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Chapter 1: Introduction 

1.1 Background 

The global average surface temperature has increased by 0.6 – 0.9°C since the late 19th 

century (EIA, 2005). According to the predictions of the Intergovernmental Panel on Climate 

Change (IPCC, 2007), the global average surface temperature will be increased by an 

additional 0.6 – 2.5°C over the next 50 years and by 1.1–6.4°C by the end of the 21st century, 

though these values will change significantly by region. 

Studies have indicated that the atmospheric concentration of greenhouse gases (GHGs), 

such as carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) have risen by 31%, 17% 

and, 151% respectively (Bouwman et al. 2000) within less than 150 years (IPCC, 2001). The 

atmospheric concentration of N2O has gained from 270 ppb at the preindustrial time to 314 

ppb. It has been found to be responsible for 5 – 6% of global warming (Lægreid et al. 1999; 

IPCC, 2001). The increase of N2O emissions is attributed to the increased nitrogen (N) input 

into the biosphere (Mosier et al. 1998; IFA & FAO, 2001). Currently, there is no question that 

this change in atmospheric composition is mainly caused by human activities (Houghton, 

1997). 

With 379 ppm CO2 in the atmosphere in 2005 (Forster et al. 2007) and 388 ppm in 

September 2011 (Conway and Tans, 2011), the CO2 concentration has never reached a 

higher level in earth’s history in the past 400,000 years, found by ice core analysis (Prentice 

et al. 2001). Woodwell et al. (1998) found a positive correlation of atmospheric CO2 

concentrations and temperature for the past 220,000 years. Anthropogenic production of 

GHGs, like CO2, N2O, CH4, halocarbons, ozone, water vapour, and aerosols, are responsible 

for an average worldwide temperature rise of 0.76°C during the last 150 years (from 1850–

1899 to 2001–2005) (IPCC, 2007).  

The ecological consequences of global warming on soil microbial activities and nitrogen 

cycling have become a very important issue in global change research because a changing 

global climate is likely to alter these processes. Soils represent a very large sink of CO2, 

holding more than three-fold the quantity of carbon (C) stored in aboveground biomass and 
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two-fold the quantity in the atmosphere (Eswaran et al. 1993). Any long-term changes in 

climate may have enormous influence of soil C cycling and C sequestration rates (Lal, 2004). 

It is unclear if climate change will lead to high rates of CO2 loss to the atmosphere or 

facilitate soil carbon sequestration due to uncertainties in climate forecasts, as well as the 

many complex interactions of climate on soil microbial activities.  The results will likely vary 

between ecosystems, highlighting the need for more site- specific research (Landesman, 

2009). 

IPCC report (2007) states, that an anthropogenic influence on climate change is evident. It 

will have comprehensive effects on ecosystems worldwide, including agro-ecosystems. 

Agriculture is not only a source but also a sink for GHGs. The exchange of N and C between 

the atmosphere and the land has increased by intensification of land use. 37% of the earth's 

land surface is occupied by agricultural lands. Moreover, conversion of native vegetation to 

agricultural land is a major factor contributing to greenhouse GHGs emissions (Graham et al. 

2011). German and American agriculture accounts for more than 13% (Hirschfeld et al. 

2008) and 6-8% (Jhonson, 2009) of the total country-wise GHG emissions, respectively. The 

majority of agricultural N2O emissions are produced from fertilizers, livestock waste and 

burning crop stubble. In fertilized soils, N2-fixation by plants and microorganisms, 

denitrification of soil N in the form of N2, N2O, and gaseous ammonia (NH3) are some 

examples for the change of N containing gases between the atmosphere and land surfaces. 

This changing pattern has been a crucial issue in agricultural and soil research for years 

(Algaidi et al. 2009). 

The contribution of agricultural soils to N2O emissions depends upon decomposition of 

organic residues (Diz-Munoz et al. 2010), mineral fertilizer addition (Moiser et al. 1998), soil 

moisture, and temperature (Ruser et al. 2006). Agriculture emits 10 to 12% of the total 

estimated CO2 emissions (Niggli et al. 2009), which symbolizes between 17 and 32% of all 

global human-made GHGs emissions, including GHGs derived from land use changes 

(Bellarby et al. 2008). Immediate action will be needed for understanding the main factors 

determining the change of these GHGs between the atmosphere and the soil in order to 

develop effective mitigation technologies at different scales. 
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In Europe, temperature changes have increased by + 0.9°C from 1901–2005 (Jones and 

Moberg, 2003) and are expected to increase by 2.5 – 5.5°C (A2 scenario) or 1 – 4°C (B2 

scenario) in the period from 2070 – 2099 (Alcamo et al. 2007). Jacob et al. (2008) predicted 

temperature increases of 2.5 – 3.5°C for Germany in the period from 1950–2100. Apart from 

temperature changes, precipitation patterns in Europe are expected to change as well 

(Alcamo et al. 2007). The entire amount of precipitation is expected to decrease in summer 

months and increase in winter. With climate change, global atmospheric circulation patterns 

and hydrological processes are expected to alter inter and intra-annual variability of 

precipitation regimes at global (Trenberth et al. 2007) and regional scales (Christensen et al. 

2007). These changes in air temperature, altering seasonal soil temperature as well as 

leading to increased variability in intra-annual precipitation, can greatly affect the soil 

moisture variability, soil nitrogen (N) content and availability to plants, and, therefore, 

influence the response of crop production (Hlavinka et al. 2009). Climate change might 

increase crop yield by + 37% in the B2 scenario and + 101% in the A1Fl scenario by 2050 

(Ewert et al. 2005). However, the overall yield increase comes with higher variability and 

more insecurity at harvest due to extreme weather events like drought and heavy rainfall, 

so that average yields could be reduced in the future (Alcamo et al. 2007).  

Plant growth and nutrient uptake of plants have been reported to respond to small 

increases in soil temperature (Clarkson et al. 1992; Engels and Marschner 1992; Gavito et al. 

2001).  For example, elevated air and soil temperatures can decrease soil moisture 

availability and increase soil N content and N availability to plants, affecting the response of 

crop production to climate change (Patil et al. 2010). Warming and/or drought can change 

plant-N concentrations mainly by changing plant biomass production and soil N availability, 

thereby affecting plant C/N ratios as observed in temperate non-Mediterranean ecosystems 

(An et al. 2005) as well as in some arctic ecosystems (Tolvanen and Henry, 2001; Weintraub 

and Schimel, 2005). In comparison to these studies in natural ecosystems only a few 

experiments have been conducted to investigate the effects of climate warming on 

agricultural ecosystems for e.g. peanut (Awal & Ikeda 2002; Prasad et al. 2006) and maize 

crops (Stone et al. 1999). Enhanced root growth, higher biomass of leaves and stems, and 

lower N-concentrations in leaves and stems were observed for wheat under elevated 

temperature (Gavito et al. 2001).  
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The few field studies accomplished on soil warming in agriculture systems have looked at 

mainly crop response and productivity, like changes in plant growth, biomass accumulation 

and nutrient absorption rates (Clarkson et al. 1992; Engels and Marschner, 1992; Gavito et 

al. 2001) but how this is related to N-cycling in soils remains unclear. Ineson et al. (1998) 

found decreased N concentrations in soil solutions of an upland brown earth in lysimeter 

experiments under elevated soil temperature of 3°C above ambient temperature. Kamp et 

al. (1998) looked at soil_N availability and found higher NO3
- and lower NH4

+ contents in 

heated plots of both fallow and wheat fields. Similarly, Dijkstra et al. (2010) reported 

increasing inorganic N pools at elevated temperature in a grassland soil. Patil et al. (2010a; 

2010b) evaluated the effects of increased soil temperature (+ 5°C above ambient 

temperature) on N cycling and plant growth of winter wheat in a lysimeter experiment in 

Denmark. They found accelerated plant development, increased biomass, and higher N-

concentrations in plant tissues during vegetative stages under elevated temperature, which 

was related to increased nitrate (NO3
-) availability in soil. 

 It is important to understand how soil microbial activity will respond to warming as most 

important biogeochemical processes in soil are microbially mediated. Increased soil 

temperature may result in a more favourable environment for microbial growth and activity, 

thereby increasing N availability and net primary production (Pendall et al. 2004). If 

temperature controls development processes, warming may directly affect the plants 

(Koerner and Larcher 1988), but also indirectly, because litter and soil organic matter 

decomposition and nutrient mineralization are probably accelerated by warming 

(Nadelhoffer et al. 1992, Robinson et al. 1997). Therefore, studying the effects of elevated 

soil temperature on soil N dynamics is important to evaluate the possible effects of climate 

change on agricultural management and food production (Wang et al, 2006). 

The impacts of climate change on agriculture and food production make it critical to 

understand the underlying mechanisms. A lot of studies have been carried out in the last 15 

years to assess the impacts of climate warming on various vegetation types. The main focus 

was on bogs, heathlands, forests, grasslands, and scrublands (Borekn et al 1999; Sardans et 

al 2006). Comparatively, only a few experiments have been carried out to analyze the 

effects of climate warming on agricultural crops and soils. Due to the important role of 

agricultural ecosystems too, we conducted our study at the Hohenheim Climate Change 



Introduction  5 
 

(HoCC) experiment, which was established in a temperate agricultural ecosystem, where soil 

temperature and precipitation amount and frequency are manipulated (Poll et al. 2013). 

1.2 Research objectives 

The main aim of this dissertation is to determine the effects of elevated soil temperature 

and changing precipitation patterns on N cycling in a winter wheat cropping system and the 

emissions of GHGS such as N2O and CO2 which play a significant role in global warming.  

The hypotheses for this thesis were, that  

1. Elevated soil temperature changes N-cycling of an agricultural cropping system. 

2. Changing precipitation patterns would alter N2O and CO2 emission patterns during 

dry periods in summer. 

3. The magnitude of rewetting influences CO2 production during drying-rewetting 

events. 

To test these hypotheses, we had the following objectives. 

1. Determination of the effects of elevated soil temperature on N cycling in a winter 

wheat cropping system, 

2. Investigation of the short-term response of N2O and CO2 fluxes during rewetting of 

soils after extended dry periods in summer before and after following rain through 

rain simulation experiments, by using the field experiment which have experienced 

five years of environmental manipulation since 2008, 

3. Determination of event-driven CO2 emission peak in the use of soil cores from the 

HoCC experimental site that had been exposed to severe drought conditions of 

three months' duration for each of the last six years, by simulating drying-wetting 

events under laboratory conditions. 

1.3 Outline of thesis 

This thesis reports the results of a PhD project where the overall subject of the study was to 

determine the effects of elevated soil temperature and changing precipitation patterns on 

soil N cycling and CO2 and N2O emissions from agricultural soil. This thesis is divided into five 

chapters. The first chapter provides a general introduction. Chapter 2 presents a 

comprehensive literature review on the knowledge of N2O and CO2 formation and emissions 
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from agricultural soils, N cycling, and drying rewetting effects on gas fluxes. Chapter 3 

focuses on the procedures and data analyses of all field and laboratory experiments 

conducted. Chapter 4 provides the results obtained from the methods in Chapter 3. A 

detailed discussion of results is provided in Chapter 5 followed by a general conclusion and 

summary. 
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Chapter 2: Literature Review 

Most of the current global change research investigating the effects of climate warming on 

N cycling and trace gas fluxes such as N2O and CO2, has focused on grassland and forest 

ecosystems. Little has been done in agroecosystems, where both plants and soil microbes 

are believed to be more responsive to elevated temperature (Melillo et al. 1993). 

Agroecosystems are particularly important because they not only provide the majority of 

global food needs, but have been suggested to have an enormous potential to sequester 

more C (Lal, 2004; West & Post, 2002; Paustian et al. 1997). 

2.1 Climate-related greenhouse gases (GHGs) 

GHGs are a natural contribution to the atmosphere. The absorption and emission of GHGs 

within the thermal infrared range is known as the underlying cause of the greenhouse 

effect. The earth’s atmosphere retains the amount of solar energy, called greenhouse effect 

and the gases that trap heat are called greenhouse gases (Ophardt, 2001; Rajput et al. 

2014).  Water vapor (H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and 

ozone (O3) are the main GHGs in the Earth's atmosphere (EPA, 2010). The amount of GHGs 

in the atmosphere is increased by human activities such as burning fossil fuels for energy, 

land clearing, and agriculture (IPCC, 2007). 

The global temperature is directly related to the amount of greenhouse gases in the 

atmosphere. Increased concentrations of GHGs will increase the atmospheric temperature, 

which will lead to the warming of the atmosphere and Earth's surface (Takle, 2008). CO2 and 

N2O are the long-lived greenhouse gases (Forster et al. 2007). They are chemically stable 

and exist in the atmosphere over decades and centuries or longer. They become well fluxed 

throughout the atmosphere much faster than they are moved out. Therefore, their 

emissions have become a long-term influence on the climate (IPCC, 2007). 

2.1.1 N2O emission 

Agriculture accounts for approximately half of the anthropogenic N2O emission in the EU 

(UNFCCC, 1998). On a global scale, 47% of N2O emissions (IPCC, 2001) come from 

anthropogenic sources, particularly from the agricultural N cycle (Mosier et al. 1998). N2O 

has great importance as a GHG because it has a mean atmospheric residence time of more 
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than 100 yr (Prather et al. 2001). N2O, as part of the Earth's nitrogen cycle is normally 

present in the atmosphere. Although it has different kinds of natural sources, the amount of 

N2O is increased by human actions such as agriculture, fossil fuel combustion, wastewater 

management (EPA, 2010). The N2O emissions caused by human activities are mainly due to 

tillage (44%) and fertilization (22%) of agricultural soils, followed by the burning of biomass 

(9%) and fossil fuels (10%). High emissions from agricultural soils are primarily caused by the 

application of N fertilizer, which is transformed by nitrification and denitrification into N2O 

(Algaidi et al. 2006). 

N2O is potentially agriculture’s greatest contributor to the GHG Problem. It is a serious 

pollutant, implicated in virtually all current environmental problems (e.g. acid rain, GH 

effect, O3 depletion). Global warming and stratospheric O3 depletion are caused by N2O 

emission (EPA, 2010). According to model calculations, atmospheric N2O may become a 

value ranging from 354 to 460 ppb, compared with the present concentration of 316 ppb by 

2100 (IPCC, 2001a).  

N2O is produced mainly from the microbial processes of nitrification and denitrification in 

the soil. In well-aerated conditions, N2O emissions from the nitrification of ammonium 

based fertilizers can be substantial (Bremner and Blackmer, 1978; Duxbury and 

McConnaughey, 1986). Mineral N applications and organic matter amendments generally 

increase total denitrification and N2O production. Other studies suggest that N2O is a by-

product of nitrification (Yoshida and Alexander, 1970) and may occur by denitrification of 

nitrite by nitrifying organisms under oxygen stress (Poth and Focht, 1985). N2O production 

by autotrophic nitrification was considered to be negligible (Bateman and Baggs, 2005). 

However, under some conditions, nitrification might be the dominant source of N2O at low 

soil carbon contents (Wan et al. 2009). Denitrification as compared to nitrification is often 

identified as the major source of N2O (Hefting et al. 2003).These two natural processes are 

enhanced by anthropogenic activities.  

2.1.2 CO2 emissions 

Due to human activity, the atmospheric CO2 concentration has increased by approximately 

33% in the last 150 years. The concentration is anticipated to rise by 0.4 % per year (Alley et 

al. 2007). When sufficient mineral nutrients are available, this increased CO2 concentration 
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may stimulate plant biomass production as well as root growth (Ghannoum et al.2000; 

Curtis & Wang, 1998). Consequently, there is  greater C input into the soil not only by higher 

rates of plant litter-fall, rhizodeposition and root turnover but also by changes in the 

chemical composition of plant tissues and root exudates, greater C inputs into the soil could 

be resulted (Denef et al. 2007).  

CO2 is normally present in the atmosphere as a part of the Earth's carbon cycle. Although 

CO2 emissions derive from a variety of natural sources, human-related emissions are 

responsible for the increases to the atmosphere. The burning of fossil fuels (coal, oil and 

natural gas) for energy and transportation is the major human activities that emit CO2 (EPA, 

2010). 

Organic matter decomposition and soil microbial respiration are also the sources of CO2 

emissions (IEA, 2012). Jenkinson et al. (1991) estimated that over the next 60 years, the 

extra release of CO2 from soil organic matter will be 61 x 1015 g C. Irregular rainfall events, 

non-judicious use of inorganic and organic fertilizers and land management practices will 

enhance organic matter decomposition (Lal, 2008). 

2.2 Effects of environmental change on soil processes  

Environmental changes in local as well as global scales are likely to substantially affect the 

various components of terrestrial and aquatic ecosystems; however, very little is known 

about the nature of such changes and the magnitude how they will impact ecosystem 

processes and functioning (Stark and Richards, 2008). Environmental changes such as rising 

temperature (0.5 - 1oC by 2030) and CO2 levels  (up to 550 ppm), more variable precipitation 

patterns causing more severe droughts and floods, and accelerated rates of N deposition 

will have a growing impact on the productivity and functioning of agroecosystems 

worldwide by altering soil and growing conditions and plant productivity (IPCC 2007). Actual 

effects will vary regionally subject to site-specific interactions of the various climatic factors 

as well as soil and crop type and soil nutrient status, which strongly depend on local 

conditions (Stark and Richards, 2008). 

The effects of climate change on soil microbial processes are less well understood especially 

for soil N dynamics (Zak et al. 2000). With temperature, water, C and N content being the 
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main drivers for biogeochemical processes in soils, environmental change will have direct 

and indirect consequences on soil nutrient turnover processes, including C cycling, 

ammonificaton, nitrification and denitrification, by modifying soil microbial communities, 

plant nutrient uptake and root exudation (Phillips et al. 2006; Chung et al. 2007; Dijkstra and 

Cheng, 2008).  

Coupled with the expected rise in air temperature is an increase in soil temperature (Parton 

et al. 1987). It is predicted that the global average surface temperature will increase by 

between 1.4 and 5.8oC until 2100 if the concentration of greenhouse gases continues to rise 

(IPCC, 2007). Elevated temperature levels and changing rainfall patterns are expected to 

stimulate microbial activity and increase microbial mediated soil processes. This could 

change relative N loss from soil systems by stimulating mineralization, which increases soil 

nitrate availability, or by promoting plant growth and N uptake as well as microbial N 

immobilization (Smith et al. 1997; Fuhrer 2003; Beier et al. 2004). Hart (2006) reported 

increases in active microbial biomass, net N mineralization and nitrification, and, net CO2 

efflux as a consequence of elevated temperature, while Barnard et al. (2005) concluded 

from a meta-analysis of published experimental data that elevated temperature had no 

significant effects on enzyme activities and net nitrification. Raising the soil temperature by 

0.5oC increased N mineralization, resulting in higher concentrations and subsequent losses 

of nitrate and dissolved organic N at a heathland site in the Netherlands (Schmidt et al. 

2004).  

2.3 Agriculture and nitrogen cycling  

Koponnen (2007) described that “N-cycling is affected by human activities to a great extent. 

By the production of synthetic nitrogen fertilizers and the cultivation of N2-fixing plants, 

Global N cycle is the regular increase in reactive nitrogen to the biosphere. Mitigation 

strategies that reduce the gaseous losses per applied unit of fixed nitrogen are needed to 

develop in order to cut-down a future run-away effect of anthropogenic climate forcing 

from agriculture. To achieve this goal, a thorough understanding of the soil processes 

involved in the formation and emission of N2O is a necessity".  

Nitrogen fertilizers (NH4
+ and NO3

-) can increase the emissions of N2O immediately after 

addition (Mummey et al. 1994; Chang et al. 1998; Eichner, 1990). About half of applied N is 
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taken out from the field as harvest crop. The remainder of the N is incorporated into SOM or 

is lost to other parts of the environment. N can be lost from soil by nitrification, 

denitrification, ammonia volatilization, leaching, runoff, erosion, and vegetation (Mosier et 

al. 2004). 

2.4 Nitrogen cycle  

N, existing in both inorganic and organic forms, as well as many different oxidation states is 

a mobile element (Marschner, 1986). The principal forms of N in soil are ammonium (NH4
+), 

nitrate (NO3
−) and organic substances. N cycle as shown in Figure 1 describes the movement 

of N between the atmosphere, biosphere, and geosphere in different forms. N enters a 

farming system by atmospheric deposition, as fertilizer, by irrigation water, livestock 

production, feed, and manures and by N2-fixation (Hatch et al. 2002). N can be utilized by 

crops in the form of ammonium (NH4
+) or NO3

−. It can be incorporated into OM and thus be 

subject to immobilization, released from an unusable organic form into an inorganic form 

via mineralization, transformed into inert gas and lost through volatilization, leached from 

the plant rooting zone or lost in surface runoff and soil erosion (Kanwar, 1972). 

 

Figure 1 N cycle: Created by Michael Pidwirny, University of British Columbia Okanagan 

N can be found in any terrestrial ecosystem. These entire N originally came from the 

atmosphere. Then, the substantial amounts come in to the soil through rainfall or the 

effects of lightning. However, most of the N is fixed by specified microorganisms like 

bacteria, actinomycetes, and cyanobacteria in the soil. Legume members and some other 

kinds of plants form mutually symbiotic relationships with N2-fixing bacteria. According to 
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scientists’ estimations, biological fixation globally contributes about 140 million metric tons 

of N to ecosystems yearly (Clark and Rosswall, 1981; www.eoearth.org). 

N2O is a by-product of the important microbiological N cycling processes in soils such as 

nitrification and denitrification (Butterbach-Bahl et al. 1997; Knowles, 2000; Rosenkranz et 

al. 2005). Atmosphere contains 78 % N2 gas. However, plants cannot use this N directly for 

their growth. A number of microorganisms and chemical processes are involved in the 

conversion of organic N to inorganic N within the soil. Humans have also severely altered 

the nature of this nutrient cycle by making solid forms of N more available (Bouwman, 

1998). Most plants can only take up N in two forms: NH4
+ and NO3

−. Therefore, N is often 

the most limiting nutrient for plant growth. Most plants obtain N as inorganic NO3
− from the 

soil solution. NH4
+ is extremely toxic in large concentrations so that plants use less NH4

+ for 

uptake (Bouwman, 1998).  In most ecosystems, N is mainly stored in living and dead OM. 

This organic N is then converted into inorganic forms via decomposition. N found in OM is 

chemically modified by decomposers found in the upper soil layer. This process is called 

mineralization and it is done by a variety of bacteria, actinomycetes, and fungi (Clark and 

Rosswall, 1981; www.eoearth.org). The process of biological oxidation from NH4
+ to NO3

− 

with NO2 as an intermediate is called nitrification (Bremner, 1997). Nitrification is important 

for the N cycling in most agricultural and many natural soils. Denitrification is also common 

in anaerobic soils or anaerobic microhabitats within the soil profile. It is accomplished by 

heterotrophic bacteria. The process of metabolic reduction of NO3
− into N2 or N2O gas is 

called denitrification. Both N2 and N2O gases then diffuse into the atmosphere (Bremner, 

1997; www.eoearth.org).  

2.5 Processes of N transformations 

N2O production and consumption in soils are mainly caused by microbial N turnover 

processes, including mineralization, nitrification, denitrification, and microbial 

immobilization (Conrad, 2002; Ambus et al. 2006). These processes are important in order 

to understand the microbial mediated biosphere-atmosphere exchange of trace gases. 
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2.5.1 Mineralization 

It is capable of various chemical reactions that can change N to different organic or 

inorganic forms when N is fixed. Microorganisms convert organic N to inorganic forms via 

mineralization. There are two steps in mineralization. In the first step, complex proteins are 

broke down to simpler amino acids, amides, and amines by microorganisms (primarily 

heterotrophic) and this process is called aminization. The second step of mineralization in 

which amino (NH2) groups are changed to ammonium, is known as ammonification. 

Microorganisms (primarily autotrophic) accomplish this action (Clark and Rosswall, 1981; 

Nemeth et al., 1996; Aulakh et al., 1991; Eichner, 1990).  

2.5.2 Nitrification 

Nitrification is the process of the conversion from NH4
+ to NO2

− and then NO3
−. Nitrification 

is mainly accomplished by Nitrosomonas, Nitrosospira and Nitrobacter bacteria in 

agricultural soils (Hall and Matson, 1999). Soil water and O2 content, as well as the 

macropores, OM and pH in the soil mainly influence the development rate of N2O (Algaidi et 

al. 2006). Water content of 60 % is the optimum condition for the nitrification in soil. 

Nitrification is limited by O2 when the water content is increased and vise versa. About 0.5 % 

of the N input is transformed into N2O during the nitrification process (Veldkamp & Keller, 

1997; Algaidi, 2009). 

Hall & Matson (1999) defined the nitrification as the oxidation process of NH4
+ to NO2

− and 

NO3
− by a specialized group of bacteria that attain energy from the NH4+ oxidizing process. 

These bacteria gain C from CO2 rather than from the consumption of organic compounds. 

Nitrifying bacteria may be limited by the availability of NH4
+, which is controlled by several 

factors, mineralization; N uptake by microbiota (immobilization) or plants; retention of NH4
+ 

by soil particles; factors governing diffusion, including temperature and water availability 

(Algaidi et al. 2006).   

Production of N2O by nitrification has often been reported (e.g. Bollmann & Conrad, 1997). 

Skopp et al. (1990) and Linn & Doran (1984) showed that the rate of nitrification can be 

relatively high when the moisture content of the soil is between 50 – 60 % WHC. Billore et 

al. (1996) found that fertilizer treated soil produced more emission than unfertilized soil at 

50 – 60 % WHC and indicated that nitrification plays a major role in N2O production. The 
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contribution of nitrification to the production of N2O has been found to range between 61 – 

98 % (Mummey et al. 1994) and 60–80 % (Parton et al. 1988b). 

2.5.3 Denitrification 

Firestone & Davidson (1989) defined denitrification as a group of processes during which 

NO3
− or NO2

− is reduced to the gaseous N species NO, N2O, or N2. Denitrification activity has 

been reported in dried soils and in desert soils (Peterjohn, 1991; Smith & Parsons, 1985), 

where it seems to depend on a complex interplay between soil moisture, C, N availability, 

pH, temperature, and O2. Indeed, many soil denitrifying microorganisms have been found to 

be able to produce N2O over a wide range of O2 partial pressures (Davies et al. 1989; Lloyd 

et al. 1987; Robertson & Kuenen, 1990). Freney (1997) stated that N may be lost by NH3 

volatilization, by nitrification, by biological denitrification, and by chemo denitrification. As a 

result, emissions of NO, NO2, N2O and N2 are produced. N emitted to the atmosphere as NH3 

may be returned to the biosphere and recycled, thus adding to the N2O burden in the 

atmosphere (Patten et al. 1980; Huang et al. 2004). 

Denitrification contributed 21 % to the production rate of N2O in soil incubated at 50 % WHC 

(Yoshida & Alexander, 1970). Denitrification is an anaerobic process, and anaerobic 

conditions were limited in the incubations at 60 % WHC so the reduction of NO3
− and the 

production rate of N2O were small. Total N2O emissions at 100% WHC was significantly 

larger than at 50% WHC (Yoshida & Alexander, 1970; Blackmer et al. 1980). The moisture 

regime of a soil is an important factor that influences N2O emissions by regulating oxidation 

and reduction reactions (Kumar et al. 2000). Denitrification became the main process in the 

production of N2O at 100 % WHC.  

2.6 Release of mineral N and its availability to plants  

Microbes break down organic polymers and release N in the form of ammonium through 

mineralization which can be further taken up by the plants. NH4+ is an important source of N 

for plants. Nitrification is one process by which microbes utilize NH4
+. NH4

+ is used as an 

energy source by ammonia-oxidizing microbes to produce NO2
- that is usually quickly 

converted to NO3
- by the process of nitrification. As with NH4

+, both plants and microbes 

take up NO3
-, to meet their N demand through the process of N immobilization. When active 
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microbial populations are rapidly mineralizing N from labile SOM, and at the same time, 

plant roots are taking up NH4
+ and NO3

- at rapid rates, then there can be very effective and 

efficient transfer of soil N to plants, with little potential for N loss (Jackson et al. 2008; 

Schimel and Bennett, 2004). 

2.7 Important factors controlling N2O emissions 

N2O emissions from soil are mainly by soil microbial processes. Soil microbial processes are 

mainly responsible for soil N2O emissions. Soil characteristics, cropping patterns, and 

climate and their interactions, impact nitrification and denitrification processes. As a 

consequence, the production and emissions of N2O are affected (Algaidi, 2009; Beauchamp 

1997). Hutchinson (1995) mentioned that most N2O was produced by denitrifiers. 

N2O emissions into the atmosphere were measured in closed chambers at the soil surface 

(Reth et al. 2008). At the same time, soil temperature and soil water contents were 

recorded in order to quantify their effects on the fate of N2O in the soil. The highest N2O 

concentration was recorded after ‘special events' like snowmelt, heavy rain, fertilization, 

and grubbing. The combination of fertilization and heavy rain led to an increase of up to 

2,700 ppb in the subsoil. Colbourn & Dowdell (1984) measured between 0–20% and 0–7% N 

loss from field soils and grassland, respectively.  

The amount of N2O emissions are mainly influenced by the N fertilization (Granli & 

Bockman, 1994) as shown in studies of Schmidt & Bock (1998), who determined a strong 

correlation between N content in the soil and N2O emissions. The positive correlation 

between increased N input and increased N emissions provides the basis for estimating the 

impact of agriculture on N2O emissions on a global scale (Bouwman, 1990; Eichner, 1990). 

Soil moisture, soil temperature and nutrient availability (environmental factors) control the 

biogeochemical processes (such as; mineralization, nitrification and denitrification) 

(Davidson, 1992; Conrad, 1996a,b; Smith et al. 2003). These processes normally cause the 

high variability of trace gas flux rates. The environmental factors vary in time and space so 

that site –specific estimates of annual trace gas exchange are probably to contain large 

uncertainties (Algaidi, 2009). Soil temperature and moisture were the most crucial factors 

influencing N2O emissions. Microorganisms and their metabolism can be affected by those 
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parameters, and then consequently, the production and consumption of N trace gases in 

the soils can also be affected (Conrad, 1996a, b). The movement of the gases into the 

atmosphere and away from the atmosphere is controlled by the air-filled porosity. It also 

affects soil aeration, and therefore, indirectly controls the capability of the soil for making or 

depleting soil produced trace gases (Algaidi, 2009; Smith et al. 2003; Davidson et al. 2000; 

Kitzler et al. 2006). 

2.8 C cycle 

Carbon is stored on our planet as different forms; such as, organic molecules in living and 

dead organisms in the biosphere; CO2 in the atmosphere; organic matter in soils; fossil fuels 

and sedimentary rock deposits such as limestone, dolomite and chalk in the lithosphere; and 

dissolved atmospheric CO2 in the oceans and as calcium carbonate shells in marine 

organisms. The basic terrestrial carbon cycle of life is: (1) to change atmospheric CO2 to 

carbohydrates by photosynthesis in plants; (2) to consume and oxidise these carbohydrates 

by animals, plants and microorganisms for production of CO2 and other products; and (3) to 

bring back CO2 to the atmosphere. (http://soilcarboncenter.k-state.edu/carbcycle.html) 

 

Figure 2 C cycle (Source: PhysicalGeography.net) 

Soils play a central role in maintaining a balanced global C cycle. They contain approximately 

75 % of the C pool on land, which is threefold more than the amount stored in living plants 

and animals (Batjes, 1996). Organic material is manufactured by the plants through 

photosynthesis using atmospheric CO2 and water as raw materials. The soil fauna and flora 
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die and return to the soil, providing organic C to soil microorganisms, especially 

heterotrophs, their main energy source (Chan, 2008).   

Plants sequester carbon from the atmosphere through growth. CO2 is converted into plant 

tissue by photosynthesis. After a plant dies, the plant materials are decomposed principally 

by soil microorganisms. Carbon is released back into the atmosphere by respiration, or it is 

left behind as soil organic matter. Therefore, plants and microorganisms in the soil provide 

the connection between carbon in the atmosphere and how it can be fixed to biological 

matter in soils. The latter process is called soil carbon sequestration (Lal, 2004).  

 Carbon sequestration is one of the pathways to reduce GHGs in the atmosphere. European 

soils store 73 - 79 billion tons of C. About 45 % of European soils including some parts of 

Germany are low in OM (0-2 % OC) (Jones et al. 2012). Such loss is due to land use and 

climate change at a range equivalent to 10% of the amount of fossil fuel emissions for 

Europe (www.Europa.eu).   

2.9 Factors influencing CO2 emission  

There may be a relationship between climate change phenomena and the rise in 

atmospheric CO2 (Jolankai and Birkas, 2005). Carbon fluxes from plants to soil and from soil 

to the atmosphere are probably influenced by the increase in atmospheric CO2 

concentration and potential climatic changes (Algaidi, 2009). In most ecosystems, the parts 

of soil CO2 efflux include respiration due to litter decomposition, rhizo-microbial respiration, 

root respiration, and microbial respiration (Cheng, 2009). Some researchers and planners 

(IPCC, 2000; Lal, 2004) indicate that land use and soil management technologies are feasible 

options for reducing the net rate of increase in CO2 abundance. For example, Cox et al. 

(2000) observed that the biosphere will act as the overall C sink until approximately 2050, 

and will then become a source. Thereafter the ocean will become a bigger sink, sequestering 

about 5 Pg C yr–1. 

CO2 concentration is currently enhanced at the rate of 1.9 ppm yr–1 or 0.47 % yr–1 (WMO, 

2006) by land use conversion and deforestation, and fossil fuel combustion.  The impact of 

land use conversion and agricultural activities on CO2 abundance started approximately 

10,000 years ago since the oncoming of located agriculture (Ruddiman, 2003). CO2 
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emissions from land use conversion and deforestation stepped up with the clearance of 

Northern Hemisphere forests in the 19th century and emissions were aggravated by 

deforestation of tropical rainforests (TRF) during the 20th century. It is approximated that 

350 Mha of TRF were deforested and another 500 Mha of secondary and primary tropical 

forests were degraded with substantial CO2 emission to the atmosphere (Lamb et al. 2005). 

In temperate regions and tropical climates, SOC pool has decreased by 30–50 % over 50–

100 years and 50–75 % over 20–50 years, respectively, due to conversion of natural to 

agricultural ecosystems. The proposed global warming with an approximate increase in 

mean annual temperature of 4 – 6oC by 2100, may have a fundamental impact on the 

amount soil C pool and its dynamics. Because of increased biomass production and 

accretion into the soil, so called CO2 fertilization effect, the SOC pool may increase, 

consequently, the production of the root biomass may also be enhanced. The quantity of C 

pool may also be increased by an increase in the weathering of silicates due to increased 

temperature, and the formation of secondary carbonates due to increased partial pressure 

of CO2 in soil air. However, in contrast, due to an increased rate of respiration and 

mineralization, water limitation and increased losses by soil erosion, the SOC pool might be 

decreased (Lal, 2004; Lal, 2008). 

Currently, soil respiration has received considerable attention due to the release of large 

quantities of CO2 from the soils to the atmosphere (Merino et al. 2004).  Alternations in land 

use and soil management practices (such as; tillage, use of fertilizers, organic residues, 

pesticides) cause changes in SOC and are largely responsible for increases in atmospheric 

CO2 from terrestrial ecosystems (Bouwman, 1990). Less intensive management improves 

biological properties (Emmerling et al. 2001) and the conversion of agricultural land to 

forest usually results in considerable gains in SOC and reductions in CO2 fluxes (Paul et al. 

2002, Merino et al. 2004).  

2.10 Effects of climate warming on soil microbes  

There is now much evidence to show that climate warming can affect an array of 

ecosystems, from polar terrestrial to topical marine environments, and influence a broad 

range of organisms, from microorganisms to plants to animals (Walther et al. 2002; Root et 

al. 2003; Davidson & Janssens 2006). There are two thoughts on the effects of climate 
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warming on soil microbes and associated processes. One thought maintains that current 

climate warming would stimulate soil microbial growth and activities, thus accelerating the 

rate of soil organic C decomposition (Cheng, 2010). A positive relationship between 

temperature and soil microbial respiration has been well illustrated (Lloyd & Taylor, 1994). 

Modeling and experimental evidence have documented a direct stimulation of higher 

temperature on soil microbial respiration (Jenkinson et al. 1991; Kirschbaum 1995; Melillo 

et al. 2002; Davidson & Janssens, 2006; Hartley et al. 2008, 2009). The respiration rate of 

organisms in the soil (mainly root and microbial respiration) would approximately double for 

every 10°C increase in temperature. Another argument, however, states that soil microbes 

may acclimate or adapt to climate warming, therefore weakening the positive effect of 

climate warming on soil respiration (Cheng, 2010). Some experimental studies provided 

supporting evidence to show that soil microbial biomass and respiration did not respond to 

experimental warming (Jonasson et al. 1999; Zhang et al. 2005; Giardina & Ryan 2000; 

Heinemeyer et al. 2006; Bradford et al. 2008). However, the underlying mechanisms by 

which soil microbes acclimate to warming are not well understood. It is likely that 

temperature might not be the most limiting factor in those warming experiments that have 

observed a temperature insensitivity of microbial decomposition (Bradford et al. 2008; 

Giardina & Ryan 2000). In other words, the effects of warming on microbial decomposition 

might be obscured by other hidden factors such as the quality of substrate in an incubation 

study (Giardina & Ryan 2000), or plant growth in a field experiment (Luo et al. 2001; Zhang 

et al. 2005; Cheng, 2010). 

2.11 Mechanisms during drying of the soil 

Soil drying is strongly influenced by air humidity, temperature, wind, and transpiration. It 

often only starts shortly after the rainfall as a result of the water shortage of air. The 

influences of soil drying on microbial activity are mostly restrained to elevated temperatures 

while the influence is rather small at low temperatures (Borken & Matzner, 2009).  

2.11.1 Response to microorganisms 

When soil is drying, both the matric potential and the osmotic potential become more 

negative in soil solution. Microorganisms may desiccate and decrease osmotic potential in 

the cell by aggregation of compatible solutes such as amino acids, carbohydrates and 
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inorganic solutes, in order to equilibrate with their environment (Harris, 1981; Halverson et 

al. 2000).  

Osmotic regulation is constrained to a certain threshold and varies among microorganisms. 

When the threshold is exceeded, microorganisms further dehydrate and die (Sparling & 

Ross, 1988; Van Gestelet al. 1992, 1993) or survive the drought period by forming 

endospores, cysts or vegetative cells (Chen & Alexander, 1973). One-third of the microbial 

biomass in a Mediterranean grassland soil was killed by air-drying at 40oC over 24 h 

(Bottner, 1985). Likewise, Sparling et al. (1986) found that a decrease of 14 – 30% of 

microbial biomass following air-drying. In contrast, air-drying above 14 days reduced 

microbial biomass by only 10% in organic and mineral horizons of an aspen and pine forest. 

It was suggested that these microorganisms were well-adapted to water stress (Scheu & 

Parkinson, 1994; Borken & Matzner, 2009). 

2.11.2 Diffusive limitations 

Drying of soils reduces the accessibility of organic and inorganic soluble substrates and the 

mobility of extracellular enzymes. Both the disseminative transport of substrates and 

extracellular enzymes, and the active or passive mobility of microorganisms decelerate with 

decreasing water potential and abating thickness of the water film. Discontinuous water 

films inhibit the disseminative transport of solute substrates at very low matric potential 

(Borken & Matzner, 2009). Voroney (2007) found that a decrease in microbial activity can be 

attributed to osmotic regulation and limited diffusive transport. 

2.12 Mechanisms during wetting of dry soils 

Microbial activity is naturally increased by wetting of dry soils within minutes (Borken et al. 

2003; Lee et al. 2004; Sponseller, 2007) and/ or hours (Pulleman & Tietema, 1999; Prieme & 

Christensen, 2001). This wetting pulse might be attributed to the restructuring for 

mineralization of soil organic matter and to the mineralization of formerly unavailable and 

easily decomposable organic substrates (van Gestel et al. 1991; Appel, 1998; Wu & Brookes, 

2005). The latter may cause an additional short-term rise in microbial activity for a few days 

that surpasses the microbial activity of a permanently moist soil. This priming effect has 

recently been termed as the ‘Birch effect' to acknowledge Birch's pioneering work (Birch, 
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1958 a, b, 1964) on drying and wetting effects in soils (Jarvis et al. 2007). The organic 

substrates that cause this priming effect may come from different sources during the drying 

period. Wetting of a dry soil, however, may cause further mechanisms that increase the 

availability of organic substrates (Borken and Matzner, 2009). 

2.12.1 Release of microbial biomass 

Wetting of dry soils activates the hydration and lysis of dead microbial cells, which 

accumulate during drying periods. These substrates may subsequently be metabolized by 

surviving microorganisms. Surviving microorganisms, however, may experience even more 

stress than during the drying period and possibly die following wetting (Schimel et al. 2007). 

If microorganisms do not quickly equilibrate to abruptly changes in water potential, water 

will flow down to the cytoplasm and destroy the cell unless the cell wall protects the turgor 

pressure (Kieft et al. 1987). The equilibration to the water potential may include metabolic 

decay or polymerization of compatible solutes into osmotically less active compounds, as 

well as passive and active export from the cell into the soil solution (Halverson et al, 2000). 

Kieft et al. (1987) found that 17–70 % of total microbial biomass C was released by rapid 

wetting for grassland soils. The release of biomass C increased with the change in water 

potential and varied between two grassland soils. Active microorganisms are probably to be 

more susceptible to drying and wetting stress than dormant microorganisms. The decrease 

in microbial biomass was stronger in soil with high microbial activity compared with soil with 

low activity (Van Gestel et al. 1993 Borken & Matzner, 2009).  

Borken and Matzner reported that the release of microbial substrates during wetting 

appears to be one significant C and N source in many soils. Its contribution to the wetting 

pulse will depend on the recycling of compatible solutes for microbial growth and on the 

change in water potential during drying and wetting. Quick response and recovery of 

microbial activity and biomass after wetting indicates that most of the microbial 

communities are well-adjusted to both drying and wetting stress even when a portion of the 

microbial population is killed during these extreme cases. The situation might be different in 

soils or soil horizons that do not regularly experience drying/ wetting cycles. 
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2.12.2 Hydrophobicity 

Hydrophobicity of SOM considerably slows down the increase in water potential following 

wetting. After a drought period, most rainwater infiltrates on preferential flow routes into 

the soil or runs off on the soil surface in hilly and mountainous landscapes. Depending on 

the hydrophobicity of the soil, initial water potential, and the intensity and duration of 

precipitation, the moistening of top soils often continues over weeks or months. 

Preferential flow prevents the overcoming of hydrophobicity as parts of soil organic matter 

have little or even no contact with water during rainfall. A slow increasement of  water 

potential gives microorganisms more time to equilibrate with their environment and to 

restore their metabolism including the re-assimilation of compatible solutes. Hence, the 

wetting of hydrophobic soil possibly means less stress for microorganisms (Borken and 

Matzner, 2009; Halverson et al. 2000; Schimel et al. 2007). 

2.13 Microbial response to precipitation pulse 

After the first rainfall following a prolonged drought, the abrupt increase in water 

availability produces an osmotic shock. With renewed water and resource availability, 

wetting-up make up both a physiological stress and a defined stimulus for microorganisms 

regaining from the extreme drought of summer (Placella et al. 2012).  

Huxman et al. 2004 reported that "C balance of the system in various ways in most 

ecosystems is directly altered by a precipitation pulse into dry soil. Firstly, soil microbial 

activity during the former dry period and high concentrations of CO2, built up from inorganic 

C sources are physically displaced because percolating water fills soil pore spaces. Secondly, 

precipitation pulses can release C held in large soil pools of inorganic carbonates. Thirdly, 

microbial activity, decomposition, and N mineralization can be quickly enhanced by soil 

rewetting through the increase assessment of substrate. Therefore, high respiration rates 

from biological processes can happen rapidly following a precipitation pulse leading to 

significant CO2 release to the atmosphere. These CO2 effluxes may together outweigh the 

subsequent photosynthetic CO2 accumulation, and, therefore, the precipitation pulse might 

result in a net loss of C from an ecosystem". 
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2.14 Patterns of soil gas flux response to rewetting 

Altered precipitation patterns may result in altered soil moisture patterns and, 

consequently, extended drought periods with more heavily rewetting may be resulted. 

Altered precipitation patterns may change the CO2 production regime from a more or less 

continuous regime to a more pulse driven regime (Borken et al. 2003; Borken and Matzner 

2009; Murh et al. 2008). 

2.14.1 Carbon dioxide 

Carbon dioxide is the most important GHG in the atmosphere. It is the soil gas that has 

received the third most attention for studying the effects of rewetting and thawing of soils 

(Kim et al. 2012). 

In many terrestrial ecosystems and various land-use types, including croplands (Kessavalou 

et al. 1998; Beare et al. 2009), grazing pastures (Xu and Baldocchi 2004; Wu et al. 2010b), 

forests (Kim et al. 2010b), grasslands (Joos et al. 2010; Xiang et al. 2008), savannas (Castaldi 

et al. 2010), and deserts (Sponseller and Fisher, 2008), increases in CO2 flux after rewetting 

of dry soils have been reported. For instance, in an upper Sonoran Desert ecosystem, CO2 

flux increased up to 30-fold directly following experimental rewetting, and within 48 h 

returned to the rate of gas flux before the event (Sponseller, 2007). Drying and rewetting 

treatments raised the annual CO2 flux by 51% compared with a control plot in case of soil 

moisture manipulations in a Norway spruce plantation (Borken et al. 1999). The relative CO2 

flux increase following rewetting in the desert is higher than those of croplands, forests, 

grasslands, savannas, and wetlands. The hypothesis of "rewetting a variety of soil types 

might have substantial effects on the C balance of terrestrial ecosystems" is supported by 

these studies (Lee et al. 2004; Xu et al. 2004; Borken et al. 1999). 

Some studies showed no responses or only a small increase in CO2 fluxes following 

rewetting events and did not substantially affect annual flux rates (Coxson and Parkinson, 

1987; Schimel and Clein, 1996; Neilsen et al. 2001). Other studies showed reduced CO2 

fluxes during dry periods. However, an abruptly increase in fluxes following rewetting then 

did not compensate for the reduction values during the drying period at the seasonal scale 

(Borken and Matzner, 2009; Joos et al. 2010). 
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2.14.2 Nitrous oxide 

Field studies have observed that there were increased soil N2O fluxes following wetting in 

croplands (Barton et al. 2008),  tropical forests (Butterbach-Bahl et al. 2004), grasslands 

(Hao et al. 1988), grazed pastures (Kim et al. 2010a), savannahs (Martin et al. 2003), and 

fens (Goldberg et al. 2010a). Laboratory incubation experiments with croplands (Beare et al. 

2009), forests (Dick et al. 2001), grasslands (Yao et al. 2010), and peatland soils (Dinsmore et 

al. 2009) have given similar results for increase in N2O fluxes after rewetting. In tropical soils 

of Costa Rica, N2O flux pulses started within 30 min and reached the peak no later than 8 h 

after rewetting. 25 g N2O-N ha−1 was emitted after three simulated rain events above a 22-

day period and one episodic N2O production event driven by one moderate rain accounted 

for 15–90% of the entire weekly production (Nobre et al. 2001). These studies have 

discovered increased soil N2O flux following rewetting in the short-term (12 h–15 d), and an 

increase of N2O flux with respect to the background conditions. Increases in forest N2O 

fluxes following rewetting are higher than those of cropland, grassland, and other 

ecosystems (Kim et al. 2012). 

In contrast, some studies showed either only small increase of N2O fluxes following 

rewetting that did not considerably affect annual flux rates (Garcia- Montiel et al. 2003; Neill 

et al. 2005; Borken and Matzner, 2009) or no responses. Some studies indicated reduced 

N2O fluxes during drying periods. But rapidly increase in fluxes after rewetting did not 

compensate for the reduced rates of uptake during drying period at the seasonal scale 

(Borken and Matzner, 2009; Goldberg and Gebauer, 2009; Kim eat al. 2012). Therefore, 

there are still uncertainties and more research is needed to estimate the effect of altered 

precipitation on CO2 and N2O production. 

2.15 Mechanisms for soil gas flux response to rewetting 

There are two broad mechanisms responsible for changed soil gas flux following rewetting. 

These are (1) increased microbial metabolism by substrate supply and (2) physical 

mechanisms (Kim et al. 2012). First, microbial metabolism can be increased by the 

availability of accumulated substrates during soil drying that get available as solutes in water 

after the rewetting of soils. A large proportion of microorganisms, fine roots, and 

mycorrhiza die during drought conditions (Clein and Schimel, 1994; Teepe et al. 2001). 
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While rewetting, these dead cells become to have low C: N ratios and can be decomposable 

rapidly (Van Gestel et al. 1993; Kieft et al. 1987;). Microorganisms accumulate high 

concentrations of solutes to retain water inside the cell during drought conditions (Harris, 

1981), which also decompose on rewetting (Schimel et al. 2007; Fierer and Schimel, 2003). 

Drying-wetting could break-up soil aggregates, exposing physically protected OM and 

increasing the accessibility of substrates that can be rapidly mineralized (Groffman and 

Tiedje, 1988; Appel, 1998; Pesaro et al. 2003; Grogan et al. 2004). Furthermore, root 

exudates from revived plants following rewetting could significantly affect soil surface fluxes 

(Curiel Yuste et al. 2007; Crow and Wieder, 2005). Second, physical mechanisms include 

reduced diffusivity, infiltration and gas displacement reaction in the soil (Jensen et al., 1996; 

Huxman et al., 2004; Kim et al. 2012).  

Importantly, the relative contribution of autotrophic or heterotrophic activity to changes in 

CO2 fluxes following rewetting is poorly understood. Also, the relative contribution of 

specific microbial processes (e.g., nitrification, denitrification and nitrifier denitrification) to 

changes in N2O fluxes following rewetting is still poorly understood, although several studies 

have investigated that denitrification is a major contribution process in N2O fluxes following 

rewetting (Kim et al. 2012; Groffman and Tiedje, 1988; Prieme and Christensen, 2001). 

There are also two possibilities of a reduction in GHG fluxes after rewetting due to: (1) 

increased accumulation of rain water in the soil pore space that causes reduction of soil CO2 

diffusivity rates (Rochette et al. 1991), and (2) limitation of the soil macro-porosity by 

rainfall that causes increased anaerobiosis, reduced soil air-filled pore space and reduced 

aerobic respiration (Kim et al. 2012; Linn and Doran, 1984; Ball et al. 1999; Davidson et al. 

2000). 
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Chapter 3: Materials and methods 

PART (A): Elevation of soil temperature might influence N-cycling of an 

agricultural cropping system 

3.1 Experimental site description 

The experiment was carried out at the site of the Hohenheim Climate Change (HoCC) 

experiment (Poll et al. 2013). The experiment is situated at the Heidfeldhof experimental 

field station (48°42'N, 9°11'E, 395 m a.s.l.) of the University of Hohenheim (Stuttgart, 

Germany) (Figure 3). The mean annual temperature and precipitation at the site are 8.7°C 

and 679 mm, respectively. The soil is a stagnic luvisol derived from loess with a silty loam 

soil texture, a pH of 7.0 and an organic carbon content of 12.1 g kg-1. The HoCC experiment 

was established in 2008 and combines experimental soil warming, reductions in 

precipitation amount and reductions in precipitation frequency independent of the amount.  

The experiment is laid out in four blocks with a split-plot design. The experimental setup is 

shown in Figure 4. This study was conducted from one subplot (1m x 1m) of each roof-

control plot exposed to either ambient (Ta) or elevated (Te) soil temperature and ambient 

precipitation. Each plot is separated by PVC- barriers, to a depth of 50 cm, to avoid lateral 

water movement in soil from their surroundings. Soil temperature is manipulated according 

to the predicted temperature changes for Central Europe within the range from +2.5 - 5.5°C 

or +1 - 4°C for the IPCC A2 scenario or B2 scenario, respectively (Forster et al. 2007) and to 

scenarios of regional climate models for Germany (Umweltbundesamt 2006). The soil 

temperature was elevated by + 2.5°C to 4 cm depth using heating cables (RS 611-7918, RS 

Components GmbH) according to Ineson et al. (1998). Temperature probes at 4 cm depth 

are connected to two data loggers (DT85, UMS GmbH), which log soil temperature every 

minute and control the heating system.  

 



Materials and Methods  27 
 

 

Figure 3 Picture of the HoCC experiment showing the roofs and roof-control plots 

 

3.2 Plant sampling and analyses 

Winter wheat (Triticum aestivum. Toras) was sown in the plots in October 2011. 190 

plants/sqm were planted in 7 rows and fertilized with calcium ammonium nitrate on March 

23rd 2012 (67.5 kg N ha-1), on April 27th 2012 (27 kg N ha-1), and on May 31st 2012 (40.5 kg N 

ha-1). Crop phenology was monitored during the main growth period from March to July 

2012 using the BBCH scale for cereals (Lancashire et al. 1991). SPAD measurements were 

taken at every second leaf of the main stem, starting with leaf number 3, and ending at the 

youngest fully developed leaf present (leaf number 11 here). Plants were rated weekly for 

plant height, number of leaves and senescence. Above-ground plant biomass was sampled 

at five dates representing the following wheat phenological growth stages: tillering (BBCH 

22, 16 March), stem elongation (BBCH 31, 17 April), booting (BBCH 49, 21 May), flowering 

(BBCH 65, 11 June) and ripening (BBCH 89, 16 July 2012). At each sampling date 5 

representative plants were collected from each plot by cutting the plants at the soil surface. 

The plant samples were dried in an oven at 60 °C to constant weight, and dry matter 

biomass was determined. The representative sample from partitioned plant parts (leaves, 

stems, ears, grains) was ground to a fine powder with a ball mill and analyzed for C and N 
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content using the Vario MACRO CNS Elemental Analyzer (Elementar Analysensysteme 

GmbH, Hanau, Germany). 

 

 

Figure 4 Experimental set up of the HoCC experiment 

 

 

 

 

 

Treatments temperature: 
I   Roof, elevated temperature 
II  Roof, ambient temperature 
III No roof, elevated temperature 
Iv No roof, ambient temperature 

 

Treatments precipitation: 
a  Ambient 
b Low amount 
c  Low frequency 
d  Low amount + frequency 
r  Exclusion earthworms 
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3.3 Soil sampling and analyses 

Soil samples were taken from 0-15 cm and 15-30 cm depth on the same sampling dates as 

for plant samples. After sieving at 2 mm, the field moist soil samples were homogenized and 

stored at -20 °C until further analyses. Soil water content was determined by drying at 105°C 

for 24 h. C and N concentrations in soil were measured with the Vario MACRO CNS 

Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). 

3.3.1 Mineral nitrogen content 

For extraction of mineral N (Nmin) in the forms of NH4
+ and NO3

-, 10 g of soil was mixed with 

40 ml 1 M potassium chloride and shaken on a horizontal shaker for 30 min at 250 r.p.m. 

The suspension was then centrifuged at 4400 g for 30 minutes to separate the soil particles 

from the solution. NH4
+ and NO3

- concentrations in the supernatant were measured with a 

continuous flow auto analyzer (Auto analyzer 3, Bran & Luebbe, Norderstedt, Germany). 

3.3.2 Microbial biomass C and N (Cmic and Nmic) 

Microbial biomass carbon (Cmic) and nitrogen (Nmic) in the soil were measured by using the 

chloroform fumigation extraction (CFE) method (Vance et al. 1987). 10 g of soil was 

fumigated with ethanol-free chloroform and extracted with 40 ml of 0.5 M K2SO4 on a 

horizontal shaker for 30 min at 250 r.p.m. Then the suspension was centrifuged at 4400 g 

for 30 min and the supernatant was diluted 1:4 with H2Odest. to avoid a high salt 

concentration for the subsequent analysis. Soil extractable organic C and total N in the 

diluted extracts before (non-fumigated control) and after fumigation were analysed using a 

TOC/TN analyzer (Multi N/C 2100S, Analytik Jena, Germany). The released C and N were 

converted to Cmic and Nmic using a kEC factor of 0.45 (Joergensen 1996) and a KEN factor of 

0.54 (Brookes et al. 1985), respectively. 

3.3.3 Soil enzyme activities 

The potential nitrification activity was determined by aerobic incubation of soil following a 

modified method of Kandeler (1996). Twenty ml of 1 mM ammonium sulfate and 0.1 ml of 

1.5 M sodium chlorate solution were added to 5 g of field- moist soil and incubated at 25 °C 

for 5 h. Nitrite (NO2
-) released during incubation was extracted with potassium chloride and 
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determined photometrically at 520 nm. Potential nitrification was expressed as the amount 

of NO2-N released per gram soil in 5 h. 

Protease activity was determined according to a modified protocol of Kandeler (1996). The 

method involves the estimation of tyrosine released after a 2 h incubation period at 50oC 

with a buffer casein solution. 5 ml of substrate solution (casein solution, 2% w/v) and 5 ml of 

Tris (Tris-hydroxymethyl-aminomethane) buffer (0.05 M, pH 8.1) were added to 1 g of field-

moist soil and incubated for 2 h at 50oC. Then, the aromatic amino acids produced were 

extracted with trichloracetic acid (0.92 M) and measured photometrically after adding Folin-

Ciocalteau-reagent and expressed as tyrosine equivalents per gram dry soil in 2 h. 

The activities of N-acetyl glucosaminidase, tyrosine-, leucine- and alanine-aminopeptidase 

were determined using fluorogenic substrates (Marx et al. 2001). The substrates contained 

the fluorescent compounds 4-methylumbelliferon (4-MUF) and 7-amino-4-methylcoumarin 

(7-AMC). Buffers and substrates were prepared according to Poll et al. (2006). Fifty ml of 

autoclaved water was added to 1 g of soil to make 50 ml of soil suspension and dispersed by 

ultrasonication for 2 min. The suspensions were continuously stirred using a magnetic stir 

plate while 50 µl aliquots were dispensed into 96-well microplate (PPF black 96 well; Greiner 

Bioone GmbH, Frickenhausen, Germany). Then 50 µl of appropriate autoclaved buffer (MES 

or TRISMA buffer) and 100 µl of substrate solution were added. Standard wells (0, 10, 20, 

50, 80, 120 l) received 50 µl of soil suspension, standard solution (MUF or AMC) and filled 

with the appropriate buffer to the final reaction volume of 200 µl.  After 0, 30, 60, 120 and 

180 min, the plates were pre-incubated at 30 °C and then were measured in a microplate 

fluorescence reader (FLX 800, Bio-Tek Instruments Inc., Germany) at 360/460 nm 

wavelength. The enzyme activity was expressed as nmol MUF/AMC g-1 soil h-1. All analytical 

results were related to the basis of the oven dried (105°C) soil. 

3.4 Data analysis 

A linear mixed-effects model (LME) was used to test for differences of the means of all 

variables among treatments and sampling dates. Block and plot were included as random 

effects to account for the block-design of the experiment and for repeated measurements. 

LMEs with block as random effect were used to test the effect of warming at each sampling 

date. Prior to analyses data were tested for normality (Shapiro-Wilk test) and homogeneity 
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of variances (Bartlett's test). Data were log-transformed to meet the ANOVA assumptions of 

normality and homogeneity of variance if it is necessary. Significant differences were 

accepted at the P < 0.05 level of probability. All statistical tests were performed using R 

version 2.15.2 (R Core Team 2014) and the nlme package with lme function (Pinheiro et al. 

2014). 

PART (B): Impacts of rainfall manipulations on CO2 and N2O fluxes after rewetting 

in an agricultural soil  

3.5 Experimental design 

The  simulated  changes  are based  on  climate  change  predictions  for  Germany  (regional  

climate  models,  Umweltbundesamt,  2006). In the HoCC experiment, the soil is subjected 

to a factorial combination of warming and manipulations of precipitation amount and 

frequency during summer (June 1st to August 31st). Data for average daily temperature and 

precipitation pattern from this period were drawn from the Hohenheim weather station of 

the Landwirtschaftliches Technologiezentrum Augustenberg (LTZ 2013, Figure 5). Soil 

temperature at a 4 cm depth is increased by 2.5°C, precipitation amount is reduced by 25% 

and precipitation frequency is reduced by measuring cumulative rainfall of two precipitation 

events and delivering that amount after the second precipitation event. The treatments 

were established in quadruplicate in a split-plot design with a total of 8 plots. Each plot has 

a size of 4 x 1 m² and is seperated into 4 subplots. This study was conducted at four subplot 

(1m x 1m) of each roofed plot exposed to either ambient (Ta) or elevated (Te) soil 

temperatures and four precipitation manipulations (ambient  plot,  reduced  precipitation  

amount,  reduced  precipitation frequency,  and  reduced  precipitation  amount  and 

frequency) (without plants). To avoid lateral water movement, each subplot is surrounded 

by a PVC barrier to a depth of 0.5 m between subplots and the surrounding soil.  

The plots are warmed by the use of heating cables (RS 611-7918, RS Components GmbH) 

placed on the soil surface according to Ineson et al. (1998) and are covered by roofs, which 

are closed with a greenhouse film (transmission 90% of PAR) from June 1st until August 31st. 

Rainfall was collected in storage tanks and the water is applied manually to the four 

subplots according to the four precipitation manipulation treatments. The amount of water 

added to the four treatments is shown in Table 1. Soil temperature and moisture were 
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detected by temperature probes (Th2-fs, UMS GmbH) and TDR probes (CS630/CS635, 

Campbell Scientific Ltd.), respectively. Soil moisture contents for the four precipitation 

treatments at ambient and elevated plots after the 1st and 2nd dry periods are shown in 

Table 2. 

 

Figure 5 Average daily air temperature and precipitation pattern from June 1st to August 

31st, 2013 for ambient and reduced precipitation frequency without reduction in 

precipitation amount (I, 1st dry period; II, 2nd dry period) 
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Table 1 Water addition (mm) for four precipitation treatments after the 1st and 2nd dry 
periods 

Dry period Treatment Water addition (mm) 

Dry period I 

AaFa 14.8  

ArFa 11.1  

AaFr 22.6  

ArFr 17.0  

Dry period II 

AaFa 0.6  

ArFa 0.5  

AaFr 36.6  

ArFr 27.5  

 

(AaFa, ambient precipitation; ArFa, reduced precipitation amount; AaFr , reduced precipitation 

frequency; ArFr, reduced precipitation amount + reduced precipitation frequency) 

 

 

Table 2 Moisture content for four precipitation treatments at ambient and elevated plots 
after the 1st and 2nd dry periods 

Dry period Treatment 
Moisture content 

Ambient Elevated 

Dry period I 

AaFa 0.197 0.080 

ArFa 0.146 0.096 

AaFr 0.163 0.107 

ArFr 0.184 0.103 

Dry period II 

AaFa 0.277 0.165 

ArFa 0.200 0.183 

AaFr 0.280 0.195 

ArFr 0.231 0.173 

 

(AaFa, ambient precipitation; ArFa, reduced precipitation amount; AaFr , reduced precipitation 

frequency; ArFr, reduced precipitation amount + reduced precipitation frequency) 
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3.6 CO2 and N2O flux measurements 

After the 1st and 2nd dry periods (19 days and 7 days, respectively), CO2 and N2O fluxes were 

measured from each roofed plot  on July 25th and August 7th, 2013. We used closed 

chambers (Hutchinson & Mosier, 1981) with a volume of 4850 cm³ covering an area of 270 

cm². The bases of the chambers were permanently installed to avoid soil disturbance prior 

to each measurement and with a vent for pressure connection. A channel on top of the base 

was filled with water prior to each measurement to ensure airtight closure between the 

lower and upper parts of the closed chamber. At 0, 15 and 30 minutes after chamber 

closure, 25 ml of the gas inside the closed chamber was sampled with a gastight syringe and 

filled in pre-evacuated exetainers (12 ml, Labco Ltd.). 

CO2 and N2O concentration in gas samples were measured using a gas chromatograph 

(Agilent 7890 equipped with a methanizer, ECD and FID). The instrumental conditions were 

as follow: ECD operation temperature 330oC, FID operation temperature 250oC, oven 

temperature 60oC, carrier gas N2 and make-up gas ECD Ar/CH4 (95%/5%). Three standard 

gases with known CO2 and N2O concentrations were used for calibration. Gas flow rates of 

CO2 and N2O were calculated by measuring the change of gas concentration in the 

headspace using linear regression (Livingston & Hutchinson, 1995). Then cumulative 

emission was calculated by linear interpolation. Measurements were made at 6 time steps 

(before irrigation and 0, 1, 2.5, 4.5 and 24 h after irrigation).  

3.7 Data analysis 

The datasets for the production of CO2, N2O and the cumulative production of CO2 and N2O 

were analyzed as a three factorial ANOVA with rainfall manipulation treatment (amount and 

frequency) and temperature as the three factors. Prior to analyses, data were tested for 

normality (Shapiro-Wilk test) and homogeneity of variances (Bartlett's test). When 

necessary, data were log-transformed to meet the ANOVA assumptions of normality and 

homogeneity of variance. Significant differences were accepted at the P < 0.05 level of 

probability. All statistical tests were performed using R version 2.15.2 (R Core Team 2014) 

and the nlme package with lme function (Pinheiro et al. 2014). 
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PART (C): Effects of the intensity of rewetting of dry soils on soil CO2 production in 

a microcosm experiment 

3.8 Sample collection and preparation 

In total, 30 soil cores were taken at a soil depth of 5–10 cm. The soil cores were taken 

beside the roofed plots of the HoCC. These areas did not receive water during the roofed 

period (from June 1st until August 31st) and, therefore, dried out severely. The HoCC 

experimental site, from which we took our soil cores, had been exposed to severe drought 

conditions of three months’ duration for each of the last six years. 4 cm soil cores were cut 

in half to approximately 2 cm. Then, the cores were dried in the oven at 30oC before 

analyses.  

3.9 Wetting experiment 

The experimental setup included 6 treatments with 5 replicates each. The treatments 

consisted of: 5%, 15%, 25%, 35%, 45% volumetric water content (VWC), and control (no 

water added). The samples were then wetted with 1.25 ml, 3.75 ml, 6,25 ml, 8.75 ml and 

11.25 ml of water to the top and bottom of each 2 cm soil core to adjust the moisture 

content to 5%, 15%, 25%, 35% and 45% of VWC, respectively. 

3.10 Microcosm setup 

After wetting, soil cores were placed into microcosms (19 cm height, 10 cm diameter) at 

room temperature (18oC) for 24 hours to determine CO2 emission (Figure 6). The 

microcosms were sealed with plastic lids containing rubber septa. Measurements of CO2 

production were started after 0, 1, 2, 3, 4, 5, 6, 7 and 24 hours of incubation by using the 

closed chamber method. For measuring CO2 flux, the microcosms were tightly closed and a 

rubber septum was fixed on the lid with a 2-way Luer-Lock valve. Gas sampling was done at 

0, 30 and 60 minutes time intervals by connecting the microcosm atmosphere to evacuated 

exetainers (5.9 ml) with a mounted septum and, using a syringe (Smith et al. 1995). Gas 

fluxes were calculated from the linear increase or decrease in the gas concentrations in the 

chamber headspace. 
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Figure 6 Set up of microcosms 

 

3.11 Rates of CO2 production 

CO2 concentration in gas samples were analysed using a gas chromatograph (Agilent 7890 

equipped with a methanizer and FID). The instrumental conditions and calculation of the gas 

flow rates were the same as described in the section 3.6. Calibration was done with three 

standard gases with known CO2. Both cumulative CO2 production and the immediate CO2 

production rate over each time interval were calculated. To estimate cumulative CO2 fluxes 

over the whole measuring period, cumulative emission rates were calculated by multiplying 

mean fluxes at two consecutive sampling dates with the corresponding period and 

summarizing these time-weighted means. 

3.12 Data analysis 

Data on CO2 production per sampling hours was analyzed as a two-way factorial ANOVA 

with VWC treatment and sampling hours as the two factors. Tukey's HSD was used for 

comparison of means. A Spearman correlation analysis was used to check for correlation of 

VWC and CO2 production. Prior to analyses, data were tested for normality (Shapiro-Wilk 
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test) and homogeneity of variances (Bartlett's test). When necessary, data were log-

transformed to meet the ANOVA assumptions of normality and homogeneity of variance. 

Significant differences were accepted at the P < 0.05 level of probability. All statistical tests 

were performed using R version 2.15.2 (R Core Team 2014) and the nlme package with lme 

function (Pinheiro et al. 2014). 
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Chapter 4:  Results 

PART (A): Elevation of soil temperature might influence N-cycling of an 

agricultural cropping system 

4.1 Plant analyses 

4.1.1 Plant rating 

Generally, soil warming did not significantly affect phenological plant development during 

the investigated period. However, at some dates the mean values of plant height (Figure 7), 

number of leaves (Figure 8) , and SPAD values (data not shown) tended to be higher in 

warmed than in control plots, but the differences were not significant. 

 

 

 

 

Figure 7  Plant heights from 12 rating events in warmed and control plots 

Values are means ± SD with the sample size n=4. 
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Figure 8  Number of leaves per plant from 12 rating events in warmed and control plots 

Values are means ± SD with the sample size n=4. 

 

4.1.2 Plant biomass and C and N concentration  

At all sampling dates, plant biomass in soil warming and ambient plots did not differ 

statistically although the mean values were sometimes lower in warmed than in control 

plots (Table 3). 

N concentrations in ears and grains did not differ between treatments (Table 4), whereas 

the effect of warming on N concentrations in leaves (P=0.047) and stems (0.056) was 

dependent on the sampling date (temperature x sampling date). In May, leaf and stem N 

concentrations tended to be lower in warmed plots, which resulted in higher C: N ratios of 

leaves and stems in May (Table 4). At harvest, C: N ratios of leaves and stems were 

considerably higher in warmed plots, although this was not significant. 
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Table 3 Biomass in g kg-1 dry matter 

 

 

 

 

 

 

        Mean ± SD, n=4; P-values for significant differences between treatments at each sampling date 

 

 

 

Table 4 C and N in g kg-1 dry matter, and C: N-ratio in plant parts  

Sampling  Elevated Ambient P Elevated Ambient P 

date Mean  SD Mean  SD  Mean SD Mean  SD  

 N leaves     C leaves     

16.3.2012 42.59     ± 2.70     45.19    ± 2.66 n. s. 390.39    ± 10.28 380.64    ± 10.75 n. s. 

17.4.2012 46.07     ±  4.52 43.45    ± 3.72 n. s. 400.33    ± 3.42 404.99    ± 7.82 n. s. 

21.5.2012 31.90     ± 2.99 38.63    ± 4.10 0.077 423.25    ± 5.44 426.39    ± 10.70 n. s. 

11.6.2012 29.91     ± 3.35 31.20    ± 5.61 n. s. 417.91    ± 4.70 417.10    ± 7.51 n. s. 

16.7.2012 7.83       ± 3.09 11.37    ± 6.83 n. s. 400.98    ± 11.88 405.44    ± 12.71 n. s. 

 N stems     C stems     

21.5.2012 7.73       ±    0.46 9.45       ± 1.22 0.100 423.30    ± 3.51 423.02    ± 3.46 n. s. 

11.6.2012 6.03       ± 0.88 6.36       ± 0.89 n. s. 430.51    ± 5.04 427.98    ± 4.73 n. s. 

16.7.2012 2.51       ± 1.65 2.49       ± 0.79 n. s. 430.46    ± 3.90 428.94    ± 3.53 n. s. 

 N ears     C ears     

11.6.2012 18.45     ± 1.35 17.88    ± 0.98 n. s. 441.28    ± 13.46 440.90    ± 11.32 n. s. 

 N grains     C grains     

16.7.2012 19.53     ± 2.15 17.68    ± 1.32 n. s. 411.98    ± 3.48 411.68    ± 0.88 n. s. 

 C:N-ratio  leaves    C:N-ratio  stems    

16.3.12 9.18        ± 0.53 8.45       ± 0.68 n. s.      

17.4.12 8.75        ± 0.94 9.36       ± 0.73 n. s.      

21.5.12 13.34      ± 1.08 11.12    ± 1.10 0.060 54.68      ± 2.90 45.41      ± 6.57 0.092 

11.6.12 14.06      ± 1.48 13.68    ± 2.40 n. s. 72.65      ± 11.54 68.17      ± 9.38 n. s. 

16.7.12 55.79      ± 16.00 45.24    ± 22.09 n. s. 256.70    ± 22.36 187.03    ± 65.85 n. s. 

 

Mean ± SD, P-values for significant differences between treatments at each sampling date 

Sampling            
Elevated 

           Ambient  P 

date Mean SD Mean SD  

16.3.2012 0.638      ± 0.421 0.737          ± 0.176 n. s. 

17.4.2012 3.011      ± 1.038 3.010          ± 0.637 n. s. 

21.5.2012 24.44      ± 6.113 25.64          ± 8.633 n. s. 

11.6.2012 42.72      ± 8.920 41.08          ± 3.944 n. s. 

16.7.2012 42.03      ± 6.548 45.37          ± 10.357 n. s. 
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4.2 Soil analyses 

4.2.1 C and N in soil 

Warming did not show any significant treatment effects on C or N contents at either soil 

depths. Analyses of the total concentrations of C and N in the soil samples are showed in 

Table 5. Mean values of C and N contents from control plots were below those of the 

warmed plots in all sampling dates but this difference was not statistically significant. The 

interaction between treatment and sampling date was also not significant for both C and N. 

 

Table 5 C and N concentration in g kg-1 dry matter soil 

Soil  Sampling    Elevated  Ambient P         Elevated         Ambient P 

Depth date Mean SD Mean SD  Mean SD Mean SD  
  g N kg

-1
     g C kg

-1
     

0-15cm 16.3.2012 1.268    ± 0.080 1.227    ± 0.106 n. s. 11.180    ± 1.074 10.840    ± 0.737 n. s. 

 17.4.2012 1.338    ± 0.045 1.289    ± 0.092 n. s. 10.971    ± 0.812 10.873    ± 0.910 n. s. 

 21.5.2012 1.168    ± 0.074 1.145    ± 0.098 n. s. 10.134    ± 1.042 9.589      ± 0.929 n. s. 

 11.6.2012 1.327    ± 0.079 1.313    ± 0.098 n. s. 12.001    ± 1.256 11.463    ± 1.001 n. s. 

 16.7.2012 1.254    ± 0.070 1.217    ± 0.115 n. s. 11.141    ± 1.129 10.597    ± 1.190 n. s. 

15-30 cm 16.3.2012 1.209    ± 0.069 1.162    ± 0.142 n. s. 10.529    ± 1.087 10.082    ± 1.197 n. s. 

 17.4.2012 1.227    ± 0.102 1.164    ± 0.097 n. s. 10.464    ± 1.335 9.725      ± 1.159 n. s. 

 21.5.2012 1.187    ± 0.643 1.154    ± 0.094 n. s. 9.921      ± 1.074 9.503      ± 0.854 n. s. 

 11.6.2012 1.237    ± 0.053 1.186    ± 0.107 n. s. 10.673    ± 0.831 10.030    ± 0.917 n. s. 

 16.7.2012 1.114   ± 0.090 1.077    ± 0.092   n. s. 9.901      ± 1.313 9.220      ± 0.776 n. s. 

Mean ± SD, P-values for significant differences between treatments at each sampling date 

 

4.2.2 Mineral nitrogen content  

Over the sampling period, extractable amount of NH4
+ was not significantly influenced by 

soil warming at the 0 - 15 cm soil depth whereas at the 15 - 30 cm soil depth, NH4
+ was 

significantly higher in warmed plots in July (Figure 9). In comparison to NH4
+, higher amount 

of NO3
- was extractable from soils at both soil depths (Figure 9). Soil warming increased NO3

- 

significantly at the 0 - 15 cm soil depth only in April (Treatment x sampling date; P < 0.001) 

while at the other dates, no treatment effect was detectable.  
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4.2.3 Microbial biomass C and N (Cmic and Nmic) 

Soil microbial biomass and mineral nitrogen forms were generally higher at the upper (0 – 

15 cm) than at the lower soil depth (15 – 30 cm) (Fig. 9). Across the growing season, Cmic at 

the 0 – 15 cm depth tended to be increased by soil warming (P = 0.05), which was most 

pronounced in March and June. At 15 – 30 cm soil depth Cmic was significantly increased by 

warming only in April but not at the other sampling dates (treatment × sampling date; P < 

0.01). Similar to Cmic, Nmic tended to be increased by soil warming at the 0 – 15 cm (P = 0.07) 

and 15 – 30 cm (P = 0.1) depths with greatest effects of warming in March and June (0 – 15 

cm) and May (15 – 30 cm).  

 

 

 

Figure 9  Effects of elevated soil temperature on (a) microbial biomass C, (b) microbial 
biomass N, (c) NH4

+, and (d) NO3
- at 0-15 and 15-30 cm soil depths from five sampling dates 

Mean ± SD, Values are given as means of four replicates. 
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4.2.4 Soil enzyme activities  

Similar to the depth distribution of soil microorganisms, soil enzyme activities were 

generally higher at 0 – 15 cm than at 15 – 30 cm soil depth (Figure 10). Protease activity was 

significantly increased by elevated soil temperatures in June and July and tended to be 

higher also in March at the 0 – 15 cm depth, whereas in April and May no effect was 

detectable (Treatment × sampling date; P = 0.06; Fig. 10, Table 6). At the 15 - 30 cm depth, 

the increase in protease activity by warming was most pronounced in April and July 

(Treatment × sampling date; P = 0.06, Table 7). 

Potential nitrification was not affected by elevated soil temperature at the 0 – 15 cm layer, 

whereas at 15 – 30 cm depth soil warming enhanced potential nitrification significantly in 

March and tended to decrease it in May (Treatment × sampling date; P = 0.05, Table 7).  

Tyrosine aminopeptidase and leucine aminopeptidase (Figure 10) showed a tendency 

towards higher activity at 0-15 cm soil depth in warmed plots across the growing season (P = 

0.08 and P = 0.09, respectively), whereas at 15-30 cm depth no effects of warming were 

detectable. Alanine aminopeptidase and N-acetyl-glucosaminidase showed no significant 

treatment effects at 0-15 cm; while at 15-30 cm N-acetyl-glucosaminidase was significantly 

increased by soil warming in May and July (treatment x sampling date; P<0.01). 
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Figure 10 Effects of elevated soil temperature on (a) potential nitrification, (b) protease,  

(c) Alanyl-aminopeptidase, (d) Leucyl-aminopeptidase, (e) N-acetyl-glucosaminidase and  

(f) Tyrosine aminopeptidase activities at 0-15 and 15-30 soil depths from five sampling dates 

Mean ± SD, Values are given as means of four replicates. 
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Table 6 ANOVA results for the response of soil analyses to elevated soil temperature and 

sampling date at 0-15 cm soil depth.  

                    Significance (in bold) is considered at P < 0.05 and trend (in bracket) is considered at P < 0.1, respectively. 

 
Factor Cmic Nmic C N NH4

+ NO3
- Pot. Nit.  Prot Tyro Leu Ala N-ac 

Temperature (0.051) (0.068) 0.591 0.609 0.498 0.206 0.278 0.036 (0.081) (0.091) 0.228 0.474 

Date 0.010 0.021 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0002 0.006 0.007 0.0002 0.0007 

Temperature 
x Date 

0.682 0.131 0.599 0.763 0.643 0.037 0.599 (0.060) 0.822 0.938 0.866 0.155 

 

Pot. Nit., potential nitrification; Prot, protease; Tyro, tyrosine; Leu, leucine aminopeptidase; Ala, alanine aminopeptidase;  

N-ac, N-acetyl-glucosaminidase. 

 

 

Table 7 ANOVA results for the response of soil analyses to elevated soil temperature and 

sampling date at 15-30 cm soil depth 

                    Significance (in bold) is considered at P < 0.05 and trend (in bracket) is considered at P < 0.1, respectively. 

 
Factor Cmic Nmic C N NH4

+ NO3
- Pot. 

Nit.  
Prot Tyro Leu Ala N-ac 

Temperature 0.137 (0.097) 0.455 0.469 0.623 0.862 0.909 0.133 0.339 0.177 0.219 0.131 

Date 0.011 <0.0001 0.015 0.0008 <0.0001 <0.0001 0.039 (0.096) <0.0001 <0.0001 <0.0001 <0.0001 

Temperature x 
Date 

0.001 0.304 0.957 0.982 0.269 0.024 (0.052) (0.055) 0.986 0.455 0.763 0.117 

 

Pot. Nit., potential nitrification; Prot, protease; Tyro, tyrosine; Leu, leucine aminopeptidase; Ala, alanine aminopeptidase;  

N-ac, N-acetyl-glucosaminidase. 

 

PART (B): Impacts of rainfall manipulations on CO2 and N2O fluxes in an 

agricultural soil  

4.3 CO2 emission during precipitation manipulation 

The response of CO2 emissions to rewetting of dry soils from plots, which are exposed to 

different precipitation and temperature regimes, is shown in Table 8. 

In general, CO2 emissions were lower at the end of the 2nd dry period compared to the first 

dry period. There was a significant effect of temperature on the amount of emitted CO2-C 

(P< 0.05) after the 2nd dry period. However, there was no statistically significant effect of 
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precipitation on CO2 emissions for both dry periods. A significant effect of frequency 

treatment on CO2 % was found after the 1st dry period (P< 0.01, Figure 11). 
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Table 8 Mean fluxes of CO2-C mg m-2 h-1 (± SD) in elevated and ambient plots after the 1st dry period (July 6 – July 25) and the 2nd dry period 
(July 31 – August 7) under different rainfall manipulations 

Dry 
Period 

Treat
ment 

Elevated Ambient 

(Sampling hours) (Sampling hours) 
 

-1 0 1 2.5 4.5 24 -1 0 1 2.5 4.5 24 

Dry 
period 

I 

AaFa 69 ± 
 11.22 
 

111.34± 
34.76 
 

112.05 ± 
12.41,* 
 

112.66 ± 
12.64 
 

123.76 ± 
8.07,* 
 

140.41 ± 
3.99 
 

61.69 ± 
10.03 

64.42 ± 
23.17 
 

76.23 ± 
21.08,* 
 

79.53 ± 
26.69 
 

87.98 ± 
25.38,* 
 

112.58 ± 
18.98 
 

ArFa 79.13 ± 
40.44 
 

94.70± 
31.17 
 

124.22 ± 
22.01 
 

117.83 ± 
23.56 
 

114.61 ± 
24.61 
 

135.17 ± 
26.87 
 

63.14 ± 
19.09 
 

60.52 ± 
8.94 
 

98.78 ± 
14.69 
 

101.62 ± 
17.96 
 

100.06 ± 
25.59 
 

100.52 ± 
34.63 
 

AaFr 68.14 ± 
32.88 
 

108.88 ± 
18.84 
 

100.67 ± 
29.96 
 

101.07 ± 
19.44,* 
 

131.65 ± 
27.09 
 

117.38 ± 
11.32 
 

55.86 ± 
11.50 
 

64.76 ± 
23.23 
 

90.57 ± 
26.92 
 

53.46 ± 
14.32,* 
 

80.28 ± 
30.98 
 

88.38 ± 
28.27 
 

ArFr 
 
 

53.94 ± 
20.96 

99.59 ± 
8.81 
 

143.70 ± 
63.56 
 

102.90 ± 
25.36 
 

120.22 ± 
52.39 
 

91.90 ± 
42.26 
 

54.46 ± 
7.81 
 

84.02 ± 
39.16 
 

91.97 ± 
35.97 
 

58.82 ± 
15.11 
 

93.92 ± 
37.32 
 

94.50 ± 
8.05 
 

              

Dry 
period 

II 

AaFa 52.51± 
9.98 
 

71.00± 
20.80 
 

75.68 ± 
17.11 
 

64.93 ± 
13.56 
 

46.67 ±  
3.75 
 

66.84 ± 
26.19 
 

47.84 ± 
10.22 
 

59.48± 
15.04 
 

60.38 ± 
20.43 
 

41.37 ± 
8.18 
 

38.90 ± 
5.43 
 

79.72 ± 
5.92 
 

ArFa 50.47± 
17.22 
 

79.92 ± 
9.70,*

 

 

102.48 ± 
37.70 
 

90.31 ± 
17.11,* 

47.81 ± 
15.97 
 

101.98 ± 
13.21,* 
 

53.53 ± 
16.38 
 

51.87 ± 
12.30,* 
 

72.45 ± 
29.40 

51.87 ± 
20.81,* 
 

26.89 ± 
4.42 
 

68.69 ± 
2.23,*

 

 

AaFr 53.12± 
8.71 
 

58.71 ± 
16.06 
 

59.39 ± 
15.12 
 

65.43 ± 
18.90 
 

45.38 ± 
 6.22 
 

74.34 ± 
21.65 
 

51.91 ± 
12.92 
 

34.71 ± 
8.81 
 

46.15 ± 
19.70 
 

38.08 ± 
 0 
 

18.08 ± 
12.05 
 

54.56 ± 
11.08 
 

ArFr 
 
 
 

41.18 ± 
3.05 
 

66.10 ± 
22.83 
 

62.33 ± 
22.83 
 

70.74 ± 
13.36 
 

44.07 ± 
15.82 
 

86.13 ± 
31.15 
 

50.24 ± 
1.32 
 

35.03 ± 
14.78 
 

46.65 ± 
2.40 
 

48.01 ± 
6.31 
 

24.55 ± 
6.45 
 

59.54 ± 
9.23 
 

* Indicates significant effect of temperature between each sampling hour 

 (AaFa, ambient precipitation; ArFa, reduced precipitation amount; AaFr, reduced precipitation frequency; ArFr, reduced precipitation amount + reduced 

precipitation frequency; -1, 1 hour before rewetting) 
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Figure 11 Percentage increase in CO2 emission (Mean ± SD) from (a) ambient and  

(b) warmed plots after the 1st dry period (July 6 – July 25) and the 2nd dry period  

(July 31 – August 7). CO2 emissions were related to the rate measured directly before the 

plots were rewetted. 

(AaFa, ambient precipitation; ArFa, reduced precipitation amount; AaFr, reduced precipitation 

frequency; ArFr, reduced precipitation amount + reduced precipitation frequency) 

4.4 N2O emission during precipitation manipulation 

The response of N2O emissions to rewetting of dry soils from plots, which are exposed to 

different precipitation and temperature regimes, is shown in Table 9. There were no 

statistically significant effects of temperature and rainfall manipulation treatments on N2O 

emissions for both dry periods. A significant effect of frequency treatment on N2O % was 

found after the 2nd dry period (P < 0.01, Figure 12). 

0 

50 

100 

150 

200 

250 

300 

0 1 2,5 4,5 24 0 1 2,5 4,5 24 

C
O

2-
C

  (
%

) 
Ambient temperature 

AaFa 
ArFa 
AaFr 
ArFr Dry period II 

0 

50 

100 

150 

200 

250 

300 

350 

0 1 2,5 4,5 24 0 1 2,5 4,5 24 

C
O

2-
C

 (
%

) 

Hours since water addtion 

Elevated temperature 

Dry period I 



Results  49 
 

Table 9 Mean fluxes of N2O-N mg m-2 h-1 (± SD) in elevated and ambient plots after ambient plots after the 1st dry period (July 6 – July 25) and 
the 2nd dry period (July 31 – August 7)  

Dry 
Period 

Treatment 

Elevated Ambient 

(Sampling hours) (Sampling hours) 
 

-1 0 1 2.5 4.5 24 -1 0 1 2.5 4.5 24 

Dry 
period I 

AaFa 7.12 ±  
3.29 
 

10.57 ± 
3.98 
 

6.87 ± 
1.89 
 

7.15 ± 
3.56 
 

7.55 ± 
2.47 
 

5.99 ± 
2.45 
 

3.93 ± 
4.53 
 

4.56 ± 
2.19 
 

7.08 ± 
3.04 
 

7.65 ± 
6.65 
 

15.42 ± 
15.14 
 

4.54 ± 
4.09 
 

ArFa 2.28 ±  
1.33 
 

8.75 ± 
1.89 
 

8.13 ± 
5.16 
 

9.01 ± 
2.28 
 

8.99 ± 
2.61 
 

5.32 ± 
4.44 
 

5.67 ± 
0.52 
 

4.24 ± 
0.68 
 

4.18 ± 
2.73 
 

4.70 ± 
4.08 
 

5.82 ± 
2.86 
 

2.70 ± 
1.97 
 

AaFr 3.37 ±  
1.55 
 

7.07 ± 
0.87,*

 

 

16.25 ± 
14.60 
 

14.03 ± 
15.09 
 

17.08 ± 
14.87 
 

4.93 ± 
1.39 
 

1.49 ± 
2.08 
 

1.89 ± 
1.45,* 
 

5.06 ± 
3.03 
 

11.16 ± 
3.61 
 

32.23 ± 
24.10 
 

4.19 ± 
5.05 
 

ArFr 
 
 

0.00 ±  
0.00 
 

6.91 ± 
4.12 
 

20.55 ± 
9.11 
 

7.41 ± 
1.13 
 

8.35 ± 
4.83 
 

1.72 ± 
1.01 
 

0.91 ± 
0.13 
 

2.77 ± 
1.91 
 

6.48 ± 
0.84 
 

15.02 ± 
16.53 
 

4.41 ± 
32.10 
 

3.61 ± 
2.33 
 

              

Dry 
period II 

AaFa 4.92 ± 
 1.14 
 

5.84 ± 
2.39 
 

5.45 ± 
3.14 
 

4.53 ± 
2.63 
 

7.20 ± 
2.44 
 

6.02 ± 
2.09 
 

1.63 ± 
0.23 
 

2.20 ± 
0.85 
 

2.28 ± 
2.61 
 

1.15 ± 
0.59 
 

4.24 ± 
0.17 
 

9.64 ± 
0.40 
 

ArFa 4.45 ± 
 4.53 
 

3.24 ± 
2.63 
 

2.50 ± 
2.88 
 

4.40 ± 
3.79 
 

4.71 ± 
2.50 
 

8.90 ± 
5.51 
 

2.32 ± 
1.48 
 

4.04 ± 
3.37 
 

4.14 ± 
2.37 
 

2.38 ± 
0.36 
 

3.07 ± 
0.59 
 

7.10 ± 
3.28 
 

AaFr 4.40 
± 1.33 

4.35 ± 
1.81 
 

3.96 ± 
2.67 
 

8.09 ± 
5.19 
 

9.57 ± 
4.56 
 

5.25 ± 
3.53 
 

2.78 ± 
 0.17 
 

4.11 ± 
1.60 
 

4.41 ± 
0.94 
 

4.43 ± 
0.00 
 

7.36 ± 
5.63 
 

6.63 ± 
2.49 
 

ArFr 
 
 

2.47 ±  
1.16 
 

6.66 ± 
5.74 
 

8.97 ± 
8.01 
 

9.85 ± 
4.30,* 
 

14.04 ± 
9.71 
 

8.69 ± 
7.25 
 

1.34 ± 
0.25 
 

2.37 ± 
2.10 
 

3.22 ± 
0.71 
 

7.47 ± 
3.24,* 
 

7.96 ± 
3.11 
 

5.83 ± 
2.78 
 

*1 Indicates significant differences between each sampling hour and rainfall manipulation effect for dry period I and II; *2 indicates significant 

differences between each sampling hour and temperature effect for dry period I and II (AaFa, ambient precipitation; ArFa, reduced precipitation 

amount; AaFr, reduced precipitation frequency; ArFr, reduced precipitation amount + reduece precipitation frequency) 

 

* Indicates significant effect of temperature between each sampling hour  

(AaFa, ambient precipitation; ArFa, reduced precipitation amount; AaFr, reduced precipitation frequency; ArFr, reduced precipitation amount + reduced precipitation 

frequency; -1, 1 hour before rewetting) 
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Figure 12 Percentage increase in N2O emission (Mean ± SD) from (a) ambient and  

(b) elevated plots after the 1st dry period (July 6 – July 25) and the 2nd dry period  

(July 31 – August 7). N2O emissions were related to the rate measured directly before the 

plots were rewetted. 

(AaFa, ambient precipitation; ArFa, low precipitation amount; AaFr, reduced precipitation frequency; 

ArFr, reduced precipitation amount + reduced precipitation frequency) 

4.5 Cumulative CO2 

Cumulative CO2 emission did not depend on precipitation treatments, but instead depended 

on temperature. Cumulative CO2 emissions were significantly increased in plots with 

elevated temperature compared to plots with ambient temperature (P<0.05) (Figure 13). 

We found that the temperature effects were 31 % and 53 % (1st dry period) and 11 % and 

56 % (2nd dry period) for ambient frequency treatment and reduced frequency treatment, 
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respectively. Therefore, reducing the frequency increased the effect of the temperature for 

both dry periods. 

 

 

 

Figure 13  Mean cumulative fluxes of CO2-C (mg m-2 h-1) in elevated and ambient plots under 
different rainfall manipulations 

Means of four replicates per treatment with standard deviation 

(AaFa, ambient precipitation; ArFa, reduced precipitation amount; AaFr, reduced precipitation 

frequency; ArFr, reduced precipitation amount + reduced precipitation frequency) 

* indicates significant differences between elevated and ambient plots 
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4.6 Cumulative N2O 

The rainfall simulation pattern artificially created in our study did not affect cumulative N2O 

emissions. Despite different emission patterns (Figure 14), cumulative N2O emissions did not 

differ significantly between the precipitation treatments (Figure 13). There was also no 

significant effect of temperature on the cumulative flux of N2O for either the 1st or 2nd dry 

period. 

 

 

Figure 14 Mean cumulative fluxes of N2O-N (g m-2 h-1) in elevated and ambient plots under 
different rainfall manipulation 
 

Means of four replicates per treatment with standard deviation 

 (AaFa, ambient precipitation; ArFa, reduced precipitation amount; AaFr, reduced precipitation 

frequency; ArFr, reduced precipitation amount + reduced precipitation frequency) 
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PART (C): Effects of drying-rewetting event on CO2 production from soil in a 

microcosm experiment 

4.7 CO2 production rate 

CO2 production from soil cores within 24 hours after rewetting with different amounts of 

water is shown in Figure 15. CO2 production was strongly affected by the amount of water 

added and increased with increasing water content (P < 0.001). It was found that by 

increasing VWC, the rate of CO2 production throughout the incubation time intervals 

increased. 

The temporal pattern of CO2 emission was affected by the amount of water that was added. 

The control treatment did not show CO2 peak. The number of CO2 peaks increased up to 3 

peaks with increasing water addition. Most treatments showed their highest peak directly 

after water addition (0.78 mg C g-2 h-1, 1.79 mg C g-2 h-1, 2.21 mg C g-2 h-1 and 2.53 mg C g-2 h-

1 for 5%, 15%, 25% and 35% VWC, respectively, Table 10). Then, for 15 and 25% VWC there 

is a second peak after 7 and 6 h, respectively. For 35% VWC, there was a second peak after 4 

and 5 h and CO2 production remained rather stable until the end of the incubation. Finally, 

for 45 % VWC the first peak was delayed and was lower than that observed under 15 – 35 %. 

The second peak was comparable to the second peak under 35% VWC, the highest peak 

came after 24h. 
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Figure 15 Mean CO2 production from soil cores during 24 hours after rewetting by adding 

different amounts of water 

 

Table 10 CO2 production from soil cores at different time points by adding different 
amounts of water 

VWC (%) 
CO2 – C emission (g CO2-C g-2 h-1) 

P 

Time after rewetting (hours) 
 0 1 2 3 4 5 6 7 24  

0 0.04±0.11 
 

0.07±0.12 
 

0.00±0.18 
 

0.17±0.19 
 

0.09±0.19 
 

0.08±0.16 
 

0.07±0.40 
 

0.07±0.17 
 

0.10±0.35 
 

n.s.  

5 0.78±0.17 
 

0.54±0.19 
 

0.35±0.32 
 

0.46±0.34 
 

0.33±0.62 
 

0.34±0.12 
 

0.34±0.20 
 

0.40±0.33 
 

0.56±0.59 
 

n.s. 

15 1.79±0.22 
 

1.37±0.31 
 

1.01±0.56 
 

1.07±0.61 
 

0.84±0.51 
 

0.93±0.68 
 

0.99±1.04 
 

1.26±0.77 
 

0.80±0.73 
 

0.036 

25 2.21±0.57 
 

1.90±1.49 
 

1.55±1.05 
 

1.50±0.59 
 

1.19±1.50 
 

0.89±0.53 
 

1.75± 1.10 1.19±0.71 
 

1.04±1.35 
 

n.s. 

35 2.53±0.52 
 

2.47±0.84 
 

1.48±0.89 
 

1.65±0.41 
 

2.08±0.77 
 

2.09±1.93 
 

1.84±0.76 
 

1.97±1.07 
 

2.27±1.80 
 

n.s. 

45 1.26±0.03 
 

1.61±0.03 
 

1.59±0.02 
 

1.27±0.07 
 

1.99±0.05 
 

2.18±0.06 
 

1.64±0.04 
 

1.94±0.05 
 

3.39±0.07 
 

0.003 

 

Mean ± SD, P-values for significant differences between volumetric water content and sampling 

hours 
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4.8 Cumulative CO2 production 

Cumulative production of CO2-C differed significantly between the wetting treatments (P < 

0.001). Figure 15 shows the relationship between VWC and cumulative CO2 production in 

soil cores by adding different water during the 24 hour experiment. Cumulative CO2 

productions were positively correlated with VWC (R² = 0.989, P < 0.001). 

 

 

 

 

Figure 16  Relationship between cumulative CO2 fluxes and volumetric water content  

 *** P<0.001. 
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Chapter 5: Discussion 

5.1 Effects of elevated soil temperature on plant development 

Various warming facilities have been used in field experiments, such as open-top chambers, 

greenhouses, soil-heating cables, and infrared heaters, in order to study the projected 

effects of future climate warming on terrestrial ecosystems (Yin et al. 2012). Our soil 

warming plots have utilized buried soil-heating-cables and buried method to manipulate soil 

temperature and to study its effects on wheat crop growth, C and N concentration in 

biomass and soil N availability. 

In our study, plants from warmed plots seemed to grow faster and had more leaves than 

plants in the ambient temperature treatment even though the differences were not 

significant. However, during the last two weeks before harvest leaf numbers converge 

between the two treatments resulting in almost equal numbers at harvest. Similarly, the 

effect of warming on plant height changed during the last two weeks with slightly higher 

plants at ambient temperature. These observations indicate that wheat plants showed a 

faster vegetative growth but also a faster senescence under elevated temperature. 

Interestingly, these effects did not result in a consistent effect of soil warming on above-

ground biomass. Our results are in agreement to Patil et al. (2010a), who found advanced 

crop growth and development during vegetative stages under elevated soil temperature of 

5oC. 

Leaf and stem N concentrations started to decrease in May with a faster decrease in the 

warmed plots. Lower leaf N concentrations due to warming have also been observed in 

different temperate-type non-Mediterranean ecosystems (Tolvanen & Henry, 2001; An et 

al., 2005). However, the more advanced phenological development may explain lower plant 

N concentrations in warmed plots by decreased N uptake of fertilizer N during advanced 

development stages (Holmes 1980) or by increased internal N allocation to grains. 

Interestingly, there was more N in grains in warmed plots which may support the hypothesis 

of a faster internal allocation of N into grains. The only effect of warming on plant N 

concentrations was that the faster plant development resulted in a faster senescence and 

therefore an advanced decrease in N concentration, However, this is probably not affected 

by the effects of warming on the soil N cycle, because there were no differences in mineral 
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N contents in soil in the second half of the vegetation period. Lower N concentration in 

wheat plant fractions due to elevated soil temperatures was also reported by Gavito et al. 

(2001).  

5.2 Effects of elevated soil temperature on N cycling in soil 

Temperature is an important factor that regulates microbial activity and therefore N 

turnover and N-mineralization. Microbes play critical roles in C and nutrient transformation 

in soils, and even slight changes in the microbial biomass or community structure may affect 

soil C and N cycling (Xu et al. 2010). Therefore, soil microbial properties have been proposed 

to be potential indicators for impacts of global warming on soils. In our study, microbial 

biomass C and N showed a tendency towards higher biomass under elevated soil 

temperature. This tendency of microbial biomass under elevated temperature was not 

associated with changes in plant biomass, suggesting that the soil microbial biomass 

responded directly to temperature, rather than indirectly to a change in plant productivity 

(Bardgett et al. 1999). Similar to our results, an increase in microbial biomass under elevated 

temperature was also found in several other studies (Kandeler et al. 1998, Bardgett et al. 

1999) and Liu et al. (2011) reported that warming significantly increased microbial biomass 

C and N in rhizosphere soils of spruce seedlings. However, the effects of warming on soil 

microbial biomass varied among studies. For example, Yin et al. (2012) observed that 

microbial biomass C and N were not sensitive to warming irrespective of tree species and 

sampling date. The lack of a remarkable warming effect on soil microbial biomass was also 

found in studies conducted in arctic tundra, tallgrass prairie and subalpine forest (Zhang et 

al., 2005; Biasi et al., 2008; Xu et al., 2010). The variability of these results may reflect the 

diversity of ecosystems, soils and plant species.  

Previous studies have shown that soil N availability increases with soil warming (Rustad et 

al., 2001; Patil et al. 2010a, Sardans et al., 2008). However, across the vegetation period our 

results did not show a persistent effect of soil warming on soil mineral N content. This 

insensitivity of mineral N to temperature changes was also described by Beier et al. (2008). 

At none of the sampling dates in the present study the concentration of NH4
+ was 

significantly influenced by soil warming (with the exception of higher values at the last 

sampling in July in the deeper layer), which may indicate that ammonification was not 
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affected by warming. On the other hand, the rather low NH4
+ concentrations may be 

explained by an almost complete uptake of N by the growing wheat plants, by higher losses 

in the form of gases due to denitrification or by fast ammonia oxidation during nitrification 

or by faster uptake and immobilization by soil microorganisms. Warming probably will affect 

the ratio of NH4
+and NO3

-. Soil warming increased the nitrification potential in March and 

April but only in the deeper soil layer. This increased production potential for NO3
- by 

nitrification in combination with high NH4
+ availability after fertilization in spring could be 

the reason for the observed significantly increased NO3
- concentrations in April in the 

elevated temperature treatment. The increased NO3
-content increases the vulnerability of 

agricultural soils to N losses by leaching or by gaseous N-form (N2O and N2) via 

denitrification (Dobbie and Smith, 2001; Abdalla et al, 2010) 

The N-cycling enzymes showed different responses to elevated temperature. In our 

experiment, protease activity increased significantly in the warmed plots (Figure 10). This 

might show a higher turnover of microorganisms and roots and could further suggest that 

protein input from dead roots was enhanced under elevated temperature treatment 

(Sardans and Penuelas, 2005). Protease activity was enhanced in March, when plant 

residues from the previous year may have been left and in June and July when dying roots 

may provide new substrates. However, in April and May, the time of most pronounced plant 

growth, warming did not affect the activity of this N releasing enzyme, which may indicate 

decoupling of plant N demand and N recycling in soil. Another possible reason might be that 

there was sufficient N available in April and May because fertilization took place after the 

first sampling and probably there was no need for microbes to produce protease to ensure 

their N-supply. The stimulation of N cycling under elevated soil temperature was also 

evident from our results of tyrosine aminopeptidase and leucine aminopeptidase showing 

higher trends under elevated temperature treatment. Alanine aminopeptidase and N-acetyl-

glucosaminidase showed no significant response to elevated soil temperature. This is in 

accordance to previous studies, which observed a stimulative, suppressive or no effect of 

warming on the activity of different enzymes in a range of ecosystems (Butler et al. 2012, 

Bardgett et al. 1999; Patil et al. 2010a,b; Sardans et al. 2008c). This variation in the response 

of enzymes to soil warming might be partly the consequence of differences in microbial 

community composition (Agnelli et al., 2004). 
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Under elevated temperature of 5oC, Patil et al. (2010a, 2010b) found accelerated plant 

development, higher biomass, and higher N concentrations of plant tissues during 

vegetative stages of wheat. Hartley et al. (1999) also found that soil warming by 5oC 

stimulates soil N cycling, shrub growth and development. In our study, we found only a 

small N cycling response to elevated soil temperature at 2.5oC during plant growth stages. 

One possible reason for these weak responses might be low soil temperature enhancement, 

since the increase in soil temperature was only by 2.5oC, while other studies with similar 

systems have increased soil temperature considerably higher (e.g Hartley et al. 1999; Patil et 

al. 2010a, 2010b). It might be a possible explanation that a 5oC warming appeared to be 

sufficient to stimulate N mineralizing microbes, in contrast to other field experiments that 

raised soil temperatures by only 1-2oC, but did not promote N mineralization (Robinson et 

al. 1995). Our results may confirm the hypothesis of Tinker and Ineson (1990) that the 

temperature optima for soil organisms are sufficiently broad to buffer them against 

relatively small changes in temperature.  

5.3 Impacts of rainfall manipulations on CO2 and N2O fluxes after rewetting in an 

agricultural soil 

Studies analyzing the respiration responses after rewetting at a high time resolution 

(measurements every few hours or shorter) usually report highest respiration rates within 

an hour (Borken et al. 2003; Lovieno and Bååth, 2008; Unger et al. 2010; Kim et al. 2012; 

Placella et al. 2012; Lee et al. 2004; Sponseller, 2007) followed by decreasing rates.  

Drying releases biomass-C from dead soil biota, and rewetting releases new substrates from 

previously inaccessible aggregates (Bottner, 1985). The result of the increase in available, 

readily decomposable substrates is microbial growth that induces the observed rapid 

release of CO2 (Jager & Bruins, 1975; Scheu & Parkinson, 1994). Other authors attributed 

that this increase in mineralization increases microbial activity (Denef et al., 2001; Smith et 

al., 2003). In contrast, some authors have found no response to drying and wetting events. 

For example, Rovira & Vallejo (1997) incubated soils of three forest species at several depths 

in the field in a Mediterranean climate and found no stimulation of mineralization. In our 

study, CO2 emissions generally increased within 1 h of rewetting dry soils, an observation 

similar to others made in a variety of ecosystems (e.g. Davidson et al. 1993; Borken et al. 



Discussion  60 
 

2003; Austin et al., 2004). The increase in respiration and short-lived pulses can be taken as 

evidence of reactivation of microbial activities by water addition (Huxman et al. 2004). 

Following a wetting event, C and N availability is often high (Birch, 1958; Smith and Parson, 

1985). Soon after moistening a dry soil, the newly-developed microbial community is more 

active than later on (Griffith and Birch, 1961). The enhanced mineralization following the 

wetting of dried soil results partly from the death of microbial biomass (Groffman and 

Tiedje, 1988). Several studies (Smith and Parsons, 1985; Cates and Keeney, 1987; Rudaz et 

al. 1991) observed short -term N2O pulses after rewetting dry soil and other studies (Rudaz 

et al. 1991; Scholes et al. 1997; Joergensen eta l. 1998) also observed a steep increase in the 

N2O emission rate within the first hours after wetting.  

Koponen (2007) explained that during the first dry-wet cycle (DWC), drying-wetting events 

induce a flush of microbial C and N, but the ability of microbial communities to decompose 

SOM declines after the cycle repeats. And during the first DWC, most of the organic and 

inorganic substrates are released; the amount of available substrates decreases cycle by 

cycle, leading to lower CO2 and N2O emissions. Generally, soils that are seldom exposed to 

natural drying and rewetting cycles will show a larger CO2 pulse on rewetting than soils that 

are often dried and rewet (Fierer and Schimel, 2003). In our study, the CO2 and N2O 

emissions were higher after the 1st dry period than after the 2nd dry period in most 

treatments, that is in accordance with Fierer and Schimel et al. (2002). The authors pointed 

out that the more rewetting events, the less CO2 released after a rapid rewetting. There 

could be two possible explanations. The first explanation is that there may be simply less 

OM available for release following drying-rewetting events, reducing the size of the CO2 

pulse if drying-rewetting releases physically protected SOM. The second explanation is that 

the microbial community may adjust to the water potential shock that occurred while 

rewetting after some drying-rewetting events. This adjustment would decrease the 

mortality rate and reduce the size of the flush of labile substrate available for mineralization 

by surviving microbes.  

The duration of the dry period also influences the population of soil microorganisms during 

drying and wetting (Schimel et al. 1999). In our study, the soil was drier at the end of the 1st 

dry period than after the 2nd dry period (Table 2) and the duration of the 1st drying period is 
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longer (19 days) than that of the 2nd dry periodd (7 days), exposing soil microbes to a greater 

water and rewetting stress during the 1st dry period. CO2 flush in our study seemed to be 

partly a stress reaction and, therefore, the larger the stress, the larger the stress response is 

produced, by observing higher CO2 emissions after the 1st dry period than after the 2nd dry 

period. 

In our study, CO2 emissions were positively correlated with soil temperature showing the 

significant higher amount of emitted CO2-C from elevated plots compared to ambient plots. 

The positive relationship with soil temperature is not surprising, as some indicators of soil 

microbial activity, such as respiration, are positively related to temperature (Curiel Yuste et 

al. 2004; Chen et al. 2000; Franzluebbers et al. 2002). Soils might be much drier at the end of 

a dry period as warming dries out the soil. If the soil is then rewetted, the effect of 

rewetting might be larger in the warmed plots due to either higher microbial activity of 

microbes at higher temperatures or a stronger effect of all the processes,  which may induce 

a CO2 flush after rewetting. The lack of significant effects of rewetting on CO2 and N2O 

emissions among precipitation treatments was surprising. It meant that the responses of 

these gas emissions are not dependent on precipitation treatment.  

We did not find significant effects of precipitation treatments on CO2 and N2O fluxes for 

neither ambient nor warmed plots after the 1st and 2nd dry periods. Placella et al. (2012) 

found that the pulse of CO2 from the first rainfall after the dry summer is prominent in 

Mediterranean ecosystem. Their soil might have been much drier than our soil because our 

soil was frequently wetted due to a high number of precipitation events during summer 

(from June 1st until August 31st). In Mediterranean soils, the dry period is much longer and, 

therefore, the soils dry out to a larger degree than in our region. Consequently, the 

response to rewetting is much more pronounced in such soils. Soil microorganisms from 

Mediterranean climate may be adapted to response to favorable water circumstances and 

endure in this water pulse-driven ecosystem (Placella et al. 2012). The soil in our study could 

adjust to changed climate conditions because the environmental manipulation in the HoCC 

field site started five years ago and soil microorganisms might be adapted to a water pulse- 

driven system like in Mediterrenean soils. It also could be that the differences in soil 

moisture between precipitation treatments were too small to make any changes in the 

response to rewetting. 
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Precipitation pattern also had no effect on cumulative CO2 and N2O emissions. We only 

found that the temperature effect was higher in reduced precipitation frequency treatments 

than in ambient frequency treatments. This meant that reducing the frequency increased 

the effect of the temperature. This might be that we added larger amounts of water in the 

reduced precipitation treatments after the dry periods by summing up two precipitation 

events. 

These field studies were supported by laboratory studies on soils from arable land, 

grassland, forest, and other systems, which indicated no systematic difference in cumulative 

CO2 fluxes after drying and wetting. About 50% of these studies revealed an increase in 

cumulative CO2 fluxes following drying and wetting, whereas the other studies showed no 

change or decrease in cumulative CO2 fluxes relative to a moist control soil (Borken and 

Matzner, 2009). In our study, cumulative CO2 fluxes were increased only by the temperature 

effect. It seemed that only   temperature treatment affected the results, not by precipitation 

treatment. 

5.4 Rates of CO2 production from laboratory incubation 

Due to the death of microorganisms or exposure of easily decomposable C to drying, the 

CO2 pulse following the rewetting of dried soil has been associated to the amount of easily 

decomposable C (Borken et al, 1888; van Gestel et al. 1991). CO2 emission rates increased 

with increasing soil water contents have been described from laboratory and field studies 

(Rey et al. 2005). In our study, we found a similar trend that, CO2 production increased with 

an increase in soil water content by rewetting to 5%, 15%, 25%, 35% and 45% VWC (Figure 

15). 

Our results suggested that sudden increases in soil water after rewetting can considerably 

increase soil CO2 efflux, most likely because of increased soil heterotrophic respiration as a 

result of stimulation of microbial activity (Jarvis et al. 2007). The specific mechanisms of the 

release of C following a rewetting event are not well-understood. The first of these 

explanations, the metabolic hypothesis, involves that metabolism of osmolytes used by the 

microorganisms to protest desiccation during the dry conditions provides respiration pulses 

(Fierer and Schimel, 2003; Xiang et al. 2008; Williams and Xia, 2009). The other explanation, 

the physical hypothesis, involves that fluctuations in soil moisture can break up 
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microstructures in the soil, presenting the microbial community with previously inaccessible 

substrates that are then respired (Denef et al. 2001a,b; Six et al. 2004).  

Short-term rewetting (24-hours in our experiment) induced the first CO2 peak immediately 

upon rewetting. We found that respiration rates increased to higher levels immediately 

upon rewetting dry soils, compared to the control soil. Different temporal patterns of CO2 

emission were observed with differing amounts of added water. With increasing water 

additions, more peaks in CO2 production were detected. One possible explanation is that 

with greater water additions, successively larger pore sizes were filled with water and, 

therefore, new bacterial groups may have contributed to CO2 production. C mineralization 

differs between pore size classes, and different microbial groups located in different pore 

sizes response in a succession to rewetting (Strong et al. 2004). Resuscitation of 

microorganisms after wet-up is responsible for an environmentally important CO2 pulse (Xu 

and Baldocchi, 2004). Placella et al. (2012) found that a succession of specific phylogenetic 

group was active after rewetting of dry soil. The authors described that soil bacteria were 

classified as rapid responders, intermediate responders or delayed responders. These three 

groups may be located in different pore size classes, and this might result in a different 

temporal pattern after rewetting. 

Strong et al. (2004) pointed out that there may be two reasons why carbon may accumulate 

in different pore size classes at different rates. The first reason may be that certain soil 

biological functions might be location specific and are being restricted to the pore classes in 

which the responsible organisms reside, since different organisms perform different 

functions. Therefore, decomposable microorganisms can only reach pores that can receive 

them. The second reason may be that pore-size distribution determines where water 

resides in the pore system. Therefore, water location has an important influence on the 

biological activity in different pore classes since the microflora and fauna depend on this 

water for motility. In our experiment, we added different amounts of water, and different 

microbial groups located in different pore size classes, respired CO2 differently. Both Killham 

et al. (1993), and Strong et al. (2004) have shown that the rate of decomposition of organic 

C is dependent on the location in the soil pore network. Yoo et al. (2006) found that with an 

increasing proportion of large pores, C mineralization increased. The result obtained in our 

study was in agreement with this: CO2 production increased when larger pores were filled 
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with water, which was achieved by adding larger amounts of water. It has been observed 

that sandy soils decompose organic matter more rapidly than clayey soils (Gregorich et al. 

1991; Amato & Ladd, 1992). The reason for this difference between soils of different texture 

has been attributed to the ability of small pores to protect organic matter, including 

biomass, or adsorption onto mineral surfaces (Ladd et al. 1993).  

It is well-known that microbial activity is very low in air-dried soil and a positive correlation 

between microbial activity, as reflected by respiration rate, and water content is generally 

found ( Franzluebbers, 1999; Schimel et al. 1999; O'Connell, 1990;  Borken et al., 2003; Hicks 

et al., 2003). In our study, we also found a positive correlation between cumulative CO2 

production and VWC.  

5.5 Conclusion 

An understanding of soil N cycling under elevated soil temperature is important in 

predicting changes in ecosystem N availability. There have been only a few efforts to place 

the effects of elevated soil temperature on the processes of N-cycling on ecosystem scale. 

Our objective was to determine how elevated soil temperature alters the soil N cycle of an 

arable field planted with winter wheat (Triticum aestivum). According to the results, an 

increase in soil temperature by 2.5oC did not show a persistent effect on mineral N content 

and the activity of potential nitrification within the soil. Plant growth development also did 

not response to increased soil temperature. However microbial biomass C and N, and some 

enzymes involved in N cycle, like Tyrosine aminopeptidase, Leucine aminopeptidase, tended 

to increase with elevated soil temperature. Overall, the results of this field study suggested 

that soil warming by 2.5oC slightly stimulates soil N cycling without altering plant growth. 

One possible reason for this can be linked to the relatively low levels of temperature 

elevation compared to other studies. However, conditions used in this experiment are fairly 

realistic in agricultural soils in Europe, thus they can provide new information on 

belowground processes for predicted climate changes.   

In agricultural soils, the duration of drying as well as soil water content are important in 

determining the emissions of N2O and CO2 during rewetting. Field measurements did not 

show large differences, but under laboratory conditions, higher differences in CO2 emissions 

were found. Possible reasons for this are the variability of the soil and the differences in soil 
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water content between the precipitation treatments in the field, which were relatively small 

as compared to the laboratory study. It could be that the differences in soil moisture 

between precipitation treatments were too small to make any changes in the response to 

rewetting. Furthermore, the soil could adjust to changed climate conditions because the 

environmental manipulation in the HoCC field site started five years ago and soil organisms 

might be adapted to a water pulse-driven system like in Mediterranean soils. Our results 

indicated that a simulation of altered precipitation patterns had no influence on N2O and 

CO2 emissions as we expected. Further, work is needed to clarify the ongoing processes in 

dry soils during rewetting to better understand the dynamic of N2O and CO2 emissions 

during these events. 

In contrast to the field study, the laboratory-incubation experiment was set up under well-

defined conditions. The experiment indicated that there was a treatment effect on CO2 

peaks and on the temporal pattern of CO2 emissions after rewetting by adding different 

amounts of water to the soil cores. The different temporal pattern in respiration following 

rewetting seemed to be due to different bacterial groups located in different pore sizes. 

These bacterial groups respire differently, and as a consequence, different temporal 

patterns were found. Our results suggested that microbial respiration after rewetting dry 

soils can be affected by adding different amounts of water.  

In conclusion, this study presents how the predicted climate change affects the soil N 

cycling; N2O and CO2 trace gas fluxes through an arable field and the laboratory-incubation 

experiment. It has been shown that soil temperature elevated by 2.5oC slightly stimulates 

soil N cycling, showing the responses of microbial biomass and some enzyme activities. 

Changing precipitation patterns had no response on N2O and CO2 emissions during dry 

periods in summer. However, the pulses in microbial respiration following rewetting dry soil 

in the laboratory incubations did show enhanced CO2 production by adding different 

amounts of water. Further research is needed in order to understand possible changes in 

N2O and CO2 emission regimes under predicted conditions of climate change scenarios. In 

order to understand the overall responses of altered temperature and precipitation 

conditions caused by the predicted climate change, long-term ecosystem specific research is 

needed, especially in agro-ecosystems.  
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Summary 

Both temperature and precipitation regimes are expected to change with climate change 

and are, at the same time, major environmental factors regulating biogeochemical cycles in 

terrestrial ecosystems. Therefore, crop water availability, soil nitrogen transformations, 

losses, and uptake by plants as well as CO2 emissions from soil are likely to be changed by 

climate change. Agriculture is known to be one of the most important human activities for 

releasing significant amounts of N2O and CO2 to the atmosphere. Due to global concern 

about the changing climate, there has been a great interest in reducing emissions of N2O 

and CO2 from agricultural soils.  CO2 and N2O are produced in soil primarily by microbial 

processes. Their production and emissions from the soil are controlled by a number of 

environmental variables including inorganic N availability, soil temperature and water 

content. Agricultural management practices, such as irrigation, affect these environmental 

variables and thus have the potential to dramatically alter N2O and CO2 emissions from the 

soil. 

The present study is titled "Effects of elevated soil temperature and altered precipitation 

patterns on N cycling and production of N2O and CO2 in an agricultural soil". The objectives 

of this study were: to determine the effects of elevated soil temperature on N cycling in a 

winter wheat cropping system, to investigate the short-term response of N2O and CO2 fluxes 

during rewetting of soils after extended dry periods in summer, and to determine the 

effects of different degrees of rewetting on the CO2 emission peaks after rewetting in 

laboratory incubations.  

In the 1st experiment, we used the Hohenheim Climate Change (HoCC) experiment in 

Stuttgart, Germany, to test the hypothesis that elevated soil temperature will increase 

microbial N cycling, plant N uptake and wheat growth. In the HoCC experiment, soil 

temperature is elevated by 2.5°C at 4 cm depth. This experiment was conducted at non-

roofed plots (1m x 1m) with ambient (Ta) and elevated (Te) soil temperature and with 

ambient precipitation. In 2012, winter wheat (Triticum aestivum) was planted. C and N 

concentrations in soil and aboveground plant fractions, soil microbial biomass C and N (Cmic 

and Nmic), mineral N content (NH4
+ - N and NO3

- - N), potential nitrification and enzymes 

involved in nitrogen cycling were analyzed at soil depths of 0-15 and 15-30 cm at five 
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sampling dates. The plants were rated weekly for their phenological development and 

senescence behavior. We found that an increase in soil temperature by 2.5oC did not have a 

persistent effect on mineral N content and the activity of potential nitrification within the 

soil. Plant growth development also did not respond to increased soil temperature. 

However microbial biomass C and N, and some enzyme activities involved in N-cycling, 

tended to increase under elevated soil temperature. Overall, the results of this study 

suggested that soil warming by 2.5oC slightly stimulates soil N cycling but does not alter 

plant growth development. 

In the 2nd experiment, in 2013, the effects of a change in the amount and frequency of 

precipitation patterns on N2O and CO2 emissions were studied after the two dry periods in 

summer in the HoCC experiment. N2O and CO2 gas samples were taken from four subplots 

(1m x 1m) of each roofed plot exposed to ambient (Ta) or elevated (Te) soil temperature 

and four precipitation manipulations (ambient plot, reduced precipitation amount, reduced 

precipitation frequency, and reduced precipitation amount and frequency). We found that 

CO2 emissions were affected only by temperature, but not by precipitation pattern. It can be 

said that N2O and CO2 emissions after rewetting of dry soil were not altered by changing 

precipitation patterns during dry periods in summer. 

In the year 2014, using laboratory incubations, we also measured the short-term response 

of CO2 production to a rewetting of dry soil to different volumetric water contents for 24 

hours. This study was conducted by manipulating microcosms with agricultural soil from the 

HoCC experimental site, which had been exposed to severe drought conditions of three 

months' duration for each of the last six years. The results showed that CO2 production 

increased with increases in the water content of soils by rewetting at 5%, 15%, 25%, 35% 

and 45% VWC. With increasing water additions more peaks in CO2 production were 

detected and different temporal patterns of CO2 emission were affected by adding different 

amounts of water. It might be due to the fact that with greater water additions successively 

larger pore sizes were water filled and therefore different bacterial groups located in 

different pore size classes might have contributed to CO2 production. 

In summary, the results from field study suggested that climate warming will affect N cycling 

in soils in an agricultural cropping system. The results from both field and microcosm 
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rewetting experiments contribute to a better understanding of C and N dynamics in soil by 

investigating the effect of varying soil water content on the emission of N2O and CO2. 

 

 

 

 

 

 

 

 

 

 

 



Summary  69 
 

Zusammenfassung 

Im Zuge des Klimawandels wird angenommen, dass sich wichtige Klimafaktoren wie 

Temperatur und Niederschlagsereignisse, die maßgeblich an der Regulierung von 

Stoffkreisläufen in terrestrischen Ökosystemen beteiligt sind, verändern werden. 

Daher ist es wahrscheinlich, dass der Klimawandel zu Veränderungen in der 

Wasserverfügbarkeit, den CO2 Emissionen aus dem Boden sowie dem Stickstoffhaushalt und 

damit der Transformation sowie dem Verlust und der Aufnahme des Bodenstickstoffs durch 

Pflanzen führt. Ein erheblicher Anteil der klimarelevanten Gase CO2 und N2O wird durch die 

Landwirtschaft freigesetzt. Hauptsächlich werden diese Gase durch mikrobiologische 

Prozesse in Böden gebildet, wobei ihre Produktion von zahlreichen Umweltfaktoren, wie der 

Temperatur, dem Wassergehalt und der mineralischen Stickstoffverfügbarkeit abhängt. 

Landwirtschaftliche Bewirtschaftungsweisen, beispielsweise Bewässerung, können diese 

Umweltfaktoren beeinflussen und haben somit das Potenzial bodenbürtige N2O und CO2- 

Emissionen zu verändern. Eine Reduktion klimarelevanter Gase bedingt durch 

landwirtschaftliche Aktivitäten ist somit von weltweitem Interesse. 

Die Ziele der gegenwärtigen Studie „Auswirkungen von erhöhter Bodentemperatur und 

veränderter Niederschlagsverteilung auf den Stickstoffkreislauf und die Produktion von N2O 

und CO2 in landwirtschaftlich genutzten Böden“ waren: 1) die Auswirkung von erhöhter 

Bodentemperatur auf den Stickstoffkreislauf in einem Feldexperiment mit 

Winterweizenbestand zu bestimmen, 2) die kurzfristige Reaktion von N2O- und CO2-Flüssen 

auf die Beregnung eines Ackerböden nach längeren Trockenperioden im Sommer zu 

untersuchen und 3) in Laborexperimenten den Einfluss unterschiedlicher 

Wiederbefeuchtungsszenarien auf die CO2-Emissionskurven eines Ackerbodens nach 

längeren Trockenperioden im Sommer zu bestimmen. 

Zur Untersuchung der ersten Hypothese, dass eine Temperaturerhöhung zur Förderung des 

Pflanzenwachstums, des mikrobiellen Stickstoffumsatzes, sowie der pflanzlichen 

Stickstoffaufnahme aus dem Boden beiträgt, wurde im Jahr 2102 ein Feldversuch auf den 

etablierten Versuchsflächen des Hohenheimer Climate Change (HoCC) Experimentes in 

Stuttgart-Hohenheim angelegt. Für das Feldexperiment wurden nicht überdachte Flächen in 
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einer Größe von 1 m x 1 m gewählt. Zur Untersuchung wurden Flächen herangezogen, bei 

denen die Bodentemperatur in 4 cm Tiefe um 2,5 °C erhöht (Te) und unbeeinflusst (Ta) 

waren. Die Bewässerung fand ausschließlich über die natürlichen Niederschlagsereignisse 

statt. Im Versuchsjahr 2012 wurde Winterweizen (Triticum aestivum) angebaut. Es erfolgte 

zu fünf Zeitpunkten eine Bodenprobenentnahme in den Tiefen 0–15 cm und 15–30 cm. 

Bestimmt wurden die Kohlenstoff- und Stickstoffgehalte im Boden und der oberirdischen 

Vegetation, sowie im Boden C- und N-Gehalte der mikrobiellen Biomasse (Cmik und Nmik), der 

mineralische N-Gehalt (NH4
+-N und NO3

--N), die potenzielle Nitrifikation und 

charakteristische Enzyme des Stickstoffkreislaufes. Eine Bonitur der Vegetation hinsichtlich 

der phänologischen Entwicklung und des Seneszenzverhaltens wurde wöchentlich 

durchgeführt. Die Ergebnisse unserer Feldstudie zeigen, dass eine erhöhte 

Bodentemperatur um 2,5 °C keinen Einfluss auf das Pflanzenwachstum sowie den 

mineralischen Bodenstickstoffgehalt und die potenzielle Nitrifikation hat. Jedoch zeigte sich 

mit Erhöhung der Temperatur ein tendenzieller Anstieg der mikrobielle Biomasse (Cmik und 

Nmik) und einiger Enzymaktivitäten des N-Kreislaufs. Insgesamt zeigt die Studie, dass eine 

Erhöhung der Bodentemperatur um 2,5 °C zwar zu einer leichten Stimulierung des 

Stickstoffkreislaufes beiträgt, dies jedoch keinen Einfluss auf die Entwicklung des 

Pflanzenwachstums hat. 

Im zweiten Feldexperiment wurde im Jahr 2013 die Auswirkung einer veränderten 

Niederschlagsverteilung (Menge und Frequenz) auf die CO2- und N2O-Emission eines von 

Trockenheit beeinflussten Ackerbodens untersucht. Hierzu wurden die überdachten 

Versuchsflächen (1 m x 1 m) mit 2,5 °C erhöhter (Te) und unveränderter Temperatur (Ta) 

des HoCC-Experimentes genutzt. Bewässert wurde insgesamt zwei Mal nach einer längeren 

Trockenperiode im Sommer mit folgender Niederschlagsverteilung: 

standortentsprechendem Niederschlag, reduzierte Niederschlagsmenge, reduzierte 

Niederschlagshäufigkeit sowie reduzierte Niederschlagsmenge und -häufigkeit. Im Anschluss 

daran wurden von vier Teilflächen N2O- und CO2-Gasproben entnommen. Es zeigte sich, 

dass die CO2-Emissionen ausschließlich vom Faktor Temperatur nicht aber durch die 

Niederschlagsverteilung (Menge und Häufigkeit) beeinflusst wurden. Die Ergebnisse zeigen, 

dass sich N2O- und CO2- Emissionen nach der Bewässerung von trockenen Böden nicht 
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ändern, auch wenn es zu veränderten Niederschlagsverteilungen in trockenen 

Sommerperioden kommt.  

Im Jahr 2014 haben wir in Mikrokosmenexperimenten unter Laborbedingungen die 

kurzfristige Reaktion der CO2-Produktion von Böden auf eine Wiederbefeuchtung nach 

längeren Trockenperioden untersucht. Hierzu wurden Mikrokosmen mit Ackerboden aus 

dem HoCC-Experiment befüllt, welcher über sechs Jahre jährlich dreimonatigen 

Trockenperioden ausgesetzt war. Dieser Boden wurde bis zur Erreichung unterschiedlicher 

volumetrischer Wassergehalte von 5 %, 15 %, 25 %, 35 % und 45 % beregnet. Anschließend 

wurden CO2-Gasproben über einen Zeitraum von 24 Stunden entnommen. Die Ergebnisse 

zeigen, dass die CO2-Produktion mit steigendem volumetrischem Bodenwassergehalt 

zunimmt und sich die zeitlichen Verläufe der CO2-Emissionen je nach zugegebener 

Wassermenge verändern. Dies könnte mit der Tatsache zusammenhängen, dass mit 

zunehmendem Bodenwassergehalt auch Poren größeren Durchmessers wassergefüllt waren 

und darin befindliche, zusätzliche Bakteriengruppen an der CO2-Produktion beteiligt waren. 

Zusammenfassend zeigen die Ergebnisse der Feldstudien, dass eine Klimaerwärmung den 

Stickstoffkreislauf in landwirtschaftlich genutzten Böden beeinflusst. Zudem konnten die 

Ergebnisse sowohl der Feldstudien als auch des Mikrokosmenexperimentes, durch die 

Untersuchung der Wirkung unterschiedlicher Bodenwassergehalte auf die N2O- und CO2- 

Emissionen, zu einem besseren Verständnis der C- und N-Dynamik in Böden beitragen. 
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Appendix 5 Taking N2O and CO2 gas samples at the HoCC experimental site 


