are largely determined by climate, geology, 

topography and vegetation cover (Poff et al., 1997). The critical components of flow regime 

(magnitude, frequency, duration, timing, and rate of change of hydrologic conditions) that 

regulate ecosystem processes are being altered by human activities such as urbanization, dam 

construction, land drainage, levees and channelization, and groundwater pumping (Poff et al., 

1997). Levees and channelization disrupt the connectivity between a river and its floodplain 

leading to the loss of structural diversity, reduced sediment dynamics, change in soil 

physicochemical properties, poor retention of organic matter and ultimately loss of habitat and 

biodiversity (Allan and Flecker, 1993; Poff et al., 1997; Giller, 2005). 

In the last decades, restoration of floodplain habitats and the consequent rehabilitation of key 

ecosystem functions has become a major goal of environmental policy, and concurrently 

scientific approaches to evaluate its success have been put forward (Henry et al., 2002; Palmer 

et al., 2005). Restoration projects depend on the extent of alteration that had been made in the 

river / floodplain and the goal of the restoration project. For example, restoration of channelized 
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rivers involve river widening by removing embankments and setting back flood levees, to 

reconnect the floodplain with the river and thus re-establish the dynamic nature of the river-

floodplain system. These efforts are made to alleviate the effects of channelization and thereby 

enhancing flood protection and recovery of ecological services (Smits et al., 2000; van Stokkom 

et al., 2005; Weber et al., 2009). The change in floodplain morphology after river widening is 

shown to have improved the physical habitat and thus increased species diversity (Habersack 

and Nachtnebel, 1995; Rohde et al., 2005). However, the enhancement and restoration of 

structural diversity does not guarantee the restoration of functional diversity.  

1.3 Hydrological connectivity – Exchange between river and floodplain 

Hydrological connectivity is the exchange of matter, energy and biota between a river and its 

floodplain via water and it plays a major role in sustaining the riverine landscape diversity 

(Ward et al., 2002). Hydrological connectivity operates on the four dimensions of a river-

floodplain system (longitudinal, lateral, vertical and temporal) and the flood pulse enhances the 

connectivity and maintains the system in a dynamic equilibrium (Ward, 1989). The seasonal 

pulsing of a river depends on the hydrological regime, and it controls the nutrient inputs and the 

alteration of production and transport phases (Amoros and Bornette, 2002). A floodplain can be 

a source or sink of sediments depending on the topographical location and hydrological flow of 

the river and thus they can be considered as sites of temporary or permanent storage of 

sediments (Steiger and Gurnell, 2003). In addition to quantity, there can be spatial and temporal 

variations in sediment quality within a floodplain (Brunet and Astin, 1997). Floodplains have 

been shown as major sinks of suspended matter, fine particulate organic matter, particulate 

organic carbon, total phosphorus and inorganic carbon (Pedrozo et al., 1992; Tockner et al., 

1999) and as source of dissolved organic carbon and coarse particulate organic matter (Tockner 

et al., 1999). The importance of river hydrology and hydrochemistry, and lateral exchange of 

water, nutrients, and organisms, on the floodplain organisms and ecological processes has been 

highlighted in the “Flood Pulse Concept” (Junk et al., 1989). This concept considers floodplains 

as biogeochemical reactors that temporarily store and process organic and inorganic matter 

(Junk, 1989). The sediment and nutrient processing depends on the quality and quantity of the 

deposits and may vary with space and time. Furthermore, the wet-dry soil cycles due to flood 

pulsing have direct impact on soil physical, chemical and biological processes (Bayley, 1995).  
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1.4 Carbon dynamics in floodplains 

The organic carbon cycle in floodplain soils is an open cycle with periodic exchange of organic 

matter between a river and its floodplain. The organic carbon dynamics in riparian soils are 

related to ecosystem services such as provision of plant and animal resources, removal and / or 

degradation of pollutants and nutrient retention (Hill and Cardaci, 2004; Wilson et al., 2011). 

Floodplain soils play an important role in carbon storage (Cierjacks et al., 2010; Hoffmann et 

al., 2009). Organic carbon is added to the soil by allochthonous and autochthonous input, i.e. 

organic matter sedimentation and litter fall, respectively (Figure 2). The contribution of 

allochthonous relative to autochthonous input depends on the hydrological connectivity, 

vegetation composition and age, and climate. The variability of organic matter quantity and 

quality along with variability of soil physicochemical properties create variability in soil carbon 

dynamics within a floodplain. 

 

Figure 2: Sources and sinks of organic carbon, carbon stocks and transformations for a typical 
floodplain soil. 
 
Flooding has a significant influence on the carbon dynamics, microbial activity and microbial 

community structure (Wilson et al., 2011). Rapid soil microbial response to increased soil 

moisture from flash flooding in dry soil results in increased carbon mineralization which will 

alter the carbon balance of the system (Sanchez-Andres et al., 2010). The dry-wet cycling in 

floodplains accelerates the decomposition of organic material (Wood, 1951; Franzluebbers et 

al., 2000) but not all the organic matter is equally degradable and thus available to microbes and 

degradability depends on various factors and C:N ratio is one of them. Mineralization of organic 

matter also releases other plant nutrients (e.g. nitrogen) and thus carbon dynamics are tightly 

coupled with other nutrient cycling. The organic matter consumed by the microbes is respired as 

carbon dioxide or methane and is removed from the soil carbon cycle. The drying-wetting cycle 

increases the soil respiration in a short term but the soil respiration is substantially reduced in a 
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long run although there is an increase in microbial population (Fierer and Schimel, 2002). Low 

redox potentials and anaerobic conditions of waterlogged soils are linked to high emissions of 

methane and several studies have shown that riparian soils are a considerable source of methane 

(Smith et al., 2000; Pulliam, 1993). The contribution of floodplains to global emissions of 

greenhouse gases is of an interest in the context of global warming.  

1.5 Nitrogen dynamics in floodplains 

Nitrogen dynamics in floodplains have been extensively studied, especially with respect to the 

role of floodplains as nitrogen buffers (Brunet et al., 1994; Naiman and Decamps, 1997; Olde 

Venterink et al., 2006). Floodplains can trap organic nitrogen by physically restraining 

sediments which is then retained by biological processes such as plant and microbial uptake or 

removed from the system through denitrification and thus help to improve surface and ground 

water quality (Naiman and Decamps, 1997; Pinay et al., 2002) (Figure 3). The biogeochemical 

cycle of nitrogen in a river-floodplain system is affected by (i) the pattern and chemical form of 

the nitrogen input, (ii) the contact period between the river and floodplain, and (iii) flood and 

drought events (Pinay et al., 2002).  

 

Figure 3: Sources and sinks of nitrogen, nitrogen pools and transformations for a typical floodplain 
soil. 
 
Nitrogen transformations are highly spatially variable even in a homogenous system like forest 

and grassland and, therefore, quantification of nitrogen dynamics in a floodplain, which 

inherently exhibits high spatiotemporal variability in structure and function, is a big challenge. 

Nitrogen transformations are extremely sensitive to physicochemical and biological factors 

(Pinay et al., 1992; Baldwin and Mitchell, 2000). Thus, nitrogen transformation within a 

floodplain vary in space and time depending on the status of controlling factors such as soil 

physicochemical properties, biological characteristics (vegetation and microbial population) and 
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micro-environmental conditions (Johnston et al., 2001; Ruckauf et al., 2004; Mentzer et al., 

2006). Hydrology and substrate availability are primary factors governing the variability in the 

occurrence and rates of processes (Gutknecht et al., 2006). Periodic flooding may increase the 

microbial activity and thereby increase nitrogen cycling and organic matter decomposition rates 

(Mentzer et al., 2006). Besides, the drying-wetting cycles stimulate denitrification in wet 

periods and nitrification in dry periods (Baldwin and Mitchell, 2000) which increase losses of 

nitrogen from the soils through leaching and gaseous products (Fierer and Schimel, 2002). The 

understanding of the nitrogen dynamics in a floodplain soil is fundamental to determine the 

nitrogen buffering capacity of a floodplain. Particularly because the human activity has doubled 

biologically available nitrogen (Vitousek et al., 1997) which has put enormous pressure on 

floodplain soils because they have only limited capacity to retain nitrogen. Furthermore, the 

increase in nitrogen removal from floodplain soils through denitrification also increases the 

emission of nitrous oxide and nitric oxide, potent green house gases. 

1.6 Motivation, objective and hypothesis of the study 

Floodplains are hot spots of biogeochemical cycling and thus are ideal ecosystems to study 

processes that create and maintain environmental heterogeneity and to quantify the effects of 

environmental heterogeneity on ecosystem functioning (Tockner et al., 2010). The 

quantification of ecosystem processes, involved in the biogeochemical cycling of carbon and 

nitrogen, in heterogeneous dynamic landscapes such as floodplains is extremely difficult. 

However, the understanding and quantification of carbon and nitrogen dynamics in a floodplain 

is important to (i) assess the linkage between the spatiotemporal variability of environmental 

conditions and the variability in carbon and nitrogen dynamics, (ii) evaluate the effectiveness in 

carbon and nitrogen sequestration, and (iii) understand the spatiotemporal variability in 

microbial communities and their activities. 

Although the importance of structural and functional heterogeneity of floodplains is well 

established, only few studies have quantified the heterogeneity of the system. These studies 

have mainly focused on landscape and habitat diversity (e.g. Amoros, 2001; Ward et al., 2002), 

and plant and microbial biodiversity (e.g. Ward et al., 1999; Card and Quideau, 2010). Studies 

quantifying soil carbon and nitrogen dynamics in floodplains are rare and have mainly 

concentrated on: nutrient retention, denitrification or trace gas efflux (e.g. Brunet and Astin, 

1997; Pinay et al., 2000; Hernandez and Mitsch, 2007). Meanwhile research on heterogeneity 

quantification of complete carbon and nitrogen cycles and their interactions is lacking.  
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We addressed this research gap by quantifying the spatiotemporal heterogeneity of key 

components of the carbon and nitrogen cycle. Aim of this study was to characterize the spatial 

heterogeneity and temporal variability of carbon and nitrogen dynamics in the Thur River 

floodplain and assess the factors that create this variability. We aimed to provide a better 

understanding of the linkages between the structural heterogeneity and functional diversity 

related to carbon and nitrogen in the soil, and how it affects the related ecosystem services such 

as carbon storage, habitat provision and nitrogen buffering. We hypothesize that: 

(i) frequent disturbance by flooding causes local and transient effects on carbon pools and 

fluxes and these effects are essential to achieve a broad spectrum of conditions and processes 

necessary to support biodiversity 

(ii) spatial heterogeneity and temporal variability in environmental conditions and organic 

carbon dynamics as a result of flooding related disturbances lead to spatiotemporal variability of 

processes involved in nitrogen cycling 

(iii) flooding stimulates nitrogen loss from soils by a transient input of available carbon and by 

initiating concurrent favourable conditions for denitrification, and subsequently for nitrification 

with receding floodwater 

1.7 Structure of the thesis 

The findings of the study are presented in the following three chapters and each chapter 

corresponds to one of the above-mentioned hypothesis. 

In Chapter 2, we investigated the spatial heterogeneity and temporal variability of selected soil 

organic carbon pools and fluxes and related them to physicochemical soil properties and to soil 

environmental conditions and flood disturbance. With this study, we tried to narrow the 

knowledge gap about the factors which drive carbon turnover in a heterogeneous and dynamic 

floodplain system. The outcome of the study will help to better understand spatial variability of 

carbon dynamics and how they affect ecosystem services such as carbon storage and habitat 

provision. 

In Chapter 3, we assessed the spatiotemporal variability of soil nitrogen turnover in relation to 

soil properties and degree of flood related disturbance. Furthermore, we explored the linkages 

between various soil nitrogen transformations. The study aims to provide answers on how the 

spatiotemporal variability of nitrogen dynamics is affected by the variability in soil properties, 

and the variability of carbon pools and processes (findings of Chapter 2). During the study, we 

captured different environmental conditions including major flood events. Our results will help 
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to understand the spatial and temporal variability in nitrogen transformations and how they are 

related to nitrogen retention and removal capacity.  

In Chapter 4, we compared the temporal patterns in nitrogen transformations among the FPZs, 

which differ in degree of disturbance and overall nitrogen turnover rates. In addition, we 

assessed if the differences in the pattern can be explained by differences in temporal pattern of 

soil moisture and carbon availability. Factors governing the spatiotemporal variability in 

nitrogen turnover (findings of Chapter 3) were monitored at high temporal resolution to observe 

why and how these factors create spatiotemporal variability of the nitrogen pools and 

transformations. The study will provide a better understanding on how nitrogen pools and 

transformations in a dynamic floodplain are affected by flooding, and how their temporal 

progression is governed by the temporal change of soil moisture and carbon availability.  

1.8 Study area 

The study was carried out at the main study site of the interdisciplinary project RECORD 

(Restored Corridor Dynamics) in the Thur River corridor at Niederneunforn (NE Switzerland, 

8°77’12” E; 47°59’10” N) (Figure 4). During the study period, the mean annual precipitation 

was 908 mm and the average monthly temperature ranged from 0.9 °C in January to 19.0 °C in 

July (Meteoswiss). The Thur River (catchment area: 1700 km2) originates in the limestone 

formation of the Mount Säntis region (2500 m a.s.l.), crosses the Swiss Plateau, and enters the 

Rhine River at 345 m a.s.l. The Thur River has no reservoir or natural lake which gives rise to a 

high fluctuation of river discharge from 2 to 1130 m3 s-1 with an average of 50 m3 s-1 (Federal 

office for the environment, recording period 1904–2005). Flood events occur mainly during 

snowmelt in spring and heavy rainfall events in summer and autumn. 

The formerly braided river was channelized in the 1890s to protect the river valley against 

flooding. In the 1970s, a plan to concurrently improve the flood protection and ameliorate the 

ecological state of the river corridor was elaborated. Since 1993, several 1–3 km long river 

sections were widened to allow the formation of gravel bars and to increase hydrological 

connectivity between the main channel and its riparian zone. The main objectives were to 

improve flood protection, to provide recreational space for people and to improve the ecological 

conditions of the river including its floodplain (Woolsey et al., 2007). 

One of these sections is the study site, where a 2 km long section was restored in 2002. The 

main channel was widened from 50 m to 110 m by removing the foreland in front of the levees. 

In addition, the levees were lowered in some places to reconnect the old alluvial forest with the 
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river during high floods. The newly exposed banks were partly enforced by tree trunks, and 

additionally by planting a strip of willow saplings. In the widened river channel, discharge 

fluctuations and sedimentation have led to the evolution of a dynamic succession of gravel bars. 

The vertical soil profile in the study area is quite homogeneous with similar texture and carbon 

and nitrogen content. The soils are calcaric with 35–40% calcium carbonate content. They are 

not nutrient limited with C:N ratio of about 15 and high available phosphorus content (> 8.3 mg 

kg-1). Basic data on the chemical quality of the Thur River and the adjacent alluvial aquifers can 

be found in Hoehn and Scholtis (2011). 

 

Figure 4: The study site of the RECORD project (Schneider et al., 2011). 
 

Six functional process zones (FPZs) were identified based on vegetation, distance to the river 

and topography of which five are in the restored section and one in the adjacent channelized 

section upstream (Figure 5): 

i) GRAVEL is a mosaic of bare gravel and patchy vegetation covering on average 33% of 

the ground. It is frequently inundated and has very little fine soil. 

ii) GRASS is gravel bar covered by up to 1 m of fine sediments that were trapped mainly by 

the dominant grass Phalaris arundinacea.  

iii) WILLOW BUSH comprises the banks composed of older sediments with shrubby 

vegetation dominated by planted Salix viminalis. This strip varies in width from 5 to 10 m. 

iv) MIXED FOREST is a high-lying forest dominated by Acer pseudoplatanus and Fraxinus 

excelsior trees. The north side of this FPZ is bordered by a side channel that drains the 

neighboring agricultural hill slope.  
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v) WILLOW FOREST is a low-lying forest dominated by mature Salix alba trees with 

shallow average ground water level (Schneider et al., 2011). It lies at the downstream end of the 

restored section and the northern border of this part of the forest is formed by an old side 

channel that has partly silted up, but still drains the hill slope and collects back flow water from 

River Thur.  

vi) PASTURE lies in the channelized section and is used by farmers for grazing and grass 

fodder production. The plant community is typical of managed grasslands and dominated by 

grass species, mainly Elymus repens, Dactylis glomerata, and Arrhenatherum elatius and forbs 

such as Taraxacum officinale and Trifolium repens. 

 

 
Figure 5: Aerial view of the study site and the functional process zones. 

 
The six FPZs were classified into three FPZ types: (i) frequently flooded, dynamic patches in 

the restored section– GRAVEL, GRASS and WILLOW BUSH (ii) mature, stable alluvial 

forests in the restored section – MIXED FOREST and WILLOW FOREST and (iii) 

homogeneous dam foreland in the adjacent channelized section – PASTURE. 

The Thur River floodplain was a well suited study site because (i) the restored corridor 

represents a dynamic floodplain with a high spatial diversity in landscape and vegetation, 
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allowing us to test the diversity in ecosystem functions, (ii) the comparison with the adjacent 

channelized section, with a lower spatiotemporal variability in landscape structure and 

vegetation, will help to quantify the effect of restoration on the functional heterogeneity and (iii) 

our study together with other studies from the same site (e.g. above and below ground 

biodiversity – E. Samaritani and B. Fournier, nitrate sources and sinks in floodplain soils – B. 

Huber, morphodynamic evolution of river – N. Pasquale, ground water quality – S. Peter) will 

provide a holistic understanding about floodplain structures and functions. 
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Abstract 

Due to their spatial complexity and dynamic nature, floodplains provide a wide range of 

ecosystem functions. However, because of flow regulation, many riverine floodplains have lost 

their characteristic heterogeneity. Restoration of floodplain habitats and the rehabilitation of key 

ecosystem functions, many of them linked to organic carbon dynamics in riparian soils, has 

therefore become a major goal of environmental policy. The fundamental understanding of the 

factors that drive the processes involved in carbon cycling in heterogeneous and dynamic 

systems such as floodplains is however only fragmentary. 

We quantified soil organic carbon pools (microbial carbon and water extractable organic 

carbon) and fluxes (soil respiration and net methane production) in functional process zones of 

adjacent channelized and widened sections of the Thur River, NE Switzerland, on a seasonal 

basis. The objective was to assess how spatial heterogeneity and temporal variability of these 

pools and fluxes relate to physicochemical soil properties on one hand, and to soil 

environmental conditions and flood disturbance on the other hand. 

Overall, factors related to seasonality and flooding (temperature, water content, organic matter 

input) affected soil carbon dynamics more than soil properties did. Coarse-textured soils on 

gravel bars in the restored section were characterized by low base-levels of organic carbon 

pools due to low TOC contents. However, frequent disturbance by flood pulses led to high 

heterogeneity with temporarily and locally increased pools and soil respiration. By contrast, in 

stable riparian forests, the finer texture of the soils and corresponding higher TOC contents and 

water retention capacity led to high base-levels of carbon pools. Spatial heterogeneity was low, 

but major floods and seasonal differences in temperature had additional impacts on both pools 

and fluxes. Soil properties and base levels of carbon pools in the dam foreland of the 

channelized section were similar to the gravel bars of the restored section. By contrast, spatial 

heterogeneity, seasonal effects and flood disturbance were similar to the forests, except for 

indications of high methane production that are explained by long travel times of infiltrating 

water favouring reducing conditions. Overall, the restored section exhibited both a larger range 

and a higher heterogeneity of organic carbon pools and fluxes as well as a higher plant 

biodiversity than the channelized section. This suggests that restoration has indeed led to an 

increase in functional diversity.  
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2.1 Introduction 

Embracing spatial heterogeneity is a major challenge in ecosystem ecology. The composition, 

spatial configuration and temporal dynamics of habitat patches determine biodiversity and 

ecosystem processes. Ecosystems therefore need to be considered as dynamically interacting 

mosaics rather than homogeneous entities (Ward et al., 1999; Pinay et al., 2002). Floodplains 

are an ideal model to study spatial and temporal heterogeneity. 

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

to the edge of uplands and are subject to flooding. In their natural state, the interaction between 

flood dynamics and geomorphic processes create a shifting mosaic of habitat patches (Naiman 

and Décamps, 1997; Stanford et al. 2005). These hydrogeomorphically distinct patches differ in 

age, inundation regime, and soil properties, thereby expressing a different productivity, system 

metabolism, organic matter dynamics, and biotic community composition. These patches can be 

referred to as “Functional Process Zones” (FPZs) as described by Thorp et al. (2008), although, 

in the context of the present study we apply the FPZ concept at a smaller scale to 

hydrogeomorphic patches within a single reach. Furthermore, we extend “functional” to 

ecological processes rather than to restrict the term to physical functioning of geomorphic and 

hydrologic forces. In dynamic floodplains, the various FPZs are arranged along distinct 

succession gradients (Naiman and Décamps, 1997), from recently deposited sand or gravel to 

mature alluvial forests. 

Due to their spatial complexity and dynamic nature, floodplains provide a wide range of 

ecosystem functions and related services. Because flow alteration is one of the most serious 

threats to ecological integrity of river-floodplain systems (Tockner et al., 2008), the widespread 

regulation of the flow regime of large rivers, in particular in Europe and North America has led 

to the loss of characteristic environmental heterogeneity, biodiversity and associated ecosystem 

services in many floodplains (Tockner and Stanford, 2002). In the last decades, restoration of 

floodplain habitats and the consequent rehabilitation of key ecosystem functions has become a 

major goal of environmental policy, and concurrently scientific approaches to evaluate its 

success have been put forward (Henry et al., 2002; Palmer et al., 2005; Woolsey et al. 2007). 

Motivated to a large extent by flood protection, restoration is achieved, e.g., by widening the 

main river channel through the removal of embankments and by the setback of flood levees 

(Rohde et al., 2005; van Stokkom et al., 2005). 
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Ecosystem services such as provision of plant and animal resources, removal and / or 

degradation of pollutants, nutrient retention, and carbon storage are tightly linked to organic 

carbon dynamics in riparian soils (Hill and Cardaci, 2004; Wilson et al., 2010). Although the 

need for a fundamental understanding of the factors that drive the processes involved in carbon 

cycling in heterogeneous and dynamic systems such as floodplains is recognized, knowledge is 

still fragmentary (Pacific et al., 2008; Zehetner et al., 2009). There have been an increasing 

number of publications in recent years on abundance and community structure of 

microorganisms in riparian soils (e.g., Rinklebe and Langer, 2006; Unger et al., 2009), but still 

little information is available on bioavailable and mobile soil organic carbon (Bishop et al., 

1994; Hill and Cardaci, 2004). The heterogeneity of soil-atmosphere exchange of carbon 

dioxide and methane has been addressed previously (e.g. Pulliam 1993; Gulledge and Schimel, 

2000; Pacific et al. 2008). However, combined studies addressing both “active” carbon pools 

and gas exchange as proxies of different aspects of soil functionality have been rare. 

In this study we quantify carbon dynamics in adjacent channelized and widened sections of the 

Thur River, NE Switzerland. This is the main study site of the interdisciplinary project 

RECORD (http://www.cces.ethz.ch/projects/nature/Record; Linde et al., 2011; Pasquale et al., 

2011; Schneider et al., 2011). The site is composed of three different types of FPZs: (i) 

frequently flooded, dynamic patches in the restored section, (ii) mature, stable alluvial forests 

that are flooded once or twice a year in the restored section, and (iii) geomorphologically 

homogeneous pasture in the channelized section. The objective was to assess spatial 

heterogeneity (among and within FPZs) and temporal variability of selected soil organic carbon 

pools (microbial carbon and water extractable organic carbon) and fluxes (soil respiration and 

methane fluxes) and how they relate to physicochemical soil properties on one hand, and to soil 

environmental conditions and flood disturbance on the other hand. In particular, we wanted to 

test the hypotheses that (i) frequent disturbance by flood pulses in the dynamic FPZs affects the 

carbon pools and fluxes temporarily and locally and (ii) such effects are an essential 

precondition to achieve a broad spectrum of conditions and processes supporting a large variety 

of organisms and, thus biodiversity. Our motivation was to better understand carbon dynamics 

in the different types of floodplain FPZs, and, as a consequence, how differences in floodplain 

structure, in particular between regulated and restored river sections, may affect related 

ecosystem services such as carbon storage and habitat provision. 
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2.2 Study site 

The Thur River (catchment area: 1700 km2) originates in the limestone formation of the Mount 

Säntis region (2500 m a.s.l.), crosses the Swiss Plateau, and enters the Rhine River at 345 m 

a.s.l. The river exhibits a flashy flow regime due to the absence of reservoirs and natural lakes. 

Maximum, mean, and minimum flow rates are 1130, 50, and 2 m3 s-1, respectively (Federal 

Office for the Environment, recording period 1904–2005: 

http://www.hydrodaten.admin.ch/d/2044.htm). Flood events occur mainly during the snowmelt 

period in spring, and heavy rainfall events in summer and autumn. The formerly braided river 

was channelized in the 1890s to protect the river valley against flooding. In the 1970s, a plan to 

concurrently improve the flood protection and ameliorate the ecological state of the river 

corridor was elaborated. Since 1993, several 1–3 km long river sections were widened to allow 

the formation of alternating gravel bars and to increase hydrological connectivity between the 

main channel and its riparian zone. One of these sections is the study site. Basic data on the 

chemical quality of the Thur River and the adjacent alluvial aquifers can be found in Hoehn and 

Scholtis (2011). 

 

Figure 1: Aerial view of the Thur River study site near Niederneunforn (North-Eastern 
Switzerland) showing the different plots for each of the six functional process zones. 
 
The study site is located in the river corridor at Niederneunforn (Canton Thurgau, 8°77’12” E; 

47°59’10” N), where a 2 km long section was restored in 2002. The main channel was widened 

from 50 m to 110 m by removing the foreland in front of the levees. In addition, the levees were 

lowered in some places to reconnect the old alluvial forest with the river during high floods. 

The newly exposed banks were partly enforced by tree trunks, and additionally by planting a 
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strip of willow saplings. In the widened river channel, discharge fluctuations and sedimentation 

have led to the evolution of a dynamic succession of gravel bars. At the study site, this 

morphodynamic has been monitored using innovative methodology (Pasquale et al., 2011), and 

the subsurface structure of the gravel bars was characterized with the help of geophysical 

methods (Linde et al., 2011; Schneider et al., 2011). The mean annual precipitation at the study 

site is 908 mm and the average monthly temperature ranges from 0.9 °C in January to 19.0 °C 

in July (Meteoswiss, study period study period; http://gate.meteoswiss.ch/idaweb). 

 

 

Figure 2: Daily average and maximum discharge of the Thur River at the study site (1 Sep 2008 – 
31 Aug 2009). Minimum discharge required for inundation is different for each functional process 
zone (FPZ) and the flooding level shown here is based on the average elevation of the four plots for 
each. 
 

Six FPZs were identified based on vegetation, distance to the river and topography (Figure 1): 

five in the restored section and one in an adjacent channelized section upstream. As a result of 

their topographic position, these FPZs are flooded at different river discharge levels and are 

exposed to different flooding frequencies and durations (Table 1, Figure 2). Starting from the 

riverbed, the first FPZ (GRAVEL) is a mosaic of bare gravel and patchy vegetation covering on 

an average 33% of the ground. It is frequently inundated and has very little fine soil. The second 

FPZ (GRASS) is gravel covered by up to 1 m of fine sediments that were trapped mainly by the 

dominant grass Phalaris arundinacea. This plant tolerates both wet and dry conditions 

characteristic of soils in pulse-flooded riparian systems (Foster and Wetzel, 2005). The third 

FPZ (WILLOW BUSH) comprises the banks composed of older sediments with shrubby 

vegetation dominated by planted Salix viminalis. Other willow species were also present, and 
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the relatively dense understory was dominated by Rubus sp. and various grass species. This strip 

varies in width from 5 to 10 m, and the study plots were selected in the middle of the bank 

slope. The last two FPZs, MIXED FOREST and WILLOW FOREST, are forest communities 

characteristic of floodplains with a deep and shallow average groundwater level, respectively 

(Schmider et al., 2003). MIXED FOREST is dominated by Acer pseudoplatanus and Fraxinus 

excelsior trees and the understory was dominated by Allium ursinum and Ranunculus ficaria in 

spring and Carex pendula and Rubus sp. later in the year. The north side of this FPZ is bordered 

by a side channel that drains the neighboring agricultural hill slope. The WILLOW FOREST 

FPZ at the downstream end of the restored section is dominated by mature Salix alba trees. The 

understory was dominated by R. ficaria in spring, and by very dense and monospecific patches 

of Urtica dioica later in the year. The northern border of this part of the forest is formed by an 

old side channel that has partly silted up, but still drains the hill slope and collects back flow 

water from Thur River. The PASTURE FPZ lies in the channelized section and is used by 

farmers for grazing and grass fodder production. The plant community was typical of managed 

grasslands and dominated by grass species (mainly Elymus repens, Dactylis glomerata, and 

Arrhenatherum elatius) and forbs such as Taraxacum officinale and Trifolium repens. 

In this study, we have considered the first three FPZs in the restored section as “dynamic” FPZs, 

and the two forest FPZs as “stable” FPZs. In each FPZ, four plots of eight-meter diameter were 

selected. The upstream half-circle was used for vegetation mapping and gas sampling while the 

downstream half-circle was used for destructive soil sampling.  

 
Table 1: Hydrogeological characteristics of the six functional process zones of the study site. 

 

GRAVEL GRASS
WILLOW 

BUSH

MIXED 

FOREST

WILLOW 

FOREST
PASTURE

Maximum Elevation within the plots 1 m a.s.l. 373.0 373.4 373.6 374.9 372.5 374.7

Minimum elevation within the plots 1 m a.s.l. 371.8 372.5 372.5 373.6 371.6 374.2

Minimum river discharge for flooding 

lowest lying plot 2 m3 s -1 75 125 150 650 400 400

Minimum river discharge for flooding 

highest lying plot 2 m3 s -1 180 250 270 >800 400 400

Flooding frequency 3 times year-1 > 10 > 10 4–6 1–2 1–2 4 1–2

Flooding duration per event 3 days < 1 to 14 < 1 to 14 ! 1 < 1 < 1 4 < 1

1  as measured in May 2010. 

4  in WILLOW FOREST more and longer inundation events can occur due to ponding of precipitation or delayed drainage 

2   estimated from inundation maps produced by digital terrain modeling based on river cross section measurements

3  approximated using the river discharge data for the years 2007 to 2009 and the minimum river discharge for flooding half of 

the plots  within an FPZ
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2.3 Methods 

2.3.1 Vegetation 

In each plot, all vascular plant species were recorded, and cover was estimated using Braun-

Blanquet codes (Braun-Blanquet, 1964). Observations were repeated six times during the 2008 

growing season and species richness was calculated from the combined data set. 

2.3.2 Soil sampling 

Topsoil sampling was carried out in April and October 2008, and in January, April and August 

2009. The first sampling served to obtain basic background information on physicochemical 

soil properties, while the other four samplings were used for detailed measurements of carbon 

pools and fluxes. In each plot, three cores (6.5 cm diameter x 10 cm depth) were pooled. In 

GRAVEL plots, soil was collected in pits. One half of the field moist soil was sieved (2 mm) 

and stored at 4 °C while the other half was dried (40 °C, 48 hours) and then sieved at 2 mm. In 

May 2008, two 1 m long soil cores were taken with a drill corer from two plots of each FPZ 

except GRAVEL where coarse gravel prevented the use of the equipment. Each core was split 

into 20 cm long segments, and the samples were dried and sieved as described before.  

2.3.3 Basic soil properties 

Soil texture of dried samples was measured using the pipette method (Gee and Brauder, 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 minutes equilibration. Total nitrogen and total organic and inorganic carbon contents of 

finely ground, dried soils were determined as described by Walthert et al. (2010). For Olsen 

phosphorus as a proxy of available phosphorus, dried soil was extracted for 30 minutes at 25 °C 

with 0.5 M sodium hydrogen carbonate at pH 8.5 with a soil to extractant ratio of 1:20. The 

extracts were filtered through Schleicher&Schuell 0790½, Dassel, Germany and the extracted 

phosphate measured colorimetrically using the molybdenum blue method (Kuo, 1996). 

2.3.4 Soil environmental conditions 

Soil temperature (T) at 5 cm depth was measured in the center of each plot during the entire 

observation period (30 minutes resolution; TidBit v2 temperature loggers, onset, Bourne, MA, 

USA). The temperatures recorded at the time of the soil samplings were used in this study. 

Gravimetric soil water content (SWC) was determined as weight loss upon drying 20 g of fresh 
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soil at 105 °C for 24 hours. The elevation of the plots was measured in May 2010 by 

triangulation. The minimum river discharge required for flooding a plot was estimated from 

inundation maps for different river discharge levels as produced by a 2-D hydrodynamic model 

(details see Pasquale et al., 2011). The estimate of days after last inundation (LI) was based on 

the minimum discharge value for a given plot and the date at which discharge fell below this 

threshold. 

2.3.5 Carbon pools 

Water extractable organic carbon (WEOC) was extracted from dried soils with 10 mM calcium 

chloride at a soil:extractant ratio of 1:2 for 10 minutes on an end-over-end shaker (Embacher et 

al., 2007). The soil slurries were then centrifuged for 10 minutes at 1335 g and filtered through 

a 0.45 µm membrane filter. The filtered extracts were measured for non-purgeable organic 

carbon (NPOC) using a TOC analyzer (Formacs HT, Skalar Analytical, Breda, The 

Netherlands). Water extractable organic matter of soils, measured as WEOC, is an operationally 

defined proxy of dissolved organic matter in the soil solution, playing important roles as 

substrate of microorganisms and as transport agent (Embacher et al., 2007). Although WEOC 

also represents part of the microbial biomass when extracted from dried soils as in the present 

study (Embacher et al., 2007), we consider this pool mainly as proxy of available substrate. 

Microbial biomass carbon (Cmic) was determined by the chloroform fumigation extraction 

method (Beck et al., 1997). Fresh soil samples corresponding to 10 g dry mass were placed in a 

desiccator containing chloroform. The desiccator was evacuated and left in the dark for 24 

hours. These fumigated soil samples and another set of fresh soil samples were extracted for one 

hour with 0.5 M potassium sulphate at a 1:5 soil to extractant ratio. The extracts were filtered 

(0.45 µm, ME25, Whatman) and frozen. The NPOC in these samples was measured using a 

TOC analyzer (TOC-V CPH/CPN, Shimadzu, Kyoto, Japan). Microbial carbon was calculated 

as  

 Cmic =
(Cfumigated -Cnon- fumigated )

kEC
       (1) 

where Cfumigated and Cnon-fumigated are the NPOC contents of chloroform-fumigated and non-

fumigated samples, and kEC = 0.45 corrects for extraction efficiency (Beck et al., 1997). 

2.3.6 Carbon fluxes 

For soil respiration (SR) and methane flux (CH4) measurements, PVC rings with 30 cm 

diameter and 30 cm height (20 cm below and 10 cm above surface) were installed in each plot. 
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Immediately before sampling, vegetation within the rings was clipped and the chamber closed 

with an air-tight lid. Headspace air samples were collected after 5, 25 and 45 minutes, injected 

into pre-evacuated exetainers, and analyzed for CH4 and CO2 using a gas chromatograph with a 

flame ionization detector (Agilent 6890, Santa Clara, USA). Soil-atmosphere CH4 and CO2 

exchange were calculated by linear regression of concentration against sampling time. 

Temperature dependence of SR was modeled for each FPZ using an exponential equation 

(Buchmann, 2000) 

y = a.e
(b!T)        (2) 

where a and b are regression coefficients, and T is the temperature at the time of gas sampling.  

Q10 values were calculated as 

  Q
10
= e

(10!b)        (3) 

Soil respiration normalised to a reference temperature of 10 °C (SR_T10) was calculated 

according to Doering et al. (2011) as 

  SR_T10 = SR! e
(b(10-T))      (4)  

Soil respiration is an indicator of the actual biological activity at the sampling site including 

both microbial and root respiration. Positive methane flux indicates net methane production 

while negative flux indicates net methane consumption in the soil.  

2.3.7 Statistical analyses 

Differences in the soil physicochemical properties among the sites were tested using one–way 

analysis of variance (ANOVA, SPSS 17, SPSS Inc.). Interactive effects of time and FPZ were 

tested by one-way repeated measures ANOVA. Post-hoc tests were carried out using Tukey 

HSD if homogeneity of variance could be assumed or else using Games Howell (Field, 2005). 

Principal component analysis (PCA) was carried out for soil physicochemical properties 

measured in the soil profile samples. Redundancy analyses (RDA) were carried out for carbon 

pools and fluxes as multivariate response to soil properties and environmental conditions. The 

RDA triplot was projected using scaling method 2 (Kindt and Coe, 2005). The program R (R 

Development Core Team, 2010) with package vegan (Oksanen et al., 2010) was used for PCA 

and RDA.  
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2.4 Results 

2.4.1 Vegetation 

Mean plant species richness was lowest in GRASS and WILLOW FOREST, and highest in 

WILLOW BUSH (Table 2). Spatial variability was higher in GRAVEL and GRASS than in the 

other FPZs (Table 3). A principal component analysis of plant species composition and cover 

revealed that the vegetation in PASTURE and in both forested FPZs was rather similar, while it 

exhibited completely different characteristics in the three dynamic FPZs (data not shown). 

2.4.2 Basic soil properties 

All soils were rich in carbonates and, accordingly, had a pH of about 7.5 (Table 2). In the 

restored section, soils became more finely textured along a gradient from GRAVEL to 

WILLOW FOREST. Total organic carbon (TOC) and total nitrogen (TN) contents increased 

along the same gradient, while the C:N ratio was around 15 in all FPZs. Available phosphorus 

was significantly higher in GRASS than in WILLOW BUSH and MIXED FOREST. Soil 

properties of PASTURE were similar to GRASS except for a significantly lower available 

phosphorus content. Spatial variability of texture and TOC content were highest in GRAVEL 

and GRASS, and lowest in the two forest FPZs (Table 3). 

 
Table 2: Mean ± standard deviation of vegetation characteristics and physico-chemical soil 
properties in the six functional process zones (n = 4). Soil properties are for the top 10 cm of soil. 
Values with different superscript letters in the same row are significantly different (P < 0.05; Tukey 
post-hoc test). 

 

 

Units GRAVEL GRASS
WILLOW 

BUSH

MIXED 

FOREST

WILLOW 

FOREST
PASTURE

 Species richness 55.0 ± 13.6 bc 41.5 ± 11.2 c 79.8 ± 8.8 a 50.8 ± 4.5 bc 41.5 ± 3.1 c 67.7 ± 3.5 ab

pH 7.6 ± 0.1 a 7.4 ± 0.1 a 7.5 ± 0.0 a 7.5 ± 0.0 a 7.4 ± 0.0 a 7.5 ± 0.0 a

Sand g kg-1 806 ± 52 a 660 ± 17 abc 442± 90 bc 378 ± 57 c 245 ± 40 c 651± 69 ab

Clay g kg-1 53 ± 13 d 83 ± 36 bcd 117 ± 18 abc 148 ± 18 ab 177 ± 24 a 78 ± 16 cd

Inorganic C g CaCO3 kg-1 355 ± 25 b 385 ± 18  ab 408 ± 5 a 390 ± 6 a 390 ± 3 a 382 ± 7 ab

Organic C g kg-1 10.1 ± 3.7 c 16.3± 5.8 bc 17.1 ± 3.2 abc 21.4 ± 3.6 ab 24.8 ± 1.5 a 12.9 ± 2.9 bc

Total N g kg-1 0.7 ± 0.2 c 1.0 ± 0.4 bc 1.1 ± 0.3 abc 1.6 ± 0.3 ab 1.8 ± 0.1a 0.9 ± 0.2 bc

C:N 15.2 ± 0.5 ab 16.2 ± 1.6 a 15.2 ± 0.7 ab 13.4 ± 0.6 b 14.0 ± 0.2 b 14.0 ± 0.4 b

Available P mg kg-1 24.6 ± 11.1 ab 35.9 ± 10.1 a 16.7 ± 5.5 b 14.2 ± 4.5 b 22.3 ± 7.6 ab 8.3 ± 4.5 b
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Table 3: Coefficients of variation (CV) for species richness and soil properties (clay content Clay, 
total organic carbon TOC) within different functional process zones (FPZs) (n = 4); mean CV for 
soil environmental conditions (temperature T, gravimetric soil water content SWC), carbon pools 
(water extractable organic carbon WEOC, microbial carbon Cmic) and soil respiration (SR as 
measured, SR_T10 normalized to reference T of 10 °C) within different FPZs (n = 4) at the 
different sampling times (n = 4). 

 

 
Soil texture did not vary much with depth in any of the FPZs (data not shown). TOC and TN 

contents were also homogenously distributed within the soil profiles except for WILLOW 

FOREST. There, TOC and TN decreased with depth to 15 g C kg-1 and 1.1 g N kg-1 

respectively.  

Available P decreased gradually with depth to 7 mg kg-1 in WILLOW FOREST, and to about 5 

mg kg-1 in MIXED FOREST and WILLOW BUSH. In GRASS, available P did not vary with 

depth and in PASTURE it first decreased to less than 5 mg kg-1 at 20–40 cm depth and then 

increased to 12 mg kg-1 at 80–100 cm depth. The PCA (Figure 3) showed soil texture as the 

main factor separating the different FPZs, and demonstrated a generally larger lateral than 

vertical variation of the soil properties. It also showed that PASTURE soils were relatively 

homogeneous and overall most similar to the soil in WILLOW BUSH. 

According to the world reference base for soil resources (IUSS Working Group WRB, 2006) 

the soils in GRASS, WILLOW BUSH, MIXED FOREST and PASTURE can be classified as 

haplic Fluvisols (calcaric, humic) and those in WILLOW FOREST as haplic or gleyic Fluvisols 

(calcaric, humic, siltic). 

2.4.3 Soil environmental conditions 

Temperature measured in GRAVEL was significantly different from all other FPZs at all 

seasons (Table 4). At each sampling date, either the lowest or highest temperatures were 

GRAVEL GRASS

WILLOW 

BUSH

MIXED 

FOREST

WILLOW 

FOREST PASTURE

Species richness 0.25 0.27 0.11 0.09 0.07 0.05

Clay 0.23 0.43 0.16 0.12 0.14 0.20

TOC 0.37 0.35 0.19 0.17 0.06 0.22

SWC 0.36 0.20 0.11 0.09 0.08 0.08

T 0.005 0.004 0.002 0.001 0.002 0.001

WEOC 0.33 0.38 0.19 0.17 0.22 0.18

Cmic 0.41 0.42 0.31 0.24 0.31 0.16

SR 0.50 0.42 0.49 0.17 0.30 0.37

SR_T10 0.49 0.47 0.49 0.17 0.33 0.38
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measured there, including the extremes (-0.7 °C, and 20.2 °C). Overall, there was no significant 

difference in T among the FPZs, but in August all non-forested FPZs exhibited distinctly higher 

temperatures than the forested FPZs. WILLOW FOREST and GRAVEL represented the wettest 

and driest conditions, respectively. The spatial variability of soil moisture was highest in 

GRAVEL and GRASS (Table 3). Particularly high SWCs were measured in August sampling, 

which was carried out two weeks after a major flood (see days since last inundation LI in Table 

4), and in January when the soils were covered by snow and partially frozen.  

 

 

Figure 3: Five functional process zones at the study site, with two replicates each represented on the 
two first axes of a PCA performed on soil physico-chemical properties (total organic carbon TOC, 
total nitrogen TN, available phosphorus Av P, sand and clay content) measured in the soil profiles. 
The decreasing size of the symbols represents increasing soil depth.  
 

2.4.4 Carbon pools 

On average, the WEOC contents increased from GRAVEL to WILLOW FOREST, and 

PASTURE exhibited low WEOC contents (Table 4). WEOC was significantly higher (P < 0.05) 

in August, and lower in April, compared to other samplings. Spatial variability of WEOC was 

largest in GRAVEL and GRASS (Table 3), with particularly high variability in GRASS in April 

and August.  

Microbial carbon was higher in WILLOW FOREST than in other FPZs (Table 4). In October, 

Cmic contents were significantly lower than at the other samplings (P < 0.05) and highly 

variable. With the exception of PASTURE, spatial variability of Cmic was large (Table 3). 
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Table 4: Mean ± standard deviation of soil environmental conditions (days since last inundation LI, 
temperature T, gravimetric soil water content SWC), carbon pools (water extractable organic 
carbon WEOC and microbial carbon Cmic), and fluxes (soil respiration SR as measured, SR_T10 
normalised to reference T of 10 °C, and methane flux CH4) in the six FPZs (n = 4) of the study site. 
Sampling was repeated four times from autumn 2008 to summer 2009. Also shown are results of 
repeated measures ANOVA over all sampling campaigns; different lower case letters in the same 
row indicate significant differences (P < 0.05; Tukey or Games-Howell post-hoc test). 

 

GRAVEL GRASS
WILLOW 

BUSH

MIXED 

FOREST

WILLOW 

FOREST
PASTURE

LI days 21 21 21 49 49 49

T °C 16.0 ± 1.9 14.5 ± 2.9 13.7 ± 0.4 13.4 ± 0.3 13.0 ± 0.6 13.5 ± 0.2

SWC g kg-1 171 ± 48 268 ± 37 220 ± 34 251 ± 19 302 ± 17 210 ± 11

WEOC mg kg-1 127 ± 37 141 ±24 82 ± 15 160 ± 27 164 ± 37 80 ± 18

Cmic mg kg-1 132 ± 92 168 ± 131 158 ± 119 132 ± 100 227 ± 161 73 ± 12

SR mmol m-2 day-1 43 ± 22 327 ± 39 322 ± 117 194 ± 22 214 ± 47 228 ± 86

SR_T10 mmol m-2 day-1 17 ± 3 224 ± 24 203 ± 74 144 ± 16 150 ± 26 144 ± 55

CH4 µmol m-2  day-1  -2 ± 1  -15 ± 3  -25 ± 9  -58 ± 11  -22 ± 9  -6 ± 6

LI days 14 14 14 140 140 140

T °C -0.1 ± 0.4 0.5 ± 0.3 0.3 ± 0.4 0.0 ± 0.2 0.2 ± 0.3 0.5 ± 0.1

SWC g kg-1 325 ± 57 296 ± 50 255 ± 33 257 ± 26 347 ± 35 252 ± 29

WEOC mg kg-1 85 ± 29 143 ± 22 123 ± 19 155 ± 38 147 ± 50 116 ± 11

Cmic mg kg-1 208 ± 99 178 ± 71 297 ± 56 231 ± 42 471 ± 58 331 ± 49

SR mmol m-2 day-1 8 ± 5 50 ± 28 58 ± 37 41 ± 9 55 ± 36 37 ± 14

SR_T10 mmol m-2 day-1 52 ± 34 172 ± 98 251 ± 169 128 ± 30 170 ± 111 120 ± 44

CH4 µmol m-2 day-1  -1 ± 3  -6 ± 7  -18 ± 13  -35 ± 19  -17 ± 9  -6 ± 5

LI days 5 21 112 240 240 240

T °C 15.2 ± 2.8 11.4 ± 0.7 11.0 ± 0.7 10.3 ± 0.5 11.7 ± 0.5 10.7 ± 0.8

SWC g kg-1 169 ± 99 204 ± 43 248 ± 7 219 ± 26 276 ± 23 152 ± 13

WEOC mg kg-1 84 ± 28 96 ± 67 117 ± 20 98 ± 16 139 ± 15 94 ± 28

Cmic mg kg-1 148 ± 30 135 ± 49 210 ± 28 223 ± 29 445 ± 72 208 ± 15

SR mmol m-2 day-1 91 ± 40 304 ± 143 134 ± 47 130 ± 10 178 ± 25 139 ± 43

SR_T10 mmol m-2 day-1 72 ± 46 303 ± 179 147 ± 49  135 ± 8 144 ± 42 118 ± 46

CH4 µmol m-2 day-1 7 ± 23  -9 ± 2  -15 ± 5  -55 ± 5  -21 ± 5  -18 ± 3

LI days 2 7 14 14 14 14

T °C 19.3 ± 1 18.4 ± 0.8 16.6 ± 0.2 16.3 ± 0.1 16.6 ± 0.6 18.8 ± 0.2

SWC g kg-1 181 ± 70 388 ± 117 348 ± 41 365 ± 30 493 ± 44 276 ± 15

WEOC mg kg-1 155 ± 60 324 ± 168 418 ± 103 480 ± 44 608 ± 131 297 ± 34

Cmic mg kg-1 334 ± 90 351 ± 48 306 ± 46 361 ± 36 263 ± 66 190 ± 47

SR mmol m-2 day-1 283 ± 127 432 ± 237 654 ± 390 260 ± 67 315 ± 48 345 ± 145

SR_T10 mmol m-2 day-1 50 ± 18 152 ± 90 246 ± 148 124 ± 31 147 ± 29 115 ± 46

CH4 µmol m-2 day-1 8 ± 8 17 ± 43  -23 ± 10 -27 ± 9 52 ± 79 151 ± 236

T a b b b b b

SWC c ab bc b a bc

WEOC c bc bc ab a bc

Cmic b b b b a b

SR b a a ab a ab

SR_T10 a a a a a a

CH4 b b b a b b

October 

2008

January 

2009

April 2009

August 

2009

ANOVA 

results
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2.4.5 Carbon fluxes 

Soil respiration (SR and SR_T10) was lowest in GRAVEL and highest in GRASS and 

WILLOW BUSH at most of the samplings, but differences were statistically not significant 

(Table 4). Within-patch variability of SR was generally high in all dynamic FPZs (Table 3) with 

hot spots in GRASS in April and August and in WILLOW BUSH in October and August. 

While SR values were lowest in January and highest in August, SR_T10 values varied only 

little with time. The Q10 value was highest for GRAVEL, while it was similar for all other FPZs 

(Table 5).  

All FPZs took up methane except for August. Then uptake was observed only for WILLOW 

BUSH and MIXED FOREST, while the other FPZs emitted methane into the atmosphere. At all 

samplings, plots in GRAVEL showed very low uptake or even low emissions, while MIXED 

FOREST exhibited the highest uptake rates of all FPZs. 

 
Table 5: Modeled relationship between soil respiration (y, mmol CO2 m-2 day-1) and soil 
temperature (T, °C) in different FPZs; a and b: regression coefficients; SEa and SEb standard 
errors of a and b; Q10: relative increase in soil respiration upon a T increase of 10 °C; n: number of 
individual measurements; F, R, P:  F-value, coefficient of determination, and level of significance of 
the regression, respectively. 

 

 

2.4.6 Carbon pools and fluxes as multivariate proxy of soil carbon dynamics 

Carbon dynamics are presented as multivariate response comprising carbon pools (WEOC, Cmic) 

and fluxes (SR, CH4), explained by soil properties and environmental conditions (LI, T, SWC, 

TOC, clay). Data were clearly distributed according to sampling date (Figure 4). The model 

explained 38.0% (adjusted R2) of the variance of the response dataset and the two first canonical 

axes were significant (P = 0.001, 1000 permutations). Overall, SWC and T explained the main 

gradient of carbon pools and fluxes along axis 1, which separates samples of August from all 

others. Soil respiration was positively correlated with T and negatively correlated with the 

FPZ y  = a e (bT) SEa SEb Q10 n F R2 P

GRAVEL y  = 6.85 e(0.179T) 0.024 2.104 6.0 13 54.7 0.83 < 0.0001

GRASS y  = 51.09 e(0.128T) 0.024 15.145 3.6 16 28.6 0.67 < 0.0001

WILLOW BUSH y  = 43.02 e(0.148T) 0.02 9.861 4.4 16 55.8 0.80 < 0.0001

MIXED FOREST y  = 40.84 e(0.117T) 0.008 3.534 3.2 16 235.7 0.94 < 0.0001

WILLOW FOREST y  = 44.83 e(0.116T) 0.015 8.457 3.2 16 56.1 0.80 < 0.0001

PASTURE y  = 33.96 e(0.124T) 0.014 6.175 3.4 16 77.9 0.85 < 0.0001
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number of days since the last inundation. WEOC correlated mainly with SWC, whereas Cmic 

was strongly linked with clay and TOC content. 

 

 

Figure 4: RDA triplot for carbon pools and fluxes in the six functional process zones (water 
extractable organic carbon WEOC, microbial carbon Cmic, soil respiration SR, methane flux CH4) 
as multivariate response variables (red font), constrained by soil properties and environmental 
conditions (days since last inundation LI, soil temperature T, gravimetric soil water content SWC, 
clay content Clay and total organic carbon TOC) as explanatory variables (blue font). Four soil 
sampling dates are represented with different symbols. Axis 1 explains 35.4% and axis 2 11.3% of 
the variance. Data were projected using scaling method 2. 
 

2.5 Discussion 

Our data allow us (i) to relate differences between soil carbon dynamics in different functional 

process zones (FPZs) of the Thur River floodplain to differences in physicochemical soil 

properties on one hand and to effects of flood disturbance as driving force of a geomorphically 

dynamic system on the other hand, and (ii) to evaluate the relative magnitude of temporal 

variability as well as among and within-FPZ spatial heterogeneity of carbon dynamics. Based 

on this, conclusions about the effects of river restoration on carbon dynamics can be drawn. 

2.5.1 Soil properties, environmental conditions and degree of disturbance in different 

FPZs 

With their high carbonate content the soils at our study site are representative of young, weakly 

developed alluvial soils (Guenat et al. 1999). The mostly homogeneous distribution of soil 
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properties with depth and the strong correlation between TOC and TN contents and soil texture 

indicates soil formation by fluvial sedimentation of homogeneous source material (Cabezas and 

Comin, 2010). Further homogenization can be attributed to bioturbation by earthworms. This 

was especially clear in the forested FPZs where earthworm biomass was highest (Fournier et al., 

unpublished data), most likely because of the lower frequency of inundation and fluvial 

dynamics (Guenat et al. 1999). On the other hand, the depth gradient of TOC and TN in 

WILLOW FOREST, representing an advanced stable FPZ, indicates in-situ pedogenesis. Soil 

texture, the main factor differentiating the FPZs according to the PCA (Figure 3), reflects the 

average sedimentation conditions with texture becoming finer with decreasing stream energy 

(Nanson and Croke, 1992). The TOC contents are within the range found in floodplain 

sediments of other large rivers in Europe (Graf et al., 2007; Pies et al., 2007). The low C:N 

ratios and high available phosphorus contents (Morel et al., 1992) indicate high nutrient 

availability in all FPZs, which is characteristic of many river floodplains (Tockner and Stanford, 

2002). The particularly high P availability in GRASS can be explained by high sedimentation 

rates (Steiger and Gurnell, 2003). Low C:N values also indicate favorable conditions for organic 

matter degradation, which is confirmed by the observation of fast mineralization of leaf litter in 

most FPZs and by the humus morphology (carbonate-rich Mull; data not shown).  

The high variability and extreme values of temperature measured in GRAVEL are consistent 

with the general finding of bare gravel bars as extreme environments. The absence of stable 

vegetation cover to buffer temperature variations accompanied by high thermal conductivity 

due to low water contents explain this harshness (Tonolla et al., 2010). The differences in SWC 

among FPZs can be explained mainly by a combined effect of precipitation, inundation 

frequency and water retention capacity of the soils. In particular, the maximum SWC in 

WILLOW FOREST can be attributed largely to the finely textured soil that retains water 

efficiently. The additional effects of shading and water uptake by the plants on SWC via 

evapotranspiration are not obvious from the data. 

Considering the days after the last inundation (LI), the samplings carried out over the course of 

this study represent conditions that are typical for this site (Figure 2), i.e. inundation of the low-

lying dynamic FPZs on a regular basis, and flooding of the entire floodplain once or twice a 

year. The high spatial heterogeneity of physicochemical soil properties, environmental 

conditions, and plant species richness in GRAVEL and GRASS (Table 3) reflects the patchy 

and dynamic geomorphology due to the frequent disturbance by flooding, while the low 

variability in the forested FPZs can be related to stable conditions leading to homogenization of 

properties, conditions and communities. The low variability in PASTURE can in addition be 
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explained by its particularly homogeneous geomorphology strongly reducing erosion and 

sediment deposition. In agreement with the hypothesis of maximum biodiversity at intermediate 

levels of disturbance or connectivity (Ward et al., 1999), the pattern of plant species richness in 

the restored section FPZs reflects the degree of disturbance. This hypothesis predicts highest 

species richness in habitats characterised by intermediate inundation frequency (i.e. WILLOW 

BUSH), and lower diversity under high or low degrees of disturbance (i.e., GRASS and the two 

forested FPZs, respectively) where ruderal or competitive species dominate, respectively (in 

particular Phalaris arundinacea as flood tolerant species in GRASS, Foster and Wetzel, 2005). 

Considering the low inundation frequency, the relatively high species richness observed in 

PASTURE can be explained mainly by the regular harvesting, which reduces the effect of 

competition. 

2.5.2 Carbon pools and fluxes as related to soil properties, environmental conditions and 

disturbance in different FPZs 

The strong correlation between Cmic and TOC suggests C-limitation of microbes, which is 

especially common in nutrient rich soils (Wardle, 1992). The pattern of WEOC suggests an 

influence of both TOC and SWC. The correlation with TOC indicates similar solubility of soil 

organic matter across FPZs. The influence of SWC is mainly a flooding effect as demonstrated 

by the highest WEOC contents in August after the major flood. On one hand, this pattern 

suggests temporally increased soluble carbon pools due to input of non-structured fine soil and 

fresh litter along with the decreased aeration in the waterlogged soils. During soil saturation, 

dissolved organic matter production is expected to increase (Kalbitz et al., 2000). On the other 

hand, flooding has also been shown to increase the rates of enzymatic soil organic matter 

degradation (Wilson et al., 2010). The flood-related increase in available carbon is also reflected 

by increased Cmic, except in WILLOW FOREST where the almost completely saturated soil 

suggests longer unfavourable conditions for microbial growth (Rinklebe and Langer, 2006; 

Unger et al., 2009). 

The measured range of SR, which includes root and microbial respiration, was similar to results 

from other floodplains (Pulliam, 1993; Gulledge and Schimel, 2000; Pacific et al., 2008; 

Doering et al., 2011). The strong correlation of SR with temperature has been commonly 

observed (Lloyd and Taylor, 1994; Buchmann, 2000) and explains the differences between the 

samplings to a large extent. The temperature dependence in terms of Q10 values in most FPZs is 

similar to riparian and uphill forests (Buchmann, 2000; Doering et al., 2011), while the Q10 

value of GRAVEL is much higher than in similar systems (Doering et al., 2011). According to 
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Pacific et al. (2008) soil CO2 efflux is determined both by CO2 production and diffusive 

transport in the entire soil, and soil moisture levels observed in our study would support high 

respiration in all FPZs most of the time. Considering this, the often highest CO2 efflux in 

GRASS and WILLOW BUSH can be explained on one hand by the coarse soil texture allowing 

optimal gas diffusion, on the other hand by the frequent and large input of available organic 

carbon during flooding (Doering et al., 2011). In addition, the sediment translocations during 

high floods may increase the content of available organic carbon also at greater depths. 

Together with the high spatial variability in sedimentation, this can explain the hot spots of SR 

observed in these two FPZs. The low SR in GRAVEL is likely due to the low fine soil content.  

Consumption of atmospheric CH4 is largely determined by CH4 diffusion in the soil (Dörr et al., 

1993), and CH4 produced in water saturated soil layers can be consumed in upper aerated soil 

layers (Boon and Lee, 1997). Net CH4 production can therefore be considered as an indicator of 

the balance between overall soil aeration and underlying CH4 production. The observed 

decrease of net CH4 production along the elevation gradient from GRAVEL to MIXED 

FOREST is in line with the aeration increasing with the average thickness of unsaturated soil, 

and confirms earlier studies showing a strong influence of landscape position on CH4 

consumption (Burke et al., 1999; Gulledge and Schimel, 2000). This interpretation is supported 

by an increase in earthworm diversity (Fournier et al., unpublished data). In WILLOW 

FOREST, net CH4 production was higher than expected at that elevation, which suggests a 

relatively weak aeration, confirmed by hydromorphic features in upper soil layers (data not 

shown) and / or high CH4 production. These observations are both congruent with the maximum 

SWC and finest soil texture found in this FPZ (Dörr et al., 1993). The high net CH4 production 

in the relatively high laying PASTURE, characterized by a sandy soil texture, suggests 

generally high CH4 production in the water-saturated layers of this FPZ. This can be explained 

by the relatively long travel time of infiltrating water in the channelized section of the river 

(Vogt et al., 2010), favoring reducing conditions in deeper soil layers. 

In summary, microbial and available carbon pools are determined mainly by physicochemical 

soil properties with some additional effects of flooding via SWC. By contrast, carbon fluxes are 

strongly influenced by flood disturbance, and either temperature in case of SR or 

geomorphology in case of net CH4 production. 

2.5.3 Temporal variability and within-FPZ heterogeneity of soil carbon pools and fluxes 

Carbon pools and fluxes as multivariate proxy of soil carbon dynamics differed more among 

sampling dates than among FPZs. This indicates that overall factors related to seasonality and 
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flooding (T, SWC, and organic matter input) influence soil carbon dynamics more than 

differences in soil physicochemical properties in the study site. 

The high spatial heterogeneity of all carbon pools and fluxes within GRAVEL and GRASS can 

be related to the variability in both soil properties and environmental conditions caused by 

frequent flooding disturbance. The high variability of Cmic in all FPZs of the restored section 

cannot be explained exclusively by the large-scale variability between replicate plots but might 

in addition be due to small-scale variability at the soil aggregate level as well as to additional 

heterogeneity brought by the rooting pattern and related exudation of plants. Similarly, it can be 

speculated that hot spots of CO2 and CH4 emissions in otherwise homogeneous FPZs 

(WILLOW BUSH, PASTURE) are due to small-scale heterogeneities in substrate availability 

and water saturation in the subsoil (Ramakrishnan et al., 2000; Sey et al., 2008).  

2.6 Conclusions 

This study of organic carbon dynamics in the Thur River floodplain revealed that in the 

dynamic FPZs of the restored section characterised by low TOC contents and coarse-textured 

soils, frequent disturbance by flood pulses temporarily and locally increased SR and the 

otherwise low base-levels of organic carbon pools. By contrast, in the stable forested FPZs, the 

finer texture of the soils was responsible for higher TOC contents and water retention capacity 

both leading to high base-levels of carbon pools. Spatial heterogeneity was smaller than the 

effects of major floods and seasonal temperature differences on carbon pools and fluxes. The 

PASTURE FPZ stood out by i) low carbon pools due to coarse-textured soils low in TOC, as in 

the dynamic FPZs, ii) spatial heterogeneity, seasonal effects and flood disturbance, similar to 

the forest FPZs, and iii) high CH4 production that can be explained by slow travel times 

favouring reducing conditions. 

Irrespective of the FPZ, the input of non-structured allochthonous soil material and possibly the 

destruction of local aggregates during flood pulses appear to be the driver for a temporary and, 

in dynamic FPZs, local increase of microbial activity. The related variability in available carbon 

or soil respiration cannot be explained by the spatial and temporal heterogeneity of bulk soil 

properties or the variability of environmental conditions. Our results thus confirm our first 

hypothesis that spatial and temporal carbon variability are affected mainly by flood disturbance. 

However, they also show that the temporal effects are not restricted to dynamic FPZs. The 

strong increase in plant biodiversity brought about by the recurrent rejuvenation of the habitats 

seems to support our second hypothesis, that frequent disturbance, defined as temporary and 

strong changes in environmental conditions and substrate availability, creates a large functional 
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diversity. Our results therefore support recent findings that short-term inundations are important 

drivers of microbial habitat structure and function in floodplains (Wilson et al., 2010). Further 

comprehensive studies in similar as well as contrasted sites are required for generalisation of the 

results. In particular, since soil organic matter turnover differs between acidic and carbonate-

containing soils (Walse et al., 1998), studies in sites with carbonate-free fluvial source material 

would be of great interest. 

Based on our results, we recommend that river restoration, in order to achieve maximum 

recovery of ecosystem functions, should aim at creating near-natural floodplains comprising 

both dynamic gravel bars and stable alluvial systems. On one hand, this ensures the provision of 

a large diversity of habitats. On the other hand, the complex interplay of organic matter input 

and hot spots of both mineralisation and incomplete degradation strongly affects the potential of 

floodplains to store carbon, an ecosystem service of great current interest (Cierjacks et al., 

2010). River widening combined with hydrological reconnection with former floodplains (from 

the time before channelization) as in the example presented here, is likely to be a successful 

recipe to achieve this goal, at least for a river characterised by pulse flooding. The Thur River 

example also shows that doing so on a rather small scale is sufficient to achieve a high 

heterogeneity of carbon pools and habitats. In cases where the river is dammed upstream, in 

contrast to the Thur, widening may have to be combined with controlled outflow mimicking the 

natural discharge regime including a few larger floods.  
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Abstract 

In their natural state, river floodplains are heterogeneous and dynamic ecosystems that may 

retain and remove large quantities of nitrogen from surface waters. We compared the soil 

nitrogen dynamics in different types of habitat patches in a restored and a channelized section of 

a Thur River floodplain (NE Switzerland). Our objective was to relate the spatiotemporal 

variability of selected nitrogen pools (ammonium, nitrate, microbial nitrogen), nitrogen 

transformations (mineralization, nitrification, denitrification) and gaseous nitrogen emission 

(N2O) to soil properties and hydrological processes. Our study showed that soil water content 

and carbon availability, which depend on sedimentation and inundation dynamics, were the key 

factors controlling nitrogen pools and processes. High nitrogen turnover rates and nitrogen 

losses were measured on gravel bars, characterized by both frequent inundation and high 

sediment deposition rates, as well as in low-lying alluvial forest patches with a fine-textured, 

nutrient-rich soil where anaerobic microsites probably facilitated coupled nitrification-

denitrification. In contrast, soils in the dam foreland of the channelized section had 

comparatively small inorganic nitrogen pools and low transformation rates, particularly those 

related to nitrate production. To conclude, environmental heterogeneity characteristic of the 

restored section, favors nitrogen removal by creating locations of high sedimentation and 

denitrification. Of concern, however, are the locally high N2O efflux and the possibility that 

nitrate might leach from nitrification hotspots. 
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3.1 Introduction 

River floodplains are among the most dynamic, diverse, and productive ecosystems on earth 

(Keddy, 2000; Tockner and Stanford, 2002). They provide a wide range of ecosystem services 

(Naiman and Decamps, 1997; Ward et al., 2002), including nutrient retention and removal 

(Brunet et al., 1994; Olde Venterink et al., 2006). Specifically, nitrogen is retained by physical 

(sedimentation) and biological (plant uptake and microbial immobilization) processes or 

removed through denitrification. These processes improve the surface and groundwater quality 

(Naiman and Decamps, 1997; Pinay et al., 2002a). In floodplains, physicochemical and 

biological factors typically vary greatly in space and time. Since nitrogen transformations are 

extremely sensitive to these factors, floodplains cannot be considered as homogeneous buffers 

(Pinay et al., 1992; Naiman et al., 2005). 

Interactions between hydro-geomorphic (flood dynamics) and ecological (biological succession) 

processes create a dynamic mosaic of habitat patches. These patches differ in their age of 

formation, inundation regime and soil properties, as well as in their productivity, organic matter 

dynamics and community composition, and are arranged along distinct succession gradients in a 

floodplain (Naiman and Decamps, 1997; Naiman et al., 2005). The patches expected to differ in 

their functional performance are defined as “Functional Process Zones” (FPZs; sensu Thorp et 

al. (2006); Samaritani et al., 2011). The different FPZs in a floodplain may act as sources or 

sinks of nitrogen, depending on their soil physicochemical properties, their biological 

characteristics (vegetation, microbial population), and the micro-environmental conditions 

(Johnston et al., 2001; Ruckauf et al., 2004; Mentzer et al., 2006). Floods affect the 

environmental drivers of soil nitrogen transformations (namely soil moisture, organic carbon 

and N substrate availability) differently, depending on the FPZ (Pinay et al. 2002a; Samaritani 

et al., 2011). 

Microbial nitrogen transformations have been intensively studied in floodplain soils. A strong 

focus has been on denitrification as the process of permanent nitrogen removal, including the 

effects of the hydrogeomorphic gradient (e.g., Clement et al., 2002), soil depth (e.g., Hill et al., 

2000), carbon availability (e.g., Hill and Cardaci, 2004) and vegetation (e.g., Hernandez and 

Mitsch, 2007). Denitrification has frequently been studied together with nitrous oxide 

emissions, with a particular emphasis on spatiotemporal variability at different scales (Dhondt 

et al., 2004; van den Heuvel, 2009). In contrast, studies considering the entire nitrogen cycle are 

very rare (Pinay et al., 1995; Hefting et al., 2005), although in nutrient-rich floodplains all 

processes of the nitrogen cycle can be very rapid, particularly nitrification during unsaturated 

conditions (Hefting et al., 2004). 
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We investigated nitrogen cycling in a mosaic of different FPZs of the River Thur floodplain, 

Switzerland. There, the frequency and average duration of flooding varies with elevation and 

distance from the river, and floodplain soils are unsaturated at base flow, i.e. most of the time 

(Samaritani et al., 2011). We quantified the effect of the spatiotemporal heterogeneity, inherent 

to the mosaic of FPZs, on the major processes of the nitrogen cycle, including N mineralization, 

nitrification and denitrification. We quantified soil nitrogen pools (extractable ammonium, 

nitrate and microbial nitrogen), nitrogen transformation rates based on laboratory incubations 

(gross mineralization, gross and potential nitrification, and denitrification enzyme activity with 

and without substrate addition) and the surface efflux of nitrous oxide (N2O) seasonally from 

April to October 2009. The study was mainly carried out in a restored section of the Thur River 

reflecting a successional gradient of FPZs, from bare gravel areas to mature alluvial forests, and 

additionally in the dam foreland of the channelized section. Our objectives were: (i) to relate the 

spatiotemporal variability of nitrogen pools, transformation rates and emissions to soil 

properties and degree of flood-related disturbances, and (ii) to examine the linkages between the 

various nitrogen transformation processes. We hypothesized that flood-related variability in soil 

moisture and the available carbon would drive changes in nitrogen dynamics and that the 

magnitude of change would differ between FPZs with increasing degrees of flooding frequency 

and duration. 

3.2 Methods 

3.2.1 Study site 

The study was carried out at the main study site of the interdisciplinary project RECORD 

(Restored Corridor Dynamics, http://www.cces.ethz.ch/projects/nature/Record) in the Thur 

River corridor at Niederneunforn (NE Switzerland, 8°77’12” E; 47°59’10” N). During the study 

year (2009), the total precipitation was 908 mm, and the average monthly temperature ranged 

from 0.9 °C (January) to 19.0 °C (July) (Meteoswiss, https://gate.meteoswiss.ch/idaweb). The 

Thur River is characterized by a flashy flow regime with frequent floods throughout the year 

(average discharge:  50 m3 s-1; range: 2 to 1130 m3 s-1; Federal Office for the Environment, 

Switzerland, recording period 1904–2005, http://www.hydrodaten.admin.ch/d/2044.htm; Figure 

1). The main stem of the Thur River was channelized in the 1890s to protect the valley against 

flooding. However, since 1993, several river sections have been restored, including the 2 km 

long study section. Widening of the channel has allowed gravel bars to form, and lowering the 

levees has increased hydrological connectivity between the main channel and the fringing 
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alluvial forest. Overall, restoration has led to the formation of a succession gradient composed 

of different functional process zones (FPZ, see below). 

A detailed description of the study site and the characterization of the various FPZ are given in 

Samaritani et al. (2011). Briefly, the six FPZs were classified according to their vegetation, 

distance from the river and topography, and then combined into three types: (i) dynamic FPZs 

in the restored section on and next to a frequently flooded gravel bar: a mosaic of bare gravel 

and patchy vegetation (GRAVEL); gravel covered by up to 1 m of fine sediments (GRASS); the 

banks connecting the gravel bar with the forest (WILLOW BUSH); (ii) stable FPZs in the 

restored section: two types of forest communities characteristic of floodplains (MIXED 

FOREST, WILLOW FOREST); and (iii) dam foreland in the adjacent channelized section 

(PASTURE). Table 1 gives an overview of important characteristics of the FPZs. Within each 

FPZ, four plots eight meters in diameter were selected to assess spatial variability (Figure 2). 

The upstream half-circle of each plot was used for biodiversity monitoring and gas sampling, 

while the downstream half-circle was used for destructive soil sampling. 

 
Table 1: General characteristics of the different functional process zones in the study site, Thur 
River floodplain. 

 

GRAVEL GRASS WILLOW BUSH MIXED FOREST WILLOW FOREST PASTURE

Implication of 

restoration

Gravel bar exposed 

during and further 

developed after 

restoration

Formed after 

restoration through 

sediment trappping and 

colonisation by 

Phalaris arundinacae

 levee forming the new 

bank after widening; 

planted with willow 

saplings for 

stabilisation

Hydrologically 

reconnected with river; 

inundated during high 

floods

Hydrologically 

reconnected with river; 

inundated during high 

floods

Non-restored 

channelized section 

ocassionally used for 

cattle grazing and grass 

harvesting

Location within 

floodplain

Next to river, areal 

extension changes with 

river discharge and 

after each major flood

Within gravel bar, area 

expanding due to 

sediment accumulation 

and plant colonisation

The levee separating 

the gravel bar from the 

forest

High laying forest 

separated by the levee 

from the river

Low lying unmanaged 

forest separated by the 

levee from the river; 

next to side channel 

collecting runoff from 

hill slope and river back 

flow

Next to the river, but 

separated by high 

embankments

Flooding 

frequency
times year-1 > 10 > 10 4–6 1–2 1–2 1–2 

Flooding 

duration
 days year -1 > 10 days year-1 ~10 ~2 < 1 ~1 ~1

Texture
Sand/Silt/Clay 

(%)
81/14/5 66/26/8 44/44/12 38/47/15 25/58/18 65/27/8

pH (0.01 M 

CaCl2 )
7.6 ± 0.1 7.4 ± 0.1 7.5 ± 0.0 7.5 ± 0.0 7.4 ± 0.0 7.5 ± 0.0

Total nitrogen g N kg-1 soil 0.7 ± 0.2 1.0 ± 0.4 1.1 ± 0.3 1.6 ± 0.3 1.8 ± 0.1 0.9 ± 0.2

Corg :Ntot g g-1 15.2 ± 0.5 16.2 ± 1.6 15.2 ± 0.7 13.4 ± 0.6 14.0 ± 0.2 14.0 ± 0.4

Soil type (IUSS, 2006)
Haplic fluvisol 

(calcaric, humic)

Haplic fluvisol 

(calcaric, humic)

Haplic fluvisol 

(calcaric, humic)

 Haplic or gleyic 

fluvisol (calcaric, 

humic, siltic)

Haplic fluvisol 

(calcaric, humic)

Dominant 

vegetation

Various seasonal herbs, 

patchy
 Phalaris arundinacea

Tree: Salix viminalis

Understorey: Rubus sp.

Tree: Acer 

pseudoplatanus & 

Fraxinus excelsior

Understorey:  see 

Samaritani et al. 2011

Tree: Salix alba

Understorey: Urtica 

dioica & Ranunculus 

ficaria

Managed grassland 

dominated by grasses 

and forbs. Trifolium sp. 

occupies more than 30 

% of vegetation cover

FPZ type Dynamic Dynamic Dynamic Stable Stable Channelized
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Figure 1: Daily average and maximum Thur River discharge at the study site in the year 2009. The 
sampling dates are marked as triangles on the x-axis (Data source: Federal Office for the 
Environment, Switzerland). 
 

 

 

Figure 2: Aerial picture of the study site near Niederneunforn, NE Switzerland in 2009, showing 
the sampling plots in the six functional process zones. 
 

3.2.2 Soil sampling 

Topsoil sampling was carried out in April, August, and October 2009. In each plot, three soil 

cores (6.5 cm diameter, 10 cm deep) were collected and pooled. In GRAVEL, soils were 

collected by digging out pits. Half of the field-moist soil was sieved (4 mm mesh) and stored at 

4 °C, while the other half was dried (40 °C) and then sieved (2 mm mesh). 
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3.2.3 Soil environmental conditions 

Soil temperature (T) at 10 cm depth was measured with a hand-held thermometer at the time of 

sampling. Gravimetric soil water content (SWC) was determined as weight loss upon drying of 

20 g fresh soil at 105 °C.  

3.2.4 Water extractable organic carbon 

Water extractable organic carbon (WEOC) was extracted from dried soils with 10 mM CaCl2 at 

a soil:extractant ratio of 1:2 for 10 minutes on an end-over-end shaker (Embacher et al., 2007). 

The soil slurry was then centrifuged for 10 minutes at 1335 g and filtered through a 0.45 µm 

membrane filter (ME 25, Whatman). The filtered extract was measured for non-purgeable 

organic carbon using a TOC analyzer (Formacs HT, Skalar Analytical, Breda, The 

Netherlands).  

3.2.5 Microbial biomass carbon and nitrogen 

Microbial carbon (Cmic) and nitrogen (Nmic) were determined by the chloroform fumigation-

extraction method (Brookes et al., 1985; Beck et al., 1997). Fresh soil samples equivalent to 10 

g dry mass were placed in a desiccator containing chloroform. The desiccator was evacuated 

and left in the dark for 24 hours. These fumigated soil samples and another set of fresh soil 

samples were extracted for one hour with 0.5 M K2SO4 at a 1:5 soil-to-extractant ratio. The 

filtered extracts (0.45 µm, ME 25, Whatman) were measured for organic carbon using a TOC 

analyzer (TOC-V CPH/CPN, Shimadzu, Kyoto, Japan) and for total Kjeldahl nitrogen 

(Kjeldahl, 1883). Microbial carbon and nitrogen were calculated as difference between the 

concentrations measured for fumigated and non-fumigated soils. Because our main goal was to 

compare the different FPZs in our study, we neither determined extraction efficiencies (kEC and 

kEN) for our soils, nor did we use extraction efficiencies from the literature.  

3.2.6 Inorganic nitrogen pools (ammonium and nitrate) 

Ammonium and nitrate were measured in extracts prepared from fresh soil using 1 M KCl (soil 

to extractant ratio of 1:4; 1.5 hours on an end-over-end shaker; filtration through 0790½, 

Whatman Scleicher&Schuell, Dassel, Germany). Ammonium in the extracts was measured by 

flow injection analysis (alkalinization of the sample, followed by diffusion of NH3 into a 

receiver stream and colorimetric detection via color change of an indicator dye; Perkin Elmer 

UV/ VIS Spectrometer Lambda 2S, Autosampler AS 90, FIAS 300, USA). Nitrate was 

measured colorimetrically at 210 nm (Varian Cary 50, USA) as the difference in absorbance 

between non-reduced and reduced (using H2SO4 and copperized zinc) extracts (Navone, 1964). 
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3.2.7 Nitrogen transformations 

Gross and potential nitrogen transformation rates were measured on sieved and homogenized 

fresh soil samples in the laboratory. This method was preferred to in-situ incubations of soil 

cores for two reasons. Firstly, the high sand content precluded setting up in-situ incubations in 

GRAVEL, GRASS and WILLOW BUSH as cores fell apart when the soil was too dry. 

Secondly, with our method it was possible to determine different parameters on the same soil 

sample, which allowed direct comparison of different nitrogen pools, nitrogen transformation 

rates and soil properties. However, homogenization of soil samples can lead to artifacts (Luxhoi 

et al., 2005), and thus the measured rates have to be considered as potential rather than actual 

rates, which limits comparability with other studies. Nevertheless, the results allowed us to 

compare different FPZs and sampling times in our study.  

Gross mineralization (GM) 

Gross mineralization was measured by 15N isotope dilution (Davidson et al., 1991; Luxhoi et al., 

2008). Fresh soil, equivalent to 100 g dry matter, was thinly spread on a tray and sprayed with 1 

ml of 0.02 µmol NH4Cl (99.5 atom% 15N). The samples were thoroughly mixed, transferred into 

a glass container, covered with perforated parafilm and incubated at the average soil 

temperature measured during the sampling (12 °C for April, 18 °C for August, and 13 °C for 

October). Aliquots of 20 g soil were taken after 2 and 26 hours of incubation, and then extracted 

and analyzed for ammonium as described above. 15N-NH4
+ in the extracts was determined using 

the ammonia diffusion technique (Davidson et al., 1991; Schleppi et al., 2006). An aliquot of 

extract containing ∼40 µg of N-NH4
+ was transferred into a PE bottle. A calcinated (6 hours at 

450 °C) and acidified (30 µl of 2 M citric acid) glass microfiber filter (GF/F 25 mm, Whatman) 

of 5 x 12 mm, wrapped in PTFE band, was added along with MgO (1.5 mg  L-1 of extract). The 

tightly closed bottle was gently shaken on a horizontal shaker for 5 days. The filter paper was 

taken out, dried in a desiccator over concentrated H2SO4, unwrapped, packed in a tin capsule 

and measured for the 15N/14N ratio with an elemental analyzer (Euro EA 3000, Hekatech GmbH, 

Germany), coupled with an isotope ratio mass spectrometer (Delta V Advantage, Thermo, 

Germany). 

GM was calculated following Kirkham and Bartholomew (1954) as 

GM =
M0 -M1

t
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"
#

$

%
&
log H0M)1 / (H1M0( )( )

log M0 / M1( )
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"
#
#

$

%
&
&

     (1) 

where GM = gross mineralization rate per unit mass of soil per unit time, 

  M0 = total NH4
+ (tracer + non-tracer) per unit mass of soil at 2 hours  
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  H0 = 15NH4
+ from tracer per unit mass of soil at 2 hours  

  M1 = total NH4
+ (tracer + non-tracer) per unit mass of soil at 26 hours 

  H1 = 15NH4
+ from tracer per unit mass of soil at 26 hours 

   t = time between 2 hours and 26 hours 

Gross nitrification (GN)  

The incubation and extractions for GN were carried out as described for GM, except that the soil 

samples were incubated with KNO3 (99.5 atom% 15N). Nitrate in the extracts was measured as 

described above. The 15N/14N ratio of nitrate was also analyzed using the ammonia diffusion 

technique (Davidson et al., 1991; Schleppi et al., 2006). However, in the first step, only MgO 

was added to the extracts and shaken for 5 days without closing the lid. After removing all NH4
+ 

as NH3, microfiber filter paper (treated as described above) and 0.5 g Devarda’s alloy were 

added, the lids tightly closed and the extracts shaken for another 5 days. Nitrate reduced to 

ammonium and transformed to ammonia was trapped on the acidified filter paper. The filter 

paper was processed and measured for 15N/14N ratio as described for GM. GN was calculated in 

a similar way as GM, but substituting NO3
- for NH4

+. 

Potential nitrification (PN) 

Potential nitrification of the soil samples was measured using the shaken soil slurry method 

(Hart et al., 1994). Fresh soil samples were suspended in a 1 mM phosphate buffer (K2HPO4 

and KH2PO4, adjusted to pH 7.2 by adding NaOH) at a 1:9 soil-to-solution ratio. Ammonium 

sulphate at 140 mg N-NH4
+ per kg soil was added and the slurry incubated at 25 °C on an 

orbital shaker at 2.5 Hz. Aliquots of 10 ml each were taken after 1, 4, 6 and 22 hours. The 

aliquots were immediately mixed with 2.5 M KCl at a 1:1.5 ratio to stop nitrification, 

centrifuged for 3 minutes at 854 g, filtered (0790½, Whatman Scleicher&Schuell, Dassel, 

Germany) and analyzed for nitrate. Potential nitrification was calculated as the slope of linear 

regression of nitrate concentrations vs. time. 

Potential denitrification (DEA and DEAns) 

Denitrifying enzyme activity (DEA) in the soil samples was measured using the short period 

acetylene inhibition assay (Patra et al., 2005; Smith and Tiedje, 1979). Fresh soil samples 

equivalent to 5 g dry soil were placed in 150 ml plasma flasks and an aqueous solution 

containing 12.5 mg glucose, 14.1 mg sodium glutamate and 7.2 mg KNO3 was added. The flask 

was evacuated and the headspace was replaced with 9:1 (v/v) helium:acetylene mixture, and 

incubated at 26 °C. During incubation, 3 ml aliquots of gas samples were taken from the 
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overhead space of the flask at 1, 1.5 and 2 hours. Nitrous oxide concentrations in the gas 

samples were measured using a gas chromatograph with electron-capture detector (Agilent 

6890, Santa Clara, USA). Denitrifying enzyme activity without substrate addition (DEAns) was 

determined like DEA, but without adding C and N substrates. Comparing DEA with DEAns 

provides indications about the substrate limitation for denitrification. 

3.2.8 Nitrous oxide flux (N2O) 

PVC rings (30 cm diameter, 30 cm long, inserted 20 cm deep into the soil) were installed in 

each plot. Immediately before sampling, the vegetation within the ring was clipped and the 

chamber closed with an air-tight lid. Headspace air samples were collected after 5, 25 and 45 

minutes, injected into pre-evacuated exetainers, and analyzed for N2O concentration on a gas 

chromatograph with an electron-capture detector (Agilent 6890, Santa Clara, USA). The efflux 

of N2O from soil to atmosphere was calculated as the slope of linear regression of headspace 

concentration vs. time (Yanai et al., 2003). 

3.2.9 Statistical analyses 

Analysis of variance (ANOVA, SPSS 17, SPSS Inc.) was used to test for significant differences 

among FPZs, sampling date (time), the FPZ × time interaction and plots (nested within FPZ) for 

nitrogen pools, nitrogen transformation rates and N2O efflux. The percentages of variance 

explained by each variable, as well as the unexplained variance were calculated from the 

outputs of the ANOVA models. Data that were not normally distributed were log transformed if 

required. The coefficients of variation (CV) for nitrogen pools, transformation rates and efflux 

were calculated to quantify within-FPZ variability. They were calculated as the mean of the 

CVs of each sampling date. To assess the relation between nitrogen transformations and 

potential controls, we examined the correlation of nitrogen transformation rates and N2O efflux 

with SWC, WEOC, Cmic and N pools (NH4
+ and NO3

-). Pearson correlation was also carried out 

between different nitrogen transformation rates, and between transformation rates and N2O 

efflux.  

3.3 Results 

3.3.1 Soil environmental conditions 

At all sampling dates, GRAVEL exhibited significantly higher temperatures than all other FPZs, 

while the soils in the forested FPZs were cooler, particularly in August and October (Table 2). 

Gravimetric soil water content (SWC) was significantly lower in GRAVEL and PASTURE, 
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while soils in WILLOW FOREST were significantly moister than soils in other FPZs. The 

SWC in GRASS exhibited a higher spatial variability than in other FPZs. Except for GRAVEL, 

SWC was significantly higher in the samples collected in August, i.e. shortly after a major flood 

(Figure 1). 

 
Table 2: Mean ± standard deviation of soil physicochemical properties (temperature T, gravimetric 
soil water content SWC, water extractable organic carbon WEOC, microbial carbon Cmic, 
microbial nitrogen Nmic and microbial carbon to nitrogen ratio Cmic:Nmic) in top 10 cm soil  in the 
six functional process zones on three sampling dates (n = 4). 

 

 

3.3.2 WEOC and microbial biomass 

Mean WEOC contents were highest in WILLOW FOREST soils and lowest in GRAVEL and 

PASTURE soils (Table 2). WEOC was significantly higher in soils sampled in August than in 

soils sampled in April and October. A trend of increasing microbial biomass (Cmic and Nmic) 

along the gradient from GRAVEL to WILLOW BUSH was observed for soils sampled on the 

April and October sampling dates. 

GRAVEL GRASS
WILLOW 

BUSH

MIXED 

FOREST

WILLOW 

FOREST
PASTURE

T °C 15.2 ± 2.8 11.4 ± 0.7 11.0 ± 0.7 10.3 ± 0.5 11.7 ± 0.5 10.7 ± 0.8

SWC g kg-1 215 ± 139 259 ± 68 330 ± 13 281 ± 42 383 ± 44 180 ± 19

WEOC mg kg-1 98 ± 38 187 ± 20 159 ± 41 170 ± 36 195 ± 34 151 ± 9

Cmic mg kg-1 67 ± 13 61 ± 22 94 ± 12 100 ± 13 200 ± 33 93 ± 7

Nmic mg kg-1 21.5 ± 6.8 24.9 ± 7.8 35.0 ± 6.0 49.0 ± 8.3 50.3 ± 3.8 39.4 ± 4.0

Cmic :Nmic g g-1 3.5 ± 1.6 2.4 ± 0.5 2.7 ± 0.4 2.1 ± 0.4 4.0 ± 0.4 2.4 ± 0.4

T °C 19.3 ± 1.0 18.4 ± 0.8 16.6 ± 0.2 16.3 ± 0.1 16.6 ± 0.6 18.8 ± 0.2

SWC g kg-1 181 ± 70 388 ± 117 348 ± 41 365 ± 30 493 ± 44 276 ± 15

WEOC mg kg-1 155 ± 60 324 ± 168 418 ± 103 480 ± 44 608 ± 131 297 ± 34

Cmic mg kg-1 150 ± 41 158 ± 21 138 ± 21 162 ± 16 118 ± 30 86 ± 21

Nmic mg kg-1 27.6 ± 9.8 32.8 ± 9.2 47.4 ± 6.4 50.3 ± 0.6 45.2 ± 4.4 16.2 ± 6.0

Cmic :Nmic g g-1 5.6 ± 0.5 5.0 ± 1.0 3.0 ± 0.7 3.2 ± 0.3 2.7 ± 0.8 5.7 ± 1.8

T °C 13.1 ± 0.9 12.5 ± 0.3 11.9 ± 0.4 12.0 ± 0.2 11.6 ± 0.1 12.8 ± 0.5

SWC g kg-1 182 ± 34 244 ± 156 318 ± 44 323 ± 19 437 ± 44 174 ± 77

WEOC mg kg-1 43 ± 24 111 ± 17 128 ± 25 138 ± 25 173 ± 9 111 ± 10

Cmic mg kg-1 48 ± 15 101 ± 39 107 ± 13 112 ± 7 146 ± 12 82 ± 11

Nmic mg kg-1 10.5 ± 6.1 19.2 ± 6.2 33.1 ± 5.0 45.8 ± 4.9 54.3 ± 6.1 32.3 ± 5.4

Cmic :Nmic g g-1 5.6 ± 3.1 5.3 ± 1.5 3.3 ± 0.6 2.5 ± 0.3 2.7 ± 0.4 2.6 ± 0.5



  

50             Chapter 3 

3.3.3 Inorganic nitrogen pools 

There was no significant difference in ammonium content among FPZs, but there were 

significant differences among the plots within the FPZs (Table 3). Differences among FPZs in 

nitrate content were significant and explained about 40% of the variance. GRASS exhibited the 

highest mean nitrate contents and PASTURE the lowest (Figure 3). The largest within-FPZ 

variability for both ammonium and nitrate occurred in GRAVEL, followed by GRASS (Table 

4). Temporal variability was significant only in the case of ammonium where differences among 

sampling dates explained 22% of the variance. 

 
Table 3: Significance and percentage of variance explained from analysis of variance (ANOVA) 
showing effects of the functional process zone (FPZ), sampling date (time), their interaction (FPZ × 
time) and plots (within-FPZ), as well as variance not explained for ammonium, nitrate, gross 
mineralisation GM, gross nitrification GN, potential nitrification PN, denitrifying enzyme activity 
DEA, denitrifying enzyme activity without substrate DEAns and N2O efflux rate (** = P < 0.01, * = P 
< 0.05 and ns = not significant).  

 

 

 
Figure 3: Extractable ammonium and nitrate in the top 10 cm of soil in the six functional zones of 
the Thur River floodplain on three sampling dates in 2009. Columns indicate mean ± standard 
error (n = 4). 

Unexplained 

variance (%)

FPZ time FPZ x time plot FPZ time FPZ x time plot

NH4
+ ns ** ns ** 3.5 22.3 7.8 35.6 30.8

NO3
- ** ns ** ** 40.3 5.4 15.1 19.1 20.1

GM ns ns ** ns 13.3 10.4 38.1 13.0 25.2

GN ns ns ns ns 31.3 1.9 16.3 12.5 38.0

PN ** ** ns ** 67.1 3.2 3.2 15.0 11.5

DEA ** ** ** ** 34.5 13.1 15.7 21.3 15.4

DEAns * * ns ns 32.2 6.7 6.8 24.9 29.4

N2O ns ** ** ** 14.6 20.5 13.6 28.9 22.3

Significance Variance explained (%)
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Table 4: Coefficient of variation for ammonium, nitrate, gross mineralization GM, gross 
nitrification GN, potential nitrification PN, denitrifying enzyme activity DEA, denitrifying enzyme 
activity without substrate DEAns and N2O efflux rate in the six functional process zones over three 
sampling times in the Thur River floodplain (n = 12). 

 

 

3.3.4 Nitrogen transformation rates 

There were no significant differences among FPZs or sampling times in soil GM and GN (Table 

3). Furthermore, the temporal pattern of GM differed among the FPZs, i.e. the interaction 

between FPZ and time was significant and explained 38% of the variance. In particular, the 

soils from GRASS sampled in August exhibited distinctly higher GM rates. A trend for GN to 

be higher in GRASS and WILLOW FOREST and lower in WILLOW BUSH was observed, 

although there was no significant difference among the FPZs (Figure 4, Table 3). Differences in 

PN among FPZs were significant and explained 67% of the variance. Mean PN values were 

highest in WILLOW FOREST soils, while PASTURE and GRAVEL soils were characterized 

by low PN rates. Differences in both DEA and DEAns among FPZs were significant and 

explained 35% and 32% of the variance, respectively. DEA and DEAns were higher in WILLOW 

FOREST than in all other FPZs (Figure 4). The average within-FPZ variability of the 

transformation rates over time was higher in dynamic FPZs than in stable ones (Table 4), with 

hot spots occurring predominantly in GRASS during the August sampling. 

3.3.5 Nitrous oxide flux rate 

N2O emissions did not differ significantly among FPZs, and their within-FPZ variability was 

large in all FPZs with CV > 70% (Table 4). However, the N2O efflux was generally higher in 

August than on the other sampling dates (Figure 5). 

  

GRAVEL GRASS
WILLOW 

BUSH

MIXED 

FOREST

WILLOW 

FOREST
PASTURE

NH4
+

0.76 0.44 0.25 0.1 0.25 0.31

NO3
-

0.6 0.47 0.2 0.25 0.22 0.13

GM 0.56 0.65 0.59 0.41 0.26 0.38

GN 0.46 0.56 0.26 0.22 0.27 0.28

PN 0.61 0.44 0.41 0.18 0.1 0.59

DEA 0.66 0.55 0.26 0.23 0.1 0.13

DEAns 0.63 0.5 0.29 0.21 0.27 0.3

N2O 1.25 0.8 0.69 1.24 0.77 1.27
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Figure 4: Nitrogen transformation rates (gross mineralization, gross nitrification, potential 
nitrification, denitrifying enzyme activity DEA and denitrifying enzyme activity without substrate) 
in the top 10 cm of soil in the six functional process zones on three sampling dates in 2009. Columns 
indicate mean ± standard error (n = 4). 
 

0.15 

0.45 
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Figure 5: Nitrous oxide emissions from soil in the six functional process zones of the Thur River 
floodplain on three sampling dates in 2009. Columns indicate mean ± standard error (n = 4). 
 

3.3.6 Relation of nitrogen transformation rates to soil properties and substrate availability 

Since the range of temperatures during the samplings was so small, it was not possible to assess 

the effect of temperature on nitrogen dynamics. The correlation coefficients of nitrogen 

transformation rates and N2O efflux with SWC, WEOC, Cmic and N pools (NH4
+ and NO3

-) are 

shown in Table 5. PN and DEAs were positively correlated with SWC, while DEA and DEAns 

were weakly correlated with WEOC and Cmic. GM and GN exhibited a significant correlation 

with their product, i.e. NH4
+ and NO3

-, respectively, and PN also correlated weakly with NO3
-. 

Correlations between nitrogen transformations and their respective N substrates were not 

observed, i.e. neither GN nor PN correlated with NH4
+, and neither DEA nor DEAns correlated 

with NO3
-. 

 
Table 5: Correlations of gross mineralization GM, gross nitrification GN, potential nitrification PN, 
denitrifying enzyme activity DEA, denitrifying enzyme activity without substrate DEAns and N2O 
flux with soil water content SWC, substrate availability (water extractable organic carbon WEOC, 
microbial carbon Cmic, ammonium NH4

+, and nitrate NO3
-) in the top 10 cm soil. The Pearson 

correlation coefficient (r) is shown for significant correlations (P < 0.05), and non-significant 
relations are marked as ns (n = 72). 

 

SWC WEOC Cmic NH4

+
NO3

-

GM ns ns ns 0.44 -

GN 0.28 - ns ns 0.5

PN 0.66 - 0.38 ns 0.38

DEA 0.7 0.47 0.25 - ns

DEAns 0.54 0.55 0.32 - ns

N2O ns ns ns - ns
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3.3.7 Linkages among nitrogen transformation rates and between transformation rates 

and N2O flux 

Correlations between the various nitrogen transformation rates were generally weak except for 

the relation between DEA and DEAns (Table 6). Both DEAs correlated significantly with GN and 

PN. The N2O efflux was strongly correlated with GM, and slightly but significantly with GN, 

but not at all with the DEAs. 

 
Table 6: Correlations between various nitrogen transformations (gross mineralization GM, gross 
nitrification GN, potential nitrification PN, denitrifying enzyme activity DEA, and denitrifying 
enzyme activity without substrate DEAns) and N2O flux in the six FPZs. The Pearson correlation 
coefficient (r) is shown for significant correlations (P < 0.05), and non-significant relations are 
marked as ns (n = 72). 

 

 

3.4 Discussion 

Low spatial variation in the total soil organic carbon to total nitrogen ratio of the soils indicates 

that nitrogen retention in the study site is linked with organic matter deposition of sediments 

(Stoeckel and Miller-Goodman, 2001; Noe and Hupp, 2005). Topographical differences in the 

sedimentation conditions at the study site have led to a characteristic distribution of grain size 

and soil organic matter among the different FPZs, with decreasing grain size and increasing soil 

organic matter content from GRAVEL to WILLOW FOREST in the restored section 

(Samaritani et al., 2011). Samaritani et al. (2011) showed that the carbon dynamics in the three 

types of FPZs investigated in this study were influenced by the physicochemical soil properties 

and by the degree of flood disturbance. The effects of the flood disturbance were attributed to 

(i) changes in soil moisture, and (ii) local and temporary stimulation of microbial activity from 

the input of non-structured allochthonous soil material. Although the sampling dates in the 

present study were somewhat different from those in Samaritani et al. (2011; October 2009 

  GM GN PN DEA DEA
ns

 N
2
O 

GM - ns ns 0.24 0.35 0.59 

GN  - 0.26 0.32 0.42 0.31 

PN   - 0.51 0.47 ns 

DEA    - 0.55 ns 

DEA
ns

     - ns 

N
2
O           - 
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instead of October 2008, no data from January 2009), the fact that the values of SWC, WEOC 

and Cmic were higher in the August than in the April and October samplings supports these 

conclusions. 

3.4.1 Spatiotemporal variability of nitrogen pools and nitrogen transformations 

Similar spatial patterns for PN and DEA were observed along the gradient in the restored 

section, which suggests that the activities of nitrifiers and denitrifiers are strongly linked with 

TOC, TN and soil texture. PN and DEA are not measures of actual rates, but represent the soil 

potential under optimal conditions that reflect the environmental constraints on the respective 

processes (Groffman et al., 1992; Hart et al., 1994). The lateral gradient pattern is also 

expressed for NO3
-, GN and DEAns, whereas NH4

+ and GM do not capture this gradient. Thus 

the similar values of NH4
+ and GM in all FPZs suggest that the soil physicochemical properties 

have little effect on NH4
+ producers (Jackson et al., 2008). In general, variance analysis suggests 

that the spatial variability of the nitrogen pools and transformation rates within the restored 

section is higher than the temporal variability, except for mineralization.  

The PASTURE FPZ is extensively used for grazing and fodder production, which directly 

influences soil nitrogen pools. On the one hand, organic nitrogen (plants) is removed through 

grazing and grass harvesting, which reduce the litter input. On the other hand, organic nitrogen 

(animal waste) is added by the grazing animals. More than 30% of vegetation cover in 

PASTURE was attributed to clover, while this plant was almost completely absent in the 

restored section (Bertrand Fournier, personal communication). These factors indicate that the 

soil nitrogen dynamics in PASTURE differ from those in to the other FPZs. In addition, 

PASTURE is also different from the restored section in terms of topography and hydrology. All 

this may explain why PASTURE and GRASS, despite having similar physicochemical soil 

properties, exhibited very different nitrogen transformation rates. The potential activity of 

nitrifiers and denitrifiers in PASTURE was comparatively low, as the low values of PN, DEA 

and Cmic indicate, while the effective rates, as indicated by NH4
+, GM, GN and DEAns, did not 

differ much between PASTURE and the restored section. This suggests that the substrate 

limitation is less in PASTURE soils. 

3.4.2 Spatiotemporal variability and source of N2O flux 

Denitrification (DEA and DEAns) and SWC in the top soils were not found to correlate with N2O 

efflux. This can be explained by: (i) the production of N2O through processes other than 

denitrification, and (ii) N2O production in the subsoil and the aquifer. 
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Under drier conditions, the major source of N2O emissions from soils is expected to be 

nitrification, while under wetter conditions, it is expected to be denitrification (Webster and 

Hopkins, 1996). The N2O emissions from all the FPZs during the August sampling, when soils 

exhibited the highest moisture content, were relatively high, and the spatial and temporal 

patterns of DEA and N2O efflux were rather similar which is consistent with other findings 

(Groffman and Tiedje, 1989; Schipper et al. 1993). This suggests that denitrification is a major 

source of N2O in our soils. On the other hand, a study by Kool et al. (2011) indicates that, below 

70% water-filled pore space, a major fraction of N2O originates from nitrification. Since this is 

the case in our topsoils most of the time (except during flooding, data not shown), we can 

assume that, at least in the topsoils, a major proportion of N2O is produced through nitrification. 

This is supported by Ambus (1998) who found that more than 60% N2O in riparian grasslands 

can be produced through nitrification. 

Nitrous oxide efflux from the soil surface is the net result of production, consumption and 

transport throughout the soil column (Davidson et al., 2000). Thus contributions by 

denitrification in deeper soil layers or groundwater, where redox conditions are optimum for 

denitrification, cannot be excluded. This could also explain the high N2O efflux rates in the low-

lying dynamic FPZs and in WILLOW FOREST, where the average water table is closer to the 

surface than in the other FPZs.  

3.4.3 Within-FPZ spatial variability of nitrogen pools, nitrogen transformations and N2O 

efflux 

Comparing different FPZs, the relative variability of nitrogen dynamics within the FPZs 

corresponded to the respective relative variability of soil physicochemical properties, 

environmental conditions and carbon dynamics (Samaritani et al. 2011), as Watts and Seitzinger 

(2000) also found. Comparing the results of the present study and the one of Samaritani et al. 

(2011) shows that the within-FPZ variability of nitrogen pools and transformation rates were 

higher than the one of carbon pools and fluxes. The particularly high variability in the low-lying 

dynamic FPZs (GRAVEL and GRASS) can be attributed to them being severely and frequently 

disturbed by flooding, with a comparatively long average inundation period. According to Pinay 

et al. (2002b), this can create variability in the biogeochemical patterns on a meter scale or 

smaller. What is also notable is the co-occurrence of hot spots and hot moments in both 

denitrification and nitrification in these two FPZs. The very high within-FPZ spatial variability 

of N2O emissions in all the FPZs is consistent with other studies (Hefting et al., 2006; Yanai et 

al., 2003), and can be related to the additional variability of conditions in the entire soil column 

and the aquifer below. 
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3.4.4 Controls of nitrogen transformations 

Soil nitrogen transformations are microbially driven and mainly controlled by soil moisture, 

which influences soil aeration and redox conditions and the availability of organic carbon and 

nitrogen substrate (Ponnamperuma, 1972, Jackson et al., 2008). The spatiotemporal variability 

of these factors is therefore expected to govern the variability of nitrogen transformations. 

However, GM correlated with neither SWC nor WEOC, which is consistent with Pinay et al. 

(2002a), who maintain that SWC plays only a minor role in mineralization as this process can 

occur under both aerobic and anaerobic conditions. The fact that GM values in the forest FPZs 

were lowest in August, when WEOC was almost double that found on the other sampling dates, 

can be explained by Chapin et al.’s (2002) finding that lower carbon limitation for microbial 

growth inhibits N mineralization. 

The PN rates were ten times higher than the GN rates, which suggest that, despite high 

extractable nitrate concentrations and locally high nitrate concentrations in soil solution (data 

not shown), nitrification is often limited in our study site. The strong correlation between PN 

and SWC indicates that the activity of nitrifiers is limited by low soil moisture (Stark and 

Firestone, 1995). This is supported by continuous in-situ measurements of volumetric water 

content (data not shown), which showed that plots in most FPZs are often below the optimum 

soil moisture required for nitrification, i.e. 60% water-filled pore space (Bollmann and Conrad, 

1998). Although no correlation between GN and GM or NH4
+

 was observed, ammonium may 

still be limiting because: (i) only a fraction of ammonium consumed is nitrified, while the rest is 

assimilated as organic nitrogen by soil microbes (Bengtsson et al., 2003), and (ii) extractable 

ammonium represents ions in soil solution plus the ammonium sorbed on the cation exchange 

complex. Thus the ammonium available for nitrification tends to be overestimated in this 

method (Robertson, 1989). 

The strong correlation between potential denitrification (DEA and DEAns) and both SWC and 

WEOC is in accordance with earlier findings that soil moisture and available organic carbon are 

major controlling factors for denitrification (Ambus, 1993; Hill and Cardaci, 2004). The 

correlation of potential denitrification with nitrification indicates that nitrate was limiting. 

However, DEA was only twice as high as DEAns, which suggests that substrate limitation was 

not severe.  

3.4.5 Zones of rapid nitrogen turnover and nitrogen removal 

The following arguments indicate that the study site was not nitrogen limited and generally had 

a fast nitrogen turnover: (i) the GN rates were often higher than the GM rates (Chapin et al., 

2002), (ii) denitrification was only weakly substrate limited, (iii) microbial C:N ratios were in 
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the lower range of bacterial C:N ratios (Martin, 1991), and (iv) extractable nitrate 

concentrations were high in the FPZs of the restored section, which is supported by local high 

nitrate concentrations in the soil solution (data not shown). 

Flooding that regularly replenishes the organic nitrogen pool is likely to be the main driver of 

the high nitrogen turnover. Considering all our data, nitrogen cycling appears to be particularly 

high in GRASS and WILLOW FOREST. In GRASS, this can be attributed to regular flooding, 

which makes the soil sufficiently moist for microbial processes most of the time (Pinay et al., 

2002a). In addition, it leads to regular inputs of available organic carbon that stimulate 

microbial activity (Pinay, 2000; Mentzer et al., 2006; Samaritani et al., 2011). In contrast, the 

fast nitrogen turnover in WILLOW FOREST can be explained mainly by the relatively fine soil 

texture, with some additional effects of flooding. The fine texture leads to anoxic conditions at a 

lower water content than in coarse textured soils (Bollmann and Conrad, 1998; Pinay et al., 

2002b), so that anaerobic microsites are formed even under unsaturated soil conditions. The 

existence of adjacent nitrification and denitrification microsites under such conditions facilitates 

coupled nitrification-denitrification, and thus increases nitrogen loss (Baldwin and Mitchell, 

2000).  

3.5 Conclusions 

The overall dependence of the nitrogen dynamics in our floodplain soils on both soil 

physicochemical properties and flood disturbance is in agreement with earlier findings (Clement 

et al., 2003; van den Heuvel et al., 2009) indicating a strong influence of landscape position. A 

comparison between the restored and channelized sections of the Thur River corridor suggests 

that the development of near-natural floodplains following river widening has drastically 

increased the nitrogen turnover and nitrogen removal. The specific properties of PASTURE, 

such as the presence of nitrogen fixers and extensive land use, may play a role. However, we 

argue that it is mainly the environmental heterogeneity, characteristic of the restored section, 

that favors nitrogen removal, as it creates locations with high sedimentation and nitrogen 

turnover, and hence permanent nitrogen removal through denitrification. This has a positive 

effect on groundwater quality, but the consequent occurrence of locally high emissions of N2O, 

a potent greenhouse gas, is a matter of concern. Furthermore, the hot spots of nitrate production, 

that also occur, are also worrying because there is a risk that temporarily and locally 

accumulated nitrate will leach into the groundwater during flooding.  

 



 

     Soil nitrogen dynamics             59 

  

Acknowledgments 

This research was funded by the ETH Competence Centre of Environment and Sustainability 

(CCES), with additional funding from WSL. We thank the team members of the RECORD 

project for valuable collaboration, help and input to various parts of this study, as well as the 

technicians of the WSL Research Unit “Forest Soils and Biogeochemistry” and of the central 

analytical laboratory at WSL for providing technical help for successful completion of the 

analyses. Credit for the aerial photo (Figure 2) goes to Canton Thurgau. Very special thanks go 

to Mr. Nicola Pasquale, Institute of Environmental Engineering, ETHZ, for providing the 

hydrological data and maps. We also would also like to thank Dr. Astrid Oberson, Institute of 

Agricultural Sciences, ETHZ, for providing guidance on the isotopic dilution method. Finally 

we acknowledge the correction of the English language by Silvia Dingwall. 

References 

Ambus, P. 1993. Control of denitrification enzyme-activity in a streamside soil. Fems Microbiology 
Ecology 102:225-234. 

Ambus, P. 1998. Nitrous oxide production by denitrification and nitrification in temperate forest, 
grassland and agricultural soils. European Journal of Soil Science 49:495-502. 

Baldwin, D.S., and A.M. Mitchell. 2000. The effects of drying and re-flooding on the sediment and soil 
nutrient dynamics of lowland river-floodplain systems: A synthesis. Regulated Rivers-Research & 
Management 16:457-467. 

Beck, T., R.G. Joergensen, E. Kandeler, F. Makeschin, E. Nuss, H.R. Oberholzer, and S. Scheu. 1997. An 
inter-laboratory comparison of ten different ways of measuring soil microbial biomass C. Soil Biology 
& Biochemistry 29:1023-1032. 

Bengtsson, G., P. Bengtson, and K.F. Mansson. 2003. Gross nitrogen mineralization-, immobilization-, 
and nitrification rates as a function of soil C/N ratio and microbial activity. Soil Biology & 
Biochemistry 35:143-154. 

Bollmann, A., and R. Conrad. 1998. Influence of O2 availability on NO and N2O release by nitrification 
and denitrification in soils. Global Change Biology 4:387-396. 

Brookes, P.C., A. Landman, G. Pruden, and D.S. Jenkinson. 1985. Chloroform fumigation and the release 
of soil nitrogen: A rapid direct extraction method to measure microbial biomass nitrogen in soil. Soil 
Biology and Biochemistry 17:837-842. 

Brunet, R.C., G. Pinay, F. Gazelle, and L. Roques. 1994. Role of the floodplain and riparian zone in 
suspended matter and nitrogen-retention in the Adour River, South-West France. Regulated Rivers-
Research & Management 9:55-63. 

Chapin, F.S. III, P.A. Matson, and H.A. Mooney. 2002. Principles of terrestrial ecosystem ecology 
Springer-Verlag New York Inc.; Springer-Verlag GmbH and Co. KG. 

Clement, J.C., G. Pinay, and P. Marmonier. 2002. Seasonal dynamics of denitrification along 
topohydrosequences in three different riparian wetlands. Journal of Environmental Quality 31:1025-
1037. 

Clement, J.C., R.M. Holmes, B.J. Peterson, and G. Pinay. 2003. Isotopic investigation of denitrification in 
a riparian ecosystem in western France. Journal of Applied Ecology 40:1035-1048. 

 



  

60             Chapter 3 

Davidson, E.A., S.C. Hart, C.A. Shanks, and M.K. Firestone. 1991. Measuring gross nitrogen 
mineralization, immobilization, and nitrification by 15N isotopic pool dilution in intact soil cores. 
Journal of Soil Science 42:335-349. 

Davidson, E.A., M. Keller, H.E. Erickson, L.V. Verchot, and E. Veldkamp. 2000. Testing a conceptual 
model of soil emissions of nitrous and nitric oxides. Bioscience 50:667-680. 

Dhondt, K., P. Boeckx, O. Van Cleemput, and G. Hofman. 2004. Temporal and spatial denitrification 
patterns in nitrate retention by three riparian buffer zones. Wageningen Academic Publishers, 
Wageningen. 

Embacher, A., A. Zsolnay, A. Gattinger, and J.C. Munch. 2007. The dynamics of water extractable 
organic matter (WEOM) in common arable topsoils: I. Quantity, quality and function over a three 
year period. Geoderma 139:11-22. 

Groffman, P.M., and J.M. Tiedje. 1989. Denitrification in north temperate forest soils – Spatial and 
temporal patterns at the landscape and seasonal scales. Soil Biology & Biochemistry 21:613-620. 

Groffman, P.M., A.J. Gold, and R.C. Simmons. 1992. Nitrate dynamics in riparian forests – Microbial 
studies. Journal of Environmental Quality 21:666-671. 

Hart, S.C., J.M. Stark, E.A. Davidson, and M.K. Firestone. 1994. Nitrogen mineralisation, immobilisation 
and nitrification, In R. W. Weaver, et al., eds. Methods of Soil Analysis, Part 2. Microbilological and 
Biochemical Properties-SSSA, Vol. Part 2., Madison, WI, USA. 

Hefting, M., J.C. Clement, D. Dowrick, A.C. Cosandey, S. Bernal, C. Cimpian, A. Tatur, T.P. Burt, and 
G. Pinay. 2004. Water table elevation controls on soil nitrogen cycling in riparian wetlands along a 
European climatic gradient. Biogeochemistry 67:113-134. 

Hefting, M.M., J.C. Clement, P. Bienkowski, D. Dowrick, C. Guenat, A. Butturini, S. Topa, G. Pinay, 
and J.T.A. Verhoeven. 2005. The role of vegetation and litter in the nitrogen dynamics of riparian 
buffer zones in Europe. Ecological Engineering 24:465-482. 

Hefting, M.M., R. Bobbink, and M.P. Janssens. 2006. Spatial variation in denitrification and N2O 
emission in relation to nitrate removal efficiency in a N-stressed riparian buffer zone. Ecosystems 
9:550-563. 

Hernandez, M.E., and W.J. Mitsch. 2007. Denitrification in created riverine wetlands: Influence of 
hydrology and season. Ecological Engineering 30:78-88. 

Hill, A.R., K.J. Devito, S. Campagnolo, and K. Sanmugadas. 2000. Subsurface denitrification in a forest 
riparian zone: Interactions between hydrology and supplies of nitrate and organic carbon. 
Biogeochemistry 51:193-223. 

Hill, A.R., and M. Cardaci. 2004. Denitrification and organic carbon availability in riparian wetland soils 
and subsurface sediments. Soil Science Society of America Journal 68:320-325. 

Jackson, L.E., M. Burger, and T.R. Cavagnaro. 2008. Roots nitrogen transformations, and ecosystem 
services. Annual Review of Plant Biology 59:341-363. 

Johnston, C.A., S.D. Bridgham, and J.P. Schubauer-Berigan. 2001. Nutrient dynamics in relation to 
geomorphology of riverine wetlands. Soil Science Society of America Journal 65:557-577. 

Keddy, P.A. 2000. Wetland ecology: Principles and conservation. Cambridge University Press, 
Cambridge, UK. 

Kirkham, D., and W.V. Bartholomew. 1954. Equations for following nutrient transformations in soil, 
utilizing tracer data. Soil Science Society of America Journal 18:33-34. 

Kjehldahl, J.Z. 1883. A new method for the determination of nitrogen in organic bodies. Analytical 
Chemistry 22:366. 

Kool, D.M., J. Dolfing, N. Wrage, and J.W. Van Groenigen. 2011. Nitrifier denitrification as a distinct 
and significant source of nitrous oxide from soil. Soil Biology & Biochemistry 43:174-178. 

 



 

     Soil nitrogen dynamics             61 

  

Luxhoi, J., S. Recous, I.R.P. Fillery, D.V. Murphy, and L.S. Jensen. 2005. Comparison of NH4
+-15N-pool 

dilution techniques to measure gross N fluxes in a coarse textured soil. Soil Biology & Biochemistry 
37:569-572. 

Luxhoi, J., I.R.P. Fillery, D.V. Murphy, S. Bruun, L.S. Jensen, and S. Recous. 2008. Distribution and 
controls on gross N mineralization-immobilization-turnover in soil subjected to zero tillage. European 
Journal of Soil Science 59:190-197. 

Martin, A. 1991. Introduction to Soil Microbiology. Second ed. Krieger Publishing Company, Florida. 

Mentzer, J.L., R.M. Goodman, and T.C. Balser. 2006. Microbial response over time to hydrologic and 
fertilization treatments in a simulated wet prairie. Plant and Soil 284:85-100. 

Naiman, R.J., and H. Decamps. 1997. The ecology of interfaces: Riparian zones. Annual Review of 
Ecology and Systematics 28:621-658. 

Naiman, R.J., J.S. Bechtold, D.C. Drake, J.J. Latterell, T.C. O'Keefe, and E.V. Balian. 2005. Origins, 
patterns, and importance of heterogeneity in riparian systems. Springer, New York. 

Navone, R. 1964. Proposed method for nitrate in potable waters. Journal of the American Water Works 
Association 56:781-783. 

Noe, G.B., and C.R. Hupp. 2005. Carbon, nitrogen, and phosphorus accumulation in floodplains of 
Atlantic Coastal Plain rivers, USA. Ecological Applications 15:1178-1190. 

Olde Venterink, H., J.E. Vermaat, M. Pronk, F. Wiegman, G.E.M. van der Lee, M.W. van den Hoorn, L. 
Higler, and J.T.A. Verhoeven. 2006. Importance of sediment deposition and denitrification for 
nutrient retention in floodplain wetlands. Applied Vegetation Science 9:163-174. 

Patra, A.K., L. Abbadie, A. Clays-Josserand, V. Degrange, S.J. Grayston, P. Loiseau, F. Louault, S. 
Mahmood, S. Nazaret, L. Philippot, E. Poly, J.I. Prosser, A. Richaume, and X. Le Roux. 2005. Effects 
of grazing on microbial functional groups involved in soil N dynamics. Ecological Monographs 
75:65-80. 

Pinay, G., A. Fabre, P. Vervier, and F. Gazelle. 1992. Control of carbon nitrogen phosphorus distribution 
in soils of riparian forests. Landscape Ecology 6:121-132. 

Pinay, G., C. Ruffinoni, and A. Fabre. 1995. Nitrogen cycling in two riparian forest soils under different 
geomorphic conditions. Biogeochemistry 30:9-29. 

Pinay, G., V.J. Black, A.M. Planty-Tabacchi, B. Gumiero, and H. Decamps. 2000. Geomorphic control of 
denitrification in large river floodplain soils. Biogeochemistry 50:163-182. 

Pinay, G., J.C. Clement, and R.J. Naiman. 2002a. Basic principles and ecological consequences of 
changing water regimes on nitrogen cycling in fluvial systems. Environmental Management 30:481-
491. 

Pinay, G., H. Decamps, and R.J. Naiman. 2002b. The spiralling concept and nitrogen cycling in large 
river floodplain soils, p. 3967-3968, In W. D. Williams, ed. International Association of Theoretical 
and Applied Limnology, Vol 27, Pt 7, Proceedings, Vol. 27. 

Ponnamperuma, F.N. 1972. The chemistry of submerged soils. Advances in Agronomy 24:29-96. 

Robertson, G.P. 1989. Nitrification and denitrification in humid tropical ecosystems: Potential controls on 
nitrogen retention, p. 55-69, In J. Proctor, ed. Mineral Nutrients in Tropical Forest and Savanna 
Ecosystems. Blackwell Science, Oxford, UK. 

Ruckauf, U., J. Augustin, R. Russow, and W. Merbach. 2004. Nitrate removal from drained and reflooded 
fen soils affected by soil N transformation processes and plant uptake. Soil Biology & Biochemistry 
36:77-90. 

Samaritani, E., J. Shrestha, B. Fournier, N. Pasquale, E. Frossard, F. Gillet, C. Guenat, P.A. Niklaus, K. 
Tockner, E.A.D. Mitchell, and J. Luster. 2011. Heterogeneity of soil carbon pools and fluxes in a 
channelized and a restored floodplain section (Thur River, Switzerland). Hydrology and Earth System 
Sciences 15:1729-1769. 



  

62             Chapter 3 

Schipper, L.A., A.B. Cooper, C.G. Harfoot, and W.J. Dyck. 1993. Regulators of denitrification in an 
organic riparian soil. Soil Biology & Biochemistry 25:925-933. 

Schleppi, P., I. Bucher-Wallin, M. Saurer, M. Jaggi, and W. Landolt. 2006. Citric acid traps to replace 
sulphuric acid in the ammonia diffusion of dilute water samples for 15N analysis. Rapid 
Communications in Mass Spectrometry 20:629-634. 

Smith, M.S., and J.M. Tiedje. 1979. Phases of denitrification following oxygen depletion in soil. Soil 
Biology & Biochemistry 11:261-267. 

Stark, J.M., and M.K. Firestone. 1995. Mechanisms for soil-moisture effects on activity of nitrifying 
bacteria. Applied and Environmental Microbiology 61:218-221. 

Stoeckel, D.M., and M.S. Miller-Goodman. 2001. Seasonal nutrient dynamics of forested floodplain soil 
influenced by microtopography and depth. Soil Science Society of America Journal 65:922-931. 

Thorp, J.H., M.C. Thoms, and M.D. Delong. 2006. The riverine ecosystem synthesis: Biocomplexity in 
river networks across space and time. River Research and Applications 22:123-147. 

Tockner, K., and J.A. Stanford. 2002. Riverine flood plains: Present state and future trends. 
Environmental Conservation 29:308-330. 

van den Heuvel, R.N., M.M. Hefting, N.C.G. Tan, M.S.M. Jetten, and J.T.A. Verhoeven. 2009. N2O 
emission hotspots at different spatial scales and governing factors for small scale hotspots. Science of 
the Total Environment 407:2325-2332. 

Ward, J.V., K. Tockner, D.B. Arscott, and C. Claret. 2002. Riverine landscape diversity. Freshwater 
Biology 47:517-539. 

Watts, S.H., and S.P. Seitzinger. 2000. Denitrification rates in organic and mineral soils from riparian 
sites: a comparison of N2 flux and acetylene inhibition methods. Soil Biology & Biochemistry 
32:1383-1392. 

Webster, E.A., and D.W. Hopkins. 1996. Contributions from different microbial processes to N2O 
emission from soil under different moisture regimes. Biology and Fertility of Soils 22:331-335. 

Yanai, J., T. Sawamoto, T. Oe, K. Kusa, K. Yamakawa, K. Sakamoto, T. Naganawa, K. Inubushi, R. 
Hatano, and T. Kosaki. 2003. Spatial variability of nitrous oxide emissions and their soil-related 
determining factors in an agricultural field. Journal of Environmental Quality 32:1965-1977. 

 



  

63 

Chapter 4 
 

Effects of flood pulses on nitrogen in floodplain soils of 

a dynamic river 
 

 

 

 

 

J. Shrestha1,4, P.A. Niklaus2, N. Pasquale3, B. Huber1, R.L. Barnard4, E. Frossard5, P. Schleppi1, 

K. Tockner6, J. Luster1 

 

1 Swiss Federal Institute for Forest, Snow, and Landscape Research, Zürcherstrasse 111, CH-8903 Birmensdorf, 

Switzerland  
2 Institute of Evolutionary Biology and Environmental Studies, University of Zurich, Winterthurerstrasse 190, CH-

8057 Zurich, Switzerland 
3 Institute of Environmental Engineering ETH Zurich, Schaffmattstrasse 6, CH-8093, Switzerland  
4 Institute of Agricultural Sciences ETH Zurich, Universitätstrasse 2, CH-8092 Zurich, Switzerland 
5 Institute of Agricultural Sciences ETH Zurich, Eschikon 33, CH-8092 Zurich, Switzerland 
6 Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB), and Institute of Biology, Freie Universität 

Berlin, Müggelseedamm 310, D-12587, Berlin, Germany 

 



  

64              Chapter 4  

Abstract 

Flood pulses are one of the major disturbances in a floodplain system. They strongly influence 

the pathways of nitrogen cycling by inducing changes in physical, chemical and microbial 

properties of the floodplain soils. We carried out a study in the Thur River floodplain (NE 

Switzerland) to determine the spatial variability in the temporal pattern of soil nitrogen 

transformations along a lateral gradient from the river to a mature alluvial forest. Selected 

nitrogen pools (ammonium and nitrate) and nitrogen transformations (mineralization, 

nitrification and denitrification) in the topsoils were frequently measured for a period of six 

months. During this period, the floodplain was affected by two floods of different magnitude. 

Our results show a clear spatial difference in temporal patterns of nitrogen pools and 

transformations. Although all the measured nitrogen transformations were affected by the 

flooding disturbance, there were significant differences in magnitude, duration and temporal 

progression among them. The main findings of the study were (i) changes associated with 

flooding such as soil moisture increase, sediment deposition and mobilization of organic matter 

resulted in an increased mineralization rate, (ii) nitrification was reduced immediately after the 

floodings, but was strongly stimulated during drying of the soil and (iii) control factors for 

denitrification were optimum immediately after a flood resulting in an instant increase in 

potential denitrification. Overall, our results indicate that floodplain zones characterized by 

strong flood disturbances are “hot spots” and flood events are “hot moments” of nitrogen 

transformations in a floodplain system. 
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4.1 Introduction 

Flood pulsing, the periodic change between flooding and dry condition as a result of 

fluctuations in river water discharge, is the main driving force that maintains river-floodplain 

systems in a dynamic equilibrium state (Junk and Wantzen, 2003). The importance of 

disturbance from regular flooding in a river-floodplain system has led to the “flood pulse 

concept”. This flood pulse concept focuses on the lateral exchange of water, materials and 

organisms between a river channel and a floodplain and its impact on the nutrient cycling within 

a floodplain (Junk et al., 1989). The lateral gradient in the flood pulse frequency and intensity 

from river to high-lying area contributes to spatial heterogeneity of riverine floodplains. 

Furthermore, the pulsing of hydrological connectivity between a river and its floodplain leads to 

temporal variation in the functioning of a floodplain ecosystem (Amoros and Bornette, 2002). 

Flood pulsing has critical effects on the biogeochemical functioning of a floodplain especially 

on its nitrogen buffering capacity (Groffman et al., 2009). Pinay et al. (2002) pointed out floods 

as natural events that strongly influence pathways of nitrogen cycling. Soil flooding and 

subsequent drying create variable soil moisture conditions and this affects the redox sensitive 

nitrogen transformations by influencing soil microbial community structure and function 

(Baldwin and Mitchell, 2000; Wilson et al., 2011). There are numerous studies on the effects of 

flooding on the denitrification capacity of soils (Mitsch et al., 2008) but only few studies have 

addressed the effects of flooding on other microbial nitrogen transformations (Klingensmith and 

Vancleve, 1993; Delaune et al., 1998). Furthermore, little is known on the effects of temporal 

progression of soil moisture and other environmental conditions after a flood event on the 

nitrogen transformations (Dendooven et al., 1996; Baldwin and Mitchell, 2000).  

The present study was carried out in the Thur River floodplain, Switzerland, where flood pulses 

are characterized by short inundations (less than one week) and longer periods with unsaturated 

soils (Samaritani et al., 2011). We selected three functional process zones (FPZs; for definition 

see below) that differ in the degree of flood disturbance, sedimentation conditions and overall 

nitrogen turnover rate (Chapter 3), and carried out a temporally highly-resolved monitoring of 

nitrogen pools and transformation rates characterizing nitrogen mineralization, nitrification and 

denitrification. The objectives were (i) to document the concurrent short-term changes in 

environmental conditions, carbon availability, and nitrogen pools and transformations, (ii) to 

determine spatial variability in the temporal pattern of nitrogen transformations and (iii) explain 

the spatial variability in terms of magnitude and temporal pattern of environmental conditions 

and organic carbon availability. We particularly wanted to assess the effects of flooding which 
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are linked to temporary anaerobic conditions and deposition of fresh alluvial sediments. We 

hypothesized that flooding initially stimulates nitrogen loss from the soils by a transient input of 

available carbon and by initiating concurrent favorable conditions for denitrification, and 

subsequently stimulates nitrification with receding floodwater because of increasing aeration 

and higher ammonium availability from the rapid mineralization of freshly deposited sediments. 

4.2 Study site 

The study was carried out at the main study site of the interdisciplinary project RECORD 

(Restored Corridor Dynamics) in the Thur River corridor at Niederneunforn (NE Switzerland, 

8°77’12” E; 47°59’10” N). During the study period, the mean annual precipitation was 908 mm 

and the average monthly temperature ranged from 0.9 °C in January to 19.0 °C in July 

(Meteoswiss, https://gate.meteoswiss.ch/idaweb). Due to the absence of a reservoir or natural 

lake there is a high fluctuation in river discharge of 2 to 1130 m3 s-1 with an average of 50 m3 s-1 

(Federal office for the environment, recording period 1904–2005: 

http://www.hydrodaten.admin.ch/d/2044.htm).  

Large sections of the Thur River were channelized in the 1890s to protect the valley against 

flooding. Since 1993 several river sections have been restored, among these is a 2 km long 

stretch at the study site. Widening of the river has allowed the formation of gravel bars and 

lowering of the levees has increased the hydrological connectivity between the main channel 

and alluvial forest, and as a consequence, a dynamic quasi-successional gradient has developed 

(Samaritani et al., 2011).  

Fluctuations in discharge have induced a pulsed flood system with major flood events occurring 

mainly during snowmelt in spring, and during heavy rainfall events in summer and autumn. 

Spring floods are normally of a longer duration but lower intensity while summer floods are 

flash floods with higher intensity. By increasing the hydrological connectivity between the river 

channel and the riparian zone, the recent restoration activities have increased the flooding 

frequency and duration in the restored section of the floodplain.  

The study was carried out in three functional process zones (FPZs): GRASS, WILLOW BUSH 

and MIXED FOREST, in the restored section of the floodplain (Figure 1). These FPZs are 

distinct hydrogeomorphic patches along the lateral gradient from the Thur River to an alluvial 

forest (Thorp et al., 2006; Samaritani et al., 2011).  They were classified according to their 

vegetation, distance from the river and topography. A detailed description on the characteristics 

of the FPZs is given in Samaritani et al. (2011). Spatiotemporal variation in the inundation of 
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FPZs is a function of river discharge and topography (Figure 2). In general, GRASS, which is 

nearest to the river and at a lower altitude, is inundated more frequently and for a longer time. 

MIXED FOREST, farthest from the river and at a higher altitude, gets least flooded and for a 

shorter duration. WILLOW BUSH lies in the levee and has more than 0.5 m altitudinal increase 

within the FPZ which means that the lower part gets flooded at much lower discharge level than 

the higher part. Within each FPZ, four plots of eight-meter diameter were selected for soil 

sampling. 

  

 

Figure 1: Aerial view of the study site near Niederneunforn, NE Switzerland showing the sampling 
plots in the three functional process zones (FPZs) (Photo: July, 2008). 
 

4.3 Methods 

4.3.1 Sampling strategy 

The sampling period of April to October 2009 was chosen to gain an overview of nitrogen 

transformations during a vegetation period and to include possible summer flash floods. 

Sampling frequency during this period was planned based on predicted river discharge and on 

the occurrence of major flood events (Figure 3): fortnightly from April to June, monthly in 

September and October, and at a higher frequency after flood events i.e. 2 days, 4 days, 1 week 

and 2 weeks after the July flood (maximum river discharge = 748 m3 s-1) and 2 days and 2 

weeks after the June flood (maximum river discharge = 335 m3 s-1). The whole study area was 

inundated during the July flood event whereas only GRASS and the lower part of WILLOW 

BUSH were inundated in the June flood event.  
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Figure 2: Inundation map showing Thur River flow path at the study site at different river 
discharge levels (50, 200, 280, 400, 650 and 760 m3 s-1). 
 

4.3.2 Inundation maps 

Inundation maps of the study site at different discharge levels were prepared using the 2-D 

hydrodynamic model BASEMENT (Pasquale et al., 2011) developed at ETH Zurich, which is 

based on the finite volume scheme (www.basement.ethz.ch). Maps showing river water level 

and flow directions were produced by overlapping the current topography with the 2-D model 

outputs. These maps provide information about the inundation of different sampling plots at 

various discharge levels.  
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Figure 3: Hydrograph of Thur River showing daily maximum river discharge during the study 
period (April to October 2009). The sampling dates are marked as grey triangles. 
 

4.3.3 Soil sampling 

In each plot, three soil cores (6.5 cm diameter, 10 cm deep) were collected and pooled. In 

WILLOW BUSH, soil samples were taken from the bottom, middle and top of the levee for 

representative sampling. Half of the field moist soil was sieved (4 mm mesh) and stored at 4 °C 

while the other half was dried (40 °C, 48 hours) and then sieved (2 mm mesh). 

4.3.4 Soil environmental conditions 

Soil temperature (T) was measured with a hand-held thermometer at the time of sampling. 

Gravimetric soil water content (SWC) was determined as weight loss upon drying of 20 g fresh 

soil at 105 °C for 24 hours.  

4.3.5 Water extractable organic carbon 

Water extractable organic carbon (WEOC) was extracted from dried soils with 10 mM CaCl2 at 

a soil:extractant ratio of 1:2 for 10 minutes on an end-over-end shaker (Embacher et al., 2007). 

The soil slurry was then centrifuged for 10 minutes at 1335 g and filtered through a 0.45 µm 

membrane filter (ME 25, Whatman, Maidstone, England). The filtered extract was measured for 

non-purgeable organic C using a TOC analyzer (Formacs HT, Skalar Analytical, Breda, The 

Netherlands).  
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4.3.6 Inorganic nitrogen pools 

Ammonium and nitrate were measured in extracts prepared from fresh soil using 1 M KCl (soil 

to extractant ratio of 1:4) on an end-over-end shaker for 1.5 hours and filtered (0790½, 

Whatman Schleicher&Schuell, Dassel, Germany). Ammonium in the extracts was measured by 

flow injection analysis (alkalinization of the sample followed by diffusion of NH3 into a 

receiver stream and colorimetric detection; Perkin Elmer UV/ VIS Spectrometer Lambda 2S, 

Autosampler AS 90, FIAS 300, USA). Nitrate was measured colorimetrically at 210 nm (Varian 

Cary 50, USA) as a difference in absorbance between non-reduced and reduced (using H2SO4 

and copperized zinc) extracts (Navone, 1964). 

4.3.7 Nitrogen transformations 

Gross and potential nitrogen transformations rates were measured on sieved and homogenized 

fresh soil samples in the laboratory. This method was preferred to the incubations of soil cores 

for two reasons. Firstly, the high sand content precluded setting up incubations of soil cores in 

GRASS and WILLOW BUSH as cores fell apart when soil was too dry. Secondly, with our 

method it was possible to determine different parameters on the same soil sample allowing 

direct comparison of different nitrogen pools, nitrogen transformation rates and soil properties. 

However, homogenization of soil samples can lead to artifacts (Luxhoi et al., 2005) and thus the 

measured rates have to be considered as potential rather than actual rates and this also limits the 

comparability with other studies. Nevertheless, within our study, the results allowed to compare 

different FPZs and sampling times.  

Gross mineralisation (GM) 

Gross mineralization was measured by 15N isotope dilution (Davidson et al., 1991; Luxhoi et al., 

2008). Fresh soil, equivalent to 100 g dry matter, was thinly spread on a tray and sprayed with 1 

ml of 0.02 µmol L-1 NH4Cl (99.5 atom% 15N). The samples were thoroughly mixed, transferred 

into a glass container, covered with perforated parafilm and incubated at the average soil 

temperature measured during the samplings. Aliquots of 20 g soil were taken after 2 and 26 

hours of incubation, and then extracted and analyzed for ammonium as described above. 15N-

NH4
+ in the extracts was determined using the ammonia diffusion technique (Davidson et al., 

1991; Schleppi et al., 2006). An aliquot of extract containing approx. 40 µg of N-NH4
+ was 

transferred into a PE bottle. A calcinated (6 hours at 450 °C) and acidified (30 µl of 2 M citric 

acid) glass microfiber filter (GF/F 25 mm, Whatman) of 5 x 12 mm, wrapped in PTFE band, 

was added along with MgO (1.5 mg L-1 of extract). The tightly closed bottle was gently shaken 

on a horizontal shaker for 5 days. The filter paper was taken out, dried in a desiccator over 
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concentrated H2SO4, unwrapped, packed into a tin capsule and analyzed for the 15N/14N ratio 

with an elemental analyzer (Euro EA 3000, Hekatech GmbH, Germany), coupled with an 

isotope ratio mass spectrometer (Delta V Advantage, Thermo, Germany). 

GM was calculated following Kirkham and Bartholomew (1954) as:  

GM =
M0 -M1
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      (1) 

where GM = gross mineralization rate per unit mass of soil per unit time, 

  M0 = total NH4
+ (tracer + non-tracer) per unit mass of soil at 2 hours   

  H0 = 15NH4
+ from tracer per unit mass of soil at 2 hours  

  M1 = total NH4
+ (tracer + non-tracer) per unit mass of soil at 26 hours 

  H1 = 15NH4
+ from tracer per unit mass of soil at 26 hours 

   t = time between 2 hours and 26 hours  

Gross nitrification 

The incubation and extractions for GN were carried out as described for GM, except the soil 

samples were incubated with KNO3 (99.5 atom% 15N).  Nitrate in the extracts was measured as 

described above. The 15N/14N ratio of nitrate was also analyzed using the ammonia diffusion 

technique (Davidson et al., 1991; Schleppi et al., 2006). However, in the first step, only MgO 

was added and the extracts were shaken for 5 days without closing the lid. After removing all 

NH4
+ as NH3, microfiber filter paper (treated as described above) and 0.5 g Devarda’s alloy 

were added, the lids tightly closed and the extracts shaken for another 5 days. Nitrate reduced to 

ammonium and then transformed to ammonia was trapped on the acidic filter paper. The filter 

paper was taken out, processed and measured for 15N/14N as described for GM. GN was 

calculated as GM, substituting NO3
- for NH4

+.  

Potential nitrification (PN) 

Potential nitrification of the soil samples was measured using the shaken soil slurry method 

(Hart et al., 1994). Fresh soil samples were suspended in a 1 mM phosphate buffer (K2HPO4 

and KH2PO4, adjusted to pH 7.2 by adding NaOH) at a 1:9 soil to solution ratio. Ammonium 

sulphate at 140 mg N-NH4
+ per kg soil was added and the slurry incubated at 25 °C on an 

orbital shaker at 2.5 Hz. Aliquots of 10 ml each were taken after 1, 4, 6 and 22 hours. The 

aliquots were immediately mixed with 2.5 M KCl at a 1:1.5 ratio to stop nitrification, 
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centrifuged for 3 minutes at 854 g, filtered (0790½, Whatman Schleicher&Schuell, Dassel, 

Germany) and analyzed for nitrate. Potential nitrification was calculated as the slope of linear 

regression of nitrate concentrations vs. time. 

Potential denitrification 

Denitrifying enzyme activity (DEA) in the soil samples was measured using the short period 

acetylene inhibition assay (Smith and Tiedje, 1979; Patra et al., 2005). Fresh soil samples 

equivalent to 5 g dry soil were placed in 150 ml plasma flasks and an aqueous solution 

containing 12.5 mg glucose, 14.1 mg sodium glutamate and 7.2 mg KNO3 was added. The flask 

was evacuated and the headspace was replaced with 9:1 (v/v) helium: acetylene mixture, and 

incubated at 26 °C. During incubation, 3 ml aliquots of gas samples were taken from the 

overhead space of the flask at 1, 1.5 and 2 hours. Nitrous oxide concentrations in the gas 

samples were measured using a gas chromatograph with electron-capture detector (Agilent 

6890, Santa Clara, USA). Denitrifying enzyme activity without substrate addition (DEAns) was 

determined as DEA, but without adding C and N substrates. Comparing DEA with DEAns 

provides indications about the substrate limitations for denitrification. 

4.3.8 Data analysis 

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 2011). In the models, 

interactive effects of time and FPZ (time, FPZ and time × FPZ) were tested. The covariates 

were tested using plots as random effect and soil physicochemical properties, inorganic nitrogen 

pools and microbial nitrogen transformations as the fixed effects. When P < 0.05 then the effect 

was considered to be significant.  

4.4 Results 

4.4.1 Soil environmental conditions 

Soil temperature followed a typical seasonal trend and was between 10 and 20 °C during the 

sampling period (Figure 4). From June to August temperature varied only little within ±2 °C 

with time exerting a significant effect. Differences between the FPZs were significant in both 

magnitude and temporal pattern (P < 0.01 for time, FPZ and time × FPZ; Table 1).  

Floods and long dry periods were clearly reflected in SWC with wetter soils after inundation 

and drier soils for a long period after August (Figure 4). The spatial variability in SWC within 

GRASS, where flooding intensity is highest, was higher than in the high-lying MIXED 
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FOREST. Overall, time effects on SWC and differences between the FPZs in the temporal 

pattern of SWC were significant (P < 0.01 for both).  

Water extractable organic carbon (WEOC) of the soils increased after floodings with a stronger 

increase in WILLOW BUSH and MIXED FOREST than in GRASS. Overall time effects on 

WEOC and differences between the FPZs in the temporal pattern of WEOC were significant (P 

< 0.01 for both). 

 

 
Figure 4: Soil properties (temperature, soil water content SWC and water extractable organic 
carbon WEOC) in the topsoil of the three functional process zones during the sampling period of 
April to October 2009 (n = 4). 
 

4.4.2 Inorganic nitrogen pools 

Differences in extractable ammonium content among the sampling times were significant (P < 

0.05) but not the differences among the FPZs (Table 1). However, the temporal patterns in 

ammonium in the various FPZs differed significantly (P < 0.05). Variability in extractable 
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ammonium can be mostly explained by SWC followed by microbial ammonium production 

(GM) and consumption (GN) (P < 0.01).  

Extractable nitrate pool was larger and more variable than extractable ammonium in all the 

FPZs (Figure 5). The time effect on extractable nitrate was significant (P < 0.05) while neither 

magnitude nor temporal pattern of nitrate differed significantly among the FPZs. Noteworthy is 

a marked drop in extractable nitrate content in GRASS immediately after the July flood. The 

variability in extractable nitrate can be mainly explained by microbial nitrate production (GN) 

and consumption (DEA) (P < 0.05).  

For both ammonium and nitrate, the time effect was still significant even after taking the afore-

mentioned covariates into consideration.  

 
Table 1: Results of linear effect model showing the interaction of time and functional process zone 
(FPZ). The explaining factors (temperature T, soil water content SWC, water extractable organic 
carbon WEOC, ammonium NH4

+, nitrate NO3
-, gross mineralisation GM, gross nitrification GN, 

potential nitrification PN, denitrifying enzyme activity DEA and denitrifying enzyme activity 
without substrate DEAns) are the covariates fitted to the linear mixed models fitted by maximum 
livelihood and are present with decreasing variance explained. 

 

 

4.4.3 Nitrogen transformations 

The gross mineralization (GM) rate in the soils exhibited significant effects of time, FPZ and 

time × FPZ (P < 0.01) (Table 1). Temporal variability was particularly high in GRASS with 

significantly higher rates after the floodings (Figure 5). The variability in soil GM rates can be 

explained to a large extent by SWC (P < 0.01), but the time effect was still significant after 

taking SWC in consideration.  

time FPZ FPZ x time Explaining factors

T ** ** **

SWC ** ns **

WEOC ** ns **

NH4
+ ** ns ** SWC > GM > GN > WEOC

NO3
- ** ns ns GN > DEA

GM ** ** ** SWC

GN ** ** ns NH4
+

PN ns ns ns

DEA ** ns ns SWC > WEOC > NH4
+

DEAns ** ns ** DEA > GN

N transformations

Soil 

physicochemical 

properties

N pools
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Figure 5: Inorganic nitrogen pools (extractable ammonium NH4
+ and nitrate NO3

-) and nitrogen 
transformation rates (gross mineralization GM, gross nitrification GN and Denitrifying enzyme 
activity DEA and Denitrifying enzyme activity without substrate DEAns) in the topsoil of the three 
functional process zones during the sampling period of April to October 2009 (n = 4). 
 

Gross nitrification (GN) rates in the soils differed significantly among sampling times and FPZs 

(P < 0.01 for time and P < 0.05 for FPZ), however, the temporal patterns of GN in the various 

FPZs were similar. The variability in GN rates can be explained by the variability in extractable 

ammonium content (P < 0.05). Noteworthy is a decrease in GN immediately after the July flood 
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in GRASS and MIXED FOREST followed by a strong increase with the drying of the soils. The 

potential nitrification (PN) in the soils did not significantly differ among sampling times and nor 

among FPZs. Nevertheless, soils in WILLOW BUSH consistently exhibited lower mean values 

of PN than other FPZs. Means and standard deviations of PN rates were 42.7 ± 24.2 mg N-NO3
- 

kg-1 day-1, 27.1 ± 11.7 mg N-NO3
- kg-1 day-1 and 38.8 ± 11.5 mg N-NO3

- kg-1 day-1 for GRASS, 

WILLOW BUSH and MIXED FOREST, respectively. 

Both DEA and DEAns in the soils were significantly affected by time (P < 0.01). For DEAns the 

temporal patterns in the various FPZs were also different (P < 0.01). Although there were no 

significant difference among the FPZs in DEA, the mean values after the floods were higher in 

GRASS than in other FPZs. Covariance analysis shows that the variance in DEA can mainly be 

explained by SWC followed by WEOC and ammonium, however, even after considering these 

factors time influence was still significant. The variability in DEAns was explained to a large 

extent by the variability in DEA and GN.  

Considering all nitrogen transformations, flooding temporarily increased the variability of 

transformation rates within the FPZs creating hotspots, particularly in GRASS, where the rates 

were five times higher than in adjacent plots. And also the overall variability among the FPZs 

was increased by the floodings with particularly higher rates in GRASS than in the two other 

FPZs. A rather long time period when GN rates in GRASS remained elevated after the July 

flood was notable. 

4.5 Discussion 

Previous studies on the same study site have shown that soil carbon and nitrogen dynamics are 

governed by both soil physicochemical properties and the degree of flood disturbance 

(Samaritani et al., 2011; Chapter 3). Flooding related changes, chiefly soil moisture and inputs 

of fresh organic matter, were identified as the factors with the strongest influence on carbon and 

nitrogen pools and transformation rates. As a consequence, the dynamic gravel bars, 

characterized by a particularly high variability in soil physicochemical properties and a high 

hydrological connectivity with the river channel, displayed a higher spatiotemporal variability 

of pools, transformation rates and fluxes related to carbon and nitrogen dynamics than stable 

forest FPZs and could be identified as zone of high nitrogen turnover. In the following, we will 

discuss in detail the effects of flood disturbance on inorganic nitrogen pools and transformation 

rates and factors controlling them based on the intensive monitoring data set of the present 

study. 
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4.5.1 Soil environmental conditions and available organic matter 

The variations in temperature measured during the summer samplings, when the two flood 

events occurred were smaller than the diurnal variations at a given plot. And so were the 

differences in temperature among the FPZs. The variations were too small to cause large effects 

on microbial activity. 

In our study site, the highest SWCs measured in the topsoil were clear indicators of recent 

flooding. The spatial and temporal variability of SWC appeared to be strongly governed by 

topography, hydrological connectivity and soil texture as described by Samaritani et al. (2011). 

The large spatial variability of SWC within GRASS can be explained by the large variability 

both in topography and grain size distribution in this FPZ. The range of SWC decreased with 

decreasing grain size and thus water holding capacity of the soils. Hence, SWC fluctuated less 

in MIXED FOREST than GRASS. 

A temporary increase in available organic matter is a crucial effect of flood disturbance 

stimulating microbial activity (Wilson et al., 2011; Samaritani et al., 2011). This increase can be 

attributed to (i) the sedimentation input of unstructured soil material especially in GRASS 

(Huber, 2012), (ii) the destruction of local soil aggregates, and (iii) the input of fresh plant litter 

mainly from destruction of the Phalaris cover in the GRASS zone. The larger increase in 

WEOC after the July flood in WILLOW BUSH and MIXED FOREST than in GRASS, can be 

attributed to the deposition of more finely grained sediments which contain more organic matter 

and are more strongly affected by aggregate disruption. In contrast, higher WEOC in MIXED 

FOREST in June, which is not related to flood, can be explained by the litter production dying 

of Allium ursinum plants during the change in the understorey vegetation (Samaritani et al., 

2011). 

4.5.2 Nitrogen mineralisation and ammonium 

The large increase in N mineralization after both floods in GRASS can be attributed to the 

above-mentioned increase in moisture and available organic matter. Our results support findings 

of earlier studies which explain high N mineralization rates: by addition of fresh organic matter 

through sediment deposition (Noe and Hupp, 2007), mobilization of organic matter by the 

destruction of aggregates (Nishio and Fujimoto, 1991), leaching of undecomposed litter (Furch 

and Junk, 1992), or by increased substrate availability due to an increase in organic matter 

mobility (Junk and Wantzen, 2003). But the contrasting effects observed in WILLOW BUSH 

and MIXED FOREST indicate that an increase in SWC and WEOC is not necessarily linked to 

elevated N mineralization. Possible explanations for the different behavior of GRASS when 
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compared to the other FPZs are differences in the availability of organic nitrogen (not measured 

in our study) or in the length of the inundation period and thus reduced conditions, the 

formation of microsites with accumulated organic matter (Huber, 2012), or the burying of 

Phalaris litter during the flood peak (Koschorrek and Darwich, 2003). 

The observed accumulation of extractable ammonium in GRASS immediately after the 

floodings is in good agreement with the elevated mineralization (Neill, 1995; Koschorreck and 

Darwich, 2003) and the decreased gross nitrification. The subsequent decrease in ammonium 

with the drying of soil can be explained by an increase in ammonium consumption by nitrifiers 

and heterotrophic bacteria and by adsorption to clay particles because of increasing oxic 

conditions (Koschorreck and Darwich, 2003).   

4.5.3 Nitrification and nitrate 

Although there was no statistically significant effect of SWC on GN, the time-course of GN in 

the different FPZs can be explained by both the availability of ammonium and the occurrence of 

ideal soil moisture conditions for nitrification i.e. around field capacity (Maag and Vinther, 

1996). Thus, the drop in nitrate production immediately after the July flooding, observed in 

GRASS and MIXED FOREST, can be explained as a result of reduced aeration due to the 

clogging of soil pores by water (Ponnamperuma, 1984), and of oxygen starvation due to 

accelerated carbon mineralization and rapid increase in microbial activity (Baldwin, 1999; 

Glazebrook and Robertson, 1999). The increase in GN during the subsequent drying phase can 

be explained by increased aeration (Noe and Hupp, 2007) and this suggests conservation of the 

potential to nitrify even during inundations (Strauss et al., 2004). The latter is confirmed by our 

finding that the PN is constant with time and is not affected by flooding. The occurrence of 

nitrification hot spots in GRASS for a rather long period following the July flood is very likely 

induced by the concurring mineralization peak. 

The extractable nitrate content in the soils was largely determined by the rates of microbial 

nitrate production (nitrification) and consumption (denitrification). High GN along with low 

denitrification and most likely also low plant uptake can explain the accumulation of nitrate in 

autumn (Barrios and Herrera, 1994), particularly in GRASS where GN was higher than in the 

other FPZs during this period. Flood events with a longer inundation period appeared to exert an 

additional effect on the nitrate concentration. Here, accumulated nitrate was leached by nitrate-

poor river water during inundation (Huber, 2012), which is in good agreement with earlier 

findings by Noe and Hupp (2007). However, this effect on extractable nitrate was not noticeable 
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in WILLOW BUSH and MIXED FOREST, probably due to the shorter inundation period in 

these FPZs. 

4.5.4 Denitrification 

Our data demonstrate that flooding leads to an instant increase in the soil’s potential to denitrify 

which is very likely the combined result of the temporary increase in substrate availability and 

optimal environmental conditions (Ambus, 1993; Hill and Cardaci, 2004). High SWC leading to 

low redox potential, mobilization of organic matter through sediment input and destruction of 

aggregates, and higher ammonium availability for nitrate production appear to all play a role in 

creating favorable conditions for denitrifiers. However, a considerable denitrification potential 

was measured throughout the year which was preserved even during long dry periods (April and 

September samplings). These observations confirm earlier studies suggesting that desiccation 

and oxidation are not detrimental to denitrifiers (Mitchell and Baldwin, 1999), and that periodic 

inundations and dry periods induce the selection of facultative anaerobes (Baldwin and 

Mitchell, 2000). The stronger response of DEA in GRASS is consistent with the findings of 

Hernandez and Mitsch (2007a) who found significantly higher potential denitrification in 

frequently flooded soils than in less-often inundated parts of a floodplain. In contrast to the 

latter study, differences between the FPZs were not significant in our case, which can be 

attributed to the large spatial variability within the FPZs, particularly in GRASS.  

The strong dependence of base denitrification (DEAns) on DEA indicates that the activity of the 

denitrifier population is as important as the optimal environmental conditions and substrate 

availability. The small difference between DEA and DEAns suggests only a weak substrate 

limitation in our soils. Among the substrates, the availability of nitrate appears to be more 

limiting than organic carbon availability. This is exemplified by a strong drop in DEAns 

immediately after the July flooding in GRASS following nitrate exhaustion as discussed above.  

Denitrification hot spots in the GRASS zone can be explained by the occurrence of microsites 

formed by accumulation of organic matter, most likely Phalaris litter buried during sediment 

deposition. Additionally, it can also be the due to the close vicinity of oxic and anoxic 

microsites favoring coupling of nitrification and denitrification (Koschorreck and Darwich, 

2003). Baldwin and Mitchell (2000) showed that coupled nitrification-denitrification begins at 

an early stage of soil drying and leads to large denitrification related nitrogen loss from the 

system. This was confirmed by Fierer and Schimel (2002) who showed that repeated drying and 

wetting cycles induce nitrogen loss from a system. 
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Figure 6: Conceptual diagram showing changes in soil properties, nitrogen pools and nitrogen 
transformations after a flood event along the lateral gradient of the floodplain. 

 

4.5.5. Temporal patterns in dynamic and stable FPZs 

The different temporal patterns following the July flood in GRASS and MIXED FOREST are 

schematically summarized in Figure 6. GRASS exhibited a distinct sequence of “events” with 

large changes involved within a short period of time. Despite the large spatial variability within 

this FPZ we argue that these events may be related to each other as follows:  
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- The strong stimulation of N mineralization observed immediately after the flood peak 

and the concurrent decrease in nitrification due to anoxic conditions led to the accumulation of 

ammonium.  

- The leaching of accumulated nitrate during the flooding together with the low 

nitrification may have led to the drop in denitrification occurring a few days later.  

- The anew onset of nitrification with the drying of the soil then led to a decrease in 

ammonium and concurrently facilitated denitrification via nitrification-denitrification coupling 

as described above.  

- Finally, the further increase in mineralization stimulates nitrification to reach 

exceptionally high values.  

In comparison, the pattern in the stable MIXED FOREST lacks in particular the stimulation of 

N mineralization and the leaching of nitrate, which results in rather small effects of flooding. 

Taking a closer look at the time course of N mineralization in both FPZs, one could speculate 

that flooding may increase GM initially but this is followed by a decrease in available organic 

nitrogen as suggested by the temporary decrease in GM observed in both FPZs, and finally the 

strong increase in available organic matter detected by an increase in WEOC leads to an anew 

rise of GM. 

4.6 Conclusion 

Our results show a clear difference in temporal pattern and magnitude of nitrogen pools and 

transformation rates among the FPZs with different degrees of flooding disturbance. They thus 

support the findings by Johnston et al. (2001) that hydrological connectivity is the main factor 

guiding the spatiotemporal variability of nitrogen cycling in floodplain soils.  

The GRASS zone, which is most frequently flooded and for the longest periods, is a “hot spot” 

within the floodplain for nitrogen transformations while the flood events including a few weeks 

after the flood peak are the respective “hot moments”. The latter are evident as locally high 

rates of N mineralization, nitrification and denitrification. Interestingly, base denitrification 

(DEAns), appeared to be less strongly affected, although the potential denitrification (DEA) was 

stimulated strongly and immediately by flooding and so were the N mineralization and 

nitrification. The differences in the temporal patterns of potentially governing factors, SWC and 

WEOC, between GRASS and the two other FPZs offer only a partial explanation of this 

exceptional behavior of the GRASS zone. While the stronger fluctuation of SWC in this FPZ, 

which is related to the coarser soil texture, may be a reason for more pronounced changes in 

microbial activity, the patterns observed for WEOC as proxy of available organic matter are 
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rather difficult to interpret. Thus, other indicators, particularly the availability of organic 

nitrogen are needed to achieve a better understanding of the mechanisms involved in the flood 

related nitrogen biogeochemical transformation hot spots and moments.  
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Chapter 5 

Synthesis 
Rivers and their associated floodplains show a high spatial complexity along both lateral and 

longitudinal dimensions. The riverine ecosystem synthesis model put forward by Thorp et al. 

(2006) portrays rivers as downstream arrays of large hydrogeomorphic patches formed by 

catchment geomorphology and climate. These hydrogeomorphic patches differ in physical and 

chemical conditions which result in significant differences in productivity, system metabolism, 

nutrient content, and community composition (Thorp et al., 2006). According to this concept, 

our study site can be considered as medium-sized lowland hydrogeomorphic patch formed by 

fluvial sediment deposition with high carbonate and nutrient content from the headwater 

catchment area. Heavy precipitations in the headwater region trigger sharp increases in the 

discharge, which can lead to flash floods in the lowlands. At the study site, big floods (> 600 m3 

s-1) inundate the whole floodplain (higher areas for < 1 day and lower areas for 1–5 days) while 

small floods (< 300 m3 s-1) only inundate the lower dynamic part i.e. GRAVEL and GRASS. In 

summary, our study site is a carbonate and nutrient rich, depositional type temperate floodplain 

with short inundation periods. These typical floodplain characteristics are the key to their 

ecosystem functions.  

In section 5.1 to 5.3 we discuss the ecosystem functions related to carbon and nitrogen 

dynamics, floodplain as nutrient buffer, floodplain biodiversity and trace gas effluxes. However, 

these ecosystem functions were not distributed uniformly over space and time due to the 

spatiotemporal variability of carbon and nitrogen cycling. Therefore, in section 5.4 we will 

focus on patches and periods with disproportionately high carbon and nitrogen pools, 

transformations and / or fluxes (hot spots and hot moments). In section 5.5, the results are 

extended to infer the implications of restoration, particularly with regard to the variability of 

carbon and nitrogen turnover. In section 5.6, a brief overview of the ecosystem services 

provided by each FPZ is summarized. And in section 5.7, knowledge gaps that need to be 

addressed to improve the understanding of spatiotemporal variability of carbon and nitrogen in 

floodplain soils are put forward.  

5.1 Floodplain as nutrient buffer 

A floodplain can either be a source or a sink of sediment depending on the geographical 

location and river order. Lowland floodplains are considered as sediment traps, and in our study 
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site sediment deposition ranged from 20 to 400 tons ha-1 year-1, depending of the floodplain 

location, was measured in a parallel study by Huber (2012). The herbaceous macrophyte, 

Phalaris arundinacea, is known to be an efficient sediment trap (Osborne and Kovacic, 1993) 

and sediment deposition rates higher than 10 cm year-1 were observed in GRASS. Sediments 

also showed a characteristic distribution of grain size and soil organic matter. Along the lateral 

gradient of higher to lower flood disturbance a decreasing grain size and increasing soil organic 

mater content has been observed (Chapter 2). This is in good agreement with the findings that 

sediment quality depends on geomorphology, vegetation and flood magnitude (Steiger and 

Gurnell, 2003). However, floodplains are in constant evolution (Pinay et al., 1992) and thus 

particularly the restored section can change into the erosional type. This phenomenon is already 

visible 500 m downstream from the study site where the river has cut more than ten meters 

inland by the peak summer flood in 2010. Nevertheless, lowland dynamic floodplains are 

almost always net sinks of sediment on a long run.  

5.1.1 Carbon sequestration by floodplain 

One of the ecosystem services provided by a floodplain is carbon storage. In our study site, the 

freshly deposited sediments contain between 1.5 and 3.7% organic carbon (Huber, 2012) i.e. the 

floodplain is a significant temporary sink of carbon. Because fresh organic matter stimulates the 

microbial activity, a significant increase in microbial biomass was observed after a flood, 

particularly in the dynamic FPZs (Chapter 2). The change in environmental condition as a result 

of flooding led to an additional increase in the organic carbon availability in all FPZs. This may 

boost heterotrophic microbial processes and result in a release of carbon into the atmosphere as 

carbon dioxide or methane by aerobic and anaerobic microbial respiration, respectively. 

Nonetheless, a significant amount of carbon is sequestered in the soil as soil organic matter 

(Cabezas and Comin, 2010).  

Phalaris arundinacea thickly covers the GRASS FPZ. These wetland plants produce a large 

amount of litter and thus the addition of large amount of plant litter 2–3 times a year suggests a 

considerable increase in the soil carbon stock of GRASS FPZ. This is supported by the 

observation of large amounts of plant material even at lower depth. Depending on 

environmental conditions and biological factors this sequestered carbon is retained in the soil 

for a variable period of time (Lal, 2004). In addition to soil, carbon is also stored in the 

floodplain in vegetation biomass. Particularly, the young and fast growing Salix sp. trees can be 

considered as a sink for atmospheric carbon dioxide. These trees can store a large amount of 

carbon as the woody part of plant biomass contains > 40% carbon (Chakraborty and Sägesser, 
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2010, Annex I). Furthermore, Giese et al. (2003) have shown that forests with young trees have 

a higher potential to sequester carbon than mature forests.  

5.1.2 Floodplains as nitrogen sink 

The role of floodplains as nitrogen buffer is of great interest for water quality managers and, 

thereupon, Welsch (1991) has proposed an ideal floodplain with three zones for the water 

quality protection: (i) permanent undisturbed forest, (ii) managed forest, and (iii) herbaceous 

strip. Floodplains help to improve surface water quality through sediment retention and by 

restricting direct flow of ammonium and nitrate loaded agricultural runoff into streams and 

rivers. Furthermore, they protect the groundwater by preventing the seepage of nitrate into the 

groundwater. In our study site, 20 to 400 kg ha-1 year-1 of nitrogen was retained in sediments 

and they were the major source of allochthonous nitrogen input (Huber, 2012). Nitrogen added 

to soil through sediment and atmospheric input is removed from the soil by plant uptake and 

denitrification. Laboratory experiment, in which Phalaris arundinacea and Salix viminalis were 

grown in a nutrient solution, showed that uptake of nitrogen (ammonium / nitrate) by these 

plants were around 7 mg g-1 dry biomass day-1 when the nutrient solution contained 3 mg N-

NH4
+

 / NO3
- per L (Chakraborty and Sägesser, 2010, Annex I). The uptake rate further increased 

when nitrogen concentration in the solution increased to 15 mg N-NH4
+

 / NO3
- per L, which is 

much higher than the observed soil solution concentrations in GRASS and WILLOW BUSH 

(Huber, 2012). This suggests that plants can be an important sink of soil inorganic nitrogen, 

however, plant uptake is only a temporary sink and by litterfall nitrogen is brought back to the 

soil. But still, the woody part (0.4–0.5% N in dry biomass, Burger and Sägesser, 2011, Annex I) 

of growing Salix trees in WILLOW BUSH can be nitrogen sink for a considerably longer 

period of time. 

The principle pathway for permanent nitrogen removal from terrestrial ecosystems, particularly 

floodplain soils, is denitrification (Pinay et al., 1993; Schipper et al., 1993). Denitrification 

removes the nitrate from soil and brings it back into the atmosphere in the form of di-nitrogen, 

nitrous oxide or nitric oxide. The quantification of nitrogen removed through denitrification 

from floodplain soils is not an easy task because (i) of large spatial and temporal variability of 

denitrification rates, (ii) the N:N2O:NO ratio is very sensitive to environmental conditions, 

substrate availability and microbes involved, and (iii) quantification of nitrogen emissions in the 

field is tricky due to high background concentration of atmospheric nitrogen. The denitrifying 

enzyme activity assay (DEA), which we used as well, is the most common method to quantify 

denitrification. Although, it provides information on the soil capacity to denitrify, these results 
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cannot be extrapolated to field conditions. Hence, the exact contribution of denitrification as 

nitrogen sinks in our study site could not be determined. Nevertheless, this method has enabled 

us to identify patches (FPZs) and periods (temporal conditions) with relatively higher 

denitrification potential (Chapter 3). Our results have shown that GRASS has a higher 

denitrification potential than the MIXED FOREST which supports the finding that grass strips 

exhibit higher denitrification than the forested strips (Groffman et al., 1992). In contrast, the 

low-lying nutrient rich and more moist WILLOW FOREST soils had denitrification potential 

similar to that of GRASS, which is likely an outcome of optimal environmental conditions i.e. 

high soil moisture and fine soil texture, and higher substrate availability i.e. organic carbon and 

nitrate (Chapter 3).  

Considerable nitrogen sedimentation and relatively higher denitrification potential imply that 

soils in GRASS are an effective nitrogen sink, particularly during the flooding (Chapter 4). In 

addition, however, the relatively high nitrification rates in soils of the same FPZ indicate that 

soils of GRASS can also be a source of nitrate. During autumn, higher nitrification rates, due to 

favorable environmental conditions and substrate availability, and concurrent lower nitrate 

consumption, due to decreased plant uptake and denitrification can result in nitrate 

accumulation in the soils (Chapter 4). This nitrate might get leached to the groundwater during 

flooding or heavy precipitation, which is supported by the study of Huber (2012). In summary, 

floodplains are effective nitrogen buffers, but the efficiency can be temporally and spatially 

highly variable.  

5.2 Floodplain biodiversity 

Floodplains are characterized by high levels of habitat diversity providing niches to many 

different organisms (Naiman and Decamps, 1997). Our study site showed a high spatial 

heterogeneity of habitat structure as the combined result of restoration and natural development 

of a successional gradient on the gravel bar. This quasi-successional gradient in our study site 

showed remarkable similarities to gradients in the French Upper Rhone river valley (Girel and 

Pautou, 2001). Previously we had discussed that vegetation influences sedimentation, and their 

study shows that sedimentation also has an influence on vegetation. The riparian vegetation 

communities are affected by various factors related to flood duration and frequency: soil 

moisture, mechanical action of river flow, oxygen depletion, organic matter content and 

presence of nutrients (Girel and Pautou, 2001). Different species are favored by different levels 

of disturbance, thus a wide range of disturbance and connectivity allows optimal conditions for 

a wide range of species (Ward et al., 1999) and, accordingly, the dynamic restored part supports 
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a higher habitat diversity than the channelized section (Chapter 1). WILLOW BUSH supported 

a higher diversity as compared to zones with higher disturbance (GRASS) and lower 

disturbance (forests) which is supported by the hypothesis of maximum biodiversity at 

intermediate levels of disturbance or connectivity (Ward et al., 1999). During our study period, 

we also observed that the GRASS zone became encroached by Salix sp trees and the colonized 

gravel by Phalaris arundinacae and this highlights the dynamism of habitats and associated 

biodiversity in a dynamic floodplain. The species diversity is not limited to the vegetation 

diversity, parallel studies in the same study site have shown a strong relationship between the 

assembly of testate amoeba communities and environmental conditions particularly soil 

moisture (Fournier et al., in press), and a relationship between earthworm population and flood 

disturbance (Fournier et al., unpublished data). In summary, the re-establishing of functional 

diversity (hydrologic and successional processes) will increase habitat heterogeneity which will 

be followed by a corresponding increase in riparian species diversity (Ward and Tockner, 

2001). 

5.3 Trace gas fluxes 

The trace gas flux between soil and atmosphere is the result of production, consumption and 

transport processes in the soil column and these processes differ between wetland soils (water 

saturated anoxic soils) and upland soils (not water saturated, well aerated oxic soils) (Conrad, 

1996). Our floodplain soils, which alternated between saturated and unsaturated conditions, 

produced methane during wet conditions and consumed methane during dry periods (Chapter 

2). Short-time flooded floodplains have been shown to have a higher methane efflux than 

permanently (longer time) flooded wetlands, thus our floodplain soils which are rich in organic 

carbon and nutrients can be a significant source of methane (Ambus and Christensen, 1995). In 

contrast, we found that compared to other floodplain studies, our site was not a significant 

producer of methane even during the high emission in August (Chapter 2, Annex II). This can 

be explained by the fact that methane production requires strong reducing conditions. The upper 

parts of the floodplain are inundated for only a short time and hence, soil layers cannot reach 

this redox condition, or the condition exists only for a short time and thus we were not able to 

catch the moment with high emissions. Due to the longer inundation, the dynamic FPZs had 

higher emissions and also for longer period that the forested FPZs. Furthermore, our floodplain 

was a methane sink most of the time, except in GRAVEL where some plots were source of 

methane throughout the year. Overall methane efflux rate was comparatively much lower than 
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in other wetland soils and we conclude that soils in our study site are not a significant methane 

source.  

Production and consumption of nitrous oxide is more complicated than for methane due to the 

large variety of organisms and processes involved (Conrad, 1996). Denitrification is considered 

to be the main source of nitrous oxide in floodplain soils (Dhondt et al., 2004), however, there is 

no direct correlation between denitrification and the nitrous oxide flux because the ratio of N2: 

N2O is highly variable. Studies have shown that because of complete denitrification the nitrous 

oxide flux is lower in wetland soils than in upland soils (Conrad, 1996). This explains the lower 

ratio of N2O efflux rate to denitrification in the low-lying fine-grained and wetter WILLOW 

FOREST (Chapter 2). On the contrary, soils from the dynamic FPZs (GRASS and WILLOW 

BUSH) showed a higher efflux of N2O and this can be explained by (i) a higher magnitude of 

denitrification rate resulting in a high N2O production, and (ii) higher diffusion coefficient of 

sandy soils that allows N2O to escape before complete denitrification (van den Heuvel et al., 

2009). The N2O efflux generally increased as a result of flood disturbance, however, higher N2O 

efflux was also observed in January sampling at the dynamic FPZs. This result is supported by 

the finding of Groffman et al., (2006) where they showed that N2O fluxes do not follow a 

typical seasonal pattern and winter flux has a significant contribution to the total annnual flux. 

The extremely high spatial and temporal variability of nitrous oxide make it difficult to 

extrapolate our results to a larger scale (area and time) (Ambus and Christensen, 1995; 

Groffman et al., 2009) and, therefore, it is difficult to predict whether our floodplain is a 

significant source of trace gases.  

In contrast to these two trace gases, floodplain soils are not considered a major source of carbon 

dioxide. Soil respiration in the floodplain soils showed a lower spatiotemporal variability than 

the efflux of other trace gases. Nevertheless, the dynamic FPZs exhibited a higher soil 

respiration rate than the forests (Chapter 1, Annex II). The soil respiration showed a typical 

seasonal pattern and we could not observe significant effects of inundation in any of the FPZs. 

The soil respiration measured is the sum of heterotrophic microbial respiration and root 

respiration, and it is not possible with our data to predict the contribution of microbial 

respiration in total soil respiration and this can vary among the FPZs and at different times of 

the year. Studies have shown an extremely wide range of 10 to 90% as the contribution of root 

respiration to the total soil respiration and it has been shown to be dependent on the vegetation 

type and season (Hanson et al., 2000). 
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5.4 Hot spots and hot moments  

Hot spots are a specific type of spatial heterogeneity and hot moments a temporal heterogeneity. 

Hot spots are areas or patches that show disproportionately high reaction rates relative to the 

surrounding and, likewise, hot moments are short periods of time that show disproportionately 

high reaction rates relative to longer intervening time periods (McClain et al., 2003). On a 

regional scale, floodplains are generally considered as hotspots of biodiversity and 

biogeochemical cycles. Considering smaller local scales, we can state that dynamic FPZs are 

hot spots for nitrogen transformations (Chapter 3, 4), trace gas efflux (Chapter 2, 3) and species 

diversity (Chapter 2). Dynamic FPZs had a higher spatial variability with patches / microsites 

showing very high carbon and nitrogen dynamics which we assume is due to accumulations of 

available organic matter and associated high microbial activity. Overall, flooding related 

disturbance led to the formation of hot spots in the soils of frequently flooded dynamic FPZs. 

Disturbances such as floods are known to be triggers for hot moments (Valett et al., 2005) and 

our study findings support this. Flood events were found to be the main reason of temporal 

variability in carbon pools (Chapter 2), nitrogen pools and transformations (Chapter 3, 4), and 

trace gas fluxes particularly of nitrous oxide and methane (Chapter 2, 3, Annex II). Flood 

events, particularly the summer floods can be identified as hot moments of mineralization, 

denitrification, nitrous oxide efflux and methane efflux.  

5.5 Implications for river restorations 

Cairns (1986) has defined floodplain restoration as the complete structural and functional return 

to a pre-disturbance state, which in general is not possible due to the irreversible damage caused 

by regulation and / or reasons related to regulatory, legal and social aspects. Thus rehabilitation 

is a better approach and it is defined as an attempt to re-establish a combination of processes, 

such as flooding, ecological succession or species migration and nutrient exchange as close as 

possible to natural conditions (Dufour and Piegay, 2009) and it accepts the fact that the 

previous, pre-disturbance, state will not be achieved due to an inability to define and reconstruct 

the natural reference as a consequence of the long and diverse influence of human impact 

(Aronson et al., 1993). The success of rehabilitation is based on the objectives which can 

include, e.g. flood control, water quality management, habitat improvement, soil protection, 

improved hydrological connectivity, improvement of aesthetical quality, or combinations. The 

success of rehabilitation can be measured on the three aspects of sustainability i.e. 

environmental, social and economic aspects (Woolsey et al., 2007). Their assessment of the 

Thur rehabilitation showed success on restoring three functions: provision of high recreational 
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value, lateral connectivity and vertical connectivity. Based on our study, restoration of flood 

pulses can be seen as a primary driver of the rehabilitation which confirms the notion put 

forward by (Bayley, 1991). Flood pulse restoration has led to the disturbance / connectivity 

gradient which has increased the spatial and temporal environmental heterogeneity. Our study 

cannot appraise the improvement and achievements of the Thur restoration project in terms of 

carbon and nitrogen dynamics. However, by comparing the restored section with the adjacent 

channelised section, we found (i) larger spatiotemporal variability of carbon and nitrogen 

turnover in the restored section, and (ii) that FPZ structure critically affects the carbon and 

nitrogen dynamics and thus carbon and nitrogen turnover in the restored section is enhanced.  

Although the restored section exhibited an increase in potential ecosystem services, there are 

two crucial issues that need to be considered before promoting rehabilitation as “the solution” 

for channelized rivers: (i) the contribution of floodplains in regional trace gas emissions, and if 

the total environmental benefits are higher than the cost (increase in greenhouse gas), and (ii) 

the level of uncertainty that the stakeholders are willing to accept for e.g. increased uncertainty 

on magnitude of flooding impact in the restored section, the effect on the groundwater quality 

due to increased sediment input and hot spots of nitrification. 

5.6 Overview 

The floodplain showed a large spatial variability of structure and function and different areas of 

the floodplain provide different ecosystem functions. The main ecosystem services provided by 

each FPZ are summarized below: 

GRAVEL: Habitat provision for pioneer terrestrial species, and sediment and nutrient trapping.  

GRASS: Sediment and nutrient trapping, erosion control by Phalaris sp and high nitrogen 

turnover. 

WILLOW BUSH: Flood control, habitat provision, and carbon and nitrogen sequestration by 

vegetation. 

MIXED FOREST: Flood control, provision of fuel wood and habitat provision. 

WILLOW FOREST: High nitrogen turnover and habitat provision.  

PASTURE: Fodder provision, and flood and erosion control. 

On the whole, the floodplain is used as source of drinking water (ground water from alluvial 

aquifer) and there are also non-consumptive uses such as for educational and recreational 

purpose. 
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5.7 Outlook 

To further improve the understanding of carbon and nitrogen dynamics in a dynamic floodplain 

system, future research should address the following knowledge gaps: 

• given the important role of available organic carbon in stimulating nitrogen cycling, we 

need to know more about the spatiotemporal variability in the quality of soil organic 

matter and its effects on nitrogen mineralization and denitrification 

• contribution of dissimilatory nitrate reduction to ammonium (DNRA) in nitrate 

consumption and ammonium production and its spatiotemporal variability have 

received relatively little attention so far 

• conditions with respect to input of available organic carbon and gas exchange with the 

atmosphere are expected to differ between different soil horizons, thus a better 

understanding of the vertical variability of nitrogen pools and transformations with soil 

depth is needed 

• because of the complex interactions between trace gas production, consumption and 

transport at different soil depths, we have insufficient knowledge of the contribution of 

deeper soil horizons to the total flux of trace gases at the soil-atmosphere interface, 

particularly methane and nitrous oxide fluxes 

• because the basic conditions for microbial and plant effects on nitrogen cycling are very 

different in winter and summer, and also high nitrate leaching has been shown to occur 

in winter (Huber, 2012), the effects of winter flooding on nitrogen pools, 

transformations and fluxes deserve special attention. 
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Abstract 

The Restored Corridor Dynamics project (RECORD) investigates the effects of restoration on 

the hydrology and ecology of the Thur River (Switzerland) corridor with a particular emphasis 

on groundwater quality. In the context of this project, the nitrogen uptake rates of two plants 

dominant in this area, namely Phalaris arundinacea and Salix viminalis, were experimentally 

investigated. Plants were first grown in a greenhouse followed by a 24-hour depletion 

experiment performed under controlled conditions in a climate chamber. The plants were placed 

in nutrient solutions of different nitrogen composition (nitrate, ammonium, or both) and 

concentration where the N species were enriched in 15N. The uptake rates were obtained from 

the nitrogen depletion curves of the solutions, and compared to the rates obtained from the 15N 

tracer uptake into the plants. Neither Phalaris arundinacea nor Salix viminalis showed any 

significant preference for nitrate compared to ammonium. The uptake rates of P. arundinacea 

calculated using the 15N tracer uptake did not show any difference in rate magnitudes for the 

low and high concentration solution. Similarly, the uptake rates of S. viminalis in low and high 

concentrated solutions were similar. When the two plants were compared, Phalaris arundinacea 

took up significantly more nitrate than Salix viminalis. These data will allow a better 

understanding of the role played by these plants on the nitrogen balance of this restored stretch 

of the Thur river corridor. 
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Annex II 

Table 1: Trace gas (carbon dioxide, nitrous oxide and methane) effluxes from GRAVEL, 
GRASS, WILLOW BUSH and MIXED FOREST at different samplings between January 

and October 2009. 
 

 

Caron dioxide Nitrous oxide Methane

mmol m-2  day-1 µmol m-2  day-1 µmol m-2  day-1 

5 Jan 09 7.9 ± 4.8 18.4 ± 3.3 -1.1 ± 3.4

14 Apr 09 91.3 ± 40.1 31.8 ± 52.0 7.0 ± 22.8

28 Apr 09 71.8 ± 14.8 32.4 ± 58.7 -2.9 ± 3.0 

12 May 09 106.7 ± 34.8 14.4 ± 19.7 -5.1 ± 1.7

26 May 09 174.3 ± 12.9 21.8 ± 32.5 -3.6 ± 3.6

11 Jun 09 150.2 ± 87.7 4.6 ± 3.1 -3.6 ± 4.3

18 Jun 09 242.2 ± 127.6 29.0 ± 23.5 505.2 ± 766.1

7 Jul 09 174.3 ± 67.7 14.7 ± 12.9 -3.7 ± 5.4

20 Jul 09 198.8 ± 81.2 7.4 ± 5.6 92.9 ± 163.7

22 Jul 09 232.3 ± 116.1 20.2 ± 14.1 161.9 ± 306.0

27 Jul 09 397.1 ± 310.6 34.2 ± 47.5 76.6 ± 150.9

4 Aug 09 283.3 ± 126.7 26.6 ± 32.6 8 ± 7.6

01 Sep 09 149.5 ± 34.4 3.0 ± 3.1 -8.8 ± 8.0

13 Oct 09 102.4 ± 4.1 1.6 ± 1.4 -4.0 ± 5.1

5 Jan 09 50.4 ± 28.0 126.6 ± 122.2 -6.0 ± 6.6

14 Apr 09 303.7 ± 143.4 6.7 ± 3.7 -8.7 ± 1.8

28 Apr 09 258.1 ± 49.3 6.2 ± 5.6 -14.4 ± 2.9

12 May 09 345.6 ± 35.1 12.2 ±  8.2 -13.9 ± 2.5

26 May 09 361.5 ± 64.0 29.6 ± 36.2 -13.5 ± 6.9

11 Jun 09 300.2 ± 147.3 32.3 ± 28.6 -8.3 ± 6.8

18 Jun 09 595.0 ± 278.2 87.8 ± 48.6 4862.8 ± 7619.5

7 Jul 09 459.2 ± 113.6 231.9 ± 252.0  71.4 ± 156.8

20 Jul 09 291.6 ± 202.3 26.2 ± 24.0 465.3 ± 730.8

22 Jul 09 570.6 ± 258.9 69.1 ± 47.9 817.0 ± 974.9

27 Jul 09 581.7 ± 147.4 66.9 ± 53.2 150.5 ± 224.2

4 Aug 09 432.3 ± 236.8 143.9 ± 190.4 16.6 ± 224.2

01 Sep 09 333.5 ± 39.7 16.1 ± 16.0 -20.9 ± 8.3

13 Oct 09 126.6 ± 63.2 11.1 ± 5.9 -10.6 ± 4.0

5 Jan 09 58.3 ± 37.3 90.1 ± 64.8 -18.1 ±13.1

14 Apr 09 133.6 ± 46.9 2.5 ± 1.9 -14.8 ± 4.5

28 Apr 09 135.1 ± 24.1 0.9 ± 0.5 -19.9 ± 6.7

12 May 09 240.2 ± 59.3 6.5 ± 5.7 -25.1 ± 10.6

26 May 09 293.7 ± 36.4 9.8 ± 3.6 -19.7 ± 13.8

11 Jun 09 288.5 ± 117.5 18.7 ± 23.6 -18.7 ± 9.8

18 Jun 09 293.7 ± 44.8 13.6 ± 5.0 203.2 ± 213.6

7 Jul 09 419.0 ± 54.4 15.7 ± 7.0 -11.2 ± 27.3

20 Jul 09 272.8 ± 72.5 30.3 ± 25.0 175.8 ± 213.7

22 Jul 09 518.5 ± 81.5 14.8 ± 7.9 82.2 86.1

27 Jul 09 539.0 ± 210.1 13.6 ± 8.2 0.2 ± 40.4

4 Aug 09 654.2 ± 389.5 14.7 ± 8.7 -22.7 ± 9.5

01 Sep 09 290.1 ± 85.6 3.1 ± 2.0 -37.1 ± 8.7

13 Oct 09 287.3 ± 130.6 8.8 ± 6.0 -27.2 ± 11.7

5 Jan 09 40.5 ± 8.9 7.2 ± 4.7 -34.5 ± 18.8

14 Apr 09 153.4 ± 48.8 5.4 ± 9.9 -44.3 ± 19.9

28 Apr 09 121.3 ± 22.8 2.3 ± 2.9  -44.4 ± 18.4

12 May 09 235.7 ± 25.5 10.4 ± 8.3 -38.1 ± 20.0

26 May 09 247.8 ± 41.7 11.3 ± 8.5 -43.3 ± 22.9

11 Jun 09 170.9 ± 48.5 12.3 ± 10.2 -27.7 17.6

18 Jun 09 208.9 ± 29.0 6.6 ± 3.1 -40.9 15.9

7 Jul 09 252.4 ± 55.8 9.1 ± 5.9 -37.5 ± 18.0 

20 Jul 09 225.0 ± 82.0 11.7 ± 8.8 16.7 ± 98.7

22 Jul 09 276.1 ± 92.5 16.7 ± 13.9 16.7 ± 104.7

27 Jul 09 268.8 ± 64.5 13.3 ± 11.3 6.1 ± 114.6

4 Aug 09 237.9 ± 72.3 15.8 ± 10.3 14.4 ± 97.8

01 Sep 09 220.8 ± 35.7 0.8 ± 1.8 -73.6 ± 40.8

13 Oct 09 195.6 ± 44.5 8.1 ± 8.8 -36.6 ± 15.7

GRAVEL

GRASS

WILLOW BUSH

MIXED FOREST
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