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1.1 Background 
Soils provide important functions such as climate regulation, water 

regulation, biodiversity conservation, and crop production (Bunemann et 
al., 2018; Carter et al., 1997; Doran & Parkin, 1994). Maintaining those 
functions supports several sustainable development goals (SDGs), 
including Good Health and Wellbeing (SDG 3), Clean Water and Sanitation 
(SDG 6), Responsible Consumption and Production (SDG 12), Climate 
Action (SDG 13) and Life on Land (SDG 15, Lal et al., 2021). Peat soils 
are of special importance due to their high nutrient content, water storage 
capacity, and organic carbon content (Batjes, 1996; Deru et al., 2018; 
Parish et al., 2008). Peat is the common term used for the soil class 
histosol, as defined in the World Reference Base (WRB) for Soil Resources 
(IUSS Working Group WRB, 2015). This soil type is formed under wet, 
anaerobic conditions, which enable the accumulation of organic matter 
from dead plant material (Parish et al., 2008). The WRB classification of 
histosols dictates  40 cm or more of the upper 100 cm of the soil being 
organic matter, or the presence of a ≥10 cm organic horizon directly at 
the surface (IUSS Working Group WRB, 2015). The Intergovernmental 
Panel on Climate Change (IPCC) uses a slightly broader definition for 
organic soils to distinguish them from mineral soils, which better 
accommodates the several country-specific  definitions of peat (Hiraishi 
et al., 2014). The Dutch classification system largely follows the WRB 
definition for peat, requiring an organic horizon (15% organic matter or 
more in dry weight) of 40 cm or more in the upper 80 cm  (De Bakker & 
Schelling, 1989).  

Globally, peat soils are estimated to have accumulated over 600 
Pg carbon over their formation (Yu et al., 2010), making up about 25% of 
the estimated carbon stock stored in soils worldwide (Jobbagy & Jackson, 
2000) on a relatively small part of the terrestrial surface area (UNEP, 
2022). While natural peat lands are characterized by near-continuous 
waterlogging, many present-day peat areas are drained under human 
management (Parish et al., 2008). Artificial drainage drives the oxidation 
of soil organic matter (SOM) to carbon dioxide (CO2), which is lost to the 
atmosphere and contributes to global warming (Hiraishi et al., 2014). By 
introducing oxygen in the soil matrix, oxidation of the organic matter is 
accelerated compared to the slower anaerobic oxidation reactions 
occurring in flooded soil (Hiraishi et al., 2014). The current carbon loss 
rate from Dutch peat lands is rapidly exceeding the estimated 
accumulation rates during the Holocene, when these soils were formed 
(Erkens et al., 2016; RIVM, 2026; Van den Akker et al., 2008).  
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Already 10% of the former extent of European peatlands has 
disappeared due to extraction or drainage, and active drainage for 
agriculture and forestry is still driving peat degradation to this day (UNEP, 
2022). Agricultural land use of European drained peat soils is dominated 
by grasslands and to a lesser extent cultivation of crops such as cereals 
or potato (Oleszczuk et al., 2008). In the Netherlands, organic soils cover 
around 11% of the land area and are mainly used as grassland for dairy 
farming (RIVM, 2026). Where the artificial drainage of Dutch peat soils 
was previously powered by windmills, drainage intensity has increased 
over the past decades, due to advances in pumping technology and the 
use of heavier machinery, which requires higher load bearing capacity of 
the soil (Bakema et al., 2025; Erkens et al., 2016).  

As carbon is transported to the atmosphere, the soil volume 
inevitably decreases, which results in subsidence of the surface level 
(Erkens et al., 2016; Ma et al., 2022; Schothorst, 1977). Concomitantly, 
the removal of water from soil pores drives reversible shrinkage and 
irreversible compaction of the soil matrix (Massop et al., 2024; Wösten et 
al., 1997). In a recent study on irreversible soil subsidence in several peat 
grasslands throughout the Netherlands between 1970 and 2020, a mean 
rate of 7 mm yr-1 was reported (Bakema et al., 2025). Subsidence and 
oxidation rates are even greater in tropical areas due to higher 
temperatures that promote faster decomposition (Hooijer et al., 2012; 
Wösten et al., 1997). Adverse effects of soil subsidence include damage 
to foundations and infrastructure, upwards seepage of salt water, 
disturbed groundwater regulation in adjacent areas and increased risk of 
flooding (Bucx et al., 2015; Herrera-García et al., 2021; Van den Born et 
al., 2016). 

Besides CO2, the strong greenhouse gas (GHG) nitrous oxide (N2O) 
is produced and released from peat soils after mineralization of organic 
nitrogen (Martikainen et al., 1993; Pärn et al., 2018; Van Beek et al., 
2004; Velthof & Oenema, 1995). The global warming potential of N2O is 
273 times greater than that of CO₂ over a 100-year horizon, attributable 
to its long residence time in the troposphere and high effective radiative 
forcing per molecule (Forster et al., 2021). Nitrous oxide remains 
relatively inert in the troposphere but typically undergoes 
photodissociation in the stratosphere, forming reactive nitrogen and 
thereby contributing to stratospheric ozone depletion (Portmann et al., 
2012; Ravishankara et al., 2009). Atmospheric N2O concentrations 
increased by 0.95 ppb per year over the previous decade as a result of 
human activities and reached 338 ppb by the end of 2025 (Canadell et 
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al., 2021; Lan et al., 2025). Agriculture is the largest anthropogenic 
source of N2O emissions worldwide, mostly due to fertilizer applications 
(Canadell et al., 2021). In the European Union, 72% of the total N2O 
emissions is derived from agriculture (European Environment Agency, 
2024). 

In addition to direct emissions to the atmosphere, degraded 
carbon is partly lost through leaching of dissolved carbon to the 
groundwater and eventually surface water, where it can again be lost as 
CO2 (Evans et al., 2016; Freeman et al., 2022; Hiraishi et al., 2014). 
Similarly, nitrogen mineralization can lead to nitrate NO3- leaching, 
resulting in eutrophication of nearby environments and indirect N2O 
emissions (Tian et al., 2019). On the other hand, the aeration of peat soils 
inhibits production of methane (CH4), a strong GHG emitted from 
wetlands under the naturally occurring anaerobic conditions (Abdalla et 
al., 2016; Kayranli et al., 2010; Le Mer & Roger, 2001). 

Grassland cultivation in the Netherlands is predominantly practiced 
for feed production in cattle farming (Jellema et al., 2025). Despite high 
nitrogen supply through peat oxidation, grassland management on peat 
soils is therefore frequently accompanied by additional N inputs via 
manure applications or excreta of grazing cattle (Deru et al., 2019; 
Leppelt et al., 2014; Pijlman et al., 2020; Vellinga & André, 1999). 
Additional mineral fertilizer applications on top of these organic fertilizers 
is not uncommon in the Netherlands (CBGV, 2026; Velthof & Mosquera, 
2011b). These inputs increase herbage yields on the one hand, but can 
be lost as N2O as well, introducing an additional challenge for climate 
change mitigation and the environment in peatland management (Velthof 
et al., 2024).  

Peatland degradation caused by excavation and agriculture is 
estimated to account for 4% of global anthropogenic greenhouse gas 
emissions (UNEP, 2022). In the Netherlands, annual CO2 and N2O 
emissions due to oxidation of drained peat soils were calculated to be 4.4 
and 0.6 Tg CO2-eq, respectively, in 2024 (RIVM, 2026). Together, the CO2 
and N2O emissions from oxidation of peat soils account for over 3% of the 
total national GHG emissions from the Netherlands (RIVM, 2026). Peat 
drainage exacerbates a range of issues, compromising the potential of 
peat grassland management to advance multiple Sustainable 
Development Goals and meet the Paris Agreement’s global warming limits 
(Evans et al., 2021; Leifeld et al., 2019; Smith et al., 2019; UNEP, 2022). 
While the Dutch peat meadow area is an intensively studied region, 
understanding of the  effect of agricultural mitigation measures on 

10

Chapter 1



 

greenhouse gas emissions is still limited. This thesis, therefore, focusses 
on the direct  emissions of greenhouse gases (in particular CO2 and N2O, 
and to a lesser extent CH4) related to drainage and fertilization of peat 
grasslands.  

 
1.2 Release of CO2 and N2O from drained peat soils  
1.2.1 CO2 emissions resulting from peat oxidation 

Activity of heterotrophic soil microorganisms (bacteria, archaea 
and fungi) requires the consumption of SOM and yields gaseous CO2  (Fig. 
1.1). Heterotrophic microorganisms obtain energy from organic 
compounds in the soil such as polysaccharides, lignins or proteins 
(Megonigal et al., 2004; Schlesinger & Bernhardt, 2013). In peat soils, 
organic matter is predominantly plant-derived, with the fibrous material 
remaining recognizable as plant tissue (Boelter, 1969; Klingenfuß et al., 
2014). Additional sources of organic matter include both dead and living 
microbial biomass (Chapin et al., 2002a). Through microbially synthesized 
extracellular enzymes - either oxidative (requiring oxygen) or hydrolytic 
(not requiring oxygen) - these larger organic compounds undergo initial 
decomposition into smaller monomeric components (Panis & Rompel, 
2022; Schimel & Weintraub, 2003; Sinsabaugh et al., 1991). These are 
subsequently oxidized in the presence of oxygen, or undergo a 
fermentation reaction under anaerobic conditions (Megonigal et al., 2004; 
Schlesinger & Bernhardt, 2013). Coupling with electron accepting 
compounds is required for the oxidation of the organic monomers or 
fermentation products to take place. Electrons are preferentially 
transferred to oxygen molecules, as this results in the highest energy yield 
for microbe metabolism (Burgin et al., 2011; Megonigal et al., 2004). In 
wet, anaerobic environments, however, the availability of electron 
acceptors is often limited to species associated with lower energy yields, 
resulting in low microbial activity and carbon mineralization, and enabling 
the accretion of peat material (Clymo, 1984; McLatchey & Reddy, 1998).  

The relevant alternative electron acceptors in wetlands or peat 
soils are, in order of decreasing energy yield of the coupled reduction-
oxidation reactions: NO3-, oxidized iron and sulphate (Bethke et al., 2011; 
Schlesinger & Bernhardt, 2013). In the absence or after depletion of these 
electron acceptors, CH4 can be produced by methanogenic archaea 
through CO2 reduction or the splitting of acetate molecules (Le Mer & 
Roger, 2001; Schlesinger & Bernhardt, 2013) (Fig. 1.1). The actual 
release of CH4 to the atmosphere strongly depends on the oxygen levels 
throughout the soil profile. During upward diffusion through aerated 
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topsoil, CH4 can be oxidized by methanotrophic bacteria, either to form 
microbial biomass or CO2 (Bridgham et al., 2013).  

By introducing the thermodynamically favored oxygen into the soil 
pores, drainage of peat soils strongly enhances microbial activity and 
organic matter oxidation (Schlesinger & Bernhardt, 2013; Tolunay et al., 
2024). The first step of decay, the cleavage of complex organic 
compounds, may itself be directly and indirectly dependent on oxygen 
presence. It is hypothesized that even the activity of hydrolytic (non-
oxygen requiring) extracellular enzymes is inhibited in wetland soils, by 
the presence of phenolic compounds (e.g. humic acids) (Freeman et al., 
2001). The recalcitrant phenolic compounds are allowed to steadily 
accumulate in wetland soils, but after drainage of the soil pores oxygen 
activates the specific enzymes (phenol oxidases) able to degrade these 
recalcitrant molecules (Freeman et al., 2004; McLatchey & Reddy, 1998; 
Panis & Rompel, 2022).  

 
Figure 1.1: Carbon and nitrogen transformations in drained peat grassland soil, 
through aerobic and anaerobic processes and plant uptake, which are affected by 
groundwater level control through WIS drainage, soil moisture content, 
temperature and external nitrogen inputs. Chapters 2 and 3 describe lab 
experiments on soil samples of two different scales; chapters 4 and 5 describe 
field experiments on peat grasslands. CH4, methane; CO2, carbon dioxide; SOM, 
soil organic matter; NH4, ammonium; NO3, nitrate; N2O, nitrous oxide; WIS, water 
infiltration system. 
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Soil moisture content, commonly expressed as relative saturation, 

or water filled pore space (WFPS), is often used as a proxy for oxygen 
availability. A high WFPS implies a low air filled pore volume and thereby 
low soil oxygen content. While oxygen is necessary for aerobic respiration, 
a deficit in moisture may hamper microbial activity by limiting transport 
of soluble nutrients, substrates and exoenzymes (Linn & Doran, 1984; 
Schjønning et al., 2003; Skopp et al., 1990). The result is a non-linear, 
unimodal relationship between soil respiration and moisture content, with 
an optimum around 60% WFPS under most soil conditions (Linn & Doran, 
1984; Moyano et al., 2013). In peat soils, maximum respiration rates 
generally occur under higher WFPS values, between 60 and 90% due to 
high porosity, and organic matter availability (Byun et al., 2021; Saurich 
et al., 2019a; Van Lent et al., 2019; Wickland & Neff, 2008). Other factors, 
such as the high water retention and biological oxygen demand (due to 
high microbial activity) may affect the relationship between soil moisture 
content and peat respiration (Moyano et al., 2013). 

Additionally, respiratory activity is understood to be positively 
related to temperature (Lloyd & Taylor, 1994; Sierra et al., 2015). Soil 
respiration can be empirically related to soil temperature and is quantified 
by the fractional increase in respiration rate with a temperature increase 
of 10°C (Lloyd & Taylor, 1994). The underlying theory, supported by ample 
observations, shows that this coefficient (Q10) itself depends on 
temperature: sensitivity to a temperature increase is stronger under cold 
conditions than under warm conditions (Davidson et al., 2006; Liu et al., 
2024; Moinet et al., 2025). The ongoing global warming may thus 
stimulate peat oxidation further (Vicca et al., 2009). Since the 
temperature sensitivity of organic matter decomposition is dependent on 
the availability of carbon and oxygen to decomposing microbes, it will 
interact with the effect of the soil moisture content (Clark & Gilmour, 
1983; Davidson et al., 2006; Liu et al., 2024). Soil properties, such as 
nutrient content, degree of humification, clay content, bulk density and 
plant litter composition are determining factors for soil respiration and 
may affect the correlation with temperature and moisture content further 
(Moyano et al., 2013; Saurich et al., 2019b; Van Lent et al., 2019; 
Verhoeven & Toth, 1995).  

 
  

13

General Introduction

1



 

1.2.2 N2O emissions from peat soils 
Nitrous oxide is produced during microbial conversion processes in 

the soil, most importantly through auto- or heterotrophic nitrification and 
heterotrophic denitrification (Baggs & Philippot, 2010; Butterbach-Bahl et 
al., 2013). Over half of the anthropogenic N2O emissions are produced in 
agricultural soils, mainly linked to N inputs via soil amendments (Reay et 
al., 2012; Tian et al., 2020). Nitrification is the oxidation of ammonium 
(NH4+) to hydroxylamine and subsequently to nitrite (NO2-) and NO3- by 
autotrophic bacteria and archaea (Fig. 1.1). Plants take up NH4+ and NO3- 
for biomass production, yet N losses to the environment occur (Chapin et 
al., 2002b). Nitrous oxide can be formed during nitrification as a by-
product during the chemical decomposition of hydroxylamine, or its 
reaction with NO2- (Bremner et al., 1980). During the anaerobic oxidation 
of an organic compound, NO3- can serve as an electron acceptor. In a 
sequence of denitrification reactions, NO3- is completely reduced via NO2-, 
NO and N2O to N2. Incomplete denitrification can result in N2O as end 
product. Since the reduction of NO3- has a higher energy yield than N2O 
reduction, a high NO3- availability increases the ratio of N2O to N2 in 
gaseous emissions (Senbayram et al., 2019; Weier et al., 1993). 

Following the above, the availability of NH4+ and NO3- are 
controlling factors for N2O production. The mineralization of organic 
matter, abundant in drained peat soil, provides a source for NH4+. This is 
often followed by nitrification in aerobic soil pores, with intermediate N2O 
release, or resulting in NO3- production. After a rise in soil moisture, the 
dominant conditions for denitrification (anaerobicity and the availability of 
NO3- and organic carbon) are subsequently met (Pärn et al., 2018; Van 
Beek et al., 2004). Denitrification is often identified as the dominant N2O 
producing process in drained peat soils (subject to variable moisture 
conditions) (Anthony & Silver, 2021; Baggs & Philippot, 2010; Butterbach-
Bahl et al., 2013; Van Lent et al., 2019). Since N2O is an intermediate in 
the denitrification reduction sequence, denitrification in the top soil 
particularly may form a risk of N2O; nitrous oxide produced near the soil 
surface has a shorter residence time than at greater depths, limiting its 
reduction to N2 before atmospheric release (Chapuis-Lardy et al., 2007; 
Clough et al., 2005), while high NO3- levels in topsoil - e.g. due to 
fertilization - may further inhibit this reduction (Senbayram et al., 2019; 
Zhang et al., 2023). This stresses the importance of N inputs to the soil 
surface through application of organic and mineral fertilizers and excreta 
by grazing cattle. Mineral fertilizers commonly contain NH4+ or NO3- which 
is directly available for microbial metabolism, while N in manure fertilizers 
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is partly present in organic matter, which requires mineralization before 
further transformation (Fig. 1.1). Cattle urine has a high concentration of 
urea, which is relatively quickly converted to NH4+, while in dung most N 
is present in organic matter and consequently takes longer to become 
available for plant uptake and nitrification (Bolan et al., 2004; Oenema et 
al., 1997). Fertilizer or grazing induced N2O emissions are therefore 
affected by the composition of the N compound, the soil type and the 
method, rate and timing of the application (Bell et al., 2016; Chadwick et 
al., 2011; De Klein et al., 2006; Velthof et al., 2024). 

 
1.3 Effects of peat rewetting 
1.3.1 Carbon mineralization and emissions of CO2 and CH4 

In order to limit the oxidation of peat and thereby reduce 
subsidence and CO2 emissions, permanently raising the groundwater level 
(GWL) of peat grasslands is proposed as a potential solution (Freeman et 
al., 2022; Wils et al., 2025). In the absence of drainage, peat oxidation 
and associated CO2 emissions are significantly reduced (Evans et al., 
2021; Wilson et al., 2016a). Full rewetting of peat grasslands would hinder 
the current land use, however, implying a transition towards either a wet 
cropping system (paludiculture) or nature restoration (Jongbloed et al., 
2026; Tanneberger et al., 2022; Temmink et al., 2026; Temmink et al., 
2024). Such a transition would likely generate a reduction in the intensity 
of dairy farming in the Netherlands, with associated benefits related to 
GHG emission reduction, NH3 volatilization and animal welfare (Leip et al., 
2015; Van Grinsven et al., 2015). Nevertheless, efforts to address these 
challenges have primarily targeted scenarios that reduce GHG emissions 
and soil subsidence, while enabling continued grassland production and 
grazing (Freeman et al., 2022). A substantial reduction in carbon 
emissions may already be achieved with partial rewetting (Aben et al., 
2024; Evans et al., 2021). In line with this, intentions have been 
expressed by the Dutch government to raise the GWL in some areas to 
40 to 20 cm below the soil surface (Harbers & Heijnen, 2022). By 
implementing approaches tailored to regional conditions, a national 
reduction of 1 Tg CO2-equivalent per year should be achieved in the 
Netherlands by 2030 (Ministry of Agriculture Nature and Food Quality, 
2019). 

Existing research has evaluated interventions designed to 
minimize temporal GWL fluctuations in peat grasslands, thereby 
mitigating extreme drainage in dry conditions and flooding in wet 
conditions (Harpenslager et al., 2024; Kechavarzi et al., 2007; Van 
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Asselen et al., 2023; van de Craats et al., 2025). Dry and warm periods 
were shown to constitute a large part of the annual CO2 emission from 
peat grasslands (Hoving et al., 2022). A substantial reduction in peat 
oxidation could therefore potentially be achieved by reducing the aerated 
volume of peat during warm periods (Boonman et al., 2022). One of the 
proposed measures is the water infiltration system (WIS), consisting of 
artificial drain tubes, which connect the ditches on both sides of a field 
(Van Asselen et al., 2023). The hydraulic conductivity of peat soils can be 
relatively low, with large variability between peat types and generally 
decreasing with degradation (Kechavarzi et al., 2010b; Kechavarzi et al., 
2007; Liu et al., 2016). A low conductivity limits the effectiveness of 
ditches to drain or infiltrate the entire field (van de Craats et al., 2025). A 
WIS ensures faster and more homogeneous water transport through the 
soil. Several studies have reported positive results about a mitigating 
effect of WIS on CO2 emissions from peat grasslands (Aben et al., 2024; 
Boonman et al., 2022). 

Under flooded conditions, the risk of CH4 production also increases. 
Increased CH4 emissions have been observed in studies on peat 
restoration or rewetting (Abdalla et al., 2016). However, reducing 
drainage intensity from deep to shallow levels still leaves an aerated top 
soil layer. Most CH4 produced in the deeper anaerobic soil is therefore 
oxidized to CO2 and H2O during diffusive transport through the aerobic top 
soil (Fig. 1.1). Consequently, CH4 emissions are generally negligible under 
deep or even shallow groundwater levels (Van den Pol-van Dasselaar et 
al., 1997).  

 
1.3.2 Rewetting effects on N2O emissions 

The effect of a raised GWL through water infiltration systems on 
N2O emissions in grassland production systems is still unclear. While the 
mineralization of organic nitrogen will be restricted under wet conditions, 
anaerobic soil pores may constitute suitable environments to 
denitrification (Baggs & Philippot, 2010). Additionally, the application of 
fertilizers or cattle excreta during grazing provides a source of mineral N, 
which may be denitrified under the partially anaerobic conditions created 
by a high GWL (Cai & Akiyama, 2016; De Klein & Vanlogtestijn, 1994; 
Kandel et al., 2019; Van Groenigen et al., 2005a). Thus, mineralization of 
organic N and application of N amendments constitute separate sources 
of N2O that respond differently to drainage management.  

Under the United Nations Framework Convention on Climate 
Change, countries are required to quantify and report their annual GHG 
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emissions from specific activities within all sectors, including agriculture 
(IPCC, 2019). The IPCC provides guidelines to estimate emissions using 
default emission factors for specific activities, which can be replaced by 
country-specific values, when available (Hergoualc'h et al., 2019). The 
Netherlands has specific emission factors for cattle grazing on organic 
soils, as well as application of mineral fertilizers or animal manure (Van 
der Zee et al., 2025), based on a limited number of studies (Velthof et al., 
1996; Velthof & Mosquera, 2010). 

On grazed grasslands, cattle excreta constitute an important N 
input, characterized by patchy “hot spots” for N2O production (Cai & 
Akiyama, 2016; Selbie et al., 2015). About 80-95% of the N intake by 
grazing cattle is excreted, primarily as urea in urine, while in dung patches 
most N is present in organic form (Bolan et al., 2004; Cai et al., 2017; 
Oenema et al., 1997). Slurry is a mixture of urine and faeces collected in 
livestock housing, which is typically stored in a tank below or near the 
stable before dilution and land application (Chadwick et al., 2011; Kupper 
et al., 2020). Cattle slurry is the dominant organic N source applied to EU 
agricultural land, in particular in northwestern European countries, such 
as the Netherlands (Velthof et al., 2024). Through mechanical separation, 
the relatively concentrated solid slurry fraction - characterized by high 
organic N content - can be isolated from the liquid fraction, where N 
predominantly occurs as NH4+ or within small suspended particles 
(Fangueiro et al., 2008). The application of liquid slurry may improve the 
grass N uptake compared to unseparated slurry, due to fast infiltration in 
the soil and directly available NH4+, yet may simultaneously increase the 
risk of N2O losses (Bittman et al., 2011; Velthof et al., 2024; Wang et al., 
2024a). Mineral fertilizers containing ammonium or nitrate are similarly 
associated with high yields as well as N2O losses (Velthof & Rietra, 2018). 
The granular calcium ammonium nitrate (CAN) fertilizer is commonly used 
on Dutch grassland, often complementing the maximum rate of allowed 
slurry application, while frequently resulting in highest (denitrification 
derived) N2O emissions, in particular under wet conditions (Velthof & 
Mosquera, 2011b). Thus, the N composition and moisture content of the 
different N sources determine the transformations, mobility and plant 
uptake, in interaction with the soil conditions. In particular a combination 
of high NO3- availability and variable soil moisture, could create conditions 
beneficial for (incomplete) denitrification in peat soils (Fig. 1.1). These 
conditions can generate peak emission events, which take up a large 
portion of the total annual N2O emissions (Anthony & Silver, 2024). 
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Additional experimental observations are required to update the 
N2O emission factors for managed organic soils and to incorporate a 
disaggregation of different manure separation products, which differ in 
organic matter and mineral and organic N contents (Fangueiro et al., 
2008; Velthof et al., 2024). These include processed manure products that 
resemble mineral fertilizers due to a low carbon to nitrogen ratio (≤ 3 kg 
kg-1) and a high relative mineral N content (≥ 90% of total N), referred 
to as RENURE (REcovered Nitrogen from maNURE, Huygens et al., 2020). 
In February 2026, the European Commission adopted an amendment to 
the Nitrates Directive that allows for the use of RENURE products, 
providing a way to circumvent the prescribed limit for manure application 
in nitrate vulnerable zones of 170 kg N ha-1 (European Commission, 
2026). While this may improve the recycling of manure nutrients, little 
research has been conducted yet on the N2O emissions resulting from 
these fertilizers under different soil conditions.  

In addition to the N inputs, cattle grazing causes soil compaction 
due to trampling, which increases the soil bulk density, WFPS and 
anaerobicity, restricts plant growth and subsequently may stimulate 
denitrification (Beare et al., 2009; Bhandral et al., 2007; Rivera & Chara, 
2021). This can increase the N2O-N losses following urine application, in 
particular at high soil moisture content (Thomas et al., 2008; Van 
Groenigen et al., 2005a). While these mechanisms have been studied on 
mineral soils, the effects of trampling on N2O emissions from peat soils 
are still relatively unknown.  

 
1.4 Objectives and thesis outline 

To achieve global or national climate and environmental targets, 
amongst other measures, a reduction of greenhouse gas emissions from 
drained peat soils is required. While various mitigation measures - such 
as rewetting or water infiltration systems - have been proposed, their 
effects remain insufficiently understood. This PhD-study focuses on 
organic matter oxidation and resulting greenhouse gas emissions from 
peat grasslands in the Netherlands, considering the underlying 
mechanisms, and the mitigation options through groundwater and 
fertilization or grazing management. This is specified in four main 
objectives.  

The first objective is to explore the effects of soil moisture, 
temperature and peat properties on peat oxidation. These are key factors 
affecting heterotrophic respiration in soils, and form intricate interactions 
with each other and other conditions. Chapter 2 focuses on objective 1, 
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by exploring the temperature and moisture effects on heterotrophic 
respiration in a lab incubation experiment. Respiration rates are measured 
along a temperature and a water filled pore space gradient on soil sampled 
from three depths at three peat grasslands of different soil compositions 
in the Netherlands. Temperature sensitivity functions are described and 
related to WFPS, sampling site and depth. While temperature is expected 
to stimulate respiration exponentially, I expect soil moisture to be a 
constraint as well as a prerequisite. I hypothesize that this results in a 
non-linear relationship between the temperature sensitivity of respiration, 
expressed as Q10, and soil WFPS. Additionally, since the peat organic 
matter is expected to become less humified and therefore less recalcitrant 
with increasing depth, respiration is expected to become less sensitive to 
temperature with depth. 

Despite contributions of anaerobic oxidation, CO2 emissions in a 
peat grassland are predominantly the result of organic matter oxidation 
above the GWL. While a shallow GWL is a promising measure to reduce 
CO2 emissions, the effects on N2O and CH4 emissions are less clear. The 
second objective is, therefore, to study the potential of water 
management to reduce CO2, N2O and CH4 emissions associated with peat 
oxidation and the possibility of a trade-off between these gases. This is 
addressed in Chapter 3, through a mesocosm experiment on undisturbed 
peat soil cores from the three grassland sites studied in Chapter 2. Over 
the course of a year, the cores are subjected to stepwise GWL changes in 
two cycles of drying-rewetting. Greenhouse gas emissions (CO2, N2O and 
CH4) are measured, along with other biogeochemical and soil physical 
parameters, and related to the GWL. As a result of the respiration-WFPS 
relationship hypothesized in chapter 2, I hypothesized that CO2 emissions  
show an optimum at a moderate GWL, due to an oxygen limitation in the 
soil at shallow GWL and the onset of moisture limitation in the top soil 
under a deep GWL. Nitrous oxide emissions on the other hand, are 
hypothesized to peak at a shallow GWL, while CH4 emissions are expected 
to occur only under flooded conditions. 

In the controlled environments of the first two experiments, GHG 
emissions are the results of soil processes, while in reality net outgoing 
emissions are the product of all the interactions between soil, plants and 
external inputs of nitrogen and carbon. Nitrous oxide emissions are 
particularly affected by inputs through fertilization or cattle grazing. These 
effects may interact with those of water level dynamics, the extent of 
which has not been studied yet. This brings forth the third objective of 
this PhD: to study the effect of raised water levels, achieved by water 
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infiltration systems, on N2O emissions in fertilized or grazed peat 
grasslands. The concomitant emission factors are a necessary supplement 
to those currently used in the Dutch greenhouse gas inventory. Therefore 
our fourth objective is to quantify N2O emissions and emission factors 
for different mineral fertilizers, manure and grazing. 

Objectives 3 and 4 are studied in chapters 4 and 5. Chapter 4 
describes the findings of a field experiment on the combined effects of 
simulated cattle grazing and a raised GWL on N2O emissions. Three 
measurement campaigns are performed on two fields, one drained 
conventionally through ditch levels, and the other using an active water 
infiltration system targeting a GWL around -40 cm. Nitrous oxide 
emissions are linked to the application of urine, dung and trampling, the 
drainage method, soil biological and meteorological parameters. 
I hypothesize that the higher summer GWL caused by a water infiltration 
system decreases N2O emissions resulting from peat oxidation, but that 
WIS increases the N2O emissions originating from cattle urine and dung. 
Compaction due to cattle trampling is expected to further increase these 
emissions. 

Chapter 5 discusses our study on the effect of a raised GWL in 
combination with different fertilizers on N2O emissions. Over the course 
of two years, emissions are measured in a field experiment including six 
different fertilizers and three drainage methods. The conventional ditch 
drainage method and the water infiltration system from chapter 4 are 
complemented with a second WIS, targeting a shallower GWL 
around -20 cm. Herbage (N) yields are measured and related to the 
amounts of fertilizer- N applications and N2O losses. While the first WIS, 
targeting a GWL of -40 cm, is expected to decrease N2O emissions, 
relative to conventional ditch drainage, I hypothesized for the shallow 
drainage measure to increase emissions due to increased denitrification. 
The application of nitrate-containing, mineral fertilizers is expected to 
result in both higher N2O emissions, and higher grass yield, than 
ammonium-holding (manure) fertilizers. Consequently, highest N2O 
emissions are hypothesized for WIS drainage aiming for a GWL of -20 cm 
in combination with nitrate-fertilizers as both factors enable 
denitrification. 

Finally, in Chapter 6 I synthesize the results from the previous 
chapters, discuss the limitations to this study and its implications. 
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Abstract 
Peat soils store a large part of worldwide soil carbon stocks, but drainage 
in agriculture results in peat oxidation and high CO2 losses to the 
atmosphere. The oxidation of peat during microbial heterotrophic 
respiration is strongly affected by moisture and temperature conditions, 
but the interaction between these effects is not fully clear. We incubated 
soil samples from three different peat types and three depths (within 0 to 
50 cm) at temperatures of 4.6, 13.9, 23.2 or 34 °C (±1.5 °C) and  water 
filled pore spaces (WFPS) of 50, 60, 80 or 95%, in a full factorial design. 
Heterotrophic respiration was measured through changes in CO2 
concentration in the headspace of an incubation vial. The Q10 (the relative 
respiration increase for a 10 °C temperature increase) was calculated for 
each treatment combination (WFPS, location and depth) over the whole 
studied temperature interval. Additionally, an Arrhenius function was 
fitted for each combination of WFPS, sampling depth and location for the 
calculation of temperature-specific Q10 values.  
Respiration ranged between 0 and 79 μg CO2-C g-1 C h-1 and increased 
both with temperature and with WFPS (up to 80% WFPS, after which 
respiration remained constant). Temperature and WFPS did not have a 
significant interaction effect on respiration rates. However, an interaction 
between temperature and moisture became apparent from the significant 
negative WFPS effect on Q10, which indicates a potential O2 limitation on 
the temperature impact. The temperature-specific Q10 strongly decreased 
with temperature. Our results suggest that heterotrophic respiration of 
peat soil is most susceptible to warming under both dry and cold 
conditions.  
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2.1 Introduction 
Peat soils store over 30% of the world’s soil carbon (C) pool, while 

occupying only 3% of the global land area (Loisel et al., 2017; Yu et al., 
2010). In Europe, peat soils are often drained for agriculture, causing soil 
subsidence and turning these soils in a net source of C to the atmosphere, 
due to peat decomposition during microbial respiration (Canadell et al., 
2021; Erkens et al., 2016). Peat soil C stocks in the Netherlands are 
currently estimated to decrease by 1.2 Tg C yr-1, corresponding with a 
carbon dioxide (CO2) emission of 4.25 Tg CO2 yr-1 (Van Baren et al., 
2024). In order to adhere to the goals of the 2015 Paris Climate 
agreement, the Dutch government aims to reduce yearly greenhouse gas 
emissions from peat grasslands with 1 Tg CO2-eq by 2030 (Ministry of 
Agriculture Nature and Food Quality, 2019). The moisture content, 
temperature and pH of the soil, as well as the peat type and composition, 
have been identified as the main physical drivers of microbial respiration 
rates in unsaturated peat soils (Bader et al., 2018; Bergman et al., 1999; 
Kechavarzi et al., 2010a; Mäkiranta et al., 2009; Moyano et al., 2013). A 
strong understanding of soil moisture and temperature effects on peat 
oxidation (heterotrophic respiration), and variation across peat types, 
may help to predict CO2 emissions and carbon stock changes from 
managed peat soils in the Netherlands and the mitigation potentials of 
management measures.  

The effect of moisture content on soil heterotrophic respiration is 
not linear; on the one hand it is limited by a high moisture content as it 
reduces O2 diffusion and availability to aerobic respiration (Linn & Doran, 
1984; Skopp et al., 1990). On the other hand, a low moisture availability 
limits oxidation by decreasing the solubility and mobility of enzymes and 
dissolved organic substrate and its availability to decomposing microbes 
(Schjønning et al., 2003; Skopp et al., 1990). The moisture-respiration 
relationship resulting from these mechanisms is a function with minima 
at both moisture extremes and an optimum range for moisture values that 
is dependent on the soil properties (Fig. 2.1a) (Moyano et al., 2013). In 
an incubation study on a silty clay loam soil, Linn and Doran (1984) found 
maximum respiration rates at a relative water saturation, or water filled 
pore space (WFPS), of 60%. Under saturated conditions, anaerobic 
oxidation pathways may still result in CO2 emissions. Fairbairn et al. 
(2023) proposed an updated moisture-respiration model including a 
separate term for anaerobic processes. The extent of anaerobic oxidation 
is inhibited by O2 and stimulated by moisture content. Such a model 
agrees with the non-zero CO2 fluxes observed under saturated or 
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anaerobic conditions in several studies (Fairbairn et al., 2023; Moyano et 
al., 2018; Tolunay et al., 2024; Van Lent et al., 2019). The limiting effect 
of solute diffusion on respiration may be smaller in organic soils than 
mineral soils, due to a relatively high water retention and an abundance 
in C substrate (Moyano et al., 2013). On the other hand, the large pore 
volume decreases the oxygen limitation and may shift the optimum 
moisture content for respiration towards higher WFPS levels (Moyano et 
al., 2013). In peat respiration studies, unimodal WFPS-respiration 
relationships have been observed with maximum rates generally occurring 
at WFPS levels between 50 and 90% (Byun et al., 2021; Saurich et al., 
2019a; Van Lent et al., 2019; Wickland & Neff, 2008).  

 

 
Figure 2.1: Schematic illustrations of the response of heterotrophic respiration 
to water filled pore space (a), and temperature (b), the downwards response of 
Q10 to temperature (c) and the proposed temperature sensitivity optimum for 
WFPS conditions (d). Note that the axis scales are arbitrary, as the aim of these 
figures is to illustrate the direction of relationships and differences related to soil 
types. 
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The response of soil respiration to temperature is generally 
described as an exponential relationship, modified by physical, chemical 
or environmental mechanisms in the soil matrix as well as the chemical 
composition of the organic material (Fig. 2.1b) (Davidson et al., 2006). 
Higher activation energies are required for the breakdown of relatively 
recalcitrant carbon compounds, making them more sensitive to 
temperature change than easily decomposable compounds (Davidson et 
al., 2006). Thus, the Q10-value, the relative increase in reaction rate 
associated with a ten degrees temperature increase, is significantly higher 
for a recalcitrant and complex C compound, than for a more labile 
compound such as a carbohydrate (Fierer et al., 2005). This can be 
reflected in a positive relationship between Q10 and the C/N ratio of the 
substrate (Chen et al., 2018). On the other hand, external factors which 
reduce substrate availability to microbes, such as adsorption to minerals, 
soil aggregation, or drought decrease the relative sensitivity of respiration 
to temperature (Davidson et al., 2006). Additionally, while temperature 
increases reaction rates, its relative impact on respiration decreases with 
increasing temperatures (Fig. 2.1c) (Davidson et al., 2006). Global 
warming is therefore likely to have a larger impact on heterotrophic soil 
respiration in boreal than in tropical climates (Koven et al., 2017; Liu et 
al., 2024).  

In peat soils, the temperature sensitivity of heterotrophic 
respiration is sometimes related to the degree of degradation. In samples 
from three depths in a blanket bog, Hardie et al. (2011) observed 
increasing Q10 with depth, where depth was considered analogue to 
degree of degradation and consequently the relative proportion of 
recalcitrant C molecules as part of all SOC. A similar pattern was observed 
by Li et al. (2021). In drained peat soils, this gradient in degree of 
degradation is reversed compared to undisturbed fens and bogs (apart 
from the labile litter and root C in the top soil) and therefore an opposite 
Q10 pattern may be expected, of decreasing Q10 with depth (Bader et al., 
2018).   

Soil moisture interacts with the temperature-respiration 
relationship mostly through substrate and O2 availability, both 
constraining rates and temperature sensitivity of respiration (Clark & 
Gilmour, 1983; Davidson et al., 2006). This may imply that a measure of 
temperature sensitivity, such as the Q10, follows a non-linear response 
curve to WFPS, with minima at both extremes (Fig. 2.1d). In a boreal 
forest peat soil, Wickland and Neff (2008) observed positive temperature 
effects on respiration under 50 or 75% WFPS, but not under drier (2 or 
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25%) or wetter (100%) treatments. Additionally, temperature increases 
O2 consumption and thereby may exacerbate the O2 limitation imposed 
by a high WFPS. This creates an indirect and time-lagged effect of 
temperature on respiration, which could become visible in increasing 
steepness of the moisture response under higher temperatures (Moyano 
et al., 2013). In peat soils, this may be enforced by the relatively high 
biological O2 demand resulting from the high substrate availability. On the 
other hand, as relative pore volumes are larger than in mineral soils, O2 
diffusion may remain relatively high even at high WFPS, making such an 
effect of temperature less strong than in mineral soils (Moyano et al., 
2013). Several studies have indicated that a deep water table or low WFPS 
intensifies the temperature sensitivity of peat respiration compared to 
conditions with higher soil moisture (Kechavarzi et al., 2010a; Swails et 
al., 2022). The study by Chen et al. (2018) demonstrated that 
temperature sensitivity is directly affected by oxygen availability, leading 
to higher Q10 values under aerobic conditions and a positive relationship 
between Q10 and the soil redox potential. Other studies on the other hand, 
demonstrate that particularly drought, rather than lack of oxygen, will 
inhibit the positive effect of temperature on respiration (Mäkiranta et al., 
2009; Tiemeyer et al., 2024; Wickland & Neff, 2008). The interaction 
between soil moisture and temperature effects on peat soil respiration is 
therefore still unclear (Fig. 2.1d). 

Ultimately, the actual maximum respiration rate and WFPS under 
which it occurs often varies between different peat types or stages of 
degradation. Generally, stronger respiration rates are observed in 
humified peat compared to relatively intact peat (Saurich et al., 2019b; 
Van Lent et al., 2019; Wickland & Neff, 2008), sometimes resulting in a 
decrease in respiration rates with depth (Saurich et al., 2019a). 
Additionally, different decomposition rates can be explained by differences 
in plant litter chemistry. Peat composed of Sphagnum moss litter generally 
decomposes at lower rates than the remains of sedge (Carex spp.) species 
(Verhoeven & Toth, 1995). This is often attributed to the lower pH and, 
under anaerobic conditions, the inhibiting effect of sphagnum acid on 
enzymatic activity (Bergman et al., 1999; Freeman et al., 2001; 
Verhoeven & Toth, 1995). 

A high porosity, as can be found in peat soils, increases oxygen 
availability, even at high saturation. This raises the optimum moisture 
level for microbial activity (Moyano et al., 2013). On the other hand, a 
high C substrate availability may alleviate the limitation of moisture on 
respiration, as transport distance between the substrate and decomposer 
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is low. The combination of these two mechanisms could result in a wider 
plateau of optimal conditions for heterotrophic respiration (Moyano et al., 
2013). Clay particles, by increasing the capillary force relative to sand, 
limit the amount of water available for substrate diffusion. As a result of 
this physical mechanism, optimal moisture levels for heterotrophic 
respiration are suggested to be higher in soils with a high clay content 
(Moyano et al., 2013). Oxidation changes the physical properties of peat 
soil, such as the pore space, hydraulic conductivity and water retention 
capacity (Kechavarzi et al., 2010b), thereby potentially affecting the 
moisture-respiration relationship and causing variation between soil 
layers in different stages of humification.  
  An accurate understanding of the impacts on peat oxidation is 
essential for reliable modelling and prediction of management effects. In 
this experiment we aim to improve our understanding of the interaction 
of the steady-state temperature and moisture impacts on heterotrophic 
respiration in peat soils. We studied this in an incubation experiment of 
disturbed soil samples from three peat sites and three depth increments 
(within the upper 50 cm), under four moisture and four temperature 
levels. Sieving and homogenizing the soil allowed us to remove roots that 
could interfere with the determination of peat oxidation rates. On the 
other hand, the soil structure and, thereby, the connections between 
pores are changed drastically by mixing a peat soil sample. Therefore, a 
parallel incubation of undisturbed cores from one site and depth was 
included to compare respiration rates between disturbed and undisturbed 
soil samples. 

We hypothesized to find (1) a unimodal response curve of 
respiration to WFPS; (2) a positive exponential response of respiration to 
temperature; (3) interacting effects of soil moisture and temperature, 
resulting in a non-linear response of the Q10 to soil WFPS; (4) decreasing 
temperature sensitivities with depth, due to decreasing recalcitrance with 
depth. 
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2.2 Methods and materials 
2.2.1 Sampling sites 

Soil samples were collected in December 2023 from three sites 
with grassland on peat soil in the Netherlands: Aldeboarn (53°03' N, 
5°54' E),  Vlist (51°58' N, 4°49' E) and Zegveld (52°08' N, 4°50' E) 
(Fig. 2.2). The mean annual temperature at a weather station near 
Aldeboarn was 10.9 °C in 2023, and near Vlist and Zegveld it was 11.8 °C 
(www.knmi.nl). All fields are used for grass production and cattle grazing, 
and are normally fertilized with a combination of  slurry and artificial 
fertilizer, at a rate of 200-250 kg N ha-1 yr-1 (Vlist and Zegveld) or slurry 
at 170 kg ha-1 yr-1 (Aldeboarn). The soil profile in Aldeboarn is composed 
of oligotrophic peat, consisting of Sphagnum, Eriphorium and heather 
remains, covered by a thick peaty clay top layer. On the Vlist location a 
peaty clay top layer is found above mesotrophic wood peat with peat and 
clay layers reaching as deep as ten meters. The soil in Zegveld, consists 
of a clayey peat top layer, containing some anthropogenic debris, covering 
a thick mesotrophic wood peat layer, and eutrophic sedge peat 
underneath, which reaches down to six meters below the soil surface (Van 
Asselen et al., 2023).  

At each site, several gauge auger cores (50 cm long, 2 cm 
diameter) were taken within a 0.5 m2 area nearby (within 50 m) the 
sampling locations of Blondeau et al. (2024). Bulk samples from three 
depths (below the soil surface) were collected and stored in separate 
bags: 5-10 cm, 20-25 cm, and 45-50 cm from the Aldeboarn and Vlist 
sites, and 5-10 cm, 20-25 and 35-40 from the Zegveld site. Previous 
observations of the soil horizons were used as a basis for the chosen 
sampling depths. In addition, 27 undisturbed soil cores were sampled in 
100 cm3 steel rings from 5-10 cm depth at the Zegveld site. 

The disturbed soil samples from the three sites and three depths 
were air dried for three days at 20°C. Soil clumps were broken up, roots 
and debris were removed by hand, and the soil was mixed homogeneously 
and stored in a cool (4 °C), dark place until the start of the experiment. 
A subsample was taken from each sample and dried at 105 °C, for 
determination of the moisture content of the air-dried soil. 
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Figure 2.2: Locations of the three sampling sites, Aldeboarn, Zegveld and Vlist. 
 
2.2.2 Temperature gradient block: setup and measurements 

We conducted a respiration experiment under four soil moisture 
treatments: 50, 60, 80 and 95% WFPS. These were combined in a full 
factorial design with a gradient of temperature treatments (3.1 to 
35.5 °C), which were grouped in four treatment ranges: 4.6 (±1.5), 13.9 
(±1.5), 23.2 (±1.5) and 34 (±1.5) °C. This resulted in 144 unique 
combinations of soil type and categorical treatments, each replicated 
three times. The Vlist sample at 45-50 cm had a WFPS of 61% after air 
drying. Therefore moisture treatments of 61% and 70% WFPS instead of 
50 and 60% were applied for this soil. 
 Three grams of air-dried soil were weighed into a 60 ml vial and 
water was added to reach the desired WFPS treatment, while considering 
the moisture content of the air-dried soil. Porosity of each soil type was 
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determined after calculating the bulk density of the soil sample inside the 
vial and using the horizons’ particle densities calculated using the data 
from Blondeau et al. (2024). After the WFPS adjustment, the vials were 
covered with cotton to prevent evaporation while allowing for gas 
exchange and they were pre-incubated for seven days at 20 °C. After 
seven days, the water content was adjusted to the original treatment after 
weighing, and the vials were placed inside the temperature incubator.  

The temperature treatments were applied in a custom temperature 
gradient block, for measuring short term temperature effects on soil 
organic matter decomposition (Morán-Rivera et al., 2026). The 
temperature block is an insulated box, fitting four rows of 22 sample vials, 
along which a linear temperature gradient is applied (Fig. 2.3). A 
temperature gradient is established by a heater on one end and a cooler 
on the other end, with eight temperature sensors spaced evenly along the 
gradient to measure and check the actual temperature. Four temperature 
intervals of 3 °C were selected, within which vials with different soil-
moisture combinations were distributed randomly. Nine block-runs were 
performed in total to measure all treatment combinations in threefold.  

Vials were placed inside the temperature block and incubated 
overnight for approximately 17 hours. Moisture content of the vials was 
checked again and adjusted if necessary in the morning. The vials were 
closed air-tight with stoppers and headspace CO2 concentrations were 
measured after four hours using Optical Feedback Cavity Enhanced 
Absorption Spectroscopy (LI-7815, LI-COR Inc., USA) for 20 seconds, 
while checking for a linear concentration increase. Fluxes of CO2 were 
calculated from the linear slope over the headspace concentration at t = 4 
hours and the ambient concentration at t = 0. 
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Figure 2.3: The temperature gradient block seen from above with the lid opened, 
with incubation vials in each slot (a) and a gas flux measurement taking place in 
one of the soil vials, using the LI-7815 analyzer (b). The red arrow in (a) indicates 
the direction of increasing temperature along the length of the block. 
 
2.2.3 Undisturbed samples: setup and measurements 

The 27 undisturbed soil cores from Zegveld (5-10 cm) were stored 
air-tight at 4 °C until the start of the experiment. During a seven day pre-
incubation at 16 °C, the cores were first saturated (three days) and 
subsequently subjected to a pressure head in the middle of the soil core 
of either -3 cm, -50 cm or -100 cm on a sandbox (four days). This resulted 
in nine cores per moisture treatment. Over this period, the samples were 
weighed twice a day, to check for equilibrium in the water tension. After 
pre-incubation, all cores were placed inside polypropylene jars (open at 
the top) and three cores per moisture treatment were moved to either a 
cabinet incubator at 6°C, a climate controlled room at 16 °C or at 20 °C. 
Soil CO2 emissions were measured after 4, 28 and 52 hours. The jars were 
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closed and headspace concentrations measured after a minimum closure 
time of 22 minutes, using a photoacoustic gas analyzer (Gasera One, 
Gasera Ltd., Finland). Fluxes were calculated from the linear slope 
between the headspace concentration at the end of the chamber closure 
and the ambient concentration at t=0 and expressed as μg CO2-C g-1C h-1. 
The cores were weighed before each flux measurement and after drying 
at 105 °C, to calculate the actual WFPS at the time of measurement. Due 
to a technical error, the actual pressure heads under the -100 cm 
treatment showed little difference with the -50 cm treatment. Therefore, 
statistical analyses were performed using the numeric WFPS values, 
rather than the discrete pressure head treatment levels. 
 
2.2.4 Soil chemical parameters 

Batches of the air dried, homogenized soil from all sites and depths 
were oven-dried at 40°C for subsequent analysis of chemical soil 
parameters. Readily available concentrations of P, NH4+ and NO3- + NO2-, 
as well as soil pH were measured using segmented flow analysis (Skalar 
SAN++, Skalar Analytical B.V., The Netherlands) after extracting three 
grams of oven dried soil in a 0.01 M CaCl2 solution. Total concentrations 
of carbon and nitrogen were determined on colloid grinded samples, using 
dry combustion at 1050°C (LECO CN 828, LECO Corporation, USA). The 
soil organic matter (SOM) content was determined on oven-dried soil at 
105°C, as the relative loss on ignition at 550°C for three hours. 

 
2.2.5 Data analysis 

All data analyses were performed using R (v4.3.1; R Core Team, 
2023) and were interpreted using a significance threshold level p = 0.05. 
The effects of the discrete WFPS (50, 60, 80, 95%) and temperature 
(4.6±1.5, 13.9±1.5, 23.2±1.5 and 34±1.5 °C) treatments on the 
respiration rates (μg C g-1C h-1) of the disturbed samples were tested 
using a linear mixed effects model (LMEM) from the ‘nlme’ R package 
(Pinheiro et al., 2023), with the sampling depth and site incorporated as 
nested random factors. To meet the assumptions of normal and 
homogeneous distribution of the residuals, a Box Cox transformation of 
the respiration rates was performed using the ‘MASS’ R package (Venables 
& Ripley, 2002). Pair-wise comparisons were performed based on the 
estimated marginal means of each treatment level. 

For each combination of sampling location, depth and WFPS 
treatment, the relationship between the CO2 production rate 
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(R; µg C g-1 C h-1) and temperature was fitted using an empirical 
exponential function after Van ‘t Hoff (Van 't Hoff, 1898): 

 
R = α * eβT        (1) 
 
Where α (µg C g-1 C h-1) and β (°C-1) are fitted parameters and T is the 
actual temperature (°C) of each separate sample (instead of the grouped, 
discrete treatment ranges which were used in the LMEM above). 
Following Eq. 1, a Q10 value over the temperature range 3.1-35.5 °C was 
calculated for each combination of location, depth and WFPS treatment: 
 
Q10 = e10β        (2) 
 
where the factor 10 refers to a change in temperature of 10 °C (or 10 K). 
The effect of the WFPS treatment on Q10 was tested in an LMEM with depth 
nested in site as random factors.  

Additionally we calculated temperature-specific Q10 values 
following a function derived from the Arrhenius equation, introduced by 
Lloyd and Taylor (1994) and described in Moinet et al. (2025). First, the 
respiration-temperature relationship was fitted using: 
 

R = R10 * e
E0(

1
56.02 - 1

T- T0
)
       (3) 

 
where R10 is a fitted parameter representing the respiration at 10 °C 
(µg C g-1 C h-1), E0 is a fitted parameter originally representing the 
activation energy divided by the ideal gas constant (K), T0 is a constant 
with a value of 227.13 K, and T is the sample temperature (K). The Q10 
for a given reference temperature (tQ10) can then be derived following: 
 

tQ10 = e
10 E0

(T-T0)(T-T0+10)       (4) 
 
Effects of the WFPS treatment on the R10 and E0 parameters were tested 
in an LMEM with depth nested in site as random factors.  

We performed a two-way analysis of variance (ANOVA) to test 
whether respiration rates from the different locations and depths varied 
significantly. The same was done to test variation of Q10 values between 
sites and depths. 
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Pearson correlations were calculated between the chemical sample 
properties and the mean heterotrophic respiration rates and Q10 values, 
respectively, using the cor.test function in R (R Core Team, 2023). 

 
2.3. Results 
2.3.1 WFPS and temperature effects on respiration and Q10 

Respiration rates ranged between 0 and 79 μg CO2-C g-1 C h-1 and 
were significantly affected by the WFPS (LMEM, F = 45.8, p < 0.0001). 
The respiration rates under 50, 60 and 80% WFPS levels showed 
significant pair-wise differences amongst each other, increasing with 
WFPS. Respiration rates for the 80% and 95% WFPS levels did not differ 
significantly, indicating arrival at an optimum (Fig. 2.4). All soils in this 
experiment showed the above pattern (Fig. S2.1), except for the 
Aldeboarn samples from 45-50 cm depth which showed unimodal 
responses to WFPS under 23.2 and 34 °C (Fig. S1.c). 

 

 
Figure 2.4: Mean respiration rates (µg C g-1 C h-1) and standard errors of the 
mean (n = 3) for each discrete temperature and WFPS treatment level. The letters 
above the bars indicate significant pairwise differences between factor levels, 
determined in the LMEM’s post-hoc test (p < 0.05).  

 
The discrete temperature treatment levels had a significant 

positive effect (LMEM, F = 4340.9, p < 0.0001) on respiration rates, with 
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significant differences between all paired combinations of temperature 
levels (Fig. 2.4). Respiration rates showed an exponential increase with 
temperature for each location, depth and WFPS treatment combination 
(Fig. 2.5). There was no significant interaction effect between WFPS and 
temperature on soil respiration (LMEM, p > 0.05).  

The Q10 values calculated over the 3.1-35.5 °C interval ranged 
between 2.0 and 3.3 (Table 2.1) and were significantly affected by WFPS 
(LMEM, F = 17.0, p < 0.001), showing a decreasing Q10 with increasing 
WFPS (Fig. 2.6a). A significant difference was observed between Q10 
values at 50% (mean 2.9) and 95% WFPS (mean 2.5), a difference of 
17%.  

The WFPS treatment significantly affected the fitting parameters 
in Eq. 3, R10 (F = 16.2, p < 0.0001) and E0 (F = 16.2, p < 0.0001). Under 
50 (n = 8), 60, 80 and 95% WFPS (n = 9) the E0 parameter had mean 
values of 564, 524, 492 and 466, respectively. The temperature-specific 
tQ10 strongly decreased with temperature, from 4.5-6.2 under 5 °C to 
2.0-2.4 under 30 °C (Fig. 2.6.b).  

 
2.3.2 Sampling location and -depth effects  
 Heterotrophic respiration grouped per sampling location and depth 
showed high variation within the factor levels, and high heterogeneity 
between levels (Fig. 2.7a, 2.7b). Q10 values of the different locations 
differed significantly (ANOVA, F = 8.8, p = 0.001) while depth had no 
effect (F = 0.61, p = 0.5). At each sampling depth, the Aldeboarn soil 
showed the lowest Q10, with slightly lower values than for the Vlist and 
Zegveld soils. The only significant pair-wise difference was found between 
Aldeboarn and Zegveld samples at the third sampling depth (45-50 and 
35-40 cm, respectively; Fig. 2.7.c). 

Soil organic matter content, total C and N content and the readily 
available N and P concentrations differed between sampling locations and 
depths, reflecting the vegetation composition and the locations of clay 
layers (Table 2.2). A strong, positive and significant Pearson correlation 
was observed between heterotrophic respiration and (plant-)available P 
(r = 0.88, p < 0.01), but not with other soil parameters (Table 2.3). 
Mineral nitrogen concentration (the sum of CaCl2 extracted NH4 and 
NO3 + NO2) showed a positive, significant correlation with Q10 (r = 0.69, 
p < 0.05). 
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2.3.3 Respiration rates of the undisturbed soil cores 
Respiration rates from the undisturbed core samples ranged 

between 3.7 and 31.0 μg CO2-C g-1 C h-1 (0.6 to 4.2 μg CO2-C g-1 dry soil 
h-1) and slightly increased over days one to three from an average value 
(n = 27) of 12.9 to 15.0 μg CO2-C g-1 C h-1 (Fig. S2.2). These values are 
slightly higher, but of the same magnitude as respiration rates from the 
disturbed samples in this experiment. The three matric potential 
applications resulted in WFPS values between 77 and 98%, which slightly 
decreased over the three measurement days. 

 
Figure 2.5: Respiration rates (µg C g-1 C h-1) against temperature under the four 
WFPS treatments in samples from Aldeboarn at 5-10 cm (a), 20-25 cm (b) and 
45-50 (c), from Vlist at 5-10 cm (d), 20-25 cm (e) and 45-50 cm (f) or from 
Zegveld at 5-10 cm (g), 20-25 cm (h) and 35-40 cm (i). Points show the measured 
respiration rates and dashed lines the fitted Eq. 1. * The Vlist sample at 45-50 cm 
(f) had a WFPS of 61% after air drying. Therefore moisture treatments of 61% 
and 70% WFPS instead of 50 and 60% were applied to this soil. 
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Table 2.1: Q10 values (3.1-35.5°C interval) for each sampling location and depth. 
Location Depth 

(cm) 
50%* 60%* 80% 95% 

Aldeboarn 5-10  2.79 2.66 2.39 2.33 
 20-25  2.74 2.55 2.53 2.37 
 45-50 2.80 2.41 2.32 2.00 
Vlist 5-10  2.78 2.66 2.69 2.67 
 20-25  2.80 2.85 2.65 2.48 
 45-50 2.40  2.37 2.60 2.57 
Zegveld 5-10  3.16 3.02 2.75 2.64 
 20-25  2.90 2.62 2.49 2.43 
 35-40 3.21 3.32 2.89 2.79 

*The Vlist sample at 45-50 cm had a WFPS of 61% after air drying. Therefore 
moisture treatments of 61% and 70% WFPS were applied instead of 50 and 60%. 
 
 

 
Figure 2.6: Mean Q10 values calculated over the 3.1-35.5 °C temperature interval 
using Eq. 2, and grouped per WFPS level (a) and the temperature-specific tQ10, 
fitted using the mean E0 parameter for each WFPS level in Eq. 4 (b). Error bars in 
(a) show the standard error of the mean, with n = 8 for 50% and n = 9 for the 
other WFPS levels. The letters above each bar in (a) indicate significant pairwise 
differences between factor levels, determined in an LMEM using a significance 
level of p < 0.05. The shaded areas in (b) show the 95% confidence interval of 
the estimated tQ10. 
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Figure 2.7: Boxplots of the respiration rates, expressed as µg C g-1 dry soil h-1 
(a) or µg C g-1 C h-1 (b), and mean Q10 values (c) for each location and depth. The 
gray-scale colored symbols in (a) and (b) represent the mean respiration value (n 
= 48), whiskers show the distance of 1.5 times the interquartile range (IQR), and 
black dots are outliers falling outside 1.5*IQR. Error bars in (c) indicate the 
standard error of the mean (n = 48). * The third sample in Zegveld was taken at 
a depth of 35-40 cm. 
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Table 2.2: Soil properties in the three sites and depths. 
Loca-
tion 

Depth  SOM  C/N C-tot  N-tot  N-min PCaCl2  pH-
CaCl2  

 (cm) (weight 
%) 

(kg C 
kg-1 N) 

(g C 
kg-1) 

(g N 
kg-1) 

(mg N 
kg-1) 

(mg P 
kg-1) 

 

Ald. 0 - 5  22.2 12.1 104.9 8.70 27.68 0.64 5.3 

20 - 25 15.2 14.6 64.9 4.46 13.69 0.10 5.1 

45 - 50 41.7 29.4 236.0 8.02 16.38 0.27 4.6 

Vli. 0 – 5 42.9 11.0 211.1 19.17 30.17 0.50 4.8 

20 - 25 32.8 12.4 158.0 12.76 40.20 0.03 5.3 

45 - 50 24.7 9.94 100.9 10.15 23.22 0.07 4.8 

Zeg. 0 - 5 33.4 10.5 159.3 15.12 37.77 0.13 5.3 

 20 - 25 40.1 10.7 180.5 16.85 27.77 0.27 5.1 

 35 - 40 35.5 11.2 160.5 14.30 32.17 0.07 5.2 

 
 
Table 2.3: Pearson correlation coefficients between the mean heterotrophic 
respiration (µg C g-1C h-1), or Q10 values (n = 9), and  the measured chemical 
properties of the nine soils. Significance levels are indicated by asterisks. 
 Respiration Q10 
SOM -0.04 0.21 
C-tot -0.03 0.08 
N-min -0.11 0.69* 
N-tot 0.04 0.56 
pH 0.09 0.53 
C/N ratio -0.08 -0.52 
P (CaCl2) 0.88** -0.28 

*p < 0.05, ** p < 0.01  
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2.4. Discussion 
2.4.1 Soil water filled pore space effects on respiration 

We hypothesized to find a unimodal response of soil heterotrophic 
respiration to WFPS, with maximum respiration rates around 80% WFPS 
and rates decreasing under lower or higher WFPS values. The 
heterotrophic respiration measured in our disturbed soil samples did 
arrive at an optimum at the 80% WFPS treatment, but did not decrease 
under the higher level of 95% WPFS (Fig. 2.4).  

While we could not point out a precise optimum WFPS for 
heterotrophic respiration in our experiment with only four treatment 
levels, these data suggest that the substrate supply required for 
heterotrophic respiration, become limited by low moisture availability at 
a WFPS of 60% or lower.   

Several other studies on peat soils have reported wide moisture 
ranges, under which conditions for heterotrophic respiration are optimal. 
Unimodal WFPS-respiration relationships have been observed with 
maximum rates occurring at WFPS levels between 50 and 75% in boreal 
black spruce forest peat (Wickland & Neff, 2008),  56 and 92% in 
temperate agricultural peat soil (Saurich et al., 2019a), 60 to 70% in 
tropical swamp forest peat (Van Lent et al., 2019), or between 60 and 
90% in boreal peat (Byun et al., 2021).  

The optimum WFPS level of 80-95% observed here, falls towards 
the higher end of previously reported observations. Under the relative O2 
limitation associated with a 95% WFPS, respiration appeared to level off, 
but not yet decrease. This pattern suggests that a substantial reduction 
in peat oxidation will only be achieved under (near) saturated conditions. 
Berglund and Berglund (2011) derived from their observations on 
incubated (10 cm) peat cores that a small suction level of -5 cm, 
corresponding to 1-8% air filled pore space, was sufficient to induce high 
rates of respiration – in some cases higher than or similar to the 
respiration under stronger suction levels. This proposed the existence of 
a unimodal moisture response curve due to even higher respiration rates 
under moisture conditions between 80 and 95% WFPS, a range not 
studied in this experiment. A unimodal response of respiration to soil 
WFPS was observed only in the Aldeboarn samples from 45-50 cm depth, 
with an optimum at 80% WFPS (Fig. S2.1). Under 80% WFPS and the 
23.2 and 34 °C treatments, mean maximum rates of 21.8 and 52.2 
μg CO2-C g-1 C h-1 were measured, respectively; 18 and 48% higher than 
the respective rates at 95% WFPS. This soil horizon was composed of 
Sphagnum peat, characterized by a relatively low N content and pH 
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compared to the other soils in our study, which may have imposed 
limitations on decomposition. Although we did not measure bulk densities 
in our study, previous research on this location reported lower bulk 
densities for the Aldeboarn 45-50 cm soil than the other samples in this 
experiment (e.g., Blondeau et al., 2024). Kechavarzi et al. (2010a) 
observed stronger sensitivity to moisture changes, with optimum 
respiration at lower soil moisture levels, in (semi-) fibrous peat than 
humified peat samples. On the other hand, Saurich et al. (2019a) 
observed clear unimodal WFPS dependencies with similar optima around 
84% WFPS for both decomposed, nutrient rich top-soil samples and 
fibrous sub-soil samples.  

A second interpretation of our results is that they indicate a non-
negligible contribution of anaerobic oxidation to CO2 emissions at high 
WFPS (Fairbairn et al., 2023). In an aerobic incubation experiment on 
mineral soil, Fairbairn et al. (2023) observed significant respiration under 
near saturated conditions (WFPS > 80%). While O2 diffusion can still occur 
at a low rate in (near) saturated soils, the authors measured similar 
respiration rates under saturation combined with an anaerobic headspace. 
After a period of drought or water table drawdown, peat soils are typically 
abundant in nitrate, sulphate and oxidized iron (Fe3+) compounds, which 
can subsequently function as electron acceptors in the oxidation of organic 
matter after flooding of the soil (Harpenslager et al., 2024; Reiche et al., 
2009). These anaerobic metabolisms have a lower energy yield and 
consequently proceed more slowly and constrained than aerobic peat 
oxidation (Keiluweit et al., 2017). When both occur simultaneously, 
however, anaerobic oxidation in saturated pores may partly compensate 
for the decline in aerobic oxidation (Fairbairn et al., 2023). The question 
remains, however, whether fully anaerobic conditions can be established, 
even in microsites, in such small samples. The volume of these samples 
may have been so small relative to the surface area that diffusion of O2 
was possible into most soil pores. 

In a third explanation, the increasing respiration rate with WFPS 
may have been part of a bimodal response pattern caused by the different 
pore sizes present in peat. Arnold et al. (2015) observed peak respiration 
rates from incubated peat samples under the minimum and maximum 
drainage treatments included in their experiment, which they attribute to 
high availability and mobility of labile SOM in the macropores and 
micropores, respectively. They explain the lower C turnover rates under 
the intermediate water potential treatments (-10 to -250 kPa), by a 
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simultaneous water limitation in the macropores and O2 limitation in the 
micropores. A similar pattern was observed by Kechavarzi et al. (2010a). 

 
2.4.2 Temperature effect and interaction with soil moisture  

In accordance with our hypothesis, heterotrophic respiration 
showed an exponential increase with temperature. We also hypothesized 
to find an interaction effect between moisture and temperature on soil 
respiration. The response to temperature was expected to be limited by 
O2 as well as by moisture, resulting in a unimodal response of Q10 or tQ10 
to WFPS. While the moisture and temperature treatments did not have a 
significant interaction effect on respiration, Q10 and tQ10 values decreased 
with increasing WFPS, and differed significantly between 50 and 95% (Fig. 
2.6a). 

This indicates a limitation posed by O2 availability, rather than 
moisture availability on the temperature effect. This may be attributed to 
the WFPS interval included in this experiment, which did not include drier 
levels than 50% WFPS and may not have resulted in sufficient moisture 
deficit to limit substrate mobility. However, the importance of O2 
availability for the impact of temperature on peat respiration was also 
stressed by Chen et al. (2018), who reported increasing Q10 values along 
a gradient from extreme anaerobic to aerobic conditions. Similarly, in a 
meta-analysis on 31 paired Q10 observations under wet and dry 
conditions, temperature sensitivity was found to be stronger under dry 
conditions (Liu et al., 2024). This was particularly significant in samples 
from temperate and boreal climates. Other trends have been reported in 
the field, however, of increasing temperature sensitivity with higher mean 
(summer) water levels (Mäkiranta et al., 2009; Taggart et al., 2012; 
Tiemeyer et al., 2024).  

The WFPS had a significant effect on the temperature-independent 
Q10, as well as the fitting parameters R10 and E0 for the temperature 
dependent tQ10. This is not surprising, since the β and E0 parameters from 
Eqs. 2 and 4, respectively, are closely related to each other (Moinet et al., 
2025) and the exponential parameter E0 and Q10 following van ‘t Hoff can 
be directly related to each other (Heinen, 2006), indicating the 
temperature dependence of Q10. This is due to the activation energy 
requirements of oxidation reactions, which, with increasing temperature, 
are met for an increasing fraction of the organic molecules (Davidson & 
Janssens, 2006). 

Despite the importance of this characteristic, temperature-
independent Q10 values (following exponential Eqs. 1 and 2, or by 
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calculating the respiration rate difference for one specific temperature 
interval) are more commonly reported for peat soils (e.g., Chen et al., 
2018; Kechavarzi et al., 2010a; Liu et al., 2024). Many soil process models 
use a temperature reduction function with a fixed Q10 for the description 
of SOC mineralization (Bakema et al., 2022; Heinen, 2006). Ranging 
between 2.0 and 3.3, our Q10 values across the 3.1-35.5°C temperature 
range were comparable to other observations in peat soils or litter 
incubations (Bader et al., 2018; Byun et al., 2021; Fierer et al., 2005; Li 
et al., 2021; Liu et al., 2024).  

The importance of reporting temperature-specific Q10 values 
becomes clear from Fig. 2.6b, however, which shows a negative 
relationship between tQ10 and temperature. Along a temperature gradient 
from 0 to 35 °C the values of individual treatment combinations ranged 
between a maximum tQ10 of 12.3 (Zegveld 35-40 cm, fitted to 0 °C) and 
a minimum tQ10 of 1.7 (Aldeboarn 45-50 cm, fitted to 35 °C).  
 Moinet et al. (2025) set out to explain the significance of reporting 
temperature-specific, rather than temperature-independent Q10 values. 
By plotting the constant Q10 derived from Eq. 2, together with a 
temperature dependent tQ10 (from Eq. 4) against temperature, they 
clearly visualize how a constant Q10 can under- and overestimate the 
temperature dependency of heterotrophic respiration under low and high 
temperatures, respectively. We can interpret Fig. 2.6 in the same way: 
mean Q10 values in Fig. 2.6a fall largely below the lines in Fig. 2.6b, 
suggesting an underestimation of the actual temperature sensitivity below 
a temperature of approximately 20 °C. This is an important consideration 
when estimating warming effects on soil respiration in a climate with a 
mean annual temperature around 11 °C. 

The effect of WFPS (as well as the effect confidence interval) 
appeared to decrease with temperature. Our results indicate that the 
heterotrophic respiration was most affected by temperature under low soil 
moisture content and low temperatures. This suggests strongest 
sensitivity to temperature increase under dry conditions in a relatively 
cold environment, which  is in agreement with previous findings (e.g., Li 
et al., 2021; Liu et al., 2024). These dynamics should be explored further 
on larger, undisturbed soil samples, which better represent the soil 
structure in the field. While we confirmed that respiration rates of the 
disturbed samples were of similar size as those in the 100 cm3 cores, the 
temperature and moisture patterns were less pronounced and showed a 
time dependence (Fig. S2).  
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2.4.3 Soil properties effects 
We hypothesized to measure decreasing Q10 values with depth, in 

accordance with relative enrichment in recalcitrant organic matter in more 
degraded peat. We did not find a gradient with depth however, nor any 
differences between the three sampling depths (Fig. 2.7).  

This is surprising, given strong differences in soil texture between 
some of the layers. Even in the second sampling depths at Aldeboarn and 
Vlist, which were located in horizons previously determined to have a high 
clay content (Blondeau et al., 2024), the respiration-moisture response 
did not diverge from the other soils (Fig. S1). Clay content affects SOM 
decomposition directly through mineral association as well as indirectly 
through water availability. A high clay content may raise the optimal 
moisture content for soil respiration (Moyano et al., 2013; Moyano et al., 
2012), but it did not seem to affect the relationship in our observations.  

Respiration rate did not correlate significantly with N-min or N-tot, 
but did with available P (Table 2.3, p < 0.05). This may indicate a P 
limitation rather than an N limitation to the decomposing microbial 
communities (Saurich et al., 2019b). The Q10 showed a significant relation 
(Table 2.3, p < 0.05) with mineral nitrogen concentration (NH4+ and 
NO3/NO2) and relatively strong correlation coefficients with N-tot and C/N 
ratio (negative correlation). Decomposing peat becomes progressively 
enriched in nitrogen, relative to carbon, due to preferential oxidation of C 
(Leifeld et al., 2020; Malmer & Holm, 1984). These results on the 
correlation between mineral N content and Q10 may therefore be related 
to the degree of decomposition, which in turn is generally positively 
related with Q10 (Bader et al., 2018; Hardie et al., 2011; Li et al., 2021).    

 
2.5 Conclusion 

Heterotrophic respiration of incubated peat samples showed an 
exponential increase with soil temperature treatments ranging between 
3.1 and 35.5 °C, and an increase with soil moisture between 50 and 95% 
WFPS.  The respiration temperature sensitivity tQ10 decreased with WFPS, 
indicating a limitation of O2 availability on the temperature effect. The 
temperature dependent tQ10 decreased exponentially with soil 
temperature, stressing the importance of taking this dependency into 
account. There was no effect  of sampling location or depth on the 
respiration rates or Q10. Our results suggest that heterotrophic respiration 
of peat soil is most susceptible to warming under dry and cold conditions. 
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Figure S2.1: Mean respiration rates (µg C g-1 C h-1) plotted against the WFPS 
treatment under the four temperature treatment levels (mean of three values 
within a 3°C interval) in samples from Aldeboarn at 5-10 cm (a), 20-25 cm (b) 
and 45-50 (c), from Vlist at 5-10 cm (d), 20-25 cm (e) and 45-50 cm (f) or from 
Zegveld at 5-10 cm (g), 20-25 cm (h) and 35-40 cm (i). Error bars show the 
standard error of the mean (n = 3).  
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Figure S2.2: Respiration rates of the undisturbed soil cores from 5-10 cm depth 
in Zegveld, plotted against the WFPS on days 1 to 3 of the temperature incubation. 
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Abstract 
Peat soils store a large part of the global soil carbon stock, which can 
potentially be lost when they are drained and taken into cultivation, 
resulting in CO2 emission and land subsidence. Groundwater level (GWL) 
management has been proposed to mitigate peat oxidation, but may lead 
to increased emissions of nitrous oxide (N2O) and methane (CH4).  

The aim of this experiment was to study trade-offs between 
greenhouse gas emissions from peat soils as a function of GWL. We 
incubated 1 m deep, 24 cm diameter undisturbed bare soil cores, after 
removal of the grass layer, from three contrasting Dutch grassland peat 
sites for 370 days at 16°C. The cores were subjected to drying-wetting 
cycles, with the GWL varying between near the soil surface to 160 cm 
below the surface. We measured gas fluxes of CO2, N2O and CH4 from the 
soil surface, extracted pore water for DOC and mineral nitrogen analysis, 
and measured soil hydraulic and shrinkage characteristics. 

Emissions of CO2 increased after lowering the GWL, but showed 
different GWL-response curves during rewetting of the soil. On average, 
highest CO2 emissions of 1.5 g C m-2 day-1 were found at a GWL of 80 cm 
below the surface. However, the 0 cm GWL was the only treatment with 
significantly lower CO2 emissions than other GWLs. Cumulative CO2 
emissions differed significantly between sampling sites. Emissions of N2O 
showed a different response, peaking at GWL heights above -20 cm, 
particularly after a recent GWL rise. Though not significantly different, the 
highest N2O emissions were measured at the 0 cm GWL treatment. We 
confirmed this pattern for N2O in un-replicated soil cores with grass sward, 
although emission values were lower in these cores due to the root uptake 
of mineral nitrogen. CH4 emissions or -uptake remained low under any 
GWL. We conclude that raising the GWL is a successful strategy to reduce 
CO2 emissions from peat oxidation. However, raising the GWL close to the 
soil surface could lead to N2O emissions that negate any gains in terms of 
global warming potential. Our results suggest that raising the GWL in peat 
grasslands to -20 cm creates such a risk. A constant GWL at the surface 
(0 cm) would be preferential for mitigating both CO2 and N2O emissions, 
although such conditions don’t allow for agricultural grass production 
(mowing or grazing).   
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3.1 Introduction 
Peatlands are formed under wet, anaerobic conditions and are 

characterized by a high soil organic matter (SOM) content resulting from 
the accumulation of dead plant material. Globally, peat soils are estimated 
to have accumulated over 600 Gt carbon (C) during their formation (Yu 
et al., 2010), making up about 25% of the current estimated C pool stored 
in soils worldwide (Jobbagy & Jackson, 2000). Across the world, many 
peat soils experience C loss due to oxidation of their SOM, resulting in 
emissions of carbon dioxide (CO2). This can be the result of active 
drainage for agricultural practices or groundwater extraction resulting in 
aeration of the soil and accelerating oxidation reactions (Hiraishi et al., 
2014). Greenhouse gas (GHG) emissions from peat soils (of which by 
definition at least 40 of the upper 80 cm of the soil profile is organic soil) 
are especially important in the Netherlands, as many peat soils are 
drained for dairy farming (RIVM, 2022). Drainage of organic soils (peat 
and peaty soils, of which the latter contain an organic layer making up 
less than 40 cm in the upper 80 cm) is the largest source of CO2 emissions 
from land use and land use change in the Netherlands, accounting for a 
substantial part of the Dutch national GHG emissions (RIVM, 2022). In 
addition to increasing GHG emissions, drainage causes subsidence of peat 
soils at rates ranging from 2 to 25 mm yr-1, through SOM oxidation as 
well as shrinkage and consolidation processes (Erkens et al., 2016; Van 
den Akker et al., 2008). Van den Akker et al. (2008) estimated that a 
subsidence of 1 mm yr-1 is associated with an emission of 
2.2 Mg CO2 ha-1 yr-1. Soil subsidence can cause damage to buildings and 
infrastructure, affects the water regulation in adjacent nature reserves, 
reduces the water storage capacity of an area and can cause upwards 
seepage of salt water (Van den Born et al., 2016). Moreover, it increases 
the flood risk of the Dutch low coastal peat land, an area already situated 
below the mean sea level.  

In order to reduce CO2 emissions from these soils, as well as to 
prevent further subsidence, it has been suggested to raise the 
groundwater level (GWL) through the raising of ditchwater levels and 
improving infiltration via drains or trenches. Particularly the prevention of 
relatively deep GWLs during dry summer periods may be effective in 
reducing CO2 emissions and subsidence (Hoving et al., 2022). Based on 
several past and ongoing studies to explore the potential of subsoil 
irrigation systems for better GWL manipulation (Boonman et al., 2022; 
Van Asselen et al., 2023), the Dutch government has expressed its intent 
to raise the GWL in the low lying peat meadow areas to -40 or even -20 cm 
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with respect to the soil surface (z-coordinate positive upwards). This 
should eventually result in an emission reduction from peat soils of 
1 Tg CO2-eq yr-1 (Ministerie van Landbouw Natuur en Voedselkwaliteit, 
2019). 

However, raising the GWL might create conditions beneficial to the 
production of nitrous oxide (N2O) and methane (CH4), two GHGs with a 
strong warming potential that possibly could negate positive effects of 
CO2 reduction. Production of N2O in soils mainly occurs through microbial 
nitrification and denitrification (Butterbach-Bahl et al., 2013; Canadell et 
al., 2021). The rate of emission is the result of several processes, each 
affected by soil parameters, soil-plant interactions and external conditions 
such as nitrogen (N) input through fertilizer application or precipitation 
and temperature (Butterbach-Bahl et al., 2013; Firestone & Davidson, 
1989). In cultivated peat soils, denitrification is the dominant N2O 
producing process, due to the high SOM content, frequent anaerobic 
conditions, and high mineral-N availability, resulting from organic N 
mineralization and fertilizer input (Van Beek et al., 2004). Annual N2O 
emissions due to mineralization of organic N in organic soils (grasslands 
and croplands) were estimated at 0.7 Tg CO2-eq in 2020, about 14% of 
total N2O emissions from agricultural soils in the Netherlands (RIVM, 
2022). Although raising the GWL in peat soils may reduce N2O resulting 
from peat mineralization (Van Beek et al., 2010), it may also introduce a 
risk of high N2O production (Velthof et al., 1996). The attempt to create a 
fixed high GWL close to (but below) the soil surface, may lead to strong 
fluctuations in moisture conditions in the topsoil during rainfall events. 
This could give rise to a combination of nitrate (NO3-) production during 
SOM oxidation and nitrification under aerobic conditions, followed by 
incomplete denitrification and N2O diffusion to the atmosphere under 
anaerobic conditions (Goldberg et al., 2010). The presence of the 
anaerobic-aerobic interface close to the surface, may decrease the 
diffusion time to the atmosphere. Given the relative delayed activation 
response of N2O reductase to anaerobic conditions (Baggs & Philippot, 
2010), a higher N2O/N2 ratio may be expected for denitrification at shallow 
depth compared to deeper soil. Mineral N applied as fertilizer (particularly 
as NO3-) and manure to the soil surface, may also be denitrified under the 
partially anaerobic conditions created by a high GWL (Velthof et al., 1997). 
The greenhouse gas CH4, with a warming potential 27 times higher than 
CO2 (global warming potential over 100 years, Forster et al., 2021), is 
commonly only produced under the strongly anaerobic conditions of 
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wetland soils, and less so in managed peat soils (Van den Pol-van 
Dasselaar et al., 1997). 

The mitigating effect on CO2 emissions of reducing drainage levels 
in peat grasslands has been widely confirmed (Evans et al., 2021), 
although some have suggested an optimum in the relation between water 
table depth and CO2 (Laiho, 2006; Tiemeyer et al., 2016). Optima have 
also been observed for the relationship with soil suction levels (Berglund 
& Berglund, 2011; Kechavarzi et al., 2010a; Saurich et al., 2019a). N2O 
emissions are known to prevail during variable moisture conditions, often 
translated into hot moments and hotspots (Berendt et al., 2023). 
Emissions of CH4, on the other hand, are highest under wet conditions in 
a restored peat grassland (Hendriks et al., 2007) or in inundated 
mesocosms (Van de Riet et al., 2013). Soil inundation did not always 
result in CH4 emissions, however, potentially due to an insufficient 
duration of the treatments (Saurich et al., 2019a; Taft et al., 2018). Field 
experiments are useful for their high degree of realism, incorporating not 
only the field scale, but also the soil depth dimension. While lab 
experiments have the benefit of a controlled environment, the size of 
experimental objects is often reduced to a representation of a single soil 
horizon, and the soil structure may be disturbed during sieving or drying. 
Potential reactions during upwards gas transport in the soil column are 
therefore not fully represented in such studies (Koops et al., 1997b). 
Neither are the hydrological processes creating the environmental 
conditions in the soil matrix. Experiments on soil mesocosms (with lengths 
ranging between 25 and 80 cm) in field or lab settings have confirmed the 
mitigating effect of GWL rise on CO2 emissions, in combination with a 
(slightly) increasing CH4 flux (e.g., Karki et al., 2016; Moore & Dalva, 
1993; Nielsen et al., 2023; Van de Riet et al., 2013). Constraints to these 
studies involved the use of disturbed soil in repacked columns (Moore & 
Dalva, 1993), a limited number of static GWL treatments (Karki et al., 
2016; Nielsen et al., 2023; Van de Riet et al., 2013), or a relatively small 
column depth, limited to the topsoil (Van de Riet et al., 2013). The 
hysteresis in CH4 emissions observed by Moore and Dalva (1993) after 
drying and rewetting to 50 cm indicates the importance of GWL dynamics. 
Emissions were strong during drying and near absent during rewetting, 
indicating production and storage along the depth gradient. A similar 
importance of dynamic water levels can be expected for N2O emissions. 
Unlike CH4 however, N2O production may be most pronounced during 
rewetting of previously aerated layers (Goldberg et al., 2010). Regina et 
al. (2015) observed an increase in N2O during wetting from 70 to 30 cm 
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GWL depth, although shallower GWLs were not included. A mesocosm 
incubation treated with dynamic drainage levels (drying and rewetting) 
and including detailed monitoring of moisture content, matric potential 
and GHG emissions could provide better insight into the oxidation 
processes occurring in drained grassland peat soils. To our knowledge, no 
such an experiment has been conducted yet. 

Therefore our aim in this experiment was to study the trade-offs 
between CO2, N2O and CH4 emissions associated with peat oxidation, from 
incubated, non-disturbed soil cores from Dutch peat meadows as a 
function of a dynamically changing GWL. To be able to measure the effects 
of heterotrophic respiration, an experiment using bare soil cores was 
required. We hypothesized that (1) CO2 emissions are negatively related 
to the GWL, i.e., higher emissions at a deeper GWL, but reach a maximum 
when the shallower soil layers have moved from oxygen limitation to 
moisture limitation; (2) N2O emissions are highest at a shallow 
groundwater level, 30 to 10 cm below the soil surface, and occur strongest 
during rewetting of the soil; (3) CH4 emissions are low or absent except 
during inundated conditions; and (4) CO2 will be the main contributor to 
the total global warming potential (GWP). 
 
3.2 Materials and methods 
3.2.1 Locations and sampling  

Three dairy farms in the Netherlands, cultivating grassland on peat 
soils, were selected as sampling locations: Zegveld (52°08' N, 4°50' E) 
and Vlist (51°58' N, 4°49' E) in the “Groene Hart” area in central-western 
Netherlands and Aldeboarn (53°03' N, 5°54' E) in the northern Friesland 
province (Fig. 3.1). In Zegveld, a clayey peat top layer, containing some 
anthropogenic debris, is found above a thick mesotrophic wood peat layer, 
with eutrophic sedge peat underneath, which reaches down to six meters. 
The soil on the Vlist location has a peaty clay top layer above mesotrophic 
wood peat with peat and clay layers reaching as deep as ten meters. In 
Aldeboarn, two meter deep oligotrophic peat, composed of Sphagnum, 
Eriophorum and heather, is covered by a thick peaty clay top layer (Van 
Asselen et al., 2023). Physical and chemical properties of the soil horizons 
included in this experiment are provided in Table 3.1. On all three farms 
the effects of subsoil irrigation systems compared to regular ditch 
drainage are studied as part of a Dutch research program on reducing 
greenhouse gas emissions from peat meadows (NOBV, 2021). The fields 
in Zegveld and Vlist are fertilized with a combination of  slurry and artificial 
fertilizer, at a rate of 200-250 kg N ha-1 yr-1. In Aldeboarn, the fields 
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receive only slurry at 170 kg ha-1 yr-1. In the summer of 2021, four 
undisturbed soil cores were sampled close to each other on the 
experimental field with subsoil irrigation of each location. The sampling 
plot was kept free from fertilizer application for at least three months 
before sampling. Three replicates were sampled after removing the upper 
5 cm soil including the grass sward, while one replicate was taken without 
removal of the grass sward. Acrylate tubes with a length of 120 cm and 
inner diameter of 24 cm were pushed carefully 113 or 118 cm into the 
soil for the bare and grass cores respectively. To prevent the soil inside 
the tube from compressing, the tube was closed off on top and connected 
to a pump to establish a negative air pressure inside the tube while 
pushing it down.  

 

 
Figure 3.1: Locations of the three sampling sites in the Netherlands. 

57

Groundwater level effects on emissions from peat cores

3



 

Table 3.1: Properties of the soil horizons, at the time of sampling in Aldeboarn 
(Ald.), Vlist (Vli.) and Zegveld (Zeg.). SOM content is given as the percentage of 
the total dry mass. Clay particles (< 2 µm) content is given as fraction of the 
remaining (mineral) mass. SOM, total carbon and nitrogen and  C/N ratio were 
measured in the five cm interval in the middle of a horizon. Dry bulk density values 
are the mean of four replicate 100 cm3 ring samples. The peat humification status 
is based on the soil classification performed in the field. 
Loca-
tion 

Horizon 
depth  
(cm) 

SOM  
(% 
of 
dry 
soil) 

Clay  
(% 
mineral 
mass) 

Tot-C  
(g kg-1 
dry 
soil)  

Tot-N   
(g kg-1 
dry 
soil) 

C/N Dry 
BD   
(g cm-

3) 

Peat 
humifica-
tion 
status 

Ald. 0 - 12 28.9 40 128 11.4 11.2 0.6 - 
 

12 - 28 18.1 45 78.7 5.5 14.3 0.927 - 
 

28 - 45 70.5 20 367 10.6 34.5 0.233 Humified 
 

45 - 80 93.6 15 472 9.4 50 0.138 Lightly 
humified  

80-180 95.4 15 476 10.9 43.5 0.128 Reduced 

Vli. 0 - 15 45 50 203 19.4 10.5 0.595 - 
 

15 - 37 17.5 60 60.2 7 8.6 0.835 - 
 

37 - 55 60.9 45 322 24.2 13.3 0.256 Humified 
 

55 - 75 77.8 40 383 27.6 13.9 0.204 Lightly 
humified  

75-130 71.4 40 350 23.3 15 0.166 Reduced 

Zeg. 0 - 30 36.5 35 174 16.8 10.4 0.62 Humified 
 

30 - 45 69.7 55 334 24.2 13.8 0.248 Humified 
 

45 - 65 74.7 35 367 22.9 16 0.204 Lightly 
humified  

65-150 79.8 45 383 22.6 16.9 0.158 Reduced  
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3.2.2 Setup experiment 
The cores were transported to the laboratory where they were 

stored in a climate controlled room at 16°C and 70% relative humidity. 
The lower 10 cm of each peat core was removed and replaced with fine 
grained sand, chosen for its strong capillary suction, after which the tube 
was closed at the bottom with a watertight PVC cap. Tap water was used 
for all groundwater level manipulation in the climate room. The cores were 
kept saturated until the start of the experiment, except during the 
installation of drains and sensors, for which the cores were drained 
temporarily. All cores had been saturated for at least two weeks before 
day 1 of the experiment. Two drainage pipes were installed; one inside 
the sand layer and the second at the bottom of the peat core. A hanging 
water column was connected to the upper drain to regulate the water 
levels down to -100 cm or to the sand drain for suction levels down 
to -160 cm. To be able to apply suction levels lower than the soil cores 
bottoms, all cores were mounted on top of a 50 cm high bench (Fig. S3.1, 
see Supplemental Information). We used the horizon borders identified 
during sampling in the field (Table 3.1), to distinguish layers with different 
properties in the columns. In the middle of each horizon, a porous cup for 
pore water extraction, a volumetric water content (VWC) sensor and a 
tensiometer were installed horizontally into the soil. The thicker top 
horizon of the Zegveld cores received two rows of probes at equal 
distances from the horizon borders. To allow for the three highest rows of 
probes to move along with the vertical shrinkage movement of the soil 
matrix, they entered the column tube through vertical slots that were 
sealed water tight (Fig. S3.2). The cores received no fertilizer throughout 
the experiment. 
 
3.2.3 Groundwater level treatments 

Between January 2022 and February 2023, all cores were 
subjected simultaneously to two drying-wetting cycles. The first cycle was 
aimed at testing the drainage system down to a water table of 100 cm 
below the soil surface, in eleven one-week steps. These treatment steps 
included 0, -20, -40, -60, -80 and -100 cm with respect to the soil surface 
(z-coordinate positive upwards) and vice-versa. The second cycle included 
the same treatment steps as above, as well as suction induced steps 
of -140 and -160 cm with respect to the soil surface. All levels in cycle 
two were maintained for two (sometimes three) weeks, resulting in a 
duration of 33 weeks for this cycle. 
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3.2.4 Biochemical analyses 
Gas emissions of CO2, N2O and CH4 were measured using the static 

chamber method, at the start and the end of each GWL step. Opaque PVC 
chambers were closed over the cylinders for a period of 30 minutes, 
during which the concentration inside was measured four times with a 
Gasera One photoacoustic gas monitor (Gasera, Finland). Concentration 
change slopes were determined using linear regression between sampling 
points, after which flux values were calculated using the ideal gas law. 
Cumulative emissions over the period of the experiment were 
subsequently calculated using the ‘gasfluxes’ package in R (Fuss, 2023). 
N2O and CH4 emissions were converted to CO2 equivalents using the global 
warming potential (GWP) values for a 100 years horizon reported in the 
sixth IPCC assessment report: 273 and 27 for N2O and CH4, respectively 
(Forster et al., 2021). 

Water samples were extracted at the end of each GWL step from 
those rhizon suction cups (Rhizosphere Research Products, the 
Netherlands) that were located above and below the prevailing water 
table. At water tables below -100 cm, no water samples were extracted. 
The samples were analyzed for NO3-, NH4+ and inorganic and total carbon 
using segmented flow analysis. Dissolved organic carbon (DOC) was 
calculated as the difference between total and inorganic carbon. 
 
3.2.5 Physical analyses 

Volumetric water content and matric potential were monitored 
using EC-5 capacitance sensors (Metergroup, USA) and tensiometers 
(Rhizo Instruments, the Netherlands) respectively. All sensors were 
connected to dataloggers; the recording frequency was every ten 
minutes. Calibration curves for the relationship between VWC and the 
EC-5 signal were composed experimentally for each soil horizon present 
in the soil cores (the Vlist horizons 4 and 5 were merged in one calibration 
function as well as Aldeboarn horizons 1 and 2).  

Vertical displacement of the soil surface was monitored during each 
gas flux measurement, to account for changing headspace volumes. To 
monitor vertical as well as horizontal shrinkage of the different soil 
horizons, small cylindrical markers (20 mm long, 6 mm diameter) were 
pushed horizontally into the soil through small holes, drilled for this 
purpose, such that the marker intersection was visible either through the 
transparent acrylate or through the hole. Four markers were placed at 
equal distances around the core perimeter, at the middle of each horizon 
as well as the horizon boundaries and at 2 cm below the core top. This 
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resulted in 36 markers in the Zegveld columns and 40 markers in the 
Aldeboarn and Vlist columns. At the end of each GWL step, vertical 
displacements of the markers were determined with a ruler and horizontal 
displacements by pointing a caliper through the hole in front of the 
marker. When the marker had moved vertically beyond the level of the 
hole, the horizontal distance to the soil in front of the hole was measured 
instead. 
 
3.2.6 Statistical analyses 

Data analyses were performed using the R statistical software 
(v4.3.1; R Core Team, 2023). We used linear regression to study the 
relationship between GWL during the two drying and two rewetting tracks 
and CO2 emissions for each sampling location and the three locations 
combined. The intermediate period between cycle 1 and 2 was excluded 
from these relationships. Cycle 1 ended on 29-03-2022, one week after 
raising the GWL to 0 cm. Cycle 2 started on 30-05-2022; this was three 
weeks after raising the GWL from the intermediate -20 cm level to 0 cm, 
at which point we assume a stable situation of saturation was prevalent 
again (rather than the response to rewetting). The best fit model was 
selected based on the models’ adjusted R2 value, Akaike information 
criterion, and p-values of the coefficients. The CO2 fluxes and log-
transformed N2O and CH4 fluxes at different GWL conditions (averaged 
over the soil types and cycles) were compared in linear mixed effects 
models using the lme function in the R package ‘nlme’ (Pinheiro et al., 
2023). The individual objects- i.e., the soil cores – were added as random 
factor and the groundwater level treatment, sampling location or both 
(according to the best fit based on the Akaike information criterion) were 
added as fixed factors. The model was validated by checking the residuals 
for normality, homogeneity and independence graphically. Pairwise 
comparison was performed in case of a significant GWL effect, using a 
Tukey’s honest significant difference test (alpha = 0.05). The same was 
done for the sum of CO2 and N2O, expressed as CO2-equivalent emissions. 
CH4 was excluded from the summed analysis, due to missing values in the 
CH4 timeseries. An analysis of variance (ANOVA) was used to compare 
cumulative emissions of CO2, N2O and CH4 from the three soil types. 
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3.3. Results 
3.3.1 Soil moisture and GHG dynamics during drying-wetting 
cycles 

Matric potential values moved along with GWL changes (Fig. S3.3). 
The pressure of the water column, recorded by the lowest tensiometer, 
installed at depths between 80 and 87.5 cm below the surface, generally 
corresponded with the imposed GWL. At these depths, VWC observations 
rarely deviated from the saturated VWC levels identified in the sensor 
calibrations (Fig. S3.4). In the shallow soil layers (-3.5 to -21 cm depth), 
tensiometer readings were often obscured by air intrusion into the ceramic 
cups. The VWC in the top horizon decreased steeply after lowering of the 
GWL in Aldeboarn and Vlist soils, while it showed a more gradual and less 
strong decrease in the Zegveld soils. 

 Cumulative CO2 emissions, standardized as the yearly rate, 
ranged between 0.33and 0.64 kg C m-2 yr-1, with stronger emissions 
occurring in the first drying-wetting cycle (Table 3.2). Over the course of 
the whole experiment, cumulative emission was highest in the Zegveld 
and lowest in the Vlist soil. Lowering of the GWL resulted in CO2 emission 
increases for all three soil types (Fig. 3.2a, 3.3a, 3.4a). On average the 
highest CO2 emissions were measured at a GWL of -80 cm, but only a 
0 cm GWL resulted in significantly lower emissions than other treatments 
(Fig. 3.5a). The response of CO2 to GWL change differed according to the 
direction of the change (Fig. 3.6a, 3.6c, 3.6e). Lowering the GWL in cycle 
1 resulted in bell-shaped CO2 responses (Fig. 3.6a, 3.6c, 3.6e), best 
described by second or third order polynomial functions (Table 3.3). In 
the second drying track, this pattern was only observed in the Zegveld 
cores (Fig. 3.6e). No clear relationship was found in the Aldeboarn cores, 
while in the Vlist cores, CO2 emissions even decreased in response to 
drying (Fig. 3.6a, 3.6c, Table 3.3). Rewetting, on the other hand, resulted 
in decreasing CO2 emissions. Contrary to the drying tracks, highest 
emissions in the rewetting tracks were found at the deepest GWLs (Fig. 
3.6a, 3.6c, 3.6e). The response of CO2 emissions to a rising GWL was best 
described by linear equations for the three locations together. Separating 
the locations, however, resulted in quadratic or third order polynomial 
functions for Zegveld and the second rewetting track of the Aldeboarn 
columns (Table 3.3). In cycle 1, rewetting started by raising the GWL 
to -80 cm, at which point mean emissions of 1.8 g C m-2 day-1 were 
observed. In cycle 2, the deepest rewetting level was associated with 
CO2-C emissions of 1.2 g C m-2 day-1 on average.  
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Cumulative N2O emissions ranged between 1.27 and 4.22 
g N m-2 yr-1 (Table 3.2). Over the whole experiment, the cumulative 
emissions were highest in the Zegveld and lowest in the Vlist soil cores. 
Peak emissions occurred particularly after a recent raise of the GWL to 
0 cm for all of the locations (Fig. 3.2b, 3.3b, 3.4b). Averaged over all 
locations and both tracks and cycles, the highest emissions were 
measured at a GWL of 0 cm, though not significant (Fig. 3.5b). Strongest 
emission peaks occurred in response to raising the GWL to 0 cm after the 
intermediate period at -20 cm (up to 67 mg N m-2 day-1). With the 
exception of the Aldeboarn soils during cycle 1, N2O emissions were 
relatively low- below 2 mg N m-2 day-1 - at GWLs deeper than -20 cm. 
Mean cumulative emissions were very high in all soils, particularly for 
Zegveld (2.78 g N m-2yr-1) and Aldeboarn (2.97 g N m-2yr-1). The 
cumulative emissions in the Vlist soils were almost two times smaller than 
the other sites, on average 1.54 g N m-2yr-1 (Table 3.2). Tests with (un-
replicated) vegetated soil cores resulted in much lower emissions (Fig. 
S3.5), because mineral N was used for crop uptake and thus less N was 
left for N2O production. The highest observed N2O emission in the 
vegetated cores was 29.3 mg N m-2 day-1, which occurred in the Aldeboarn 
grass core, after a GWL rise to 0 cm. 

Emission or uptake of CH4 was generally low (Fig. 3.2c, 3.3c, 3.4c), 
with a few strong peaks, resulting in emission values ranging 
between -4.7 and 67.2 mg C m-2 day-1. Similarly to the N2O emissions, 
there was a period of strong CH4 increase during the first drying track in 
the Aldeboarn cores (Fig. 3.2c). Although this pattern occurred in all three 
replicates, variation was very high. CH4 emissions showed no relation with 
GWL conditions (Fig. 3.5c). Cumulative fluxes showed strong variation 
between drying-wetting cycles and ranged between -0.68 and 4.47 
g C m-2 yr-1 (Table 3.2). 

Over the course of both drying-wetting cycles, the highest GWP 
(composed of the cumulative emissions of the three GHG’s together) was 
found in the Zegveld soil cores- 3.18 versus 2.84 and 1.98 
kg CO2-eq m-2 yr-1 for Aldeboarn and Vlist, respectively (Table 3.2). High 
mean N2O and CH4 cumulative emissions (with large standard errors) 
raised the total GWP of the Aldeboarn cores in cycle 1. Both in cycles 1 
and 2 and for all locations, mean cumulative CO2 emissions had a larger 
GWP than the sum of cumulative N2O and cumulative CH4 emissions 
together (Table 3.2). However, N2O was the main contributor at shallow 
GWL depths, resulting in the highest CO2 equivalent emissions occurring 
at the 0 cm GWL treatment (Fig. 3.5d).  

63

Groundwater level effects on emissions from peat cores

3



 Ta
b

le
 3

.2
: 

M
ea

n 
cu

m
ul

at
iv

e 
em

is
si

on
s 

fr
om

 b
ar

e 
so

il 
co

lu
m

ns
 (

n=
3,

 ±
S
E)

 o
f 

C
O

2 
(k

g 
C
 m

-2
 y

-1
),

 N
2O

 (
g 

N
 m

-2
 y

r-
1 )

 a
nd

 C
H

4 
(g

 C
 m

-2
yr

-1
) 

an
d 

th
e 

co
rr

es
po

nd
in

g 
C
O

2 
eq

ui
va

le
nt

 v
al

ue
s 

ov
er

 a
 1

00
 y

ea
r 

ho
ri

zo
n 

(k
g 

C
O

2 
m

-2
yr

-1
).

 T
he

 c
um

ul
at

iv
e 

em
is

si
on

 
va

lu
es

 w
er

e 
ca

lc
ul

at
ed

 f
or

 c
yc

le
 1

 a
nd

 2
 s

ep
ar

at
el

y,
 a

s 
w

el
l 

as
 t

og
et

he
r,

 u
si

ng
 l

in
ea

r 
in

te
rp

ol
at

io
n 

be
tw

ee
n 

in
di

vi
du

al
 

m
ea

su
re

m
en

ts
 a

nd
 c

on
ve

rt
ed

 t
o 

ye
ar

ly
 v

al
ue

s.
 S

up
er

sc
ri
pt

 le
tt

er
s 

in
di

ca
te

 s
ig

ni
fic

an
t 

di
ff
er

en
ce

s 
be

tw
ee

n 
sa

m
pl

in
g 

lo
ca

tio
ns

 
fo

r 
cy

cl
e 

1 
an

d 
2 

se
pa

ra
te

ly
, 

te
st

ed
 w

it
h 

an
 A

N
O

V
A
 (

p 
<

 0
.0

5)
. 

C
yc

le
 

Lo
ca

tio
n 

C
O

2 
em

is
si

on
 

N
2O

 e
m

is
si

on
 

C
H

4 
em

is
si

on
 

 
 

kg
 C

  
m

-2
yr

-1
 

kg
 C

O
2 

 
m

-2
yr

-1
 

g 
N

  
m

-2
yr

-1
 

kg
 C

O
2-

eq
  

m
-2

yr
-1

 
g 

C
  

m
-2

yr
-1

 
kg

 C
O

2-
eq

  
m

-2
yr

-1
 

1 
A
ld

eb
oa

rn
 

0.
64

0±
0.

06
 a

 
2.

35
±

0.
21

 
4.

22
±

1.
66

a  
1.

81
±

0.
71

 
4.

47
±

3.
51

a 
0.

16
±

0.
13

 
1 

V
lis

t 
0.

50
1±

0.
03

a 
1.

84
±

0.
12

 
1.

89
±

0.
10

a  
0.

81
±

0.
04

 
-0

.4
0±

0.
09

a 
-0

.0
1±

0.
00

3 
1 

Ze
gv

el
d 

0.
61

4±
0.

03
a 

2.
25

±
0.

10
 

1.
35

±
0.

25
a  

0.
58

±
0.

11
 

0.
30

±
0.

17
a 

0.
01

±
0.

00
6 

2 
A
ld

eb
oa

rn
 

0.
39

0±
0.

05
ab

 
1.

43
±

0.
17

 
2.

14
±

0.
24

ab
 

0.
92

±
0.

10
 

-0
.3

1±
0.

22
a 

-0
.0

1±
0.

00
8 

2 
V
lis

t 
0.

32
7±

0.
03

a  
1.

20
±

0.
10

 
1.

27
±

0.
30

a  
0.

54
±

0.
13

 
-0

.6
8±

0.
07

a 
-0

.0
2±

0.
00

2 
2 

Ze
gv

el
d 

0.
51

6±
0.

04
b  

1.
89

±
0.

14
 

2.
98

±
0.

31
b  

1.
28

±
0.

13
 

-0
.5

7±
0.

05
a 

-0
.0

2±
0.

00
2 

1+
2 

A
ld

eb
oa

rn
 

0.
44

 ±
 0

.0
4a

b  
1.

61
 ±

 0
.1

3 
2.

78
±

0.
43

a  
1.

19
±

0.
18

 
1.

02
±

0.
76

a  
0.

04
±

0.
03

 
1+

2 
V
lis

t 
0.

36
 ±

 0
.0

2a
 

1.
33

 ±
 0

.0
9 

1.
54

±
0.

30
a  

0.
66

±
0.

13
 

-0
.5

9±
0.

07
a  

-0
.0

2±
0.

00
3 

1+
2 

Ze
gv

el
d 

0.
52

 ±
 0

.0
4b

 
1.

91
 ±

 0
.1

5 
2.

97
±

0.
41

a  
1.

28
±

0.
18

 
-0

.3
2±

0.
01

a  
-0

.0
1±

0.
00

0 

64

Chapter 3



 

Table 3.3: Least squares coefficient estimates describing the relationships 
between the CO2 emission rates (g CO2-C m-2d-1) and the GWL (m) at the time of 
measuring, for GWL levels within the ranges of -1.0 to 0 m for cycle 1 and -1.6 to 
0 m for cycle 2. 
Location Cycle Direction Model Adjusted 

R2 
Aldeboarn 1 Drying  CO2 = 1.3 – 6.0GWL – 11GWL2 – 

5.6GWL3 
0.44 

1 Wetting  CO2 = 0.84 -1.4GWL 0.57 
2 Drying n.s. - 
2 Wetting CO2 = 0.57 + 1.6GWL + 3.1GWL2 + 

1.2GWL3 
0.48 

Vlist 1 Drying  CO2 = 1.6 – 2.0GWL – 5.4GWL2 – 
3.1GWL3 

0.57 

1 Wetting  CO2 = 0.59 – 1.2GWL 0.77 
2 Drying CO2 = 1.4 + 0.66GWL + 0.28GWL2 0.31 
2 Wetting CO2 = 0.35 – 0.45GWL 0.54 

Zegveld 1 Drying  CO2 = 0.63 – 4.7GWL – 3.3GWL2 0.83 
1 Wetting  CO2 = 0.52 – 4.2GWL – 2.8GWL2 0.93 
2 Drying CO2 = 0.94 – 3.6GWL – 4.2GWL2 – 

1.4GWL3 
0.61 

2 Wetting CO2 = 0.60 – 7*10-4GWL + 
2.3GWL2 + 1.3GWL3 

0.78 

All 
locations 

1 Drying  CO2 = 1.17 - 5.04GWL – 8.77GWL2 
– 4.38GWL3 

0.33 

1 Wetting  CO2 = 0.72 -1.50GWL 0.61 
2 Drying n.s. - 
2 Wetting CO2 = 0.43 – 0.60GWL  0.36 

 
3.3.2 Pore water chemistry 

Dissolved organic carbon concentrations in the pore solution 
ranged between 39 and 645 mg C l-1 in cycle 1 and 22 and 712 mg C l-1 
in cycle 2 (Fig. S3.7a). At any GWL condition, DOC concentrations were 
higher when the experiment was in a drying phase, than during the 
corresponding rewetting phase observation (Fig. S3.8a). There was no 
apparent effect of sampling depth or GWL on DOC concentrations. Mean 
NO3- concentrations in the ranges 0-123 mg NO3-N l-1 and 0-220 
mg NO3-N l-1 were observed during cycles 1 and 2, respectively. The 
highest peaks were measured in pore water extracted from the upper 10 
cm of the soil. More NO3- was available during the rewetting tracks than 
the drying tracks (Fig. S3.7b, S3.8b). Concentrations of NH4+ on the other 
hand, appeared to be higher under waterlogged conditions, although a 
strong relationship was not detected (Fig. S3.7c, S3.8c). Mean values 
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ranged between 0 and 12 or 0 and 4.8 mg NH4+-N l-1 during cycles 1 and 
2 respectively. Mean pH values in the pore water samples ranged between 
4.9 and 6.4 in cycle 1 and 4.6 and 6.2 in cycle 2. The pH was higher during 
drying than during rewetting (Fig. S3.8d). 
 
3.3.3 Carbon and soil volume losses 

Location markers showed vertical as well as horizontal 
displacement in response to GWL lowering. This was most pronounced at 
the soil surface. At the end of drying-wetting cycle two, the columns had 
not risen back to their original volume again (Fig. 3.7, Table 3.4). Instead, 
the soil surface was located at a height of 0.87 to 1.32 cm below the 
original elevation 62 days after the final GWL rise up to the surface. 

 
Table 3.4: Mean surface subsidence in the bare soil cores and the volume loss of 
the top horizon in vertical and horizontal direction. The potential carbon loss is 
calculated as the amount of carbon in the lost volume and compared to the carbon 
loss derived through interpolation of flux observations (cumulative CO2-C 
emission). The proportion of volume loss that can be attributed to oxidation is the 
ratio of the actual and the potential C loss.  
  Aldeboarn Vlist Zegveld 
Top horizon depth in field (cm) 0 to 12 0 to 15 0 to 30 
Subsidence (cm) 0.917 0.873 1.32 
Horizontal shrinkage (cm, change in 
surface radius) 

1.87 1.25 2.30 

Subsidence induced volume loss (m3m-2 
yr-1)* 

0.00917 0.00873 0.0132 

Subsidence induced potential C loss (kg 
m-2 yr-1) 

0.560 0.555 0.795 

Measured C loss (kg m-2 yr-1) 0.440 0.364 0.522 
Oxidation component subsidence (%) 78.6 65.6 65.6 

*Volume loss of top horizon is expressed as m3 per m2 of initial soil surface (before 
horizontal shrinkage). 
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Figure 3.2: Average CO2 (a) and N2O (b) emissions from Aldeboarn bare soil 
columns (n=3), as well as the contributions of CO2, N2O and CH4 to the total 
CO2-equivalent emissions (c) during the corresponding GWL treatments (d). Error 
bars in (a) and (b) indicate the standard error of the mean. 
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Figure 3.3: Average CO2 (a), N2O (b) and total CO2-equivalent emissions (c) from 
Vlist bare soil columns (n=3) during the corresponding GWL treatments (d). Error 
bars in (a) and (b) indicate the standard error of the mean. 
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Figure 3.4: Average CO2 (a), N2O (b) and total CO2-equivalent emissions (c) from 
Zegveld bare soil columns (n=3) during the corresponding GWL treatments (d). 
Error bars in (a) and (b) indicate the standard error of the mean. 
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Figure 3.5: Mean emissions grouped per GWL treatment, and averaged over 
locations, drying-wetting cycles and tracks. Letters indicate significant differences 
using a significance level of alpha=0.05, following from linear mixed effects 
models using the experimental objects as random factor and GWL and/or location 
as fixed factors. Note that the y-axis of (a) uses units of g C m-2 day-1, while fluxes 
in (d) are expressed in g CO2-eq. m-2 day-1.  
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Figure 3.6: Mean CO2 (left) and N2O (right) emissions released from bare soil 
columns from Aldeboarn (a, b), Vlist (c, d) and Zegveld (e, f) against the applied 
GWL. Each point is the mean of three replicates that were measured twice, each, 
during a GWL step (n = 6). The intermediate period between the two drying 
wetting cycles is not included here. The two drying-wetting cycles are indicated in 
different colours and the direction of the GWL change (drying or wetting) by shape 
and line-type. 
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Figure 3.7: Soil surface movement of bare (n = 3) and vegetated (grass) soil 
cores (n = 1) over the course of two drying wetting cycles. The reference heights, 
0 mm for grass cores and -50 mm for bare cores, are chosen relative to the soil 
surface in the field: the top 5 cm of the soil was removed before sampling the 
bare cores. 
 
3.4 Discussion 
3.4.1 Effect of GWL on CO2 emissions 

We hypothesized to find a negative relationship between GWL and 
CO2 emissions, meaning higher emissions for deeper groundwater tables. 
Soil moisture content controls C mineralization by affecting oxygen 
content as well as substrate mobility and availability (Linn & Doran, 1984; 
Moyano et al., 2013). Therefore, we had hypothesized to find an optimum 
GWL for CO2 emissions, with lower emissions both for deeper and 
shallower GWL conditions. Our measurement series consisted of two 
drying tracks and two wetting tracks. While drainage always led to an 
increase in CO2 emissions, in accordance with our hypothesis, different 
response patterns were observed in the four tracks (Fig. 3.6a, 3.6c, 3.6e, 
Table 3.3). Other studies that measured CO2 emissions in the lab under a 
range of suction treatments have found maximum emissions at a water 
potential of -50 cm (Kechavarzi et al., 2010a), -40 cm (Berglund & 
Berglund, 2011) or between -20 and -60 cm (Saurich et al., 2019a), with 
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emissions decreasing at dryer and wetter conditions. Our expectation was 
to find a similar parabolic relationship with GWL. We only found this 
characteristic response in the first drying track, however. There, CO2 
emissions increased with drainage up to a peak at -60 cm on average, 
after which emission rates decreased with lower GWLs. In this 
experiment, only a GWL treatment of 0 cm was associated with lower 
average CO2 emissions than the other GWL steps (Fig. 3.5a).  

Rewetting of the soil did not result in a CO2 response resembling 
the path during GWL lowering. Instead of rising back to their drying-track 
optima, emission rates decreased further during rewetting (Fig. 3.6a, 
3.6c, 3.6e). It was on average associated with a steady, linear decrease 
in emissions, although individual differences between soil types were 
found (Table 3.3). From the drying trajectory we conclude that, on 
average, GWL lowering increased decomposition rates by enlarging the 
volume of aerated soil, up to a GWL of 60 cm below the surface. Further 
drainage, while increasing the volume of aerated soil, increased the 
volume potentially under drought stress. This may have intensified 
moisture limitation in the shallow soil to such an extent that the total CO2 
flux was negatively affected by deeper GWLs than -60 cm (Mäkiranta et 
al., 2009). Raising the GWL, and thereby potentially mediating the 
moisture limitation on respiration within soil zones subject to capillary 
rise, did not result in higher CO2 emission rates. This may be an indication 
that the top soil layer was the main contributor to the total flux, which is 
in accordance with findings in other studies that reported stronger 
respiration rates in top soil than in sub soil samples (Berglund & Berglund, 
2011; Saurich et al., 2019a). In support of this, the VWC observations 
suggested that the moisture content of the shallow soil layers was not 
directly affected by an initial GWL rise, particularly after a prolonged dry 
period, as seen in cycle 2 (Fig. S3.4). Above a soil depth of 20 cm, the 
VWC would often continue to decrease, even during rewetting, until the 
soil layer was overtaken by the water table again. It is generally known 
that in peat soils the VWC is subject to hysteresis, which can be 
substantial  (e.g., Dasilva et al., 1993; Schwärzel et al., 2002). Schwärzel 
et al. (2002) showed that, at the same soil water potentials, the VWC can 
differ up to 30 volume percentages, with lower VWC during the wetting 
track. Alternatively, the prolonged drought throughout the drained profile 
has imposed such a stress on the microbial community, that the recovery 
of activity and therefore respiration is delayed. 

High DOC concentrations were mainly found at the start of the 
experiment, before drying had commenced, and during subsequent drying 
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(Fig. S3.8a). This pattern indicates increased DOC consumption in 
response to drying, rather than increased production. The latter would 
have been reflected in higher DOC concentrations during the rewetting 
track. However, we can’t rule out the possibility that a large portion of the 
dissolved C left the soil with the outflowing water during drainage. In this 
study, we did not quantify outgoing fluxes of DOC. 

CO2 emissions were on average lower in the second drying-
rewetting cycle, which we attribute to the fast decomposition of labile C 
compounds in cycle 1. Although the grass sward including the upper 5 cm 
of the soil had been removed before the start of the experiment, some 
root material may still have been present. 

 
3.4.2 Effect of GWL on N2O emissions 

Our observations agreed with the hypothesis that N2O emissions 
would be strongest under GWLs close to the soil surface, and in particular 
during soil rewetting (Fig. 3.2b, 3.3b, 3.4c). Lowest cumulative N2O 
emissions were measured in the Vlist soil (Table 3.2), which is surprising, 
as it had the highest N content in all soil horizons, with the exception of 
horizon 2, a clay deposit layer (Table 3.1). During the course of the 
experiment, strong pulses of N2O emissions solely occurred after a GWL 
rise from -20 to 0 cm, or from -40 to -20 cm. These peaks coincided with 
sudden increases in the top horizons’ VWC values (Fig. S3.4), which 
suggests that they can mainly be attributed to denitrification in the top 
soil layers. Denitrification sharply increases when the soil moisture 
content rises above a certain threshold degree of saturation (Heinen, 
2006). Due to the relatively high organic matter content, originating from 
inputs of plant material and root exudates, the top soil generally provides 
advantageous conditions for denitrification (Berglund & Berglund, 2011; 
Van Beek et al., 2004; Velthof & Oenema, 1995). In peat soils, however, 
organic matter is abundant throughout the vertical profile, making all 
layers potentially suitable for denitrification (particularly those below the 
water table) (Van Beek et al., 2004). Still, similarly to mineral soils, in 
cultivated peat soils a relative abundance of easily degradable C 
compounds is found in the top soil compared to the sub soil, serving as a 
limiting factor to denitrification (Bader et al., 2018; Koops et al., 1996). 
Additionally, N2O produced at greater depth will face a longer travel time 
and distance to diffuse up towards the surface, during which it may be 
reduced to N2 (Koops et al., 1997b). Therefore, the large peaks of N2O in 
our experiment may be best explained by incomplete denitrification in the 
top soil. 
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In finding higher emissions under wet conditions, our observations 
differ from some studies, where a mitigation in N2O emissions was found 
in rewetted peat meadows or undrained peatlands, compared to drained 
fields  (Martikainen et al., 1993; Regina et al., 1996; Regina et al., 2015; 
Van Beek et al., 2010). This is not surprising, since our experiment looked 
at GWL dynamics, while some of the above studies involved permanent 
pristine peatland (Martikainen et al., 1993; Regina et al., 1996). Regina 
et al. (2015) included only drainage levels in their study that would still 
allow for grass cultivation and identified their most shallow drainage 
treatment of 30 cm depth as the best in terms of GHG mitigation. In other 
cases, both in field and lab experiments, N2O emissions were quite low in 
general, or even negative (Dinsmore et al., 2009; Hendriks et al., 2007; 
Nielsen et al., 2023; Van de Riet et al., 2013; Wilson et al., 2016b). In 
bare peat cores in an outdoor setup, Nielsen et al. (2023) found 72% 
lower emissions at a -5 cm GWL than at -40 cm, but emissions were low 
in general. Peak emissions measured in their bare soil cores were a factor 
1000 lower than our peaks, despite their soils having comparable N 
contents and being subject to precipitation. In a drought experiment on a 
minerotrophic fen, Goldberg et al. (2010) did observe strong N2O emission 
pulses during the weeks after rewetting. Dinsmore et al. (2009) observed 
N2O peaks in response to both drainage and rewetting of their soil cores. 
Some other cases have been reported of increased N2O emissions under 
higher GWL conditions (Berglund & Berglund, 2011; Norberg et al., 2021). 

A positive relationship between drainage and N2O emissions is 
generally attributed to mineralization of organic nitrogen in the peat SOM. 
Since our experiment involved unvegetated, unfertilized soil cores, 
mineralization will have been the main N source to N2O production as well. 
Indeed, NH4+ concentrations in pore water samples had decreased and 
NO3- concentrations had increased by the time of rewetting, compared to 
the drying track concentrations (Fig. S3.8b, S3.8c), indicating subsequent 
mineralization and nitrification under the preceding aerobic conditions. 
The main contrast with other studies is the magnitude of the N2O pulses 
which we measured after a GWL rise to -20 or 0 cm, which could be as 
high as 67 mg N m-2 day-1. In the vegetated cores, of which we had 
sampled one replicate per location, N2O peaks were generally lower, which 
is due to plant N uptake (Schimel & Bennett, 2004). Here, N2O peaks 
occurred up to 29.3 mg N m-2 day-1, and followed similar patterns as the 
bare core fluxes (Fig. S3.5).  

Our flux rates showed more resemblance with N2O responses to 
precipitation events in field experiments on peat meadows (Berendt et al., 
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2023; Van Beek et al., 2010; Velthof et al., 1996; Velthof & Oenema, 
1995). Velthof et al. (1996) have illustrated the effect that a GWL rise due 
to precipitation can have on N2O production in the soil layers above. This 
was particularly the case in the top layer, during a shallow GWL. In our 
experiment, we have consistently seen strong N2O emissions after a GWL 
increase from -20 to 0 cm. A GWL rise to 0 cm did not completely saturate 
the top layer yet, as was evident from the VWC (Fig. S3.4). Air pockets 
may remain in the peat soil due to hysteresis (Schwärzel et al., 2002), 
resulting in a lower degree of saturation and intermittent aerobic and 
anaerobic conditions, which are optimal for N2O production during 
incomplete denitrification (Wagner-Riddle et al., 2020). In the field, 
maintaining a GWL at -20 cm may pose a risk of such hot spot events, 
where the previously aerated top layer is rapidly overtaken by the water 
table due to a heavy rainfall event. Although these events may be 
temporary and infrequent, the large N2O peaks brought forth by a sudden 
shift in the GWL can contribute significantly to the total GHG emissions 
(Anthony & Silver, 2021). Such a risk will be much smaller at a permanent 
GWL above 0 cm, where mineralization and nitrification are limited (Taft 
et al., 2018). In practice a peat meadow is rarely a homogeneous level 
surface however, complicating the achievement of a stable GWL and 
prevention of N2O peaks.  

This experiment did not take the effect of N input through fertilizers 
into account, while fertilizer application is a common practice on peat 
meadows cultivated for dairy farming. Fertilizer events are potential key 
moments for N2O emissions and the fertilizer type and soil moisture 
content are determining factors in the emission size (Velthof et al., 1997). 
Therefore, the interaction with fertilizer amendment should be taken into 
account in the consideration of a GWL rise in peat meadow soils. 
 
3.4.3 GHG balance 

In accordance with our hypothesis, CO2 was, with 56.8 to 67.6%, 
the main contributor to the net cumulative GWP over the entire 
measurement series (Table 3.2). This result can be attributed to GWL 
treatments deeper than 0 cm (Fig. 3.5a). At a GWL of 0 cm, however, N2O 
was the main contributor to total GHG emissions (Fig. 3.2c, 3.3c, 3.4c, 
3.5). The cumulative N2O emissions contributed 33.5 to 41.9 % to the net 
cumulative GWP. Cumulative emissions of CH4 contributed only 1.3% to 
total CO2-equivalent emissions from the Aldeboarn soils, while cumulative 
CH4 uptake led to a net 1.1% or 0.4% abatement of the summed CO2 and 
N2O emissions in the Vlist and Zegveld soils, respectively. The relatively 
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low contribution of CH4 agreed with our hypothesis. However, this study 
did not include the effect of long term inundation on CH4 emissions. 

Although the relation between oxidation and soil moisture content 
or groundwater conditions has been studied often using static treatments 
in a factorial design or in stepwise drying schemes, studies on the 
response to rewetting are lacking. In this experiment, we observe an 
effect of the direction of GWL change on oxidation dynamics. Our results 
suggest that the moisture conditions in the top 40 cm, rather than those 
in the subsoil, are a major factor for the total CO2 and N2O emission. In a 
field situation, top soil conditions are largely affected by fertilization, 
grazing and rainfall events, factors that were not included in this 
experiment. To understand the dynamics contributing to total peat 
oxidation and subsequent GHG emissions in a peat meadow soil, we would 
recommend to study grass growth, fertilization, grazing and/or weather 
effects in interaction with shallow (-20 to 0 cm) GWL treatments.  
 
3.4.4 Volume loss due to oxidation 

A vertical displacement of 0.87 to 1.32 cm was observed after two 
drying-rewetting cycles (Fig. 3.7, Table 3.4). While we used the surface 
level elevation measured 427 days after the start of the experiment (we 
continued volume measurements for two more months after the end of 
cycle 2, to allow the soil to swell at a constant GWL of 0 cm), we consider 
the subsidence as a yearly rate, as the time span encompassed one period 
resembling summer drought conditions. We tried to estimate the relative 
contribution of oxidation to the total volume loss, using a function relating 
volume loss to C loss, and comparing the result to our measured C losses 
(cumulative CO2-C emissions per year). A conventional way to estimate 
the C loss (kg C ha-1yr-1) in the absence of (sufficient) emission 
observations is to use yearly subsidence observations (Hiraishi et al., 
2014). Carbon emissions can be calculated based on subsidence and peat 
properties, according to (e.g., Van den Akker et al., 2008): 
 
Closs = S ∙ Fox ∙ ρpeat ∙ SOC ∙ 104      (1) 
 
where Closs is the carbon loss (kg C ha-1 yr-1), S is subsidence rate (m yr-1), 
Fox is the fraction of subsidence caused by oxidation of organic matter (-), 
ρpeat is bulk density (kg m-3), SOC is soil organic carbon content of the 
peat (kg C kg-1 soil), and 104 is a unit conversion factor (m2 ha-1). Van 
den Akker et al. (2008) proposed that a constant Fox value of 1 could be 
taken, when using the ρpeat and SOC values of the reduced, fibric peat 
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below the groundwater table. The reasoning behind this approach is that, 
in peat grasslands with controlled GWLs, a steady state situation is 
created where the periodically lowering GWL exposes new layers of fibric 
peat to permanent aerobic conditions. This approach has been applied in 
the Dutch national Greenhouse gas inventory, to estimate annual C losses 
from drained peat soils (Arets et al., 2022). Following this relationship, by 
using the ρpeat and SOC values of the deepest horizons in our soil cores, 
the subsidence values should correspond with a Closs of 0.56 to 0.80 
kg C m-2yr-1 (Table 3.4). These potential C-losses are higher than the 
actual measured CO2-C emission, and the actual fraction of volume loss 
that could be attributed to oxidation (Fox) was, therefore, estimated to 
range between 66 and 79% (Table 3.4). Other studies have reported 
similar relative contributions of oxidation to volume loss (Ishikura et al., 
2018; Leifeld et al., 2011; Schothorst, 1977; Wösten et al., 1997). Our 
mean subsidence observations approximate typical subsidence rates, 
which are reported to range between 1 and 15 mm per year in temperate 
peat meadows (Hoogland et al., 2012; Koster et al., 2018; Leifeld et al., 
2011; Schothorst, 1977; Van den Akker et al., 2008; Van der Meulen et 
al., 2007). The surface of the Zegveld cores subsided stronger than those 
in the Vlist and Aldeboarn cores, which both contained a 16 to 22 cm clay 
layer just below the top soil (Table 3.1). This observation agrees with the 
suggestion by Van den Akker et al. (2008) of an inhibiting effect by a clay 
cover on subsidence. 

The estimates did not include the horizontal volume losses, which 
occurred in particular in the highest soil layers. At the last recording, three 
weeks after the last GWL rise, the radiuses of the surface areas were still 
1.25 to 2.30 cm smaller than at the start of the experiment (Table 3.4). 
Considering this, we can assume that the reported volume losses are 
actually underestimations, and the oxidation components to volume loss 
are overestimations. 
 
3.5 Conclusion 

In this study, we manipulated GWL conditions in incubated, 
undisturbed bare peat cores from three peat areas in the Netherlands. 
Over a period of 370 days, we applied two drying-rewetting cycles on the 
cores and measured surface emissions of CO2, N2O and CH4, as well as 
solute pore water concentrations, VWC and matric potential throughout 
the vertical profile and volume change at the surface. In accordance with 
our hypothesis, cumulative total greenhouse gas emissions over the 
course of the experiment were dominated by CO2. Raising the GWL 
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to -20 or 0 cm, however, resulted in strong N2O emissions. Due to these 
peaks, the 0 cm GWL step was associated with highest N2O emissions and 
the highest CO2-eq sum of CO2 and N2O. A small number of peak N2O 
emission events provided a substantial contribution to total 
CO2-equivalent emissions. CH4 emissions or uptake was small and showed 
no relation with the GWL, contrary to our hypothesis. We confirmed our 
hypothesis that CO2 emissions increase with drainage, and observed on 
average the highest emissions at a GWL of -80 cm. Relationships between 
the GWL and CO2 emissions were different for drying and rewetting 
pathways, however, indicating hysteresis in the WFPS and the oxidation 
process, and suggesting that the upper 40 cm of the soil was the largest 
contributor to CO2 emissions. Similarly, the high N2O peaks after a GWL 
rise to -20 or 0 cm, may indicate that the conditions in the top 40 cm are 
most important to N2O production. In accordance with our hypothesis, the 
results suggest that a GWL of 20 cm constitutes the risk for large N2O 
pulse emissions during rewetting of the soil. This is a potential risk in the 
field, were soil moisture in the top soil can be highly variable due to 
precipitation events. A GWL of 0 cm would be preferential in terms of 
mitigation of both CO2 and N2O emissions, but the continuation of current 
dairy farming practices would demand less conditions. Further research is 
therefore needed to study the interactions between the potential GWL 
scenario’s and nitrogen input through fertilizers and grazing. 
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Chapter 3 Supplementary material 
 

 
Figure S3.1: Soil columns in the experimental setup, standing on a 50 cm high 
platform. 
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Figure S3.2: Vertical slot openings in the tube wall, before placement of probes 
(a), and rows of probes installed in the soil columns (b). The upper three rows of 
probes were inserted in the vertical slots, covered by a sheet of curved acrylate 
and silicone gel for watertight closure. The lower two rows of probes were inserted 
through holes closed off with silicon corks. 
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Figure S3.3: Mean matric potential observations in the three soils and standard 
deviations (n = 3, unless observations were omitted due to erroneous sensor 
readings).  
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Figure S3.4: Mean volumetric water content observations in the three soils and 
standard deviations (n = 3, unless observations were omitted due to erroneous 
sensor readings).  
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Figure S3.5: N2O emissions (a) from bare (n = 3) and vegetated (n = 1) soil 
columns from the three sampling locations during the corresponding GWL 
treatments (b).  
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Figure S3.6: CO2 and N2O emissions together expressed in CO2-equivalents (g 
m-2 day-1) released from bare soil columns from Aldeboarn (a), Vlist (b) and 
Zegveld (c) plotted against the applied GWL. 
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Figure S3.7: DOC (a), NO3-N (b), NH4-N (c) concentrations (mg l-1) and pH (d) 
in extracted pore water samples from bare soil columns over the course of the 
two drying-wetting cycles. The y-coordinates of the points indicate the depths (cm 
below the soil surface) from which the samples were extracted. The GWL change 
is indicated by the black line. Each pore water extraction was performed at the 
end of a GWL step, shortly before changing the GWL. 
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Figure S3.8: DOC (a), NO3-N (b), NH4-N (c) concentrations (mg l-1) and pH (d) 
in pore water extracted from all soil cores from all locations during the drying 
trajectory of the soil GWL, plotted against concentration in pore water extracted 
from the same depth and at the same GWL condition during the wetting track.  
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Abstract  
To mitigate the effects of drainage on carbon dioxide emissions and 

soil subsidence from grasslands on peat soils, measures are explored to 
raise groundwater levels or reduce groundwater level fluctuations, such 
as the implementation of a water infiltration system. The effect of water 
infiltration systems on nitrous oxide emissions from peat grasslands has 
not received much attention yet. On peat grasslands, nitrous oxide 
emissions can be intensified by cattle grazing through the input of 
nitrogen in urine and dung, as well as soil compaction caused by 
trampling. Therefore, the combined effects of a water infiltration system 
and simulated grazing  on nitrous oxide emissions from a peat grassland 
were studied in a two-year field experiment.  

Without nitrogen inputs, cumulative nitrous oxide emissions from 
peat oxidation were lower, but not significantly, under a water infiltration 
system compared to conventional drainage (1.2 ± 0.25 kg N ha-1 vs 8.8 
± 3.7 kg N ha-1). Urine, dung and trampling application all significantly 
increased cumulative nitrous oxide emissions in both drainage systems. 
There was a significant interaction effect between drainage type and urine 
application, indicating different effects of water infiltration systems in the 
absence or presence of urine application. Urine and dung emission factors 
were higher under a water infiltration system than conventional ditch 
drainage.  

These results suggest that water infiltration system effects on 
nitrous oxide emissions from peat grasslands are not consistent, and 
interact with external nitrogen inputs through cattle grazing.  
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4.1 Introduction 
Peat soils store over 30% of the world soil organic carbon (C) pool, 

while occupying only 3% of the global land area (Loisel et al., 2017; Yu et 
al., 2010). In Europe, peat soils are often drained for agriculture. Drainage 
improves the bearing capacity of the field, which enables access with 
machinery and cattle grazing, but also leads to peat oxidation resulting in 
carbon dioxide (CO2) emissions and soil subsidence (Canadell et al., 2021; 
Erkens et al., 2016). Additionally, drained peat soils emit nitrous oxide 
(N2O) (Liu et al., 2020; Minkkinen et al., 2020), a GHG with a global 
warming potential 273 times stronger than CO2 over a 100-year horizon 
(Forster et al., 2021). In the Netherlands, the oxidation of drained organic 
soils resulted in an N2O emission of 0.6 Tg CO2-eq in 2022 (RIVM, 2024). 
Permanent rewetting is an effective measure to reduce peat oxidation 
(Evans et al., 2021; Wilson et al., 2016a), but implies adopting an 
alternative agricultural system, such as paludiculture (the production of 
crops on rewetted peat) (Tanneberger et al., 2022), or a transition 
towards nature restoration (Temmink et al., 2023; Temmink et al., 2024).  

 Alternatively, the implementation of a water infiltration system 
(WIS) is increasingly studied as a measure to mitigate emissions while 
maintaining the current land use (Aben et al., 2024; Boonman et al., 
2022; Kechavarzi et al., 2007; Offermanns et al., 2023). A WIS consists 
of evenly spaced drainage pipes installed in agricultural parcels at 
15-20 cm below the ditch water level and connected to ditches either 
directly or via a collector drain and/or managed reservoir. Through WIS, 
infiltration of ditch water can prevent strong drops in the groundwater 
level (GWL) during drought, while also providing more effective drainage 
in wet periods (Harpenslager et al., 2024; Van Asselen et al., 2023). While 
several studies have observed reduced CO2 emissions and altered redox 
processes and nutrient availability after WIS implementation (Aben et al., 
2024; Boonman et al., 2024; Boonman et al., 2022; Harpenslager et al., 
2024), the effects of WIS on N2O emissions are still poorly studied. 
Weideveld et al. (2021) observed no significant differences between N2O 
emissions from WIS drained and conventionally drained fields in the north 
of the Netherlands but may have missed key flux moments due to the low 
measurement frequency. Offermanns et al. (2023) measured increased 
N2O emissions after a combination of WIS and grassland renewal, but not 
for WIS alone. The increasing interest in the implementation of WIS in 
peat grasslands stresses the importance of understanding its effect on 
N2O emissions. 
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Soils are the main source of N2O emissions worldwide, with direct 
emissions from agricultural soils estimated to be 1.8 Tg N yr-1 and from 
natural soils 6-7 Tg N yr-1 (Syakila & Kroeze, 2011). Total agricultural 
emissions, including manure management and indirect emissions, were 
estimated to reach 5.3 Tg N yr-1 in 2006, about 60% of the total 
anthropogenic N2O emissions (Syakila & Kroeze, 2011). Within soils, N2O 
is produced during microbial and abiotic conversion processes, most 
importantly microbial aerobic nitrification and anaerobic denitrification 
(Butterbach-Bahl et al., 2013). Considering the high nitrogen (N) 
availability due to peat mineralization, high organic carbon content and 
frequent anaerobic conditions, peat soils can (potentially) be important 
sources of N2O (Van Beek et al., 2004). Emissions of N2O typically show a 
temporal pattern with predominantly low emissions and occasional strong 
peak events (Anthony & Silver, 2021; Berendt et al., 2023). Similarly, 
emission patterns can show a heterogeneous pattern on a spatial scale, 
e.g. within a single field (Charteris et al., 2020). 

A primary controlling factor for N2O emissions is the soil moisture 
content: by restraining oxygen diffusion, soil moisture regulates N 
mineralization, nitrification, and thereby nitrate (NO3-) availability, as well 
as denitrification (Pärn et al., 2018). Since nitrification and denitrification 
are the dominant processes that produce N2O, conditions enabling these 
processes can indirectly promote N2O emissions (Abbasi & Adams, 2000; 
Taghizadeh-Toosi et al., 2019). The capillary fringe, the soil region just 
above the water table, has been identified as a hot-spot for N2O 
production (Taghizadeh-Toosi et al., 2019), while sudden shifts from 
aerobic to anaerobic conditions, caused by precipitation events or a 
sudden rise in the GWL can form hot-moments (Norberg et al., 2021; Taft 
et al., 2018). A raised GWL, while mitigating N-mineralization (Baggs, 
2011; Martikainen et al., 1993; Regina et al., 2015), will temporarily 
favour conditions for denitrification and move the capillary fringe closer to 
the surface compared to drained conditions, thereby increasing the 
upwards diffusion rate of N2O and potentially the N2O:N2 ratio of 
denitrification end products (Baggs & Philippot, 2010; Butterbach-Bahl et 
al., 2013). 

Alternatively, N2O peak events can be driven by external N inputs, 
mainly through fertilizer applications or cattle excretion (Kandel et al., 
2019). Cows assimilate only up to 20% of the consumed N into their tissue 
and milk, while 80-95% is excreted in the urine and faeces (Oenema et 
al., 1997). About 60-65% of the excreted N ends up in the urine, of which 
50-90% is present as urea ((NH2)2CO) and the rest as amino acids and 
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peptides (Bolan et al., 2004; Oenema et al., 1997). Nitrification has been 
identified as an important source of N2O from urine and dung patches 
(Carter, 2007), while under anaerobic conditions, caused by a high 
moisture content or low porosity, denitrification may increase in 
importance (Bhandral et al., 2007).  After deposition onto the soil, urine 
will distribute through the pore spaces within the upper soil. Within days, 
most of the urea is hydrolysed to NH4+, which is subsequently nitrified 
(Haynes & Williams, 1992) and denitrified under aerobic and anaerobic 
conditions (Bolan et al., 2004). Urine deposition frequently causes an 
increase in ammonia oxidizing bacteria (Cai et al., 2017). Conversely, the 
rise in pH following urea hydrolysis (temporarily) inhibits nitrification due 
to the inhibitory effects of high pH and gaseous ammonia (formed during 
the reaction of ammonium with hydroxyl ions) on ammonia oxidizing 
bacteria as well as nitrite oxidizing bacteria (Heil et al., 2016; Monaghan 
& Barraclough, 1992). Increased pH may also affect (N2O losses from) 
denitrification by stimulating most reductase enzymes, while decreasing 
the relative proportion of N2O as the intermediate denitrification end-
product (Cuhel et al., 2010). Moreover, an alkaline environment indirectly 
enhances denitrification through increased solubilization of organic matter 
(Lambie et al., 2013; Monaghan & Barraclough, 1993; Scott et al., 2015). 
In dung, nitrogen is mostly present in organic compounds, and becomes 
available less rapidly, first requiring mineralization of organic matter to 
form NH4+, after which nitrogen undergoes similar transformations as in 
urine patches (Bolan et al., 2004).  

The abundance of labile carbon in dung may stimulate 
denitrification below a dung patch, both by providing a C substrate and 
by increasing oxygen consumption (Cai et al., 2017). Within days after 
dung application, easily degradable carbon may drive the reduction of soil 
NO3-, even before mineralization of dung N (Van Groenigen et al., 2005a; 
Velthof et al., 2003). Nitrous oxide emissions associated with urine or 
dung excretion may show seasonal variation, due to differences in grass 
nitrogen uptake, nitrogen lost as NH3 and soil moisture content (De Klein 
et al., 2006; Krol et al., 2016; Lockyer & Whitehead, 1990 ; Selbie et al., 
2015; Van Groenigen et al., 2005b). 

Cattle grazing is also associated with compaction due to trampling, 
which may stimulate denitrification by increasing anaerobic microsites 
(Bhandral et al., 2007; Van Groenigen et al., 2005b). The proportion of 
the N applied onto the soil in the form of urine or dung that is lost as N2O 
(the emission factor) may thus be increased by trampling (Van Groenigen 
et al., 2005a). Beare et al. (2009) observed that compaction has a strong 
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positive effect on N2O emissions by raising the water filled pore space 
(WFPS) above 60% and thereby stimulating denitrification. The effect of 
trampling on N2O emissions from peat soils, where the WFPS often is 
relatively high in the first place, is not well studied, however. 

Thus, urine and dung patches as well as trampling during cattle 
grazing may increase N2O emissions, particularly in organic soils (Velthof 
et al., 1996). Raising the GWL in a drained peat grassland under grazing 
may increase the risk of denitrification-associated N2O emissions. This is 
reflected in high N2O emissions under urine application in lab incubations 
of mineral soils with relatively high moisture contents (Cai & Akiyama, 
2016; Van Groenigen et al., 2005a). On the other hand, rewetting projects 
of drained peatlands under unfertilized conditions have frequently been 
reported to reduce N2O emissions from peat oxidation (Minkkinen et al., 
2020; Ojanen & Minkkinen, 2020; Wilson et al., 2016a). The interaction 
effects of increased anaerobic conditions under a WIS measure and 
grazing effects is, however, not well understood. 

The aim of this study was to determine the effects of WIS in a peat 
grassland soil in combination with cattle excretion (simulated by applying 
synthetic urine and cattle dung) and trampling (simulated by compacting 
the soil) on N2O emissions. It was hypothesized that (1) WIS decreases N 
mineralization from peat and N2O emissions originating from mineralized 
N compared to a conventionally drained peat soil, (2) urine or dung 
application increases N2O emissions, especially in combination with WIS 
due to higher mineral N availability and enhanced denitrification, and (3) 
trampling increases N2O emissions from denitrification. 

 
4.2 Methods and materials 
4.2.1 Field location 

The field experiment took place between July 2022 and February 
2024, at a farm near Zegveld in the Netherlands (52°08' N, 4°50' E, Fig. 
4.1a) on drained peat soil in intensive agricultural use with dairy farming. 
The soil is characterized as mesotrophic wood peat, above a eutrophic 
sedge peat layer, which can be as thick as six meters in some places. The 
field experiment was carried out on two adjacent fields with similar soil 
properties (Table 4.1 and Table 4.2), which were both subjected to the 
same management, with vegetation dominated by rye grass (Lolium 
perenne), fertilizer application of about 230 kg N ha-1 yr-1, mowing and 
cattle grazing. Three months before the first treatment application 
(February 2022), WIS drains were installed lengthwise in one field at a 
depth of 60-70 cm below the surface (10-20 cm below the ditch water 
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level) and with an average spacing of 4 m. The WIS, which was designed 
to reduce GWL fluctuations (i.e. to lower levels in winter and raise them 
in summer, in comparison to conventional ditch-controlled drainage), had 
a target GWL set at 40 cm below the soil surface (Van Asselen et al., 
2023). The second field served as a reference situation with conventional 
ditch drainage (CDD). The abbreviations WIS and CDD are used to refer 
to the two treatment fields in this paper. 
 
Table 4.1: Soil characteristics measured in the control plots on 07-10-2022, two 
days after the 2022 treatment applications. Samples were taken in 50x50 cm 
squares in the C subplots from a depth of 0-15 cm and averaged per field (n = 3). 
Moisture content, dry bulk density and soil organic matter (SOM) content were 
determined after drying at 105°C. Soil pH and bioavailable NO3- and NH4+ were 
determined in NaCl extracts. The complete overview of soil characteristics can be 
found in Table S4.4. 
Parameter CDD field WIS field 
Moisture (% of fresh weight) 39.0 ± 2.1* 48.0 ± 2.0 
Dry bulk density (g cm-3) 0.46 ± 0.01 0.44 ± 0.006 
SOM (% of dry weight) 47.9 ± 0.24 50.7 ± 1.3 
pH 4.5 ± 0.062 4.7 ± 0.06 
NO3-N (mg l-1) 27.7 ± 5.4 12.3 ± 3.0 
NH4-N (mg l-1) 7.70 ± 1.2 3.194 ± 0.087 

 * Mean values of the two fields differ significantly (t-test, p < 0.05). 
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4.2.2 Experimental design 
The experiment consisted of three treatment applications: one in 

the summer of 2022, and two in the autumns of 2022 and 2023. The fields 
were mowed approximately one week before each experimental 
treatment application. In the middle of each field, a main plot of 
approximately 0 by 20 meters was fenced off. Inside, a randomized block 
experiment was set up containing the three simulated effects of grazing 
in subplots: (1) urine, (2) dung and (3) trampling, in a full factorial design 
including a control treatment (Fig. 4.1b). This resulted in eight treatment 
levels: control (C), urine (U), dung (D), trampling (T), urine + dung (UD), 
urine + trampling (UT), dung + trampling (DT) and urine + dung + 
trampling (UDT). The experiment included three treatment replicates in 
2022 and four replicates in 2023, due to the high variability within 
treatments (Fig. 4.1b). The subplots of 1 by 2 m were positioned directly 
adjacent to each other in three rows (four in 2023) of eight subplots. To 
account for potential spatial variability, each row was considered a block, 
with treatments randomly assigned to subplots within each block. A PVC 
collar with a height of 10 cm and an outer diameter of 20 cm was inserted 
approximately 5 cm deep into the soil of each subplot for static chamber 
measurements of N2O fluxes (Fig. 4.1c,d). The dung, urine and trampling 
treatments were applied inside the PVC collars. A 50 x 50 cm square was 
demarcated on all replicates of the C, D and U subplots, on which the 
respective treatments were also applied at the same application rates as 
inside the flux chamber collars (Fig. 4.1c,d). These squares were used for 
sampling of porewater (in autumn 2022) or soil samples (in autumn 2023) 
for biochemical analysis (see paragraph 2.4). The treatment applications 
of the 2022 summer, 2022 autumn and 2023 autumn campaigns took 
place on 21-07-2022, 05-10-2022 and 28-09-2023, respectively. The 
three applications were each applied on new and untreated parts of the 
field, with the intention for each application to represent one urination 
event, dung patch or trampling event (Fig. 4.1c, 1d).  
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Figure 4.1: Location and set-up of the experiment. Geographical location of the 
field site (a); set-up of the conventional ditch drainage (CDD) and water 
infiltration system (WIS) fields, with in red the positions of the fenced-off plots in 
the summer and autumn of 2022, and autumn 2023, respectively, and schematic 
representations of the block designs (B1 to B4) (b); set-up of a subplot in 2022 
(c) and in 2023 (d). The circles and squares in (c) and (d) represent the treated 
soil areas for flux measurements and porewater/soil sampling, respectively. 
Squares for porewater/soil sampling were present only in the C, U and D subplots. 
Numbers within the treated areas indicate the application round: summer 2022 
(A1), autumn 2022 (A2) or autumn 2023 (A3). Note that the dotted lines 
representing WIS drains in (b) are schematic and not to scale. 

 
Cattle urine was simulated by a synthetic solution, which 

resembles the composition of real cattle urine in terms of nitrogenous 
compounds and salts based on two urine solutions in a study by Kool et 
al. (2006). The solution contained demineralized water and the main 
nitrogenous components of cattle urine: urea, allantoin, hippuric acid, 

98

Chapter 4



 

creatinine and uric acid. Salts were added to better approximate the pH 
of cattle urine at 14 g L-1 KHCO3, 10.5 g L-1 KCl, 0.4 g L-1 CaCl2 •2H2O, 
1.2 g L-1 MgCl2 • 6H2O and 3.7 g L-1 Na2SO4. Due to a miscommunication, 
the urine composition in fall was different from the summer, and the total 
amount of N applied was lower. All urine N application rates fell within a 
realistic range, however. Cattle urine is reported to be deposited at rates 
between 20 and 200 g N m-2 (Selbie et al., 2015). During the summer 
application, the synthetic urine (22 g N L-1) was applied at a rate of 89 g 
N m-2 and its N content consisted of 71.7% of urea, 21.5 % allantoin, 
2.1% hippuric acid, 3.9% creatinine and 0.9% uric acid. During the two 
autumn applications, the solution (10 g N L-1) was applied at a rate of 40 
g N m-2. The N content of this solution consisted of 80% urea, 12% 
allantoin, 4.6% hippuric acid, 2.9% creatinine and 0.5% uric acid. Fresh 
cattle dung was collected in the cattle housing (without getting in contact 
with cattle urine) within 24 hours before treatment application, and mixed 
into one homogeneous batch. Due to natural variation in N content which 
could only be measured later, N application rates varied slightly, between 
approximately 26 g N m-2 (summer 2022), 29 g N m-2 (autumn 2022) and 
27 g N m-2 (autumn 2023). Subsamples were collected from the batches 
for organic matter and nutrient analysis (Table S4.1). Trampling simulated 
by compaction was created using an 8 kg, cylindrical weight, described by 
Janssen et al. (2023). A consistent procedure was followed, by dropping 
the cylinder from a fixed height of 0.6 m, six times onto the treated soil 
area inside the flux chamber collar in a fixed pattern. When subplots 
received more than one grazing effect, the treatments were applied 
following the order trampling, urine, dung. 

 
4.2.3 N2O flux measurements  

N2O concentrations were measured using cavity ring-down 
spectroscopy (Picarro G2508; Picarro Inc., USA) during the 2022 
applications. During the 2023 application, a gas analyser with 
photoacoustic infrared spectroscopy (INNOVA 1512; LumaSense 
Technologies Inc., USA) was used due to unavailability of the former 
analyser. Gas fluxes were measured using the static chamber method, 
with a closure time of 10 to 15 minutes. When necessary – in particular 
the days after treatment application – the closure time was shortened to 
prevent interference of high NH3 concentrations with the N2O 
observations. The headspace concentration was measured once after 
closing the chamber for 10 to 15 minutes and gas fluxes were calculated 
assuming a linear slope between the head space concentration and the 
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ambient air N2O concentration at the time of chamber closure (Abalos et 
al., 2014; Oram et al., 2020; Van 't Hull et al., 2025). To check the 
assumption that the headspace concentration was increasing linearly 
during the full course of chamber closure, at least one extra flux 
observation was performed per measurement day, for at least 20 minutes 
with continuous concentration measurements in a closed loop.  

 
4.2.4 Biochemical analyses 

At the start of the 2022 autumn campaign, ceramic cups (pore size 
2.5 µm) were installed inside the 50x50 cm squares within the U, D and 
C subplots to collect porewater at 15-20 cm depth (Fig. 4.1c). In some 
plots, porewater extraction was not possible due to dry conditions. 
Therefore, in the second year, soil samples were collected at 0-10 cm and 
10-20 cm instead of the porewater extraction. 

To check the conditions before treatment applications, soil samples 
(0-15 cm depth) were collected in the autumn of 2022 and 2023, from 
each 50x50 cm square on both fields before the application of the U and 
D treatments. Soil samples were wrapped in plastic and stored at 4 °C 
until analyses at the laboratory. Fresh and dry weight fractions were 
determined by filling two aluminium cups with a known volume (40.5 ml) 
of homogenized soil and weighing these before and after drying (>48 
hours at 60 °C). The organic matter fraction was approximated by loss on 
ignition (4 hours at 550 °C). Total elemental content was determined by 
digesting 200 mg of homogenized dried soil with 5 ml 65% HNO3 and 2 ml 
H2O2 in a microwave (Ethos Easy Rotor Maxi-44, Milestone, Sorisole, 
Italy). Samples were filled up to 100 ml with demineralized water and 
analysed for total Al, Ca, Cl, Fe, K, Mg, Mn, Na, P, S, Si and Zn on an 
inductively coupled spectrometer (ICP-OES ARCOS MV with horizontal 
plasma and axial plasma observation and a Seaspray nebulizer, Spectro 
Analytical Instruments, Kleve, Germany).  

In 2022, porewater was collected on days 2, 6, 13, 20, 28, 34, 43, 
48 and 56 after treatment application, by attaching a vacuum syringe to 
the ceramic cups. Porewater was frozen on site and returned to room 
temperature before analysis at the laboratory. Porewater concentrations 
of NO3-, NO2- and NH4+ were determined on a segmented flow auto-
analyser (AA500, SEAL Analytic Norderstedt, Germany) using hydrazine 
sulphate and salicylate reagent, respectively. Total concentrations of Al, 
Ca, Cl, Fe, K, Mg, Mn, Na, P, S, Si and Zn were determined in acidified 
samples (10 ml with 0.1 ml 65% HNO3) on an ICP-OES, as described 
above.  
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In 2023, soil samples were collected from 0-10 cm and 10-20 cm 
depth on days 0, 4, 7, 14, 21 and 34 after the autumn treatment 
application. At the laboratory, 17.5 g of fresh soil was shaken with 50 ml 
demineralized water for 2 hours (at 105 rpm on an orbital shaker), after 
which a water sample was extracted using porewater samplers (pore size 
0.15 µm, Rhizons, Rhizosphere research products, Wageningen, the 
Netherlands). In the extracted sample, pH was measured using an HQD 
pH electrode (Hach, Loveland, USA), after which samples were analysed 
for concentrations of NO3- and NH4+ using an auto-analyser (described 
above) and concentrations of Al, Ca, Cl, Fe, K, Mg, Mn, Na, P, S, Si and 
Zn using an ICP-OES (described above). Concentrations of dissolved 
organic carbon (DOC) were measured on a TOC-L CPH/CPN analyser 
(Shimadzu, Kyoto, Japan) after acidification with HCl (2 M,0.15 mL per 
10 mL) to remove dissolved inorganic carbon. Bioavailable phosphorus (P) 
(Olsen-P extraction; Olsen et al., 1954) was determined by shaking 3 g 
of dried soil in 60 ml 0.5 M sodium carbonate (NaHCO3) for 30 min (at 
105 rpm on an orbital shaker). Bio-available NH4+ and NO3- were 
determined by shaking 17.5 g of fresh soil in 50 ml of 0.2 M sodium 
chloride (NaCl) for 120 min (at 105 rpm on an orbital shaker). Next, the 
supernatant was collected under vacuum conditions with Teflon porewater 
samplers, after which NH4+ and NO3- were determined using an auto-
analyser (described above). 

 
4.2.5 Groundwater level and soil moisture 

Volumetric water content (VWC) was measured in 2023 in the top 
10 cm of the soil, using time domain transmission. In each field, two 
sensors (TMS-4, TOMST s.r.o., Czech Republic) were inserted vertically 
into the soil at the start of the experiment to a depth of 12 cm. A 
calibration curve was created by incubating undisturbed cores in the lab 
and recording the gravimetric moisture content over a twelve-week drying 
campaign. The GWL was monitored at four points in each field, and logged 
every hour (ElliTrack, Leiderdorp Instruments, The Netherlands). The 
daily averages for each field were used for the analyses in this paper. 

 
4.2.6 Data analysis 

All data analyses were performed using the R software (v4.3.1; R 
Core Team, 2023). The soil characteristics of the two fields before 
treatment application were compared using Welch’s independent t-tests. 
Cumulative emissions were calculated per treatment campaign 
separately, using the agg.fluxes function in the ‘gasfluxes’ package in R 
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(Fuss, 2023). This function uses linear interpolation between data points, 
to calculate the area under the curve for emissions over time. Cumulative 
emissions were calculated over measurement periods of approximately 
125 days. The effects of the treatment applications on the flux rates were 
tested for each individual measurement day, using an analysis of variance 
(anova function in R), after checking the distribution of the data points 
and residuals for normality and homogeneity. By day 125, no effects of 
the treatments remained (p > 0.05).  

The emission factor (EF) of the treated objects was calculated as: 
 

EF = (N2O-Ntreatment – N2O-Ncontrol)/Napplied     (1) 
 
Where N2O-Ntreatment and N2O-Ncontrol are the cumulative emissions from 
the treated and the control treatment within the same block (kg N ha-1) 
and Napplied is the amount of N applied to the treated object as urine and/or 
dung (kg N ha-1).  

The effects of treatment factors (urine, dung and trampling, each 
with two levels) and drainage type on cumulative N2O emissions in the 
two autumn campaigns were tested using a linear mixed effects model 
using restricted maximum likelihood (lme function in the ‘nlme’ package), 
with the random factors block nested within main plot, nested within year 
(N2O ~ urine * dung * trampling * drainage + (1| year/main plot/block)). 
When the datapoints and residuals showed a skewed distribution, the 
response variable was transformed using a Yeo-Johnson transformation, 
which, similarly to the Box-Cox method, estimates the most suitable 
transformation to achieve a normal distribution of the response variable 
and has the additional advantage of accepting negative values (Yeo & 
Johnson, 2000). The cumulative emissions from the summer campaign 
were tested in a linear mixed effects model with fixed factors urine, dung 
and trampling (no replicates exist for the factor drainage type) and 
random factors block nested within main plot (N2O ~ urine * dung * 
trampling + (1| main plot/block)). 

Treatment and WIS effects on autumn campaign EFs were 
analysed in a linear mixed effects with the treatment application variable 
(with the six levels in which N was applied) and drainage type as fixed 
factors and block, nested within main plot, nested within year as random 
factors (EF ~ treatment * drainage + (1| year/ main plot/block)). Pairwise 
comparisons for all combinations of the fixed factors in the above models 
for cumulative N2O or EF were performed using the Tukey method for 
multiple comparisons.  
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A linear mixed effects model was used to explore the effects of 
NO2-, NO3- or NH4+ concentration in pore water (measured in 2022) or pH, 
NO3-, NH4+, DOC, or gravimetric water content in (water extracts from) 
soil samples (measured in 2023) as well as GWL, temperature, 
precipitation, volumetric water content (in 2023, from sensor 
measurements) and the day since treatment application on N2O emission 
rates. The precipitation on the day of the flux measurement was 
considered as a variable as well as the two days prior to measuring. 
Collinearity between the covariables was checked based on correlation 
coefficients and variance inflation factors (VIF). Parameters with a VIF > 3 
were not included in the initial model and the final model was reached by 
dropping variables if they were not significant. Soil samples in 2023 were 
taken from two depths; for each concentration variable, the depth with 
the highest correlation coefficient with N2O was used. Data of the two 
autumn campaigns and two fields were analysed in four separate models. 
The random effects were structured as subplot nested within block 
(random = 1|block/subplot) to account for repeated measurements within 
the same subplots.  

Additionally, the relationship between N2O emission rate and GWL 
was explored. After checking for a linear relationship, a generalized 
additive mixed model was fitted to the data points, using the ‘mgcv’ 
package in R, to visually explore the pattern of the relationship. A constant 
was added to the dependent variable (N2O flux) to make all values 
positive, GWL and treatment were added as fixed effects, and date and 
plot as random effects. 

Effects were considered significant for p-values < 0.05. 
 

4.3. Results 
4.3.1 GWL depth and soil properties 
During the summer of 2022, the mean GWL depth was over 40 cm lower 
in the CDD field than the WIS field, indicating successful infiltration by the 
WIS (Fig. 4.2, Table S4.2). During the summer of 2023, a similar WIS 
effect was found, although this was less strong with on average a 15.5 cm 
higher GWL on the WIS field than the CDD field (Fig. 4.3, Table S4.2). 
During the two autumn seasons, the mean groundwater levels were 15.8 
and 5.6 cm higher on the WIS field than the CDD field.  The winter and 
spring periods showed smaller differences in GWL depth, with slightly 
higher levels in the WIS field (Table S4.2). At the start of the 2022 autumn 
campaign, the soil in the WIS field showed higher moisture content than 
the CDD field (t-test, p < 0.05, Table 4.1). Bulk density, SOM content, pH, 
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NO3- and NH4+ concentrations at 0-15 cm depth differed slightly but not 
significantly (p > 0.05, Table 4.1). Similarly, the moisture and SOM 
contents at 0-10 and 10-20 cm were higher in the WIS field before 
treatment application in 2023 (Table 4.2). Ammonium content was 
significantly higher at 0-10 cm in the CDD field than the WIS field (Table 
4.2). There were no significant differences between the two fields in bulk 
density, pH, and concentrations of NO3-, DOC and dissolved N (Table 4.2). 
 
4.3.2 N2O emissions  

Cumulative N2O emissions from all treatments measured in the 
2022 summer campaign ranged between 3 and 25 kg N ha-1 over 125 
days (Fig. 4.4). In the two autumn campaigns, cumulative N2O emissions 
ranged between 0 and 55 kg N ha-1 over 125 days (Fig. 4.4). Overall, the 
cumulative emissions were highest in the autumn of 2022, while they 
were 20% and 64% lower in the summer 2022 and autumn 2023 
experiments, respectively (Fig. 4.4).  

There was a significant interaction effect of urine and drainage on 
cumulative N2O emissions in the autumn (F = 13.4, p < 0.001). Urine 
(F = 109.6, p < 0.001), dung (F = 6.0, p = 0.02) and trampling (F = 7.1, 
p = 0.01) applications significantly increased cumulative N2O emissions in 
both autumn campaigns. The emissions of N2O were on average higher 
under CDD than WIS (11.7 ± 8.8 versus 9.1 ± 9.3), but this difference 
was not significant (F = 0.9, p = 0.52). The significant interaction between 
urine and drainage indicates that the difference between WIS and CDD is 
larger in the absence than in the presence of urine application. High 
cumulative N2O emissions were observed in particular in the urine 
treatments: U, UT, UD and UDT on the WIS field showed significantly 
higher cumulative N2O than the WIS C, T and D treatments (Fig. 4.4a). 
No significant pair-wise differences existed between WIS and CDD 
objects. In the summer campaign, the application of urine had a 
significant positive effect on cumulative N2O (F = 9.9, p = 0.003). This 
was not reflected in significant pairwise differences between treatment 
means (Fig. 4.4b).  

In the generalized additive mixed model, GWL explained only 6% 
of the variation in the N2O emission rates (R2 = 0.061, Fig. 4.8). This 
indicates that the GWL and grazing treatment alone did not suffice to 
predict N2O emissions in this experiment. Peaks in N2O emissions occurred 
mostly under groundwater levels between -5 and -50 cm. 
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4.3.3 Effects of soil and environmental parameters autumn 2022 
Concentrations of NO3- on the CDD field exceeded those in the WIS 

field for the C, D and U treatments (Fig. 4.2b). Mean NH4+ concentrations 
in U plots on the CDD field exceeded concentrations in all other plots, 
although they also showed high variation between replicates and over 
time (Fig. 4.2c). Emissions of N2O were usually highest on the CDD field, 
except on 09-11-2022, where N2O peaked in the WIS urine plots, 
following a rise in GWL (Fig. 4.2a, 2d). Between 07-10-2022 and 
30-11-2022, N2O emissions on the WIS field correlated positively with the 
NO3- (t = 4.1, p < 0.001) and NH4+ (t = 2.9, p = 0.005) concentrations 
in porewater samples from 15-20 cm depth and precipitation (t = 2.1, 
p = 0.044) (Fig. 4.5, Table S4.3). None of the variables included in the 
initial model for N2O emissions from the CDD field (NO2-, NO3- and NH4+ 
concentrations at 15-20 cm, precipitation, GWL and the day since 
treatment application) had a significant effect in autumn 2022. 
Concentrations of other components from the urine solution (Ca, Cl, K, 
Mg) increased shortly after treatment application in the U plots (Fig. 
S4.1). Iron (Fe) and manganese (Mn) concentrations at 15-20 cm depth 
were generally higher in the WIS field than the CDD field (Fig. S4.1).  

 
4.3.4 Effects of soil and environmental parameters autumn 2023 

Seven days after treatment application on 28-09-2023, the soil 
NH4+ concentration peaked in the urine plots, followed by an increase in 
the NO3- concentration in subsequent weeks (Fig. 4.3c, 3b). A peak in N2O 
emissions from the urine treated plots appeared as NO3- concentrations 
in the soil decreased again (Fig. 4.3a). Between 28-09-2023 and 
01-11-2023, soil NH4+ concentrations at 10-20 cm depth were positively 
correlated with N2O emissions from the CDD field (t = 3.2, p = 0.002, Fig. 
4.6, Table S4.3). The N2O emissions from the WIS field were positively 
correlated with soil NH4+ (t = 3.3, p = 0.002) and negatively with DOC 
(t = -4.2, p < 0.001) concentrations at 0-10 cm depth. Emissions 
decreased with increasing VWC (t = -2.1, p = 0.04) and increased with 
temperature (t = 2.4, p = 0.02, Fig. 4.7, Table S4.3). The components of 
the urine application (N, Ca, Cl, K, and Mg) were detected at higher 
concentrations at 0-10 cm depth than in the 10-20 cm layer (Fig. S4.2, 
Fig. S4.3), indicating limited downwards leaching of the urine solution. 
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4.3.5 Emission factors 
Mean summer emission factors ranged between 0.7 and 1.2% on 

the WIS field and were often slightly negative on the CDD field (-1.0 to 
0.6%, Table 4.3). Mean autumn emission factors on the WIS field ranged 
between 1.2 and 3.8%, generally exceeding those on the CDD field (-0.1 
to 1.6%) (Table 4.3). There was no significant interaction effect of 
treatment and drainage on emission factors (F = 0.9, p = 0.47). The 
treatment main effect was significant (F = 4.5, p = 0.002), but not the 
drainage effect (F = 3.1, p = 0.33). On both fields, the emission factors 
were highest in the UT plots and a significant pairwise difference was 
observed between the WIS UT and D plots (Table 4.3).  

On 22 of the 120 subplots, a negative EF was observed, mostly 
occurring on the CDD field in the summer or autumn of 2022 (Table 4.3). 
This was the result of high emissions on the CDD control plots in 2022, 
which often exceeded the treatment emissions (Fig. 4.4). 
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Figure 4.2: Soil and weather observations after treatment application on 
05-10-2022. N2O emissions from 06-10-2022 till 29-11-2022 (a) and 
concentrations of NO3- (b) and NH4+ (c) expressed per volume of pore water 
extracted at 15-20 cm depth between 07-10-2022 and 30-11-2022, together with 
groundwater level depth (d), mean daily temperature (red line) and total daily 
precipitation (blue bars) (e). 
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Figure 4.3: Soil and weather observations after treatment application on 
28-09-2023. N2O emissions from 28-09-2023 till 01-11-2023 (a) and 
concentrations of NO3- (b) and NH4+ (c) expressed per volume of soil, sampled at 
0-10 cm depth between 27-09-2023 and 01-11-2023, together with groundwater 
level depth (d), mean daily temperature (red line) and total daily precipitation 
(blue bars) (e). 
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Figure 4.4: Mean cumulative N2O emissions and standard errors over a 125-day 
period in summer 2022 (a), autumn 2022, or autumn 2023 (c). 
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Table 4.3: Mean N2O emission factors and standard errors calculated over the 
125 day autumn-winter periods of 2022 and 2023. Superscript letters in the last 
column report the results of the linear mixed effects model for EF on both fields 
together (EF = treatment * drainage + (1| year/main plot/block)): objects sharing 
the same letter (a, b) were not shown to differ significantly (p < 0.05). 
Field Treatment Summer 

2022  EF 
(%) ± SE (n 
= 3) 

Autumn 
2022 
EF (%) ± SE  
(n = 3) 

Autumn 
2023 
EF (%) ± SE 
(n = 4) 

Autumns 
2022-2023 
average 
EF (%) ± SE 
(n = 7) 

CDD D -0.42 ± 1.42 -1.0 ± 0.58 0.60 ± 0.50 -0.09 ± 
0.47ab 

DT -0.95 ± 1.11 -0.71 ± 1.43 0.96 ± 0.52 0.25 ± 
0.70ab 

U -0.54 ± 0.34 0.59 ± 1.29 0.62 ± 0.23 0.60 ± 
0.50ab 

UT -0.12 ± 0.26 0.99 ± 2.37 2.10 ± 0.13 1.63 ± 
0.93ab 

UD -0.001 ± 
0.19 

0.84 ± 0.99 1.03 ± 0.17 0.95 ± 
0.39ab 

UDT 0.56 ± 0.31 0.99 ± 0.88 1.20 ± 0.21 1.11 ± 
0.35ab 

WIS D 1.02 ± 0.17 1.09 ± 0.61 1.28 ± 1.08 1.20 ± 0.63a 
DT 1.18 ± 0.71 2.63 ± 1.55 0.90 ± 0.49 1.64± 0.73ab 
U 0.69 ± 0.44 4.65 ± 0.79 2.00 ± 0.80 3.14 ± 

0.75ab 

UT 0.99 ± 0.17 4.98 ± 1.82 2.88 ± 0.77 3.78 ± 0.91b 
UD 0.89 ± 0.20 2.28 ± 0.48 0.93 ± 0.23 1.51 ± 

0.35ab 
UDT 0.74 ± 0.45 4.00 ± 1.84 1.33 ± 0.24 2.47 ± 

0.89ab 
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Figure 4.5: Responses of N2O emissions on the WIS field to pore water NO3- (a) 
and NH4+ (b) concentrations at 15-20 cm depth, and precipitation (c) during the 
period 06-10-2022 to 29-11-2022. NO3-N and NH4-N concentrations were 
determined in pore water extracts and expressed per volume of pore water. 
Precipitation values represented the sum of precipitation on the measurement 
day. The black lines show a linear regression fit of log10(N2O-N) against the 
explanatory x-axis variable. The p-values are given of the effects determined in 
the linear mixed effects model (LMEM). 
 

 
Figure 4.6: Response of N2O emissions on the CDD field to soil NH4+ 
concentrations (in water-extracts) at 10-20 cm depth during the period 
27-09-2023 to 01-11-2023. NH4-N concentrations were determined in soil water 
extracts and expressed per volume of soil. The black line shows a linear regression 
fit of N2O-N against log10(NH4-N). The p-value is given of the effect determined 
in the linear mixed effects model (LMEM). 
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Figure 4.7: Responses of N2O emissions on the WIS field to soil log10(NH4-N) (a) 
and DOC-C (b) concentrations at 0-10 cm depth, volumetric water content (c) and 
ambient temperature (d) during the period 27-09-2023 to 01-11-2023. NH4-N and 
DOC-C concentrations were determined in soil water extracts and expressed per 
volume of soil. The volumetric water content was measured every 10 minutes at 
0-12 cm depth and temperature every hour at a height of approximately 2 m. The 
black lines show a linear regression fit of log10(N2O-N) against the explanatory 
x-axis variable. The p-values are given of the effects determined in the LMEM 
model (LMEM). 
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Figure 4.8: N2O emission rates plotted against the groundwater level depth 
(positive numbers indicate depth of the GWL below the soil) and the generalized 
additive mixed model regression lines for each of the grazing treatment levels. 
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4.4. Discussion 
4.4.1 Water infiltration system effects on N2O emissions  

Water infiltration systems were hypothesized to reduce N2O 
emissions by reducing N mineralization of organic N in the peat material, 
and potential subsequent nitrification and denitrification. Indeed, mean 
cumulative N2O emissions were higher on the unfertilized (C and T) plots 
of the CDD field than the WIS field (Fig. 4.4). The drainage effect was not 
significant, however, and the null hypothesis of equal emissions under 
both drainage treatment levels can’t be rejected. 

In other studies, long term drainage was shown to increase N2O 
emissions from minerotrophic peat soils, compared to undrained peat soils 
(Martikainen et al., 1993; Regina et al., 1996). Rewetting of previously 
drained peat soils has similarly led to a decrease in N2O emissions 
(Minkkinen et al., 2020). At other times, drainage effects were obscured 
by generally low fluxes due to drought (Berendt et al., 2023), or low soil 
and fertilizer N-availability (Wilson et al., 2016b). On the other hand, N2O 
production is often enhanced by variable soil moisture conditions over 
time (Anthony & Silver, 2024; Blondeau et al., 2024; Pärn et al., 2018) 
and can occur more frequently in formerly drained and rewetted than 
undrained peatlands (Kreyling et al., 2021). Particularly precipitation 
(Berendt et al., 2023; Velthof et al., 1996) or flooding events (Anthony & 
Silver, 2021; Goldberg et al., 2010) have frequently been identified as 
drivers of N2O peaks in peat soils, with denitrification as the main N2O 
producing process (Anthony & Silver, 2021).  

Continued flooding or permanent inundation on the other hand, 
may decrease N2O emission, since mineralization and nitrification are 
hampered under permanently anaerobic conditions, thereby depleting the 
NO3- supply for denitrification and stimulating the full reduction of N2O to 
N2 in complete denitrification (Butterbach-Bahl et al., 2013). By reducing 
the fluctuation in GWL and redox potential, WIS may help to limit 
NO3- formation and reduction (Boonman et al., 2024; Harpenslager et al., 
2024). While peat mineralization may be particularly pronounced in the 
summer, the subsequent effects on N2O emissions could continue 
throughout the autumn season, where precipitation stimulates 
denitrification. This is reflected in higher ammonium and nitrate 
concentrations in the top soil under CDD than WIS at the start of the 2022 
and 2023 autumn campaigns (Table 4.1, Table 4.2), which likely results 
from higher  peat mineralization and in turn affects N2O emissions during 
the following period. Additionally, porewater and soil ammonium 
concentrations continued to be higher under CDD than WIS throughout 
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the sampling periods in (Fig. 4.2, Fig. 4.3). Mean cumulative N2O 
emissions in the summer (13.1 ± 5.4 kg N ha-1) and autumn (16.4 ± 10.4 
kg N ha-1) of 2022 far exceeded those in the autumn of 2023 (5.9 ± 4.3 
kg N ha-1, Fig. 4.4). Meteorological variability can strongly increase 
variability in N2O emissions between different measurement years (Fig. 
4.4), emphasizing the importance of multi-year experiments in order to 
get a robust estimate of drainage treatment effects. High N2O emissions 
on the CCD control plots in 2022 may have been due to high 
mineralization under the dry conditions of that year. Overall, 2023 was a 
much wetter year than 2022. During the autumn of 2023, 200 mm more 
precipitation was recorded than in the autumn of 2022, and it was 
preceded by 88 mm more summer rainfall (Table S4.2). In autumn 2022, 
mean cumulative N2O emissions from the unfertilized C and T plots on the 
CDD field far exceeded those of the WIS field (14 and 2.8 times higher, 
respectively), while differences were smaller in 2023 (1.6 and 1.4 times 
higher, respectively). These emission differences coincided with a 
substantially deeper mean summer and autumn GWL in 2022 (Table 
S4.2). High mineralization-related N2O emissions in the control plots on 
the CDD field also occurred during the summer campaign, seemingly 
overshadowing effects of nitrogen application on emissions and emission 
factors (Fig. 4.4, Table 4.3).  

The linear mixed effects models which described the effects of 
multiple soil and meteorological variables during the first few weeks after 
treatment application, indicated no significant linear relationship between 
GWL and the N2O emissions (Table S4.3). Given the GWL variability within 
both fields, we proceeded to explore the N2O-GWL relationship for both 
fields together in a generalized additive mixed model (Fig. 4.8). While the 
non-linear model, containing the GWL and treatment variables, did not 
perform well at explaining variability, Fig. 4.8 demonstrates that high N2O 
emissions occurred mainly within a GWL range between approximately 5 
and 50 cm below the surface. This resembles relationships with the mean 
annual GWL from other studies (Eickenscheidt et al., 2014; Leppelt et al., 
2014). There is indication for a parabolic relationship of N2O production 
with the soil WFPS, which typically shows an optimum around 60% WFPS 
(Davidson et al., 2000) although for peat soils the optimum is frequently 
found above 80% (Saurich et al., 2019a; Van Lent et al., 2019). The 
relationship between GWL and N2O flux, which is the net outcome of 
production and consumption during upwards transport through the soil 
profile, is not as well understood, and may depend on many other 
variables that affect microbial N transformation in soil, such as 
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temperature, rainfall, pH (Weslien et al., 2009) and C:N ratio 
(Klemedtsson et al., 2005; Minkkinen et al., 2020). 

 
4.4.2 Grazing effects on N2O and interaction with WIS 

Although WIS was expected to reduce N2O emissions resulting 
from peat oxidation, the second hypothesis stated that urine and dung 
application enhance N2O emissions and that WIS fields show higher N2O 
emissions than CDD fields under N application through dung or urine, 
because mineral N input and anaerobic conditions together form a strong 
stimulation of denitrification. Indeed, there was a significant interaction 
effect between urine application and drainage treatment during the 
autumn experiments. While average cumulative emissions were 5.1 
kg N ha-1 lower under WIS than CDD in the absence of urine (3.9 versus 
9.0 kg N ha-1), there was no difference between the drainage types under 
urine application (both 14.3 kg N ha-1, Fig. 4.4). This suggests that the 
input of urine-N has more impact on N2O emissions from a field with WIS 
than with CDD. This effect is also apparent from the significant pair-wise 
differences that were observed between objects with and without urine 
application under WIS, but not under CDD (Fig. 4.4). 

Increased N2O emissions under urine application and WIS were 
likely the result of incomplete denitrification. The pore water 
concentration of NO3- at 15-20 cm depth correlated positively with log-
transformed N2O emission rates on the WIS field in autumn 2022 (Fig. 
4.5, Table S4.3). Figure 2 shows that particularly in the urine plots the 
N2O and NO3- peaks coincide. In the soil samples from 0-10 depth in 2023 
(Fig. 4.3) even a clear sequence could be distinguished of an initial peak 
in NH4+ due to hydrolysis of urea, followed by a rise in NO3- due to 
nitrification and a peak in N2O emission, likely resulting from 
denitrification, given the shallow GWL depth at that point. Dung 
application also significantly increased cumulative N2O emissions during 
the autumn campaigns, but there was no interaction with drainage: dung 
application did not change the relationship between drainage and N2O. 
While the application of urine decreased the observed difference between 
CDD and WIS emissions, this difference (CDD > WIS) remained under 
dung application. A possible explanation is that, similarly to soil organic 
matter, the mineralization of dung organic matter may benefit from 
aerobic conditions.  

Koops et al. (1997a) identified nitrification as the dominant N2O 
source, with ammonium and organic nitrogen content as the main 
explaining factors, after urine application in a field and incubation 
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experiment at the same experimental farm as this study. Contrastingly, 
Boon et al. (2014) attributed N2O emissions from urine excretion on peat 
grassland to denitrification. In their study, high N2O emissions similarly 
coincided with high ammonium concentrations, but these were attributed 
to accumulation under shallow groundwater levels. The results from the 
present study indicate significant correlations between N2O emissions and 
ammonium concentrations on the WIS field in autumn 2022 (Fig. 4.5b) 
and autumn 2023 (Fig. 4.7a), and on the CDD field in autumn 2023 (Fig. 
4.6), as well as nitrate concentrations on the WIS field in 2022 (Fig. 4.5a). 
Quantification of microbial functional groups can help to further 
disentangle the sources and biotic processes involved in N2O production 
(Cai et al., 2017). To our knowledge, no studies have quantified microbial 
activity involved in nitrogen transformations, following the application of 
urine or dung on peat soils, however. Future studies on grazing effects on 
peat soils could include measurements of the diverse genes involved in 
N2O producing processes. 

The significant interaction between urine and drainage treatment 
supports the second hypothesis that WIS does not have a reducing effect 
on N2O emissions from urine application. This effect was not found for 
dung application. 

Trampling was hypothesized to increase N2O emissions from peat 
soil, and to enhance the effects of CDD and urine or dung application. In 
accordance with the hypothesis, trampling significantly increased 
cumulative N2O emissions. Similarly, the EF of subplots treated with 
trampling was always higher than the corresponding subplots (under the 
same drainage, dung and urine treatment) without trampling application, 
with the exception of UDT in the summer 2022 campaign (Table 4.3). 
While these pair-wise differences were not significant, the patterns do 
correspond with previous observations. Compaction from trampling can 
increase denitrification-associated N2O emissions by raising the bulk 
density and consequently the water filled pore space (Van Groenigen et 
al., 2005b). It can thus further enhance the effects of N inputs (Bhandral 
et al., 2007; Van Groenigen et al., 2005a). 
 
4.4.3 N2O emission factors  

A larger part of the applied urine-N and dung-N was lost via N2O 
on the WIS field than on the CDD field. While not significant, emission 
factors were consistently higher on the WIS field than the CDD field (Table 
4.3). The drier summer conditions under CDD were hypothesized to lead 
to higher N2O emissions due to higher N availability originating from peat 
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mineralization. N2O production originating from N applied as urine or 
dung, on the other hand, was expected to be stronger under WIS, which 
would result in a higher EF under WIS than under CDD. 

Within the Dutch national inventory report for annual greenhouse 
gas emissions, an aggregated emission factor of 6% is used for N2O-N 
emissions for cattle urine and dung together, deposited on organic soils 
(Van der Zee et al., 2024; Velthof & Mosquera, 2011a), based on field 
measurements by Velthof et al. (1996) in the same peat area as this 
experiment. The aggregated mean emission factors over both fields for 
the UD and UDT treatments were 1.2% and 1.8% in the autumn 
campaigns and 0.4% and 0.7% in the summer campaign, respectively 
(Table 4.3). These values are substantially lower than the currently used 
EF, despite higher N-application rates than Velthof et al. (1996) (670-1160 
kg N ha-1 versus 450-617 kg N ha-1). This may be explained by several 
fundamental differences between the two experiments. First, Velthof et 
al. (1996) estimated the N excretion by the grazing cattle using standard 
calculation rules, which decreased the accuracy of the emission factor 
calculation in comparison to an experiment in which urine and dung are 
applied under controlled conditions. Secondly, in the experiment by 
Velthof et al. (1996), the grazing treatment involved actual cattle grazing 
on the plots for a duration of two days, as opposed to artificial urine in 
this experiment. In a lab experiment, no different N2O emissions were 
observed after application of real cattle urine or an artificial urine with 
identical nitrogenous composition, but dissimilar organic compositions 
may have been the cause of differences in soil NH4+, NO3- and pH after 
application (Kool et al., 2006). Higher organic carbon content of real urine 
may have led to some N-immobilization after application and thus lower 
soil NH4+ than with artificial urine. This effect may be less relevant in the 
carbon-rich peat soil on which this experiment and that of Velthof et al. 
(1996) took place. Lastly, the grazing treatment in Velthof et al. (1996) 
was applied several times between spring and autumn and the EF was 
calculated using the annual N2O-N losses, over a period almost three 
times longer than in this experiment. The highest N2O losses occurred in 
the spring, summer and autumn of their two-year experiment. After 
treatment application in the autumn, N2O emission peaks in this 
experiment had returned to background levels by the end of January or 
early February and, therefore, seemed to continue for a shorter duration 
than the emissions in Velthof et al. (1996). Yet autumn urine or dung 
applications, often associated with lower grass N-uptake, stronger soil 
compaction and higher WFPS, frequently lead to higher emission factors 
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than spring or summer applications (De Klein et al., 2006; Krol et al., 
2016; Selbie et al., 2015). Similar to Velthof et al. (1996), emissions from 
the summer application were high, but still lower than the autumn 2022 
emissions (Fig. 4.4). Unlike that study, little difference was observed here 
between grazed objects and the controls, resulting in low summer 
emission factors. It appears that a high mineralization of organic N caused 
by the deep GWL and high temperature (Table S4.2) had a stronger effect 
on N2O emissions than applied N, despite the higher urine-N application 
rate in the summer 2022 campaign. Low N2O losses from the summer 
urine treatments may have been the result of a relatively high NH3 
volatilization stimulated by the high temperature (Lockyer & Whitehead, 
1990). Emission factors for dung were lower than those of urine, which is 
in accordance with other studies (Chadwick et al., 2018; Krol et al., 2016).  

 
4.4.4 WIS N2O climate impact 

Autumn cumulative N2O emissions in this experiment ranged 
between a small uptake of -0.2 and an emission of 55.3 kg ha-1. Using a 
global warming potential (GWP) of 273 over a 100-year horizon (Forster 
et al., 2021), these N2O emissions ranged between -0.1 and 23.7 tonne 
CO2-eq ha-1. The autumn control plot emissions were on average 7.6 
kg N ha-1 lower under WIS than CDD. Similarly, the N2O EFs defined by 
the IPCC for drainage of shallow-drained and deep-drained (nutrient-rich, 
temperate) organic grassland soils are 1.6 and 8.2 kg N2O-N ha-1 yr-1, 
respectively (Hiraishi et al., 2014). Assuming that the conditions over a 
whole year are similar to those during the autumn experiments, the 
potential of WIS to reduce N2O emissions by 3.3 ton CO2-eq ha-1 (7.6 
kg N ha-1) over 125 days would be extrapolated to 9.5 tonne 
CO2-eq ha-1 yr-1. A reduction of 9.5 tonne CO2-eq ha-1 yr-1 under WIS is 
substantial given the default CO2 EFs of (13.2 or 22.4 tonne CO2 ha-1 yr-1) 
for shallow- or deep-drained soils, respectively (Hiraishi et al., 2014). The 
results, therefore, suggest agreement with the IPCC default EFs, implying 
that the potential of reducing N2O emissions through reduced oxidation of 
organic-N is substantial, and might also be achieved through WIS 
implementation. However, since the results in this experiment could not 
confirm a significant effect of WIS, the real potential of this measure 
should be explored further in future experiments. Additionally, the 
application of urine patches under grazing, which occurs on most Dutch 
peat grasslands, appears to undermine the mitigating effect of WIS. 
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4.5. Conclusion  
During two measurement campaigns in the autumn and one in the 

summer, N2O emissions from grassland on drained peat soils were lower 
under WIS than CDD. A significant effect of WIS on N2O emission was not 
confirmed, however. Significant, positive effects on cumulative N2O were 
observed of urine application in the autumn and summer campaigns as 
well as dung and trampling application in the autumn campaigns. There 
was an interaction effect between drainage treatment and urine 
application, indicating that the mitigating effect of WIS is reduced when 
urine-N is applied. In addition, N2O emission factors for urine and dung 
were usually higher under WIS than under CDD and higher when 
trampling was applied, suggesting the stimulation of denitrification-
derived N2O emissions through increased WFPS. 
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Chapter 4 Supplementary material 
 

 
Figure S4.1: Concentrations in porewater samples from 15-20 cm depth 
(expressed per litre of porewater) measured from 07-10-2022 to 30-11-2022. 
Error bars show the standard errors per field and treatment (n = 3). 
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Figure S4.2: Water extracted concentrations in soil samples from 0-10 cm depth. 
Error bars show the standard errors per field and treatment (n = 4). 
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Figure S4.3: Water extracted concentrations in soil samples from 10-20 cm 
depth. Error bars show the standard errors per field and treatment (n = 4). 
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Table S4.1: Composition of the cattle dung in the two application years. All 
concentrations are expressed as g kg fresh material-1.  

Summer 
2022 

Autumn 
2022 

Autumn 
2023 

Dry weight (g kg-1) 88 87 108 
Ash content (g kg-1) 11 9 15 
SOM (g kg-1) 77 78 93 
N-tot. (g kg-1) 2.79 3.05 2.8 
C/N  12 12 15 
N-NH3 (g kg-1) 0.4 0.1 0.1 
N-organic (g kg-1) 2.4 NA 2.8 
P2O5 (g kg-1) 1.26 1.35 1.49 
K2O (g kg-1) 0.7 1 1 
MgO (g kg-1) 2.2 1.8 1.7 
Na2O (g kg-1) 0.6 0.6 0.5 
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Table S4.3: Outputs of the best fit linear mixed effects models to describe 
environmental and soil parameter correlations with N2O emissions during the 
periods 07-10-2022 to 30-11-2022 and 28-09-2023 to 01-11-2023. The fixed 
effects estimates are provided, along with their standard errors, the degrees of 
freedom (df), the t-statistic and its p-value, and the variances of the random 
effects and residual variance. 

a Parameter measured in soil porewater, extracted at 15-20 cm depth. 
b Parameter measured in (water extracted) soil sample, cored at 10-20 cm depth. 
c Parameter measured in (water extracted) soil sample, cored at 0-10 cm depth. 
* P-values fall within the 5% significance interval.  

Factor Estimat
e 

St. 
error 

df t-value p-value Variance 

2022 CDD (log-N2O) 
Block       0.00 
Subplot      0.02 
Residual      0.07 
2022 WIS (log-N2O) 
Log-NO3a 0.29 0.07 51 4.09 <0.001

* 
 

Log-NH4a 0.46 0.16 51 2.94 0.005*  
Precipitation 0.10 0.087 51 2.06 0.044*  
Block      0.01 
Subplot      0.00 
Residual      0.27 
2023 CDD (N2O) 
Log-NH4b 3.04 0.94 58 3.22 0.002*  
Block      0.00 
Subplot      1.0 
Residual      30.7 
2023 WIS (log-N2O) 
Log-NH4c 0.26 0.077 55 3.3 0.002*  
DOC-Cc -0.01 0.001 55 -4.2 <0.001

* 
 

VWC  -2.91 1.36 55 -2.1 0.04*  
Temperature 0.05 0.022 55 2.4 0.02*  
Block      0.00 
Subplot      0.07 
Residual      0.22 
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Table S4.4: Extended table of the soil characteristics measured at 0-15 cm depth 
in the control plots on 07-10-2022, two days after the 2022 treatment 
applications. Samples were taken in 50x50 cm squares in the C subplots from a 
depth of 0-15 cm and averaged per field (n = 3). The fresh weight density was 
determined as the mass of fresh soil per litre. Moisture content, dry bulk density 
and soil organic matter (SOM) content were determined after drying at 105°C. 
Soil pH and bioavailable NO3- and NH4+ were determined in NaCl extracts. 
Bioavailable P was determined using the Olsen method. Further element 
concentrations show the total concentrations, derived using digestions. 
Parameter CDD field WIS field 
Fresh weight density (g l-1) 738.4 ± 15* 863.5 ± 25 
Moisture (% of fresh weight) 39.0 ± 2.1* 48.0 ± 2.0 
Dry bulk density (g cm-3) 0.46 ± 0.01 0.44 ± 0.006 
SOM (% of dry weight) 47.9 ± 0.24 50.7 ± 1.3 
pH 4.5 ± 0.062 4.7 ± 0.06 
NO3-N (mg l-1) 27.7 ± 5.4 12.3 ± 3.0 
NH4-N (mg l-1) 7.70 ± 1.2 3.194 ± 0.087 
P-Olsen (mg l-1) 39.5 ± 2.0 46.0 ± 1.9 
Al (g l-1) 10.5 ± 0.23 9.69 ± 0.45 
Ca(g l-1) 4.18 ± 0.084* 4.53 ± 0.049 
Cl(g l-1) 0.57 ± 0.062 0.18 ± 0.12 
Fe (g l-1) 8.68 ± 0.26 8.06 ± 0.30 
K (g l-1) 1.12 ± 0.095 0.844 ± 0.053 
Mg (g l-1) 1.36 ± 0.041 1.38 ± 0.045 
Mn (g l-1) 0.15 ± 0.0083 0.17 ± 0.0098 
Na (mg l-1) 89.3 ± 12.9 39.4 ± 19.9 
P (g l-1) 0.937 ± 0.080 0.984 ± 0.037 
S (g l-1) 2.31 ± 0.070 2.44 ± 0.049 
Si (mg l-1) 100 ± 9.1 91.1 ± 12 
Zn (mg l-1) 52.8 ± 1.6 60.1 ± 2.4 

* Mean values of the two fields differ significantly (p < 0.05).  
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Table S4.5: Extended table of the soil characteristics measured before the 2023 
treatment applications in the control, urine and dung subplots, averaged per field 
and depth (n = 12). Soil characteristics measured at 0-10 and 10-20 cm depth on 
27-09-2023, one day before the 2023 treatment applications. Samples were taken 
in 50x50 cm squares in the C, U and D subplots and averaged per field and depth 
(n = 12). Moisture content, dry bulk density and soil organic matter (SOM) content 
were determined after drying at 105°C. Soil pH, bioavailable NO3-, NH4+, PO4-P, 
DOC-C and total dissolved N (organic plus inorganic) were determined in water 
extracts. Bioavailable P was determined using the Olsen method. Further 
elemental concentrations were measured either as bio-available pool using water-
extracts or as total concentrations using digestions. 
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Parameter 0-10 cm  10-20 cm  
 CDD field WIS field CDD field WIS field 
Fresh weight 
density (g l-1) 

714.5 ± 
20.6* 841.4 ±38.0 876.5 ±25.0 970.7 ±38.5 

Moisture (% of 
fresh weight) 40.3 ± 1.73* 48.2 ± 0.71 46.0 ± 1.39* 49.4 ± 0.56 

Dry bulk density 
(g cm-3) 0.42 ± 0.01 0.43 ± 0.02 0.47 ± 0.01 0.49 ± 0.02 
SOM (% of dry 
weight) 49.7 ± 0.47* 54.9 ± 0.45 45.3 ± 0.45* 46.3 ± 0.61 
Olsen-P (mg l-1) 38.2 ± 1.7* 43.6 ± 1.3 40. 7 ± 2.0 42.5 ± 2.1 
Water extract     
pH 5.13 ± 0.07 5.24 ± 0.09 5.08 ± 0.11 5.32 ± 0.06 
NO3-N (mg l-1) 7.68 ± 1.40 5.07 ± 0.42 7.57 ± 0.84 6.02 ± 0.90 
NH4-N (mg l-1) 1.57 ± 0.50* 0.44 ± 0.08 0.11 ± 0.02 0.22 ± 0.06 
PO4-P (mg l-1) 0.03 ± 0.01* 0.04 ± 0.01 0.21 ± 0.04* 0.12 ± 0.01 
DOC-C (mg l-1) 139.7 ± 8.09 141.1 ± 6.08 139.5 ± 4.21 148.5 ± 5.84 
Dissolved N (mg l-
1) 21.0 ± 2.65 15.2 ± 0.51 17.8 ± 0.77 16.4 ± 0.76 
Al (mg l-1) 2.38 ± 0.17 2.93 ±0.10 2.31 ±0.15 3.14 ±0.14 
Ca (mg l-1) 31.5 ± 2.7 51.97 ±2.70 48.2 ±5.02 79.2 ±7.75 
Cl (mg l-1) 0.98 ± 0.56 0.00 ±0.00 8.98 ±3.20 13.8 ±5.63 
Fe (mg l-1) 2.26 ± 0.35 1.86 ±0.09 1.91 ±0.11 1.94 ±0.13 
K (mg l-1) 6.12 ± 1.19 3.20 ±1.13 6.84 ±1.31 4.33 ±1.52 
Mg (mg l-1) 9.28 ± 0.92 11.3 ±0.46 13.7 ±1.35 20.1 ±1.98 
Mn (mg l-1) 0.60 ± 0.05 0.86 ±0.06 0.85 ±0.11 1.07 ±0.17 
Na (mg l-1) 11.9 ±0.56 12.5 ±1.43 19.9 ±1.37 20.6 ±1.70 
P (mg l-1) 0.39 ±0.04 0.20 ±0.01 0.65 ±0.07 0.27 ±0.02 
S (mg l-1)  21.6 ± 1.58 38.9 ±2.98 42.0 ±4.28 69.9 ±6.55 
Si (mg l-1) 4.52 ± 0.27 4.10 ±0.27 5.48 ±0.23 4.39 ±0.17 
Zn (mg l-1) 0.16 ± 0.01 0.20 ±0.01 0.18 ±0.01 0.21 ±0.02 
Digestion     
Al (g l-1) 10.2 ± 0.59 9.63 ± 0.40 13.2 ± 0.76 13.1 ± 0.80 
Ca (g l-1) 3.21 ± 0.10* 4.16 ± 0.14 3.65 ± 0.080* 4.39 ± 0.16 
Cl (g l-1) 0.213 ± 

0.04* 0.593 ± 0.04 0.201 ± 0.03* 0.730 ± 0.13 
Fe (g l-1) 7.84 ± 0.29 7.64 ± 0.39 9.83 ± 0.29 10.94 ± 0.51 
K (g l-1) 1.02 ± 0.073 0.922 ± 0.035 1.25 ± 0.095 1.10 ± 0.073 
Mg (g l-1) 1.52 ± 0.076 1.55 ± 0.052 1.77 ± 0.079 1.84 ± 0.10 
Mn (g l-1) 0.13 ± 

0.004* 0.160 ± 0.006 0.124 ± 0.004 0.139 ± 0.007 
Na (mg l-1) 23.3 ± 5.9 32.3 ±4.2 30.2 ±5.4 43.8 ±5.7 
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* Mean values of the two fields differ significantly (t-test, p < 0.05). 

Parameter 0-10 cm  10-20 cm  
 CDD field WIS field CDD field WIS field 
P (g l-1) 0.848±0.028

* 1.11 ± 0.037 0.922 ± 0.028 1.15 ± 0.032 
S (g l-1) 1.81 ± 

0.057* 2.28 ± 0.090 1.97 ± 0.044* 2.17 ± 0.068 
Si (mg l-1) 131 ± 5.5* 171 ±10.1 141 ±5.6* 194 ±11.1 
Zn (mg l-1) 45.1 ±1.3* 55.6 ±2.1 52.3 ±1.6* 69.5 ±6.5 
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Abstract 
Peat grassland drainage causes organic matter oxidation and 

emissions of greenhouse gases carbon dioxide (CO2) and nitrous oxide 
(N2O). Installation of a water infiltration system (WIS) may reduce peat 
oxidation while enabling grass production and cattle grazing. However, 
their effects on N2O emissions and interaction with fertilizer applications 
have not been studied yet.  

A two-year field experiment was conducted, including three 
drainage treatments: conventional ditch drainage (CDD) and water 
infiltration systems aimed for water levels of 20 cm (WIS20) and 40 cm 
(WIS40) below the surface. Plots were fertilized with mineral (calcium 
ammonium nitrate and ammonium sulphate) or organic (cattle slurry, the 
liquid and solid fractions of cattle slurry, and farmyard manure) fertilizers, 
differing in N and C content. Nitrous oxide emissions were measured 
weekly, and the grass yield and N uptake were measured over multiple 
cuts per year. 
 Cumulative N2O emissions were lower under WIS40 than under 
CDD, while highest emissions were observed for the most shallow 
drainage treatment (WIS20). Application of mineral fertilizers resulted in 
significantly higher emissions (14.8 to 16.7 kg N ha-1) than organic 
fertilizers (3.5 to 8.3 kg N ha-1), particularly under WIS20. These 
differences remained  when expressed as yield-scaled emissions, despite 
a greater apparent N recovery for mineral than for organic fertilizers.  

Our results suggest that maintaining a shallow groundwater level 
increases the risk for N2O emissions from peat grasslands, likely due to 
increased denitrification rates in the topsoil. This is exacerbated when 
combined with mineral fertilizer application.  
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5.1 Introduction 
Peat soils are drained for agricultural use, such as grasslands for 

dairy farming. Draining the wet soil is necessary to allow for field 
operations and increase yields, but generally leads to enhanced peat 
oxidation, resulting in carbon dioxide (CO2) emissions, and soil subsidence 
(Erkens et al., 2016). This may furthermore lead to emissions of nitrous 
oxide (N2O) (Van 't Hull et al., 2026), a greenhouse gas with a global 
warming potential 273 times higher than CO2 on a 100-year time scale 
(Forster et al., 2021).  

Nitrous oxide is formed as an intermediate or by-product in several 
N conversion processes in the soil, most importantly during anaerobic 
denitrification, the reduction of nitrate (NO3-) to N2, or aerobic nitrification, 
the oxidation of ammonia (NH4+) (Butterbach-Bahl et al., 2013). Soil N2O 
emissions are primarily emitted in agricultural production systems, where 
the size and timing of emissions are strongly affected by the type of 
fertilizer, application method as well as the soil type and moisture content 
(Canadell et al., 2021; Velthof et al., 2024; Velthof et al., 1997). 
Additionally, the mineralization of soil organic matter can provide 
substrates and soil conditions optimal for nitrification (by the formation of 
NH4+) or denitrification (by consuming O2 and providing labile C) (Chapin 
et al., 2002b). 

Drainage of peat soils thus significantly contributes to greenhouse 
gas emissions (CO2 and N2O) associated with land use in several countries 
in Europe, including the Netherlands (European Environment Agency, 
2024; Winiwarter et al., 2018). An alternative to conventional drainage 
(regulated through the ditch water levels) is the implementation of a 
water infiltration system (WIS), which enables fast equilibration of the 
groundwater level with the water level inside the ditches (“passive” 
system) or regulating reservoir (“active” system) and improves the 
homogenous distribution of water through the field (van de Craats et al., 
2025). This results in improved infiltration and drainage of the field during 
dry and wet periods, respectively, compared to conventional ditch 
drainage (Harpenslager et al., 2024; Van Asselen et al., 2023). 

Several studies have reported decreased CO2 emissions as a result 
of WIS, compared to conventional ditch drainage (Aben et al., 2024; 
Boonman et al., 2022; Van 't Hull et al., 2026), but the effect on N2O 
emissions remains less clear (Offermanns et al., 2023; Van 't Hull et al., 
2026; Weideveld et al., 2021). Water infiltration systems may affect N2O 
emissions in contrasting ways. They may have a mitigating effect by 
decreasing GWL fluctuations, as shifts from aerobic to anaerobic 
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conditions can create a sequence of nitrogen (N) mineralization, 
nitrification and denitrification (e.g., Goldberg et al., 2010; Taft et al., 
2018). A higher summer GWL can decrease N2O losses originating from 
peat mineralization, compared to conventionally drained soils (Blondeau 
et al., 2026; Tiemeyer et al., 2024). In a previous study, we quantified 
the combined effects of WIS drainage at a GWL of -40 cm with grazing 
effects (urine, dung and trampling application) (Blondeau et al., 2026). 
WIS drainage had no significant effect on cumulative N2O emissions 
compared to conventional drainage, but was generally associated with 
lower emissions originating from organic N mineralization (without urine 
or dung application). However, a shallow groundwater level may have the 
opposite effect if it drives N2O production during incomplete denitrification 
in the topsoil, from where the trace gas can diffuse to the atmosphere 
before reduction to N2 (Clough et al., 2005). The anaerobic top soil 
conditions may particularly amplify N2O losses driven by other 
management practices. Offermanns et al. (2023) observed this effect of 
WIS in combination with the organic matter mineralization caused by 
grassland renewal. Nitrogen input through fertilization may have a similar 
interaction with WIS drainage since more N is introduced in a system that 
is already suitable for denitrification.  

The type and rate of applied mineral or organic fertilizers are 
important factors determining N2O emissions from peat soils (Velthof et 
al., 2003; Velthof et al., 1997). Nitrate is directly available to plants but 
may be reduced to N2O under carbon-rich and moist soil conditions. 
Ammonium- on the other hand, may stimulate N2O release from 
nitrification under aerobic soil conditions (Butterbach-Bahl et al., 2013). 
Manures, and manure-derived products, typically contain N in ammoniacal 
or organic form, in varying ratios, depending on the type of manure 
processing (Velthof et al., 2024). Physical fractionation of manure 
produces a solid fraction with high dry OM content and relatively high N 
content, which is mostly present in organic form. The remaining liquid 
fraction holds a lower amount of N, present as NH4+ and in small 
suspended organic particles (Fangueiro et al., 2008).  

There is an increasing interest in fertilizer materials derived from 
processed animal manure, which resemble inorganic fertilizers in their 
chemical properties (European Commission, 2026). These biobased 
materials are often collectively labelled RENURE (REcovered Nitrogen 
from manURE). Requirements for the label RENURE prescribe that mineral 
N (usually NH4+) takes up 90% or more of the total nitrogen content or 
when the total organic carbon to total N ratio does not exceed 3 kg kg-1 

136

Chapter 5



 

(Huygens et al., 2020). The intention is for RENURE fertilizers to (partly) 
replace synthetic fertilizers in terms of agronomic efficiency and the N 
leaching risk (compared to manure), while improving the utilization of 
nutrients in manure (Huygens et al., 2020). Insight in potential 
differences in N2O emission between (RENURE) fertilizers and manures, 
and the interaction with drainage management, can be used to derive 
mitigation options.  

The aim of this study was, therefore, to quantify N2O emissions 
after application of different fertilizer products to peat soil under three 
drainage systems. We hypothesized that (1) by decreasing the 
groundwater fluctuation in the summer around a stable level of 40 cm 
below the surface, a water infiltration system results in lower N2O 
emissions originating from peat N mineralization than conventional ditch 
drainage; (2) WIS controlled drainage aiming for a shallow GWL around 
20 cm below the surface results in increased N2O emissions due to 
increased denitrification in the top soil; (3) application of nitrate-
containing, mineral fertilizers leads to higher N2O emissions, as well as 
higher grass yield, than ammonium-holding (manure) fertilizers; (4) WIS 
drainage aiming for a GWL of -20 cm enhances the N2O increase under 
nitrate-fertilizers further, as both factors enable denitrification. 

 
5.2 Methods and materials 
5.2.1 Field location and WIS setup 

We set up a field experiment between April 2023 and January 2025 
at a dairy farm on drained peat soil near Zegveld in the Netherlands 
(around 52°08'20” N, 4°50'12” E, Fig. 5.1a). At this site, mesotrophic 
wood peat is found down to a depth around 3 m, followed by eutrophic 
sedge peat until approximately 6 m.  
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Figure 5.1: Geographical location of the field site at Zegveld (a) and overview of 
the three experimental fields (in red) under conventional ditch drainage (CDD), 
water infiltration system at -20 cm (WIS20) and water infiltration system 
at -40 cm (WIS40) (b).

Two adjacent parcels with similar soil properties (Table 5.1) and 
similar past management were selected. The topsoil was sampled 
(0-20 cm) from each experimental block and mixed to make one 
representative sample per drainage field (CDD, WIS20, and WIS40; see 
Fig. 5.1). Soil samples were analysed in a commercial lab (Eurofins 
Scientific, The Netherlands) for total N content (similar to Dumas: thermal 
conductivity after high temperature combustion under an excess of O2), 
total sulphur (drying and grinding; near infrared spectrometry), 
potentially available phosphorus (ammonium lactate extraction; discrete 
analysis spectrophotometry), plant available sulphur, potassium, 
magnesium, and sodium (0.01 M CaCl2 extraction; ICP-MS), readily 
available phosphorus (0.01 M CaCl2 extraction; discrete analysis 
spectrophotometry), pH (CaCl2 extraction; potentiometry), soil organic 
matter content (loss on ignition at 550°C), sand, silt and clay fractions 
(sieving or density measurements after removing organic material and 
salts), microbial biomass, microbial activity, fungal and bacterial biomass 
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(drying and grinding; near infrared spectrometry). Soil properties of the 
three fields are provided in Table 5.1. 

Prior to the experiment, both parcels had been in use as ryegrass-
based production grassland (Lolium perenne) for more than 50 years with 
a combination of mowing and grazing and fertilizer application of around 
230 kg N ha-1 yr-1. In February 2022, WIS drains were installed along the 
length of one of the parcels and connected to a pump-controlled reservoir. 
Drainage tubes were installed at a depth of 60-70 cm below the surface 
(10-20 cm below the ditch water level) and spaced 4 m from each other. 
This WIS treatment (WIS40) aimed for a GWL of 40 cm below the surface 
through active infiltration and drainage, while the GWL of the second 
parcel was established through conventional ditch drainage (CDD) with 
summer ditch water levels around 40-50 cm. In February 2023, additional 
WIS drains were placed along the length of half of the second parcel at 
60-70 cm depth, in which pump-infiltration aimed for a GWL of 20 cm 
below the surface (WIS20, Fig. 5.1b). The GWL relative to the soil surface 
level was monitored and logged hourly at four points in each drainage 
treatment (ElliTrack, Leiderdorp Instruments, The Netherlands). The daily 
averages for each drainage treatment were used in this paper. Some gaps 
were present in the GWL data series, due to instrument failure, which 
were filled using linear interpolation. 
 The study took place over two growing seasons, with emission 
measurements being conducted between 5-04-2023 and 21-03-2024 
(352 days) and between 24-04-2024 and 29-01-2025 (280 days). Mean 
daily temperature and precipitation measured at this site were 11.9 °C  
and 3.2 mm respectively over the first period and 12.4 °C and 2.8 mm 
over the second period. Monthly values of the mean temperature and total 
precipitation are provided in the supplementary information (Table S5.1). 
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Table 5.1: Soil properties (0-20 cm) on the three fields before treatment 
application in spring 2023. The methods are provided in paragraph 2.1.  

CDDa WIS40 WIS20 
Total N (g N kg-1) 22.4 25.2 22.5 
Plant available S  (mg S kg-1) 28.1 47.7 32 
Total S (g S kg-1) 4.7 5.7 4.5 
Readily available P (CaCl2 extr., mg  P kg-1) 0.4 1.2 0.7 
Potentially available P (ammonium lactate 
extr., mg  P kg-1) 

87.2 139.5 100.3 

Plant available K (mg K kg-1) 168 194 229 
Plant available Mg (mg Mg kg-1) 437 577 505 
Plant available Na (mg Na kg-1) 80 94 82 
pH-CaCl2 4.5 4.9 4.7 
SOM (% of total dry mass) 43.9 51.4 43.7 
clay (% of total mineral mass) 55 60 52 
silt (% of total mineral mass) 21 27 23 
sand (% of total mineral mass) 23 14 25 
Microbial biomass (mg C kg-1) 4288 4263 4309 
Microbial acitvity (mg N kg-1) 444 554 450 
Fungal biomass (mg C kg-1) 960 862 903 
Bacterial biomass (mg C kg-1) 1700 1753 1726 
Fungal/bacterial 0.6 0.5 0.5 

aCDD, conventional ditch drainage; WIS40, water infiltration system at -40 cm; 
WIS20, water infiltration system at -20 cm. 
 
5.2.2 Experimental design and fertilization 

Twenty-eight plots of 3 by 8 m were delineated on each of the 
CDD, WIS40 and WIS20 fields at the start of both measuring years, in 
April of 2023 and 2024. The plots were situated on different parts of the 
field each year, in order to prevent multi-year or carry-over effects. Each 
plot was treated with one of six fertilizer treatments: calcium ammonium 
nitrate (CAN), cattle slurry (CS), the liquid or the solid fraction of cattle 
slurry separation (CS_liq and CS_sol, respectively), ammonium sulphate 
(AS), and farm yard manure (FYM). All treatments and an unfertilized 
control were replicated four times per field in a randomized block design.  

Total yearly fertilizer rates targeted at 220 kg N ha-1 yr-1 were split 
over three to four applications per year, between late April and late August 
(Table 5.2), except for the FYM treatment, which was applied only twice 
to resemble common farming practice. The N contents of most of the 
fertilizers (all fertilizers except CAN and FYM) were estimated before 
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application to determine the first application rate. At every fertilization 
event, samples of the fertilizers were taken and analyzed for total N  
(following Dumas, as described above) to calculate the actual N 
application and to adjust following applications if necessary. Application 
rates for FYM were based on a target volume of 10 ton ha-1 yr-1. In 2023, 
the fertilizers were applied at a total rate approaching 220 kg total N ha-1 
(Table 5.2). In 2024, a total rate of approximately 170 kg ha-1 was applied, 
as wet conditions during late summer prevented the last fertilizer 
application. Farmyard manure application rates differed from those of 
other fertilizers, with a rate of 160 kg N ha-1 in 2023 and 256 kg N ha-1 in 
2024 (Table 5.2). The 2024 rate was higher than intended due to a much 
higher N content of the FYM in the second application (on 19-08-2024) 
than anticipated.  
 
Table 5.2: Application dates and rates (kg N ha-1) of the fertilizer treatments. 
Inside the brackets the initially planned application rates are shown. 
Year Date 

applicatio
n 

CANa AS CS_liq CS CS_sol FYM 

2023 21-4-2023 80 (80) 80 (80) 80 (80) 80 (80) 79 (80) 64 (80) 
2-6-2023 60 (60) 60 (60) 60 (60) 60 (60) 58 (60) 0 (0) 
13-7-2023 40 (40) 40 (40) 40 (40) 40 (40) 31 (40) 0 (0) 
25-8-2023 40 (40) 40 (40) 33 (40) 33 (40) 38 (40) 98 (80) 
Total 220 

(220) 
220 
(220) 

213 
(220) 

213 
(220) 

207 
(220) 

161 
(160) 

2024 22-4-2024 80 (80) 80 (80) 80 (80) 80 (80) 80 (80) 80 (80) 
25-6-2024 50 (50) 50 (50) 50 (50) 50 (50) 50 (50) 0 (0) 
19-8-2024 40 (40) 37 (40) 37 (40) 38 (40) 46 (40) 176b 

(60) 
Total 170 

(170) 
167 
(170) 

167 
(170) 

168 
(170) 

176 
(170) 

256 
(140) 

aFYM, farmyard manure; CS_sol, solid fraction of cattle slurry; CS, cattle slurry; 
CS_liq, liquid fraction of cattle slurry; AS, ammonium sulphate; CAN, calcium 
ammonium nitrate. 
bThe N content of this FYM application was almost 3 times higher than expected. 

 
All fertilizers were applied to the plots manually. Granular CAN was 

broadcast by hand. Ammonium sulphate, a strongly concentrated product 
of ammonia scrubbed from the air of a dairy barn, was diluted and applied 
using band spreading with a watering can, simulating a trailing shoe or 
trailing hose technique. Cattle slurry was similarly diluted and applied via 
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band spreading with trailing hose after a 1:2 dilution with water, in line 
with Dutch regulations. The liquid and solid fractions of cattle slurry were 
obtained through mechanical separation and were applied via band 
spreading with trailing hose (after dilution) and broadcast surface 
spreading, respectively. Farmyard manure, a mixture of cattle feces, urine 
and straw from stable bedding, was applied via broadcast surface 
spreading. Detailed compositions of the ammonium sulphate and manure 
fertilizers are provided in the supplementary information (Table S5.2). 

 
5.2.3 Yield and apparent nitrogen recovery 

The plots were mown before each fertilizer application (Table 5.2) 
and at the end of the growing season. Subsamples were collected from a 
1.5 m strip in the middle of each plot using a Haldrup plot harvester and 
dry matter yield was determined after drying at 70°C. The grass N content 
was determined (following Dumas, as described above) and the N uptake 
was calculated. The apparent nitrogen recovery (ANR) of the fertilized 
objects was calculated as the percentage of the applied N that was taken 
up by the grass: 

 
ANR = (N uptaketreatment – N uptakecontrol)/Napplied * 100  (1) 
 
Where N uptaketreatment and N uptakecontrol are the N uptakes (kg N ha-1) of 
the treated plot and the control plot within the same block, and Napplied is 
the total fertilizer application rate of the treatment over a growing season 
(kg N ha-1, Table 5.2). 
 
5.2.4 N2O emissions 
5.2.4.1 Flux measurements 

In the two measurement years, N2O emissions were measured 
weekly to biweekly between 5-04-2023 and 21-03-2024 and between 
24-04-2024 and 29-01-2025. At the end of both years, N2O emissions 
from the treated objects had returned to background levels (i.e. levels 
measured in control objects). Measurements were continued throughout 
the winter, until negligible emissions had been consistently observed for 
four weeks. N2O concentrations were measured using cavity ring-down 
spectroscopy (Picarro G2508; Picarro Inc., USA) until 28-08-2023. 
Thereafter (the rest of 2023, and all of 2024-2025), for logistic reasons a 
gas analyzer with photoacoustic infrared spectroscopy technology was 
used (INNOVA 1512; LumaSense Technologies Inc., USA). The change in 
gas analyser did not affect continuity of the flux measurements (Fig. 

142

Chapter 5



 

S5.1). The static chamber method was used for gas flux measurements, 
with a closure time of 10 to 15 minutes. Gas fluxes were calculated 
assuming a linear slope between the headspace concentration at the end 
of the closure time and the ambient N2O concentration at the start (Abalos 
et al., 2014; Oram et al., 2020; Van 't Hull et al., 2025). A check was 
included for the assumption of a linear headspace concentration slope, by 
performing at least one continuous flux measurement for a duration of 20 
minutes on each measuring day.  

 
5.2.4.2 Gap filling, derivation of emission factors and yield scaled 
emissions 

A non-linear gap filling method was used to estimate N2O emission 
values on the days without measurements, following the process 
described in Van 't Hull et al. (2026). The N2O emission data were log-
transformed and fitted to a separate generalized linear model for each 
individual measurement year (2023-2024 and 2024-2025) using the R 
‘mgcv’ package (Wood, 2004). Treatment factors (drainage and fertilizer) 
were included as discrete variables, environmental parameters 
(temperature, precipitation, GWL), day of experiment, and the number of 
days since the most recent fertilizer application were considered as 
smoother variables and experimental treatment parameters were 
included as random effects. The smoother variables were checked for 
reciprocal collinearity and the Akaike Information Criterion was used as 
an indicator to select useful covariates for each model (Table 5.3). For 
both years, a model including drainage, fertilizer, day of experiment, 
summed precipitation over the last 3 days and GWL was found to perform 
best (Table 5.3). The model was subsequently used to predict daily N2O 
emission values for each treatment level, using the model variables as 
input data. Cumulative emissions were calculated for each treatment 
combination using the agg.fluxes function in the R ‘gasfluxes’ package 
(Fuss, 2023). Where available, the mean (n = 4) measured values where 
used and on days without measurements the predicted values were used.  
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Table 5.3: Structures and R2 values of the generalized linear models used to 
predict the N2O emissions in each measurement year. The model includes fixed 
treatment variables (denoted in italics), smoother covariables (s), and a random 
factor to account for repeated measurements (r). 
Year Model structure R2 
2023-
2024 

Log(N2O) = drainage + fertilizer + s(day) + s(precipitation 
3 days) + s(GWL) + r(drainage_fertilizer) 

0.51 

2024-
2025 

Log(N2O) = drainage + fertilizer + s(day) + s(precipitation 
3 days) + s(GWL) + r(drainage_fertilizer) 

0.79 

 
Emission factors (EF) were calculated as the percentage of applied 

N that was released as N2O, following: 
 

EF = (N2O-Ntreatment – N2O-Ncontrol)/Napplied * 100   (2) 
 
Where N2O-Ntreatment and N2O-Ncontrol are the cumulative emissions 
observed in the treated and the control plot within the same block (kg N 
ha-1) and Napplied is the amount of fertilizer N applied (kg N ha-1). Yield-
scaled N2O emissions were calculated as the amount of cumulative N2O 
emitted per unit of above-ground N uptake within a year (Van Groenigen 
et al., 2010): 
 
Yield-scaled N2O = N2O-N/N uptake     (3) 
 
5.2.5 Data analysis 
 All data analyses were performed with the statistical software R 
(v4.3.1;R Core Team, 2023). Effect sizes of the fertilizers and drainage 
treatments, as well as their interaction, on cumulative N2O emissions were 
tested using analysis of variance (ANOVA). The distributions of datapoints 
and residuals were checked visually for the conditions of normality and 
homogeneity. When these conditions were not met, the distributions were 
reevaluated after a transformation of the response variable. Pair-wise 
differences of the estimated marginal means between treatment factor 
levels were tested using Tukey adjustment in the ‘emmeans’ package (Van 
Lenth & Piakowski, 2026). The same procedure was followed for the 
analysis of treatment effects on emission factors.  

The effects of fertilizer type, drainage and their interaction on the 
dry matter yield, N uptake and ANR were tested with a linear mixed effects 
model using restricted maximum likelihood in the ‘nlme’ package 
(Pinheiro et al., 2023). Normality and homogeneity of the datapoints and 
residual distribution was confirmed for each dataset. The random variance 
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structure was written as block nested within main plot, nested within year 
(Response ~ fertilizer * drainage + (1| year/main plot/block)), where 
main plot is the experimental area on a drainage field (the whole area of 
28 plots).  

 
5.3. Results 
5.3.1 GWL depth 

The mean seasonal GWL depths showed limited differences 
between the three drainage treatments (Table 5.4, Fig. 5.2). Most 
pronounced effects of WIS were observed during periods associated with 
high evaporation and transpiration, i.e. the summer months. Mean GWL 
depths in the summer of 2023 were  -63.0, -47.6 and -34.0 cm, in the 
CDD, WIS40 and WIS20 fields, respectively. The difference was less 
strong in the summer of 2024 (-45.1, -42.5 and -32.6, respectively). 
Minimum GWL values (deepest GWL) in the spring, summer and autumn 
were generally less negative in the WIS fields than the CDD field, with the 
exception of spring 2024, which was relatively wet.  
 
5.3.2 N2O emissions  

Cumulative N2O emissions ranged between -0.6 and 23.9 kg N ha-1 
(Fig. 5.3). Drainage type had a significant effect on cumulative N2O 
(F = 5.3,  p = 0.01). Emissions (mean ± SEM) were highest under WIS20 
(11.3 ± 1.8 kg N ha-1), followed by CDD (7.9 ± 1.7 kg N ha-1) and WIS40 
(6.4 ± 1.6 kg N ha-1). The pair-wise difference between WIS20 and WIS40 
drainage was significant (t = 3.2, p = 0.009).  

The fertilizer type also significantly affected cumulative N2O 
emissions (F = 9.7, p < 0.001) with mean emissions highest under AS 
(16.7 ± 2.7 kg N ha-1), followed by CAN (14.8 ± 2.8 kg N ha-1). Emissions 
under the manure fertilizers, CS_liq (8.3 ± 1.5 kg N ha-1), CS (6.2 ± 1.3 
kg N ha-1), FYM (6.3 ± 1.7 kg N ha-1) and CS_sol (3.5 ± 1.1 kg N ha-1) 
were comparatively low and did not differ significantly from the control 
plots (Fig. 5.3). There was no significant interaction effect between 
drainage and fertilizer type on cumulative N2O emissions. Emissions from 
AS and CAN were consistently highest, irrespective of the drainage type. 
Simultaneously, all fertilizer types showed highest emissions under the 
WIS20 drainage treatment. Nitrous oxide emissions often peaked shortly 
after fertilizer application or precipitation events, with a highest individual 
peak of 741 mg N m-2 day-1 under CAN and WIS20 on 11-07-2024 (Fig. 
S5.3.c). 
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Figure 5.2: Groundwater levels in the three fields in the 2023-2024 (a) and 2024-
2025 (b), total daily precipitation and daily mean temperature in 2023-2024 (c) 
and 2024-2025 (d). CDD, conventional ditch drainage; WIS40, water infiltration 
system at -40 cm; WIS20, water infiltration system at -20 cm. 
 
5.3.3 Yield 

Dry matter yield, grass N uptake, and ANR were all highest under 
the AS and lowest under FYM fertilization (Table 5.5). Mean total yearly 
DM yield (n = 8, ± SEM) ranged between 7.5 ± 0.2 and 11.3 ± 0.5 ton 
ha-1 (Table 5.5). The DM yield was significantly affected by fertilizer 
treatment (F = 37, p = < 0.0001), but not by drainage type (p > 0.05) 
or the treatment interaction. All fertilizer treatments showed significantly 
higher DM yield than the unfertilized control (mean 7.8 ± 0.1 ton ha-1, 
n = 24), and highest yield was observed under AS (10.2 ± 0.2 ton ha-1) 
fertilizer application, followed by CS, CS_liq, CAN and CS_sol and FYM 
(Table 5.5). Mean N uptake (n = 8, ± SEM) over the two years ranged 
between 182 ± 3 and 335 ± 28 kg N ha-1 (Table 5.5). Similar to DM yield, 
the N uptake was significantly affected by fertilizer type (F = 47, 
p < 0.0001), with highest mean (n = 24) values under AS (314 ± 14 kg 
ha-1), not by drainage or the fertilizer-drainage interaction.  
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Mean ANR (n = 8, ± SEM) ranged between 5.2 ± 6.1 and 58.7 ± 
8.0 % (Table 5.5). The ANR was significantly affected by fertilizer type 
(F = 34, p < 0.0001). Mean ANR under WIS20 drainage (37.0 ± 2.6 %, 
n = 48) exceeded those under CDD (32.3 ± 2.9 %) and WIS40 drainage 
(29.3 ± 3.5 %), but not significantly.  

 

 
Figure 5.3: Mean yearly cumulative N2O emission (n = 2) calculated from 
predicted N2O emissions after non-linear gap filling for two measurement years. 
Letters above the bars indicate significant differences (t-test, p < 0.05) between 
fertilizer treatment levels, ‘*’ indicates a significant pair-wise difference (p < 0.05) 
between drainage levels and ‘n.s.’ indicates no significance. CDD, conventional 
ditch drainage; WIS40, water infiltration system at -40 cm; WIS20, water 
infiltration system at -20 cm; FYM, farmyard manure; CS_sol, solid fraction of 
cattle slurry; CS, cattle slurry; CS_liq, liquid fraction of cattle slurry; AS, 
ammonium sulphate; CAN, calcium ammonium nitrate. 
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Table 5.5: Mean values ± SEM (taken over 4 replicates and two years, n = 8) of 
the total dry matter yield (ton ha-1), total N uptake (kg ha-1) and apparent nitrogen 
recovery (%). Total dry matter and N uptakes are the sum of all grass cuts in a 
year. Letters indicate results of Tukey pair-wise comparisons of the fertilizer 
treatment levels, where values sharing the same letter were not shown to differ 
significantly (p < 0.05). 
Drainage Fertilizer Dry matter 

yield (ton 
ha-1) 

N uptake 
(kg ha-1) 

Apparent 
nitrogen 
recovery (%) 

CDDa Control 8.0 ± 0.2a 217 ± 10a -  
FYM 9.1 ± 0.3b 246 ± 10b 14.7 ± 2.9a  
CS_sol 9.2 ± 0.2bc 253 ± 11bc 18.9 ± 2.4ab  
CS 10.0 ± 0.2d 264 ± 13bc 24.8 ± 2.7bc  
CS_liq 9.8 ± 0.4cd 274 ± 10cd 31.2 ± 4.7cd  
AS 10.2 ± 0.1d 335 ± 28e 58.7 ± 8.0e  
CAN 10.0 ± 0.2d 307 ± 16d 45.6 ± 4.4d 

WIS40 Control 7.9 ± 0.3a 197 ± 14a -  
FYM 8.4 ± 0.2b 209 ± 12b 5.2 ± 6.1a  
CS_sol 9.1 ± 0.2bc 225 ± 11bc 15.4 ± 3.9ab  
CS 9.7 ± 0.3d 238 ± 13bc 21.7 ± 3.7bc 

 CS_liq 10.1 ± 
0.3cd 

263 ± 23cd 34.6 ± 9.7cd 

 AS 10.2 ± 0.4d 314 ± 27e 58.7 ± 7.0e 
 CAN 9.8 ± 0.3d 276 ± 18d 40.1 ± 3.8d 
WIS20 Control 7.5 ± 0.2a 182 ± 3a - 
 FYM 9.0 ± 0.1b 225 ± 4b 22.9 ± 4.3a 
 CS_sol 9.5 ± 0.1bc 244 ± 8bc 31.5 ± 3.3ab 
 CS 10.2 ± 0.3d 248 ± 7bc 33.8 ± 3.3bc 
 CS_liq 9.7 ± 0.2cd 250 ± 4cd 35.4 ± 2.6cd 
 AS 10.3 ± 0.5d 294 ± 20e 54.9 ± 8.7e 
 CAN 9.8 ± 0.4d 272 ± 18d 43.5 ± 8.5d 
aCDD, conventional ditch drainage; WIS40, water infiltration system at -40 cm; 
WIS20, water infiltration system at -20 cm; FYM, farmyard manure; CS_sol, solid 
fraction of cattle slurry; CS, cattle slurry; CS_liq, liquid fraction of cattle slurry; 
AS, ammonium sulphate; CAN, calcium ammonium nitrate. 
 
5.3.4 Emission factors and yield scaled emissions 

Emission factors ranged between -0.5 and 8.6% (Table 5.6). 
Fertilizer type significantly affected the EF (F = 18.0, p < 0.001), but not 
drainage type or the drainage-fertilizer interaction. The highest mean EF 
was found for AS (5.8 ± 0.9 %, n = 6), followed by CAN (4.9 ± 0.8 %). 
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The manure fertilizers (CS_liq, FYM, CS, CS_sol)  all showed significantly 
lower mean EFs than the mineral fertilizers: 2.0, 1.5, 1.0 and -0.2, 
respectively. Mean emission factors under WIS20 (3.2 ± 0.9 %, n = 12) 
exceeded those under CDD (2.5 ± 0.6 %) and WIS40 (1.8 ± 0.7 %).  

Mean N yield scaled N2O emissions (± SEM, over two years) ranged 
between 8 ± 11 and 80 ± 14 g N2O-N kg-1 N uptake, measured for CS_sol 
under WIS40 and CAN under WIS20, respectively (Fig. 5.4). Similar to 
the cumulative N2O emissions, fertilization with AS and CAN produced 
higher (37 – 80 g N2O-N kg-1 N) yield-scaled N2O emissions than CS, 
CS_liq, CS_sol or FYM (8 – 44 g N2O-N kg-1 N). Additionally, yield scaled 
N2O was significantly higher under WIS20 than WIS40 (t = 4.6, p < 0.001) 
and CDD (t = 3.8, p = 0.002).  
 
Table 5.6: Emission factors (%) based on gap-filled N2O emission rates in 2023-
2024, 2024-2025 and the mean over both years (n = 2). Superscript letters 
indicate significant differences (p < 0.05) between treatment levels of the 
drainage – fertilizer interaction. 
  2023-2024 2024-2025 Mean 
CDDa FYM 1.5 1.6 1.5abcd 

 CS_sol 0.2 0.2 0.2ab 
 CS 2.0 1.1 1.6abcde 

 CS_liq 2.0 2.8 2.4abcde 

 AS 7.4 2.6 5.0bcde 
 CAN 5.7 2.7 4.2abcde 

WIS40 FYM 0.4 0.0 0.2ab 
 CS_sol -0.2 -0.5 -0.4ab 
 CS 1.0 0.5 0.8abc 
 CS_liq 1.3 0.8 1.1abcd 

 AS 6.5 5.2 5.9cde 

 CAN 4.5 2.6 3.5abcde 

WIS20 FYM 1.4 3.9 2.6abcde 
 CS_sol -0.5 -0.6 -0.5a 
 CS 1.3 0.2 0.8abc 

 CS_liq 1.8 3.3 2.6abcde 

 AS 8.6 4.4 6.5de 
 CAN 7.1 6.9 7.0e 

aCDD, conventional ditch drainage; WIS40, water infiltration system at -40 cm; 
WIS20, water infiltration system at -20 cm; FYM, farmyard manure; CS_sol, solid 
fraction of cattle slurry; CS, cattle slurry; CS_liq, liquid fraction of cattle slurry; 
AS, ammonium sulphate; CAN, calcium ammonium nitrate. 
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Figure 5.4: Mean yield scaled N2O emissions (n = 2):  g cumulative N2O-N 
emission per kg above ground N uptake. Letters above the bars indicate significant 
differences (t-test, p < 0.05) between fertilizer treatment levels, ‘*’ indicates a 
significant pair-wise difference (p < 0.05) between drainage levels and ‘n.s.’ 
indicates no significance. CDD, conventional ditch drainage; WIS40, water 
infiltration system at -40 cm; WIS20, water infiltration system at -20 cm; FYM, 
farmyard manure; CS_sol, solid fraction of cattle slurry; CS, cattle slurry; CS_liq, 
liquid fraction of cattle slurry; AS, ammonium sulphate; CAN, calcium ammonium 
nitrate. 
 
5.4 Discussion 
5.4.1 Drainage treatment effects 
5.4.1.1 N2O emissions under different drainage treatments 

We hypothesized that N2O emissions resulting from peat 
mineralization would be lower under WIS40 drainage than under 
conventional ditch drainage, and to find highest emissions under WIS20 
due to favourable conditions for denitrification. Indeed, WIS40 was 
associated with lower mean (n = 14) N2O emissions than CDD (6.4 versus 
7.9 kg N2O-N ha-1), and highest emissions were observed under WIS20 
(11.9 kg N2O-N ha-1, Fig. 5.3). The unfertilized control plots followed the 
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same pattern, with 2.9, 3.4 and 5.6 kg N2O-N ha-1 under WIS40, CDD and 
WIS20, respectively (n = 2). 

Contrary to our results, shallow or no peat drainage is generally 
associated with a decrease in N2O emissions compared to deep drainage, 
due to a reduction in N mineralization (Lin et al., 2022; Liu et al., 2020; 
Martikainen et al., 1993; Van Beek et al., 2010). Accordingly, the 2013 
Wetlands Supplement to the IPCC inventory guidelines provides separate 
default emission factors for N2O emissions associated with deep- or 
shallow drainage of organic temperate nutrient-rich grassland soils of 8.2 
and 1.6 kg N2O-N ha-1 yr-1, respectively (Hiraishi et al., 2014). However, 
a limited number of studies reported increased N2O emissions from peat 
grasslands under a shallow groundwater level compared to deeper 
drainage (Berglund & Berglund, 2011; Norberg et al., 2021). This may be 
explained by dynamic soil moisture conditions in the topsoil, which 
accommodate mineralization and nitrification, as well as denitrification 
(Pärn et al., 2018). Nitrous oxide produced close to the soil surface may 
leave the soil as N2O, rather than being further reduced to N2, due to a 
low residence time, as well as high availability of the preferred electron 
acceptor NO3- (Clough et al., 2005; Senbayram et al., 2019; Weier et al., 
1993; Zhang et al., 2023). In addition, the nitrous oxide reductase 
enzyme shows a slower response than nitrate or nitrite reductase to the 
removal of oxygen (Knowles, 1982; Saggar et al., 2013). These 
mechanisms may enhance incomplete denitrification under sudden 
moisture increases, while prolonged flooding decreases the N2O/N2 
product ratio of denitrification (Senbayram et al., 2022). 

The importance of  drying and wetting for N2O emissions has been 
identified in several incubation or mesocosm studies on peat soils. In an 
outdoor mesocosm study Taft et al. (2018) measured strong N2O fluxes 
under a shallow (-15 cm) groundwater level, while a water table at soil 
surface (0 cm) resulted in low emissions due to low NO3- availability. 
Berendt et al. (2023) discovered in an incubation of disturbed peat 
samples that the effects of short-term drying and wetting during the 
(pre-)incubation, as well as the moisture content at the time of sampling, 
had a larger effect on N2O emissions than the long-term drainage 
conditions of the different sites from which the soils were sampled. 
Similarly, short-term events like irrigation or precipitation can drive high 
N2O emissions (Anthony & Silver, 2021). Raising the groundwater level to 
-20 or 0 cm below the surface induced N2O emission from drained peat 
mesocosms in a study by Blondeau et al. (2024). A relatively moist soil 
(a water filled pore space of around 60% in mineral soils) is often found 
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to be optimal for N2O emissions, enabling mineralization and nitrification, 
as well as incomplete denitrification (Davidson et al., 2000; Van Groenigen 
et al., 2005b). In peat soils this optimum lies around 80%  (Saurich et al., 
2019a). Under such conditions, both moderate wetting and drying is likely 
to stimulate N2O emissions (Pärn et al., 2018). In agreement with this, 
the N2O peaks in this study usually coincided with a rise in the 
groundwater level, following precipitation (Fig. S5.2, Fig. S5.3). 

Water infiltration systems are specifically intended to reduce 
fluctuations in the groundwater level, in particular by preventing deep 
drainage in periods of drought (Boonman et al., 2024; Boonman et al., 
2022; Harpenslager et al., 2024; Van Asselen et al., 2023). This should 
not only reduce N mineralization and NO3- production, but thereby also 
NO3- reduction (Van 't Hull et al., 2026). Pronounced GWL differences 
between the three drainage systems were observed during periods of high 
temperature and low precipitation, i.e. May to October 2023 and July to 
September 2024 (Fig. 5.2). In periods of frequent rainfall, groundwater 
levels in the three systems were generally close to each other. In our 
earlier study on the same peat grassland fields, the combined effects of 
drainage and grazing on N2O emissions were studied (Blondeau et al., 
2026). While that study did not include a WIS20 treatment, it reported 
similarly higher emissions under CDD than WIS40. This is the first study 
that looked at the effect WIS20 on  N2O emissions. In accordance with 
our second hypothesis, WIS20 had a different effect on N2O emissions 
than WIS40. Even in the absence of fertilizer-N application, the shallow 
groundwater under WIS20 level led to consistently higher emissions than 
the CDD or WIS40 treatments (Fig. 5.3), suggesting substantial losses 
originating from mineralized nitrogen (Hiraishi et al., 2014). Van 't Hull et 
al. (2026), on the other hand, observed lower N2O emissions under 
shallow (-20 cm) ditch water levels compared to  deep (-55 cm) ditch 
levels. In their study, peak N2O fluxes were observed in the autumn 
months (September and October), during which hardly any effect of WIS 
on groundwater level was observed. Whereas we measured peak fluxes 
both in summer and in the autumn, shortly after precipitation or 
fertilization events (Fig. 5.2, Fig. S5.2, Fig. S5.3). These may therefore 
have been the result of the application of mineral and organic nitrogen. 
Highest cumulative N2O emissions consistently occurred under WIS20, 
however, even in the absence of a fertilizer treatment and differences 
between our results and those of Van 't Hull et al. (2026) therefore cannot 
be explained by an interaction between fertilization and drainage 
management.  
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5.4.1.2 Yield, yield scaled emissions and apparent nitrogen 
recovery 

While not significant, mean yearly N uptake was higher under CDD 
(271 kg ha-1) than WIS40 (246 kg ha-1) or WIS20 (245 kg ha-1). The 
relationship between drainage depth and grass yield is well understood 
(De Vos et al., 2010; Van 't Hull et al., 2026; Van Dijk et al., 2026). 
Improved infiltration by WIS combined with a high ditch level may reduce 
the soil nitrogen supply, and consequently improve the utilization of 
fertilizer N (Hoving et al., 2023). Indeed, mean ANR was highest under 
WIS20, although the effect of drainage type was not significant (Table 
5.5). Compared to other studies, mean dry matter yields and N uptake 
were generally relatively low across our treatments (Deru et al., 2019; 
Sonneveld & Lantinga, 2011; Van Dijk et al., 2026). This may be due to 
the high cumulative precipitation, compared to the 1991-2020 average, 
during parts of the growing seasons of 2023 and 2024 (KNMI, 2026). 
Additionally, the absence of a fourth grass cut in the summer of 2024 
caused particularly low N yields in that year. Several studies suggest that 
the grass N uptake loss due to reduced N mineralization after raising the 
soil groundwater level (either through ditch water regulation or WIS) can 
be compensated by improved nitrogen use efficiency and raising 
fertilization levels (De Vos et al., 2010; Hoving et al., 2023; Van Dijk et 
al., 2009). From a perspective of reducing N2O emissions, our results 
rather suggest to avoid the combination of a shallow GWL with mineral 
fertilizers, as denitrification is an important loss pathway in peat soils (Van 
Beek et al., 2009). As a result of the reduced or similar N uptakes under 
WIS20 compared to the other drainage treatments, combined with high 
N2O emissions, the yield scaled emissions under WIS20 significantly 
exceeded those under CDD or WIS40 (Fig. 5.4).  

 
5.4.2 Fertilizer effects on N2O emissions and yield parameters 
5.4.2.1 N2O emissions from different fertilizers 

We hypothesized (third hypothesis) to find highest emissions 
under the application of mineral, particularly nitrate containing, fertilizers. 
While the two mineral fertilizers, the nitrate-containing CAN and 
ammonium-based AS, resulted in higher cumulative N2O emissions than 
manure fertilizers, CAN was surpassed by AS (14.8 and 16.7 kg N ha-1, 
respectively). Mean emissions from the cattle manure fertilizers (FYM, CS, 
CS_sol, CS_liq) ranged between 3.5 and 8.3 kg N ha-1, and did not differ 
significantly from the unfertilized control treatment. The cattle manures 
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were all associated with significantly lower N2O emissions than AS, and all 
manures except CS_liq showed significantly lower emissions than CAN 
(Fig. 5.3). Nitrous oxide emissions under AS and CAN application were 
particularly high in combination with WIS20. This agrees with the third 
hypothesis that the frequently anaerobic conditions caused by WIS results 
in strong N2O releases from mineral fertilizer applications. This additive 
effect agrees with hypothesis four, that a shallow GWL enhances the 
increased N2O emissions caused by mineral fertilizers further, due to the 
stimulation of denitrification. Denitrification is commonly identified as a 
main N2O producing process, particularly in peat soils (Butterbach-Bahl et 
al., 2013). Correspondingly, nitrate-holding fertilizers are generally 
associated with higher emissions than ammonium-based fertilizers 
(McTaggart et al., 1997; Velthof et al., 1997). The fact that emissions from 
AS and CAN were not significantly different in our experiment, may 
indicate that the soil is aerated frequently enough to oxidize the available 
NH4+ to NO3-, which can be followed by denitrification. Mean yearly 
emission factors for CAN and AS showed a wide range between 2.6 and 
8.6% (Table 5.6), but mostly these exceeded the EF of 3% used in the 
Dutch national inventory report for mineral fertilizer applied to organic 
soils (RIVM, 2025; Van der Zee et al., 2025), or the IPCC default EF of 1.6 
% for synthetic fertilizers in wet climates (IPCC, 2019). The application of 
ammonium sulphate obtained from NH3 scrubbing systems as an 
alternative to manure fertilizers has clear advantages, including reduced 
nitrate leaching after land application and improved nutrient recycling 
(Bittman et al., 2014; Huygens et al., 2020). An adverse effect of using 
mineral fertilizers on grasslands on organic soils is a relatively high N2O 
production due to easily available NH4+ and/or NO3-. This study suggests 
that a RENURE fertilizer like ammonium sulphate is no exception to this 
effect. 

The mean manure emission factor of 1.1 % ± 0.2 (mean over the 
four manure fertilizers, three fields and two years) was similar to the 
currently used EF of 1% for shallow injection of cattle slurry to organic 
soils and over two times higher than the current 0.5% EF for surface 
spreading (Van der Zee et al., 2025; Velthof & Mosquera, 2011a). Slurry 
injection decreases the risk of NH3 volatilization compared to surface 
spreading (Bittman et al., 2014; Van Der Weerden et al., 2021; Webb et 
al., 2010). This results in a higher N input into the soil, and potentially 
increases N2O emissions (Van Der Weerden et al., 2021; Webb et al., 
2010). The CS and CS_liq treatments in this study were applied via band 
spreading with a trailing hose (simulated by using a watering can), which 

155

Drainage and fertilizer effects on nitrous oxide emissions

5



 

 

performs intermediary between surface spreading and injection in terms 
of NH3 losses (Webb et al., 2010). Yearly N2O emission factors for the 
manure fertilizers showed a wide range between -0.6 and 3.9%, however, 
with negative to low values for CS_sol and relatively high values for CS_liq 
and FYM under CDD and WIS20 (Table 5.6). Emission factors from fields 
fertilized with CS varied strongly between CDD (1.6 %) and WIS40 and 
WIS20 (both 0.8%). The strikingly high FYM emission factors may be due 
to the application scheme. This treatment was split over two applications 
of 60-80 kg N ha-1 each, instead of one high application followed by two 
or three smaller ones, as was practice for the slurry and mineral fertilizers 
(Table 5.2). Due to unexpectedly high N contents of the FYM, an amount 
of 176 instead of 60 kg N ha-1 was applied in August 2024. High N 
application in the late summer (from September onwards) may be 
accompanied by higher soil moisture content and lower N uptake by the 
grass than earlier in the summer, resulting in relatively high losses as N2O 
(Chadwick et al., 2011). This risk is intensified by the typically low content 
of readily available N and slow release of organic N in FYM (Bell et al., 
2016). Unlike the FYM, CS_sol and CS fertilizers, the liquid fraction of 
cattle slurry did not result in significantly lower (yield-scaled) cumulative 
emissions than the mineral fertilizers (Fig. 5.3, Fig. 5.4). This may be due 
to the high moisture content of the fractionation product, which 
accelerates entry into the soil and can stimulate denitrification losses 
(Wang et al., 2024). There are indications that liquid slurry fractions can 
be useful for precise fertilizer application and are associated with lower 
NH3 losses than untreated slurry (Wang et al., 2024). Both emissions and 
yields were higher under the separated CS_liq than the untreated CS, but 
the differences were not significant (Fig. 5.3, Table 5.5). Mechanical screw 
press separation alone may not significantly alter nutrient losses or uptake 
following land application (Holly et al., 2017; Hunt et al., 2019); however, 
several studies indicate that the addition of flocculants enhances the 
removal of organic particles from the liquid slurry fraction, thereby 
substantially modifying its properties and environmental effects (Gao & 
Wang, 2025; Wang et al., 2024a). 

Emissions resulting from fertilizer application, particularly of 
mineral fertilizers, appeared to contribute more to cumulative N2O than 
the background emissions, as measured in the control plots (Fig. 5.3). In 
a model study by Wang et al. (2024b), background emissions originating 
from peat oxidation (and to a small extent from atmospheric N deposition) 
were found to contribute more to total cumulative N2O than fertilization. 
Likewise, many studies highlight the potential of rewetting to reduce N2O 
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emissions (e.g. Leppelt et al., 2014; Liu et al., 2020). In particular for 
grassland soils, Wang et al. (2024b) concluded that the largest emission 
mitigation can be achieved by reducing peat oxidation, rather than by 
changing the fertilization strategy (i.e. implementing a 20% reduction by 
2030). Average fertilizer inputs to temperate grasslands included in their 
study were only 67 kg N ha-1 yr-1, which is 2.5-3.8 times lower than the 
yearly N application in our experiment (Table 5.2). Under intensive 
fertilization, the potential emission reduction by lowering application rates 
is therefore still high, even compared to reducing peat oxidation (Wang et 
al., 2024b).  

 
5.4.2.2 Yield 

In our study, mineral fertilizer treatments (AS and CAN), while 
producing the highest emissions, showed the highest above-ground dry 
matter yields and N uptake (Fig. 5.4, Table 5.5), confirming our third 
hypothesis. Significant pair-wise differences were observed between the 
fertilizer types, despite similar N application rates. All fertilizer treatments 
increased (p < 0.05) yields compared to the unfertilized control plots. 
Still, the background N supply by the soil following organic matter 
oxidation was the main contributor to N uptake: on average, the yearly 
control N uptakes comprised 64 to 95% of the fertilizer N uptakes (Table 
5.5). In the control plots, mean N uptakes (over the three drainage types) 
of 215 kg N ha-1 and 182 kg N ha-1 were measured in 2023 and 2024, 
respectively, approaching or even exceeding the total fertilizer N 
application in those respective years (excluding the FYM applications, 
Table 5.2). These unfertilized N uptake rates, which can be attributed to 
the soil nitrogen supply (SNS), fall towards the lower end of previous 
observations on temperate peat grasslands (Deru et al., 2019; Sonneveld 
& Lantinga, 2011; Vellinga & André, 1999). The default SNS value 
provided in the current fertilization guideline for grasslands on peat soils 
in the Netherlands is 250 kg N ha-1 yr-1 (CBGV, 2026).  

The aboveground N uptake by crops typically shows an asymptotic 
relationship with N availability, with diminishing returns on increasing 
availability. The growth and thereby the N uptake become limited by other 
requirements, once the N demand is met (De Wit, 1992). In drained peat 
soils, the soil N supply is typically high as a result of organic matter 
decomposition, sometimes complemented by application of fertilizers, 
cattle excreta or other amendments in previous years (Sonneveld & 
Lantinga, 2011; Van Beek et al., 2009). The importance of organic matter 
decomposition for the herbage growth becomes apparent from the 
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significantly higher N uptake under CDD than WIS40 or WIS20 (Table 
5.5). The efficiency of additional (fertilizer) N supply, however, is limited 
compared to mineral soils. This may create a negative relationship 
between apparent nitrogen recovery and SNS and a risk of gaseous and 
leaching N losses (De Visser et al., 2001; Deru et al., 2019; Van Beek et 
al., 2009; Vellinga & André, 1999). 

 
5.4.2.3 Apparent nitrogen recovery 

High SNS due to organic matter mineralization may decrease the 
ANR of fertilizer application in peat soils (Vellinga & André, 1999). The 
ANR values observed in this study (Fig. 5.5) were relatively low compared 
to previous observations on peat soils (Deru et al., 2019). Still, the ANR 
differed strongly between fertilizer types and suggested more efficient use 
of N applied in mineral fertilizers (AS and CAN) than in manure fertilizers 
(particularly FYM, CS_sol and CS). The high ANR values in the mineral 
fertilizer plots - with mean values up to 59% - coincided with highest 
cumulative N2O losses under these treatments (Table 5.5, Fig. 5.3). Mean 
ANR of the manure fertilizers, on the other hand, ranged between 2.3 and 
39.8%, indicating 101 to 235 kg N from total the applied N may have 
been lost either through gaseous emissions (N2O, N2 and NH3) or leaching 
(NO3- or dissolved N). Based on the cumulative N2O, ANR and N 
application data in this study, non-N2O losses from manure fertilizers are 
estimated to range between 94 and 234 kg N ha-1. Following the same 
reasoning, non-N2O N losses from AS and CAN application were lower, 
29 - 93, respectively 61 - 112 kg N  per hectare. This may indicate a 
trade-off between the different environmental impacts of fertilizer 
applications and how they are affected by management measures (Amon 
et al., 2006; Velthof et al., 2024). Alternatively, the release of organic N 
from the manure fertilizers was still ongoing as it usually takes several 
years for all N to be mineralized.  
 
5.5 Conclusion 

Grasslands on peat soils form an important source of N2O 
emissions due to intensive peat drainage and fertilization. The results of 
this experiment highlight the importance of drainage intensity and 
fertilizer type. Highest N2O emissions were observed under the WIS20 
treatment, confirming our hypothesis that a shallow drainage level creates 
a risk of high N2O emissions from peat grasslands. The implementation of 
a WIS aimed at a moderate GWL around -40 cm, on the other hand, can 
help to reduce N2O emissions from peat mineralization and fertilization. 
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For the choice of fertilizer, a trade-off must be considered. Mineral 
fertilizers (CAN and AS) resulted in high N2O emissions compared to the 
manure fertilizers on the one hand, while also producing the highest grass 
(N) yield. Additionally, the low ANR of the manure fertilizers (cattle slurry 
products and FYM), suggest N losses in other forms than N2O, thereby 
creating a trade-off between different environmental impacts. In 
accordance with the final hypothesis, the overall highest (yield-scaled) 
cumulative emissions were found under a water infiltration system aimed 
at a shallow groundwater level (-20 cm) in combination with CAN or AS 
fertilization.  
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Chapter 5 Supplementary material 
 

 
Figure S5.1: Time series of the observed N2O emissions (mg N m-2 d-1), 
measured using the Picarro G2508 cavity ring down spectroscopy analyzer 
(05-04-2023 to 28-08-2023) or the Innova 1512 photoacoustic infrared 
spectroscopy analyzer (28-08-2023 to 29-01-2025). CDD, conventional ditch 
drainage; WIS40, water infiltration system at -40 cm; WIS20, water infiltration 
system at -20 cm. 
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Figure S5.2: Mean N2O emissions (n = 4) over the first year of the experiment 
on the CDD field (a), WIS -40 cm (b) and WIS -20 (c), the groundwater levels in 
the three fields (d), and the total daily precipitation and mean daily temperature 
(e). FYM, farmyard manure; CS_sol, solid fraction of cattle slurry; CS, cattle 
slurry; CS_liq, liquid fraction of cattle slurry; AS, ammonium sulphate; CAN, 
calcium ammonium nitrate.  
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Figure S5.3: Mean N2O emissions (n = 4) over the second year of the experiment 
on the CDD field (a), WIS -40 cm (b) and WIS -20 (c) and the total daily 
precipitation and mean daily temperature (d). FYM, farmyard manure; CS_sol, 
solid fraction of cattle slurry; CS, cattle slurry; CS_liq, liquid fraction of cattle 
slurry; AS, ammonium sulphate; CAN, calcium ammonium nitrate. 
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Table S5.1: Monthly and yearly summaries of the mean daily temperature and 
total precipitation measured at the field site during the experiment.   

2023 
 

2024 
 

2025 
 

 
mean 
daily 
temp. 
(°C) 

total 
prec. 
(mm) 

mean 
daily 
temp. 
(°C) 

total 
prec. 
(mm) 

mean 
daily 
temp. 
(°C) 

total 
prec. 
(mm) 

January 5.6 125.4 3.8 73.8 3.5 93.0 
February 5.6 23.4 8.0 111.4 

  

March 6.7 89.2 8.6 45.2 
  

April 8.5 57.0 10.4 80.8 
  

May 13.1 42.2 15.3 143.4 
  

June 18.8 27.4 15.6 45.8 
  

July 17.8 132.4 17.8 101.4 
  

August 17.4 91.2 19.1 30.6 
  

September 17.5 84.8 15.7 132.8 
  

October 13.1 208.4 12.0 43.6 
  

November 7.8 174.2 6.9 92.6 
  

December 6.7 105.8 6.1 90.8 
  

Full year 11.6 1161.4 11.6 992.2 
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6.1 Introduction 
Peat soils provide important ecosystem services such as climate 

regulation, water regulation, biodiversity conservation and crop 
production and contribute to several sustainable development goals 
(Batjes, 1996; Deru et al., 2018). In particular the carbon (C) storage 
capacity in peat soils is impressive: on only 3-4% of the terrestrial land 
surface, peat soils currently store globally about 25% of the soil C pool 
(Jobbagy & Jackson, 2000; Loisel et al., 2014; UNEP, 2022). Drainage 
activities for agriculture and forestry, as well as peat excavation cause 
worldwide degradation and disappearance of peatlands. In Europe around 
10% of the original peat area has been lost as a result of this (UNEP, 
2022). In the Netherlands, an estimated volume of 19.8 km3 of the initial 
peat has been lost (Erkens et al., 2016). Currently, peat soils cover 11% 
of the Dutch land area and are mainly in use as grasslands for dairy 
farming (RIVM, 2026). Drainage of peat grasslands results in high 
emissions of CO2 and N2O, and soil subsidence (Erkens et al., 2016; 
Hiraishi et al., 2014; Massop et al., 2024; Wang et al., 2024b). 
 

In this PhD thesis I explored the effects of soil conditions, 
groundwater level management and fertilization and grazing on peat 
oxidation and the emissions of carbon dioxide (CO2) and nitrous oxide 
(N2O). I specifically aimed to:  

1. Explore the controls of soil moisture, soil temperature and peat 
properties on peat oxidation; 

2. Study the potential of water table change to reduce CO2, N2O and 
methane (CH4) emissions associated with peat oxidation and the 
possibility of a trade-off between these gases; 

3. Study the effect of water infiltration systems (WIS), via submerged 
drains on N2O emissions in both fertilized and grazed peat 
grasslands; 

4. Quantify N2O emissions and emission factors for different mineral 
fertilizers, processed manures and grazing. 

 
I addressed objective 1 in Chapter 2, by measuring the heterotrophic 

respiration rates, as an indicator of peat oxidation, under controlled 
conditions in small soil samples. In accordance with kinetic theory, the 
respiration rate showed a positive relation with soil temperature, which in 
turn decreased in strength with increasing temperature. Respiration was 
expected to show a unimodal response to soil moisture under the studied 
treatment interval of 50 - 95% water-filled pore space (WFPS). Instead, 
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respiration increased with WFPS under the studied treatments of 50, 60 
and 80%, and maintained the highest rate under 95% WFPS. This 
indicates that moisture availability was a limiting factor for peat soil 
respiration under a WFPS of 60% and lower (and possibly already at 
intermediate WFPS values between 60 and 80%). Increased respiration 
may also be explained by the contribution of anaerobic respiration 
mediated by alternative electron acceptors. I observed a trend of 
decreasing temperature sensitivity with increasing WFPS, suggesting that 
peat oxidation is most susceptible to warming under dry and cold 
conditions. 
 

In Chapter 3 I scaled up from small samples to 1 m tall, undisturbed 
peat cores, in order to study the effect of groundwater level (GWL) on 
peat oxidation and associated greenhouse gas (GHG) emissions (objective 
2). During the step-wise water table changes, I observed highest average 
CO2 emissions at a GWL of -80 cm (although there was no significant 
difference between the GWL treatments), while continued drainage down 
to -160 cm did not further increase emissions. In agreement with the 
findings in chapter 2, these results suggest that a moisture limitation, 
particularly in the upper 20 cm of the soil cores, determined the stabilizing 
rate of CO2 emissions during prolonged drainage. I observed that CO2 
emissions dominated the total (CO2-equivalent) GHG emissions under all 
groundwater levels between -20 and - 160 cm, but not at saturation 
(0 cm). This was due to strong N2O peaks, particularly after a GWL rise 
from -20 to 0 cm. Methane emissions added low or even negative 
contributions to the total CO2-equivalent emissions. I related the GHG 
emission rates to the mineral N and C concentrations measured in pore 
water and concluded from this experiment that frequent GWL variations 
in the top soil generate a risk of high peat oxidation associated with CO2 

emissions and strong N2O peaks after rewetting events such as 
precipitation. It is likely that, due to permanent anaerobic conditions, N2O 
emissions would decrease again under permanent flooding. Therefore, the 
best strategy to reduce GHG emissions might be to maintain permanent 
anaerobic conditions, by keeping the GWL at the soil surface or above. 
 

In Chapters 4 and 5, I expanded my analysis to the field scale, 
examining how a water management measure, which aims for oxidation 
mitigation, affects N2O emissions.  
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In Chapter 4, I studied the impact of WIS in combination with grazing 
effects (urine, dung and trampling applications). A WIS which targeted a 
relatively stable level around -40 cm reduced GWL fluctuations compared 
to conventional ditch drainage. Cumulative N2O emissions resulting from 
peat oxidation, while not significant, were lower under the WIS treatment 
than conventional ditch drainage. This was accompanied by increased 
NH4+ concentrations in the soil porewater. Application of cattle urine, 
however, diminished this effect, indicating that urine excretion on a field 
with WIS has more impact on N2O emissions than under conventional 
drainage. Mean emission factors for urine and/or dung application with or 
without trampling ranged between -1.0 and 5.0% and were similarly 
higher under WIS than conventional drainage, although not significant. 
The emission factors determined in this experiment are lower than those 
currently used in the Dutch greenhouse gas inventory. These results seem 
to suggest that conventional drainage produced higher NH4+ and NO3- 
availability through peat mineralization, but that a WIS  provides the 
anaerobic conditions which promote denitrification of external mineral N 
input from grazing. The latter is exacerbated by compaction due to 
trampling. 
 

In Chapter 5 I discussed the impact of WIS in combination with 
different types of fertilizer. The experiment included three drainage 
treatments: conventional ditch drainage, and a WIS targeting a GWL 
of -40 cm and -20 cm, respectively. On each field, I compared four cattle 
manure products (slurry, the liquid and solid fraction of slurry and 
farmyard manure) and two mineral fertilizers (ammonium sulphate and 
calcium ammonium nitrate). Analogous to the findings in Chapter 4, 
I observed lower N2O emissions under WIS targeting a GWL of -40 cm 
than under conventional drainage. Conversely, the shallower WIS 
drainage targeting a GWL of -20, caused emissions almost two times 
higher than under the other two treatments. Despite higher grass yield 
and N uptake, and therefore higher N use efficiency, mineral fertilizers 
(including one recovered from manure) resulted in substantially higher 
N2O emissions than the manure fertilizers. The results from this 
experiment agree with my earlier observation in Chapter 3 that a shallow 
GWL creates a risk for high N2O emissions and emphasize the 
intensification of that risk under application of mineral fertilizers. 
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In the remainder of this chapter, I discuss the key insights from this 
study. I discuss recommendations for future research and end with some 
concluding remarks. 

 
6.2 Oxygen and moisture limitations to peat oxidation 

Out of the many negative consequences of peatland management, 
subsidence and CO2 emissions are currently the most pressing and 
apparent (Oleszczuk et al., 2008; Wils et al., 2025). Therefore, the effects 
of field drainage on CO2 emissions, as well as the underlying mechanisms 
have been widely studied (e.g., Aben et al., 2024; Boonman et al., 2022; 
Byun et al., 2021; Evans et al., 2021; Nielsen et al., 2023; Saurich et al., 
2019a). This may help to improve the understanding and implementation 
of the boundary conditions for peat oxidation in soil modelling (Boonman 
et al., 2022). As illustrated in Chapter 2 (Fig. 2.1), these boundaries entail 
a limitation by O2, as well as soil moisture for oxidation to take place 
(Berglund & Berglund, 2011; Byun et al., 2021). Contrary to my 
expectations, oxidation rates did not decrease under the 95% WFPS 
treatment, but maintained the optimum levels reached under 80% WFPS 
(Fig. 2.4). These results suggest a significant contribution of anaerobic 
respiration (Fairbairn et al., 2023), or that a substantial reduction in 
respiration requires (near) saturated conditions (Berglund & Berglund, 
2011). The actual O2 concentrations or consumption were not measured 
however, preventing strong conclusions about the WFPS optimum for 
heterotrophic respiration and the underlying mechanisms. Considering 
the small size of the samples, O2 availability may have been relatively 
high, even at 95% WFPS, as a high surface to volume ratio can enhance 
the normally slow diffusion of O2 into pore water (Schjønning et al., 2003). 
This underlines the limitations of soil respiration measurements on 
disturbed, repacked samples. This is particularly the case for peat soils, 
which are characterized by a high pore space, fibrous structure and ability 
to shrink and swell with changing moisture content (Moyano et al., 2013; 
Rezanezhad et al., 2016).  

While the results of Chapter 2 stress the importance of moisture 
availability (for the transport capacity of solutes, such as dissolved C and 
enzymes), the net emissions measured across a one-meter peat profile in 
Chapter 3 suggested that O2 availability is the main determinant of 
oxidation. Initial water table draw-down to 40 cm below the soil surface 
immediately stimulated CO2 emissions (Figures 3.2, 3.3 and 3.4). Both 
observations likely occurred under conditions which amply enable the 
transport of enzymes and dissolved organic carbon (DOC) while still 
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providing O2 for aerobic oxidation. Initial O2 entry into the top soil of the 
peat cores in Chapter 3 rapidly stimulated oxidation, but continued 
drainage did not result in a (substantial) further rise in CO2 rates. This 
suggests that, while deeper drainage aerated a new soil layer, 
simultaneous drought stress may have inhibited oxidation higher up in the 
profile. Drainage to -80 cm did not, or only slightly, affect the volumetric 
water content (VWC) in soil layers below 30 cm, but strongly reduced 
VWC in the upper 20 cm (Fig. S.3.4). The response of the top soil VWC to 
the subsequent GWL rise was hysteretic - following a different path than 
during drying - as was the response of CO2 emissions. The concentrations 
of DOC, NO3- and NH4+ and the pH in pore water samples were measured 
near the water level of the cores during drying and rewetting. The pH and 
DOC content of the soil solution throughout the soil profile, both indicators 
of aerobic decomposition (where protons are produced and DOC 
consumed) had decreased during rewetting relative to the values during 
drying (Fig. S.3.8). From this I concluded that desiccation strongly 
inhibited the magnitude of CO2 emissions during rewetting, in particular 
in the top soil.  

The results from these two lab studies are not fully in line with 
observations  in the field. Most field studies emphasize the impact of 
drainage on peat oxidation, sometimes even accompanied by estimated 
global warming impacts per 10 cm drainage (Evans et al., 2021). The 
drought stress exhibited in  the samples and soil cores in my experiments 
will likely not occur often in the field, where top soil is frequently wetted 
by precipitation and brought closer to optimum conditions for 
heterotrophic respiration. The decision to focus on CO2 emissions from 
bare peat soil was a practical one, which enabled us to determine losses 
associated with peat oxidation (heterotrophic respiration). On the other 
hand, it restricts the potential to extrapolate these results to realistic field 
situations. Within the C balance of peat grasslands two cycles can be 
distinguished. First there is the short cycle of photosynthetic C uptake into 
biomass, and the subsequent decomposition of root exudates and plant 
litter. Secondly, C is released from the decomposition of “fossil” peat, a 
pool which can theoretically receive a C input under conditions that 
hamper the decomposition of plant litter. The net output from the first 
cycle is subject to diurnal and seasonal variation. Understanding of the 
net turnover of the short and long cycles together, usually requires 
measurements (preferably during the day as well as the night) with 
automated dark and transparent flux chambers to quantify the ecosystem 
respiration, net ecosystem exchange and gross primary productivity 
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(Aben et al., 2024; Boonman et al., 2022; Tiemeyer et al., 2024). 
Calculation of the yearly C budget subsequently entails a gap-filling 
method to predict the net ecosystem exchange between measurements, 
using temperature and photosynthetic active radiation (Liu et al., 2022; 
Nijman et al., 2024). Since Chapters 2 and 3 focused on the mechanisms 
behind peat soil oxidation, the above methodology did not fit in the scope 
and budget of this study. Instead, by removing the grass and roots from 
the top soil, CO2 fluxes were an expression of heterotrophic respiration, 
and thereby long cycle peat oxidation, alone.  

 
6.3 Management effects on N2O emissions from peat grasslands  
6.3.1 N2O emissions from peat oxidation 

The scientific consensus about GWL effects on soil subsidence and 
CO2 emissions from drained peat soils forms the reasoning behind 
rewetting or reduced drainage mitigation strategies (Fig. 6.1). In the 
Netherlands, the objective was formulated to achieve a reduction in yearly 
emissions from drained peatlands of 1 Tg CO2-equivalent (Ministry of 
Agriculture Nature and Food Quality, 2019). This is to be achieved in part, 
by implementing groundwater levels of -40 to -20 cm in the coastal peat 
grasslands (Harbers & Heijnen, 2022). Currently, drainage of peat soils is 
still the largest GHG emission source in the land use, land use change and 
forestry (LULUCF) sector, with an estimated release of 4.4 Tg CO₂ in 2024 
(RIVM, 2026). Additionally, cultivation of organic soils was estimated to 
release and 0.6 Tg CO2-equivalent N2O emissions in 2024, 14% of the 
total direct and indirect N2O emissions from Dutch agricultural soils (RIVM, 
2026). The estimation is based on an N2O emission factor for cultivation 
of organic soils of 0.02 kg N2O-N per kg mineralized N, or 4.67 kg N2O-N 
per ha of peat soil yr-1 (Van der Zee et al., 2026). The large variation 
between years and drainage treatments in Chapter 4 and Chapter 5 
demonstrate the difficulty of estimating N2O emissions based on peat 
mineralization rates. Control plots in the three grazing treatment 
campaigns showed emissions ranging from 1.9 – 18.1 and 1.2 – 5.7 
kg N2O-N ha-1 over 125 days, on the CDD and WIS40 fields, respectively 
(Fig. 4.4). The fertilizer experiment showed smaller variation over a 
longer time span with 0.88 - 6.41 kg N2O-N ha-1 yr-1 (CDD), 0.70 – 5.49 
kg N2O-N ha-1 yr-1 (WIS40) and 5.25 – 7.93 kg N2O-N ha-1 yr-1 (WIS20) 
in the control plots. In Chapter 3, absolute mineralization rates without 
the uptake of mineral N strongly exceeded the values from the field 
experiments. In the bare peat cores from three locations in the 
Netherlands, mean cumulative emissions (over two drying wetting cycles 
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spanning 370 days) ranged between 15.4 and 29.7 kg N2O-N ha-1 yr-1 
(Table 3.2). 

 

 
Figure 6.1: Expected relative contributions of greenhouse gas emissions under 
conventional drainage, shallow drainage and no drainage (without excreta and 
fertilizer application), where carbon dioxide (CO2) emission decreases with higher 
GWL, nitrous oxide (N2O) emissions from peat mineralization, excreta and 
fertilizer are highest under shallow drainage and methane (CH4) is only emitted 
under no drainage. 

 
Remarkably high N2O emissions in the grazing experiment were 

due to the warm and dry conditions of 2022 (summer and autumn 
campaign), which particularly had an effect on the CDD field. Interannual 
and seasonal meteorological variations can thus strongly impact the 
N2O-N losses from mineralized peat, indicating the necessity for 
experiments with a time span of at least five years  (Berendt et al., 2023; 
Van 't Hull et al., 2026; Velthof et al., 1996). 

While raised groundwater levels will reduce organic-N 
mineralization (Van Beek et al., 2010; Wang et al., 2024b), the effects on 
N2O production are inconsistent and strongly affected by fluctuations in 
local moisture content (Berendt & Wrage-Mönnig, 2023; Hu et al., 2020). 
Under high NO3- availability, soil anaerobicity may stimulate 
denitrification. Whether this will result in N2O emissions, i.e. in a high 
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N2O:N2 ratio of denitrification end products, depends on local soil moisture 
conditions and O2 content, NO3- content (Clough et al., 2005; Senbayram 
et al., 2019; Weier et al., 1993; Zhang et al., 2023), pH (Weslien et al., 
2009) and residence time in the soil (Clough et al., 2005). An explanation 
for the N2O peaks after groundwater level rise in Chapter 3, is the rapid 
denitrification of available NO3- close to the surface. During the last step 
of rewetting from -20 to 0 cm, high porewater NO3- concentrations were 
measured in the upper 10 cm of the soil, with values up to 220 
mg  NO3-N l-1 (Fig. S.3.7). Due to the short distance from the surface, 
N2O produced at this depth may exit the soil before it is reduced further 
to N2. Similar observations were reported in incubation studies (Dinsmore 
et al., 2009; Taft et al., 2018) and in the field (Velthof et al., 1996).  

Although nitrification is an essential step in the transformation of 
organic N, necessary for denitrification (Regina et al., 1996), N2O 
emissions from peat soils are predominantly allocated to other processes 
than the decomposition of hydroxylamine during nitrification. However, 
under dry conditions, nitrification can be the dominant N2O producing 
pathway (Pihlatie et al., 2004). In Chapter 3, relatively high N2O emissions 
were observed during GWL lowering in the soil cores from Aldeboarn, at 
drainage levels of -40 to -80 cm (Fig. 3.2), which could reflect nitrification 
as the production pathway. Alternatively, this can be explained by 
downwards leaching of NO3

− from the aerobic layers into the anaerobic 
zone (Regina et al., 1996). 

In general, the results from Chapter 3 demonstrate the risk that 
the introduction of moisture in previously dry peat soil, particularly in the 
top soil, can cause strong N2O flux events (Fig. 6.1). In a field situation, 
precipitation can prompt such a result. The results in Chapter 5 suggest 
that a more frequent shallow GWL may have a similar effect. This was 
demonstrated by the effect of a water infiltration system targeting a GWL 
of -20 cm (WIS20). While it did not achieve a constant level of -20 cm, 
this system elevated the GWL during the summers of 2023 and 2024, 
compared to conventional ditch drainage or WIS40, which targeted a GWL 
of -40 cm (Fig. 5.2, Table 5.4). Over the two years, mean N2O emissions 
from unfertilized experimental plots under this shallow drainage exceeded 
those under the other two drainage treatments (Fig. 5.3). However, this 
was solely attributed to the results of the second year (2024-2025), while 
little difference was observed between drainage treatments in the first 
year (2023-2024). Similarly, large differences in emissions between 2022 
and 2023 were observed in Chapter 4 (Fig. 4.4). Nitrous oxide emissions 
are subject to seasonal changes and sometimes high interannual 
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variability (Velthof et al., 1996). The results from this thesis suggest a risk 
for N2O peaks under shallow (summer) groundwater levels, but were 
subject to interannual variation. The efficacy of WIS to reduce N2O 
emissions is therefore not straight-forward and requires further research 
(Offermanns et al., 2023; Weideveld et al., 2021). The correct 
implementation and management of WIS are critical for the desired 
outcome, and local site conditions need to be taken into account (van de 
Craats et al., 2025). Future research should include multiyear 
observations on several field sites, with different hydrological 
characteristics and soil conditions (e.g. the occurrence of upwards 
seepage).  

 
6.3.2 Effects of N management 

While organic carbon mineralization is an important source of N2O 
emissions from managed peat lands, fertilizer applications and grazing 
constitute the major other part (Fig. 6.1). The results in Chapters 4 and 
5 suggest that a more frequent shallow GWL may exacerbate the N2O 
production from these sources.  

Grassland is the predominant land use of peat soils in Europe, 
particularly in the Netherlands (UNEP, 2022). This is generally combined 
with cattle farming, grazing and N amendments using manure and/or 
mineral fertilizers. The application of animal manure is restricted in the 
Netherlands and some other EU member states to prevent water pollution, 
which is one of the measures of the Nitrates Directive (Councel of the 
European Communities, 1991). Manure is frequently processed to help 
improve nutrient utilization, by creating fractions of different composition, 
in particular with regards to the organic matter and NH4+ contents. 
Products are eligible for the label RENURE when mineral N ≥90% of the 
total N content and the total organic carbon to total N ratio does not 
exceed 3 kg kg-1 (Huygens et al., 2020). Manure fertilizers adhering to 
these criteria are expected to enable relatively fast infiltration in the soil 
and subsequent plant uptake, therein resembling mineral fertilizers (Saju 
et al., 2023).  

The default emission factor for fertilizer application provided by the 
IPCC predicts a 1% loss of applied N for all fertilizers, or disaggregated 
factors of 1.6% and 0.6% for synthetic fertilizers and other N inputs, 
respectively (IPCC, 2019). The Netherlands has formulated country 
specific N2O emission factors that disaggregate (amongst others) for 
fertilizer type (inorganic or animal manure), soil type (mineral or organic 
soils) and for the application method of animal manures (surface 
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spreading or incorporation into the soil), as well as grazing. For grasslands 
on organic soils, N2O EFs are 3%, 0.5%, 1% and 6% for inorganic 
fertilizers, manure spreading, manure injection, and grazing, respectively 
(Van der Zee et al., 2026). The EFs for manure spreading and injection 
are based on observations in an incubation study, which were multiplied 
with a conversion factor to make them applicable to field conditions 
(Velthof & Mosquera, 2010, 2011a). While these factors provide crucial 
differentiation of N2O emissions from peat soils, that is lacking in the IPCC 
default equations, the underlying methodology does not meet the 
preferred standard for EF estimation (De Klein et al., 2020). Similarly, the 
EFs for inorganic fertilizer and grazing were determined in a relatively old 
study (Velthof et al., 1996). Chapters 4 and 5 provide data to improve the 
national emission estimates in the future, and to expand the EF 
disaggregation to the solid and liquid fraction of cattle slurry, farmyard 
manure and ammonium sulphate.  

In both the grazing (Chapter 4) and fertilizer experiment 
(Chapter 5), EF variation between the two measurement years was too 
high to detect significant differences between WIS treatments. The 
grazing treatments did show consistently higher EFs under WIS40 than 
CDD (Table 4.3). Mean EFs from mineral and organic fertilizer followed 
the order WIS20 > CDD > WIS40 (Table 5.6). It is therefore still difficult 
to conclude a general interaction effect between raising the GWL through 
WIS and fertilizer or grazing N inputs on N2O emission factors. This means 
more observations are necessary for a disaggregation of the factor 
drainage intensity in organic soils. The same conclusion applies to 
differentiation between manure processing products. Emissions and 
emission factors increased in the expected order, with decreasing C/N 
ratio, CS_sol < CS < CS_liq, yet without significant pair-wise differences 
(Fig. 5.3, Table 5.6, Table S5.2). The mean EF for all manures (including 
FYM) agrees with the currently used EF for manure incorporation in 
organic soils in the Netherlands (1.1% versus 1%).   

Our observations for mineral fertilizers, on the other hand, 
consistently exceeded the currently used 3% EF. Repetition of these 
treatments is necessary for robust disaggregated EFs for mineral 
fertilizers, yet these results already provide some important 
considerations for peat grassland management options. The cumulative 
N2O observations in chapter 5 suggest that implementation of WIS aiming 
for a shallow GWL can best be combined with a manure fertilizer that is 
relatively high in organic carbon content (Fig. 5.3). Inorganic fertilizers 
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(including RENURE) on the other hand, should be avoided in combination 
with raised GWLs. 
 
6.4 A broader view on grassland cultivation on peat soils 

One important limitation to my research project was the limited 
focus on CH4 emissions, which were only included in the measurements 
of Chapter 3. While CH4 emissions from the peat cores were erratic and 
generally absent, this may not rule out CH4 formation in field conditions. 
Because the experiment studied the relatively short-term effects of drying 
and rewetting on GHG emissions, flooded conditions were not maintained 
for longer than five weeks. Absence of CH4 emissions may be due to the 
oxidation of other electron acceptors present in the soil profile, during the 
preceding period of drainage, which inhibited methanogenesis during the 
flooded period (Bridgham et al., 2013; Knorr et al., 2009). However, the 
methanogenic potential of peat grasslands may be small in general, due 
to low presence of monomers and fermentation products in the subsoil 
(despite suitable anaerobic conditions) and aerobic conditions in the 
topsoil which prevent methane fermentation of the abundant labile C 
fractions (Schlesinger & Bernhardt, 2013; Van den Pol-van Dasselaar et 
al., 1997). Abundance of NO3- after fertilizer application can inhibit 
methanogenesis by providing an energetically more favorable anaerobic 
oxidation pathway. Nevertheless, CH4 emissions from the soil remain 
challenging to measure. Methane has the ability to rapidly leave the soil 
in the shape of gas bells, thereby circumventing contact with O2 in aerobic 
soil layers (Abdalla et al., 2016). These events are difficult to capture with 
low frequency measurements. Another bypass mechanism for CH4 
emissions in wetlands is transportation through the vessels of 
aerenchymatous plants (Abdalla et al., 2016; Bridgham et al., 2013). 
Additionally, drainage ditches on agricultural soils were estimated to emit 
12.0 Mg CH4 in 2024, equal to 0.3 Tg CO2 (RIVM, 2026) and can contribute 
up to 70% of total CH4 emissions from the farm land and ditches (not 
including enteric fermentation) (Schrier-Uijl et al., 2010). The 
observations from the unvegetated soil cores in Chapter 3 therefore by 
no means give a complete picture of the potential CH4 formation, 
consumption and transport mechanisms in a field situation. 

Methane is commonly the main GHG emitted from natural 
peatlands (Abdalla et al., 2016). Some studies have attributed a rise in 
CH4 emissions after peatland restoration to the high availability of labile 
C present in the soil as a legacy from the years of drainage. Conversely, 
CH4 emissions were low or absent in long term natural peatlands (Abdalla 
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et al., 2016). A transition period of relatively high CH4 emissions may 
therefore be inevitable. While this can have large impact on the 
short-term – the 20-year warming potential of CH4 is estimated to be 80 
times as high as CO2 (Forster et al., 2021) – there is general confidence 
that the avoidance of CO2 losses in the long term compensates for the 
CH4 emissions that come in their place (Evans et al., 2021; Gunther et al., 
2020). 

There seems to be, in short, strong indication that the trade-off 
between avoided CO2 emissions and created CH4 emissions does not 
overturn the positive climate effects of peatland rewetting. The dilemma 
rather concerns the stakeholders involved, who are experiencing the costs 
and benefits of the current land use (Wils et al., 2025). In recent years, 
research on wet agriculture and peatland restoration has increased. In 
some cases the call for a more radical transformation of the current land 
use of European peatlands has become more present, while emphasizing 
the complexity of the natural and social mechanisms involved, which 
ultimately determine the success rate of a transition (Freeman et al., 
2022; Jurasinski et al., 2020; Stouthamer et al., 2020; Zak & McInnes, 
2022). Current use of the Dutch coastal peat soils requires periodic 
lowering of the regional groundwater levels, to catch up with soil 
subsidence (Van den Born et al., 2016). The results of soil subsidence are 
costly for the regional water authorities, regional and national 
governments, as well as the people living and working in the peat areas, 
as infrastructure damage and flood risk continues to increase (Van den 
Born et al., 2016). Simultaneously, emission reduction goals demand 
(partial) rewetting of the soils (Ministry of Agriculture Nature and Food 
Quality, 2019). Yet cultural factors, questions of responsibility and lack of 
a collective sense of urgency complicate decision-making (Van den Ende 
et al., 2023; Wils et al., 2025).  

As this thesis shows, the biological processes underlying the 
climate impact from drained peat grasslands are complex as well. There 
may not be one method to control this agricultural system with the least 
climate and environmental impact. The management of cattle excreta and 
manure and application to grassland systems has multiple facets, where 
measures to reduce NH3-N losses increase the risk for N2O emissions, 
especially on organic soils (Velthof et al., 2024). Additionally, CH4 
emissions from enteric fermentation and manure management in 
livestock production systems are the largest GHG source in the agriculture 
sector in the Netherlands (RIVM, 2026). While I have focused on 
exclusively on soil GHG emissions, the mitigation potential of transforming 

179

General discussion

6



 

 

the land use of peat grasslands in the Netherlands is not limited to the 
soil emissions alone. Understanding the effects of grassland management 
measures is useful in the short term, yet alternative land uses may be 
more viable for this region in the long term. 
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Summary 
Peat soils store a large part of the global soil carbon stock, which 

can potentially be lost when they are drained for agricultural use, to 
improve the load-bearing capacity for cattle and machinery. This results 
in emissions of the greenhouse gases (GHG) carbon dioxide (CO2) and 
nitrous oxide (N2O), as well as land subsidence. In the Netherlands, CO2 
and N2O emissions resulting from peat drainage account for 3% of the 
total national GHG emissions. These gases are formed during the 
oxidation of the soil organic matter mediated by microbes, a process that 
is enhanced when oxygen enters the soil.  
The oxidation of peat during microbial oxidation is strongly affected by 
moisture and temperature conditions, yet the interaction between these 
effects is not fully clear. Improving the understanding of these 
mechanisms and the variation across different peat types will benefit 
modelling of mitigation measure effects. Raising the groundwater level 
(GWL) has been proposed to mitigate peat oxidation, but may lead to 
increased emissions of N2O and methane (CH4), creating a potential 
trade-off between different greenhouse gases. Installation of a water 
infiltration system (WIS) may reduce peat oxidation while enabling grass 
production and cattle grazing. However, their effects on N2O emissions 
and interaction with cattle excreta and fertilizer applications have not 
been studied yet.  
 

In this PhD I aimed to:  
1) Explore the effects of soil moisture, temperature and peat 
properties on peat oxidation; 
2) Study the potential of water management to reduce CO2, N2O and 
CH4 emissions associated with peat oxidation and the possibility of a 
trade-off between these gases; 
3) Study the effect of raised water levels, achieved by water 
infiltration systems on N2O emissions in fertilized or grazed peat 
grasslands; 
4) Quantify N2O emissions and emission factors for different mineral 
fertilizers, manure and grazing.  
 

I addressed objective 1 in Chapter 2, where I incubated soil 
samples (3 g) from three contrasting Dutch grassland peat sites and three 
depths (within the upper  50 cm of the soil). Temperature treatments of 
4.6, 13.9, 23.2 or 34 °C (±1.5 °C) and  water filled pore spaces (WFPS) 

209

Summary

S



 

 

of 50, 60, 80 or 95%, were applied in a full factorial design. Heterotrophic 
respiration rates (the oxidation of soil organic matter as energy source for 
microbial organisms) were measured and the Q10 (the relative respiration 
increase for a 10 °C temperature increase) was calculated for each 
treatment combination (WFPS, location and depth) over the whole studied 
temperature interval. Additionally, an Arrhenius function was fitted for 
each combination of WFPS and sampling depth and location for the 
calculation of temperature-specific Q10 values. Respiration ranged 
between 0 and 79 μg CO2-C g-1 C h-1 and increased both with temperature 
and with WFPS (up to 80% WFPS, after which respiration remained 
constant). Temperature and WFPS did not have a significant interaction 
effect on respiration rates. However, an interaction between temperature 
and moisture became apparent from the significant negative WFPS effect 
on Q10, which indicates a potential oxygen limitation on the temperature 
impact. The temperature-specific Q10 strongly decreased with 
temperature. These results suggested that heterotrophic respiration of 
peat soil is most susceptible to warming under both dry and cold 
conditions. 

The second objective was studied in an incubation study (Chapter 
3) on incubated soil cores of 1 m length and, 24 cm diameter. These 
undisturbed soil cores were sampled after removal of the grass layer, from 
the same sites as those described in Chapter 2,  and incubated in a climate 
controlled room for 370 days at 16°C. The cores were subjected to two 
drying-wetting cycles, with the GWL varying between near the soil surface 
to 160 cm below the surface. I measured gas fluxes of CO2, N2O and CH4 
from the soil surface, extracted pore water for DOC and mineral nitrogen 
analysis, and measured soil hydraulic and shrinkage characteristics. 
Emissions of CO2 increased after lowering the GWL, but showed different 
GWL-response curves during rewetting of the soil. On average, highest 
CO2 emissions of 1.5 g C m-2 day-1 were found at a GWL of 80 cm below 
the surface. However, the 0 cm GWL was the only treatment with 
significantly lower CO2 emissions than other GWLs. Cumulative CO2 
emissions differed significantly between sampling sites. Emissions of N2O 
showed a different response, peaking at GWL heights above -20 cm, 
particularly after a recent GWL rise. Though not significantly different, the 
highest N2O emissions were measured at the 0 cm GWL treatment. 
I confirmed this pattern for N2O in un-replicated soil cores with grass 
sward, although emission values were lower in these cores due to the root 
uptake of mineral nitrogen. CH4 emissions or -uptake remained low under 
any GWL. From this experiment, I concluded that raising the GWL is a 

210

Chapter 8



 

 

successful strategy to reduce CO2 emissions from peat oxidation. 
However, raising the GWL close to the soil surface could lead to N2O 
emissions that negate any gains in terms of global warming potential. 
These results suggest that raising the GWL in peat grasslands to -20 cm 
creates such a risk.  

The mechanisms behind peat N2O emissions were further explored 
in two field experiments that addressed objectives 3 and 4. 

In chapter 4, I studied the combined effects of a water infiltration 
system and simulated grazing  on N2O emissions from a peat grassland. 
The experiment included two drainage intensities: conventional ditch 
drainage (CDD) and WIS aiming for a GWL of -40 cm. Additionally, grazing 
effects (urine application, dung application and trampling) were simulated 
in a full factorial design on each field in three measurement campaigns, 
during the summer of 2022, autumn 2022 and autumn 2023. Nitrous 
oxide emissions were measured weekly and the autumn campaigns 
included measurements of biochemical parameters in soil (pore water). 
Without nitrogen inputs, cumulative N2O emissions from peat oxidation 
were lower, but not significantly, under a water infiltration system 
compared to conventional drainage (1.2 ± 0.25 kg N ha-1 vs 8.8 ± 3.7 
kg N ha-1). Urine, dung and trampling application all significantly 
increased cumulative N2O emissions in both drainage systems. There was 
a significant interaction effect between drainage type and urine 
application, indicating different effects of water infiltration systems in the 
absence or presence of urine application. Urine and dung emission factors 
were higher under a water infiltration system than conventional ditch 
drainage. The results from this experiment suggested that water 
infiltration system effects on N2O emissions from peat grasslands are not 
consistent, and interact with external nitrogen inputs through cattle 
grazing. 

A second field experiment was conducted from early 2023 to early 
2025. It included three drainage treatments: conventional ditch drainage 
(CDD) and water infiltration systems aimed for water levels of 20 cm 
(WIS20) and 40 cm (WIS40) below the surface. On each field, plots were 
fertilized with mineral (calcium ammonium nitrate and ammonium 
sulphate) or organic (cattle slurry, the liquid and solid fractions of cattle 
slurry, and farmyard manure) fertilizers, differing in nitrogen and carbon 
content. Nitrous oxide emissions were measured weekly, and the grass 
yield and N uptake were measured over multiple cuts per year. Cumulative 
N2O emissions were lower under WIS40 than under CDD, while highest 
emissions were observed for the most shallow drainage treatment 
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(WIS20). Application of mineral fertilizers resulted in significantly higher 
emissions (14.8 to 16.7 kg N ha-1) than organic fertilizers (3.5 to 8.3 
kg N ha-1), particularly under WIS20. These differences remained  when 
expressed as yield-scaled emissions, despite a greater apparent nitrogen 
recovery for mineral than for organic fertilizers. These results suggest that 
maintaining a shallow groundwater level increases the risk for N2O 
emissions from peat grasslands, potentially due to increased 
denitrification rates in the topsoil. This is exacerbated when combined 
with mineral fertilizer application. 

The findings in this thesis demonstrate that soil moisture as well 
as oxygen are limiting factors for peat soil respiration, and that reducing 
drainage may help to mitigate CO2 emissions from peat soils. The effect 
of a raised GWL on N2O emissions originating from peat oxidation is less 
clear, as a shallow GWL may actually exacerbate N2O emissions resulting 
from denitrification. This may particularly be the case in combination with 
urine excretion from grazing cattle and application of mineral fertilizers. 
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Samenvatting 
Veengronden bevatten een groot deel van de wereldwijde 

koolstofopslag in de bodem. Dit kan verloren gaan als gevolg van 
drainage, wat wordt toegepast in de landbouw om de draagkracht van de 
grond te verbeteren voor grazend vee en landbouwmachines. Dit 
resulteert in emissie van de broeikasgassen koolstofdioxide (CO2) en 
lachgas (N2O), en een dalende bodem. In Nederland dragen CO2 en N2O 
emissie door veendrainage bij aan 3% van de totale nationale 
broeikasgasemissies. Deze gassen worden gevormd tijdens de oxidatie 
van het organisch materiaal onder invloed van microbiële organismen, 
een proces dat versterkt wordt wanneer zuurstof de bodem in treedt. De 
oxidatie van veen tijdens microbiële respiratie wordt sterk beïnvloed door 
de vocht- en temperatuuromstandigheden, maar er zijn kennishiaten over 
de interactie tussen deze effecten. Verbeterd begrip van deze 
mechanismen en de variatie daarvan tussen verschillende veensoorten zal 
het modelleren van de effecten van mitigatieopties bevorderen. Het 
verhogen van het grondwaterniveau is een veel voorgestelde maatregel 
om veenoxidatie tegen te gaan, maar kan emissies van methaan (CH4) en 
zelfs N2O doen toenemen, waardoor er mogelijk een afwenteling bestaat 
tussen de verschillende broeikasgassen. De installatie van een 
waterinfiltratiesysteem kan veenoxidatie reduceren en tegelijkertijd 
grasproductie en begrazing mogelijk maken. De effecten hiervan op N2O 
emissies en interactie met begrazing en bemesting zijn echter nog niet 
onderzocht. 
Mijn doel in deze PhD was het onderzoeken van: 

1) De effecten van vocht, temperatuur en bodemeigenschappen op 
veenoxidatie; 

2) Het potentieel van waterbeheer om CO2, N2O en CH4 emissies als 
gevolg van veenoxidatie te reduceren en het onderzoeken van de 
eventuele aanwezigheid van een afwenteling tussen deze gassen; 

3) Het effect van een verhoogd grondwaterniveau, bereikt met een 
waterinfiltratiesysteem, op N2O emissies in bemeste of begraasde 
veenweiden; 

4) De N2O emissies en emissiefactoren horend bij verschillende 
minerale en dierlijke meststoffen en de effecten van begrazing. 

Doelstelling 1 heb ik geadresseerd in Hoofdstuk 2, in een 
incubatieproef met kleine bodemmonsters (3 gram) van drie verschillende 
Nederlandse veenweidelocaties en drie bemonsteringsdiepten (in de 
bovenste 50 cm van de bodem). Het experiment was opgezet als een full 
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factorial design, met temperatuurbehandelingen van ongeveer 5, 14, 23 
en 34 °C (±1,5 °C) en vochtbehandelingen van 50, 60, 80 en 95% 
watergevuld poriënvolume (water filled pore space, WFPS). Heterotrofe 
respiratiesnelheden (de oxidatie van organisch materiaal als onderdeel 
van de energievoorziening van microbiële organismen) werden gemeten 
en de Q10 (de relatieve toename in respiratiesnelheid bij een 
temperatuurstijging van 10 °C) werden berekend voor elke 
behandelingscombinatie (WFPS, locatie en diepte) met een exponentiële 
functie over het hele temperatuurinterval. Daarnaast werd een 
Arrheniusfunctie gebruikt voor elke combinatie van WFPS, 
bemonsteringslocatie en -diepte voor de berekening van temperatuur-
specifieke Q10 waarden. Respiratiesnelheden varieerden tussen 0 en 79 
μg CO2-C g-1 C u-1 en namen zowel toe met temperatuur als WFPS (tot 
aan 80% WFPS, waarna de respiratie constant bleef). Er was geen 
significant interactie-effect tussen en WFPS op respiratiesnelheden. De 
WFPS had echter wel een significant negatief effect op de Q10, wat 
mogelijk duidt op een zuurstofvereiste voor de impact van temperatuur. 
Deze resultaten suggereren dat heterotrofe respiratie van veenbodem het 
meest gevoelig is voor opwarming onder zowel droge als koude condities. 

Het tweede onderzoeksdoel is onderzocht in een incubatie van 
grote bodemkolommen (Hoofdstuk 3) van 1 meter lengte en 24 cm in 
diameter. Deze onverstoorde bodemkolommen werden bemonsterd na 
verwijdering van de zode, van dezelfde onderzoeklocaties als die in 
Hoofdstuk 2, en gedurende 370 dagen onderzocht in een klimaatkamer 
bij 16 °C. De kolommen werden blootgesteld aan twee cycli van verdrogen 
en vernatten, waarbij het grondwaterniveau werd gevarieerd tussen het 
bodemoppervlak en 160 cm onder het oppervlak. Ik heb gasfluxen uit het 
bodemoppervlak gemeten van CO2, N2O en CH4, porievocht onttrokken uit 
verschillende dieptes voor analyse van opgeloste organische koolstof en 
minerale stikstof, en bodemvocht en -krimp karakteristieken gemeten. 
Emissies van CO2 namen toe na het verlagen van het grondwaterniveau 
maar vertoonden een ander responsverloop gedurende het verhogen van 
het grondwaterniveau. De gemiddeld hoogste CO2 emissie van 1,5 
g m-2 dag-1 werd gemeten onder een grondwaterniveau 80 cm onder het 
oppervlak. Een significant onderscheid in CO2 emissies werd echter alleen 
gemeten tussen de lage emissiewaarden onder een grondwaterniveau van 
0 cm en de hogere waarden bij diepere grondwaterniveaus. Cumulatieve 
CO2 emissies verschilden significant tussen de bemonsteringslocaties. 
Emissies van N2O lieten een andere respons zien, met pieken bij een 
grondwaterniveau in de bovenste 20 cm van de bodem, met name na een 
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stijging van het grondwaterpeil. De hoogste emissies werden gemeten 
onder een grondwaterniveau van 0 cm onder het oppervlak, hoewel het 
verschil met andere niveaus niet significant was. Dit patroon zag ik terug 
in (niet gerepliceerde) bodemkolommen met een graszode, hoewel N2O 
emissies hier lager waren vanwege stikstofopname door wortels. Emissies 
en opname van CH4 waren laag onder alle grondwaterniveaus. Uit dit 
experiment concludeerde ik dat verhoging van het grondwaterniveau een 
succesvolle strategie is om CO2 emissies door veenoxidatie te reduceren. 
Verhoging van het grondwaterpeil tot dicht onder het oppervlak zou echter 
kunnen leiden tot hoge N2O emissies die het positieve effect van CO2 
reductie afzwakken. Deze resultaten suggereren dat een dergelijk risico 
ontstaat bij grondwaterniveau rond 20 cm onder het bodemoppervlak. 

De mechanismen achter N2O emissies zijn verder verkend in twee 
veldexperimenten die doelstellingen 3 en 4 adresseerden.  

In hoofdstuk 4 bestudeerde ik de gecombineerde effecten van een 
waterinfiltratiesysteem en een simulatie van begrazing op N2O emissies 
uit veenweidebodem. Het experiment bevatte twee 
drainagebehandelingen: conventionele slootdrainage en een 
waterinfiltratiesysteem met een grondwaterniveau van 40 cm onder het 
bodemoppervlak als streefpeil. Daarnaast werden begrazingseffecten 
gesimuleerd (urineplek, mestflat en vertrapping) in een full factorial 
design op beide velden gedurende drie meetcampagnes: tijdens de zomer 
van 2022, herfst 2022 en herfst 2023. Wekelijks werden N2O emissies 
gemeten en tijdens de twee herfstcampagnes daarnaast ook 
biochemische parameters in bodem(vocht)monsters. In de afwezigheid 
van een stikstofinput (via urine of mest) waren cumulatieve N2O emissies 
door veenoxidatie lager, hoewel niet significant, onder een 
waterinfiltratiesysteem dan conventionele slootdrainage (1,2 ± 0,25 
kg N ha-1 t.o.v. 8,8 ± 3,7 kg N ha-1). Behandeling met urine, mest en 
vertrapping leidden allen tot een significante toename in cumulatieve N2O 
emissies, onder beide drainagebehandelingen. Er was een significant 
interactie-effect tussen drainagebehandeling en urinebehandeling, wat 
duidt op een ander effect van het waterinfiltratiesysteem in een situatie 
met urinebehandeling, dan zonder. Emissiefactoren voor urineplekken en 
mestflatten waren hoger bij een waterinfiltratiesysteem dan bij 
conventionele slootdrainage. De resultaten uit dit experiment suggereren 
dat het effect van een waterinfiltratiesysteem op N2O emissies uit 
veenweide niet consistent is en dat er een interactie bestaat met invoer 
van stikstof als gevolg van begrazing. 
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Een tweede veldexperiment werd uitgevoerd tussen het begin van 
2023 en het begin van 2025. Dit experiment omvatte drie 
drainagebehandelingen: conventionele slootdrainage (CDD), en 
waterinfiltratiesystemen met een grondwaterniveau van respectievelijk 40 
cm (WIS40) en 20 cm (WIS20) onder het oppervlak als streefpeil. Op 
ieder veld werden experimentele plots bemest met een minerale 
(kalkammonsalpeter en ammoniumsulfaat) of dierlijke mestsoort 
(drijfmest, de dunne en dikke fractie van drijfmest en stalmest), welke 
van elkaar verschillen in stikstof- en koolstofgehalte. Lachgasemissies 
werden wekelijks gemeten en de grasopbrengst en stikstofopname 
werden gemeten in meerdere grassnedes per jaar. Cumulatieve N2O 
emissies waren lager bij WIS40 dan CDD, maar de hoogste emissies 
vonden plaats bij de minst diepe drainage, WIS20. De applicatie van 
minerale meststoffen resulteerde in significant hogere emissies (14,8 tot 
16,7 kg N ha-1) dan dierlijke mestsoorten (3,5 tot 8,3 kg N ha-1), met 
name bij WIS20. Deze verschillen waren ook aanwezig bij de opbrengst-
gecorrigeerde emissies, ondanks een hogere stikstofbenutting voor de 
minerale dan de dierlijke meststoffen. Deze resultaten suggereren dat een 
ondiep grondwaterniveau door drainage met een waterinfiltratiesysteem 
het risico op N2O emissies uit veenweidebodem vergroot, mogelijk door 
verhoogde denitrificatie in de toplaag van de bodem. Het risico op hoge 
emissies is met name aanwezig in combinatie met minerale meststoffen. 

De bevindingen in dit proefschrift laten zien dat zowel 
beschikbaarheid van bodemvocht als zuurstof limiterende factoren zijn 
voor veenoxidatie en dat het beperken van drainagediepte kan helpen om 
CO2 emissies uit veenbodem te reduceren. Het effect van een verhoogd 
grondwaterniveau op N2O emissies door veenoxidatie is minder duidelijk, 
omdat N2O emissies als gevolg van denitrificatie kunnen toenemen bij een 
ondiep grondwaterniveau. Dit risico kan met name bestaan in combinatie 
met urine excretie door grazend vee en het gebruik van minerale 
meststoffen.  
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