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Abstract 

The microbial processes nitrification and denitrification are the major sources of the greenhouse 

gas nitrous oxide (N2O) emitted from soils. Conditions for N2O emission are favourable in 

managed drained peat soils due to the combination of shallow groundwater levels and high 

contents of mineral nitrogen (N) and available carbon (C). Here, we assessed the temporal 

variation in N2O fluxes from grassland on drained peat soil, on diurnal to monthly scale using 

automated chambers during winter, and on weekly to inter-annual scale using weekly 

measurements with static chambers during four years. Automated chamber measurements during 

winter showed relatively low emissions (on average < 120 µg N m-2 h-1), but with clear diurnal 

variation, with highest fluxes occurring during night-time. However, these diurnal variations as well 

as correlations of N2O fluxes with CO2 fluxes and photosynthetically-active radiation almost 

completely disappeared when only days without atmospheric stratification were assessed. This 

indicates that chambers can greatly overestimate background N2O fluxes during non-turbulent 

atmospheres via disturbance of the N2O gradient in the soil-vegetation system by the chamber, 

which has so far only been shown for CO2. As atmospheric stratification may also influence N2O 

production (e.g., by affecting moisture content), data from longer timeseries are needed to verify 

the dominant role of a methodological bias versus any true biogeochemical effect of atmospheric 

stratification on N2O emissions. Large annual variations in N2O emission were shown over a 4-

year period (10.5–33.5 kg N ha-1 yr-1), caused by interannual differences in precipitation during the 

growing season. High N2O emission peaks occurred directly after N application during wet 

conditions. Periods with elevated N2O emission were captured during less than 25% of the 

measurements over four years, but comprised 76% of the total N2O emission. Quantifying 

mitigation measures to reduce N2O emission from drained peat soils requires a combination of 

measurement techniques, i.e., static chamber measurements at discrete intervals to compare 

mitigation options in a statistically-sound experimental design, combined with automated 

chambers and eddy co-variance for insight in factors controlling N2O emission, gap-filling and 

extrapolation to a larger temporal and spatial scale. As a large part of the annual N2O emission is 

produced during relatively short events after N application and precipitation events, measurement 

strategies should focus on accurate quantification of these N2O peaks.   



 

 

 

 

4    

1 Introduction 

Soils are a major source of the greenhouse nitrous oxide (N2O). On a global scale, managed and 

natural soils contribute to 56-70% of the total anthropogenic N2O emission (Butterbach-Bahl et al., 

2013). In soils, N2O is mainly produced during the microbial processes of nitrification and 

denitrification (Firestone, 1982; Wrage-Mönnig et al., 2018). Soil type and conditions, weather 

conditions, and nitrogen (N) fertilisation have a strong effect on N2O production in soils 

(Butterbach-Bahl et al., 2013). Rapid changes in soil contents of mineral N (e.g., by application of 

N fertilisers and manure), available carbon (e.g., by application of crop residues and manure), 

oxygen (e.g., rainfall, groundwater fluctuations, and biological oxygen consumption in the soil) and 

temperature can result in strong fluctuations in N2O emission. The highest N2O production can be 

found in fertilised soils during relatively wet soil conditions, and especially in soils rich in organic 

matter (e.g., grassland soils, peat soils or soils to which organic matter containing products are 

applied). Temperature also affects the production of N2O in soils, as nitrification and denitrification 

rates increase with temperature. However, in some studies the proportion of N2O in the total N 

loss (N2O / (N2 + N2O)) decreases with temperature, so that the net effect of temperature on N2O 

emission is affected by two counterbalancing factors (Firestone, 1982; Maag and Vinther, 1996). 

 

Peat soils are drained for agricultural use. Conditions for N2O emission are more favourable in 

managed drained peat soils than in managed mineral soils. Quantification of N2O emission from 

grasslands on mineral soils and peat soils with similar nutrient management (fertilisation and 

grazing), showed that N2O emission from peat soils were about a factor 2 to 4 higher than those 

from mineral soils (Velthof et al., 1996a). The N2O emission from unfertilised and mown grassland 

was about a factor five higher in peat soils than in mineral soils. Emissions of N2O from peat soils 

amounted up to 13% of total European N2O emissions in 2011, while peat soils represented only 

7% of the EU land area (Leppelt et al., 2014). The denitrification capacity in peat soils is higher 

than in mineral soils, because the higher organic matter content in peat soils provides an energy 

source for denitrifying bacteria (Munch and Velthof, 2007). In addition, a high biological oxygen 

demand resulting from high organic matter contents and shallow groundwater tables decrease 

oxygen content and create favourable conditions for N2O production(Dickopp et al., 2018) .  

 

Drained peat soils are also a large source of CO2 emission (Frolking et al., 2011). Options to 

decrease CO2 emission from peat soils include raising the water table and using water infiltration 

systems to impede decomposition of organic matter (Boonman et al., 2022). Changes in water 

management in peat areas also affect the risk of N2O emissions (Lin et al., 2022; Taft et al., 2018). 

On the one hand, limiting organic matter decomposition by rewetting peat soils decreases N 

mineralisation and the resulting N2O emission. On the other hand, the oxygen content associated 

with rewetting may stimulate N2O production through denitrification. Production of N2O increases 

with decreasing oxygen concentrations in the soil, but at very low oxygen conditions, i.e., 

anaerobic conditions, N2O is reduced to N2 (Weier et al., 1993). The balance between these 

factors is understudied thus far and better insight in the effect of water and nutrient management 

on N2O emission from drained peat soils is required to make substantiated management and 

policy decisions. 

 

Temporal variation of N2O fluxes is high, which is caused by changes in mineral N contents, water 

contents, and temperature throughout the year (Anthony & Silver, 2021; Velthof et al., 1996a). 

Fluxes of N2O peak just after application of mineral fertiliser or manure and during wet conditions. 

Rainfall and strong changes in groundwater level, especially if sufficient mineral N is available, can 

therefore result in high N2O fluxes. Some studies showed diurnal variations in N2O emission, 

which are mainly caused by diurnal variations in temperature (e.g. Maljanen et al., 2002). Spatial 
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variation of N2O fluxes is also high, which is due to heterogeneity in soil factors controlling N2O 

production and emission, and their interactions (Velthof et al., 1996b) 

 

Different methods for quantification of N2O emission are used in scientific literature, each with pros 

and cons. Static chamber methods are widely used in field and incubation studies for 

quantification of N2O emission (de Klein et al., 2020). These methods can be used for comparison 

between different treatments (e.g., different fertilisation) in a statistical field set-up with replication. 

However, N2O measurements with static chambers are often discontinuous in time (sometimes 

only once per week), because many chambers have to be measured within an experimental set-

up. Calculation of total N2O emission over the experimental period is generally based on linear 

interpolation of the measured fluxes or on gap filling methods using other parameters, e.g. rainfall 

and temperature (Dorich et al., 2019; Dorich et al., 2020). Automatic chambers directly connected 

to a gas analyser have the advantage that measurements can be carried out more frequently than 

with manual chamber methods (Smith and Dobbie, 2001). However, these systems are much 

more expensive than static chambers and they are generally only used in experiments with a 

limited number of treatments. Micro-meteorological methods, such as the eddy co-variance 

method, have the advantage that they measure continuously and integrate fluxes over a larger 

area (Kroon et al., 2010). These methods require a large area with a uniform treatment and can 

therefore not be used in experiments with replicated treatments. 

 

In this paper, we analysed and compared the temporal variation in N2O fluxes from grassland on 

drained peat soil based on detailed continuous measurements of N2O fluxes with automatic 

chambers during winter and inter-annual variations based on weekly measurements with static 

chambers. We hypothesised that diurnal variation in N2O emission only occurs during periods with 

relatively low emissions, when temperature is the main factor causing temporal variations in N2O 

fluxes. Moreover, we hypothesised that N2O emission peaks induced by N fertilisation and rainfall 

events contribute for the majority of the total annual N2O emission, as opposed to background 

emissions that occur throughout the entire measurement period. The results will be used to 

discuss strategies of measurements of N2O emission in time and options for gap filling in order to 

obtain the most accurate estimates of N2O emission. 
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2 Materials and methods  

2.1 Study area  

Measurements with automatic chambers and static chambers were carried out on a managed 

grassland field on a peat soil in Zegveld in the Netherlands (Parcel 16 of the experimental dairy 

farm in Zegveld, located in the Western part of the Netherlands: 52°26′N, 4°48′E). The grasslands 

had a Lolium perenne sward and had been intensively managed for more than 25 years. The 

grassland had been intensively managed with fertilisation with mineral fertiliser and cattle slurry 

and by grazing. The plots on which static chamber measurements were carried out, were fertilised 

with calcium ammonium nitrate (CAN) fertiliser. The N application rates were 210, 250, 250 and 

210 kg N per ha per year, for 2019, 2020, 2021, and 2022, respectively. The N application was 

split in 4 to 5 dressings. Soil properties are shown in Table 1. The average water level in the 

ditches surrounding the experimental plots was 55 cm below the soil surface, and the plot was not 

connected to a water infiltration system. The automatic chamber measurements were carried 

during the period October 2022 – January 2023. The static chamber measurements were carried 

out for four years: 2019 – 2022. 

 

The monthly precipitation and monthly average temperature were derived from stations of Royal 

Netherlands Meteorological Institute (KNMI) in Zegveld and De Bilt (Table 1 and Figure 5). The 

total amount of rainfall was highest in 2019 (964 mm) and lowest in 2021 (805 mm). The highest 

emissions were expected in the period March – 1 September, because this is the period in which 

N fertiliser is applied to grassland. March 2019 was relatively wet and March 2022 was extremely 

dry. April and July were relatively dry in all years. May 2021, June 2019, June 2022 were relatively 

wet.  

 

Table 1. Soil properties of Parcel 16 of Zegveld experimental farm. 

Soil layer, cm Total N* Total P* Total C** pH-H2O 

 g/kg g/kg g/kg  

0-30 15.2 2.2 169.7 5.7 

30-60 21.7 1.0 304.3 5.3 

60-90 23.8 0.6 373.0 5.3 

*Soil digestion using H2SO4-H2O2-Se     

**LECO-CHN analyzer     
 

Table 2: Monthly precipitation (measured in Zegveld) and average temperature (measured in de Bilt)..Source: 

KNMI. 

Month Precipitation, mm  Temperature, oC 
 

2019 2020 2021 2022  2019 2020 2021 2022 

Jan 63 52 84 47  3.5 6.2 3.4 5.3 

Feb 64 148 47 116  6.1 7.2 4.3 6.8 

Mar 103 64 38 7  8.0 6.8 6.4 7.3 

Apr 33 10 47 58  10.9 11.1 6.7 9.3 

May 68 21 123 53  11.7 13.1 11.2 14.0 

Jun 116 77 58 104  18.1 17.5 18.2 17.1 

Jul 42 82 41 22  18.8 17.0 18.0 18.6 
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Aug 63 66 81 47  18.4 20.4 16.9 20.0 

Sep 98 71 15 129  14.5 15.2 15.9 14.6 

Oct 120 125 133 47  11.6 11.3 11.6 13.1 

Nov 115 48 79 100  6.4 8.9 7.4 8.6 

Dec 78 104 61 84  5.8 5.5 5.4 3.9 

Total 964 866 805 813      

 

 

2.2 Automated transparent chamber measurements 

Fluxes of N2O between the soil-vegetation system and atmosphere were calculated from N2O 

concentration changes measured from October 2022 until January 2023 using automated 

transparent chambers (eosAC-LT; Eosense) with a total height of 41.2 cm and volume of 72 L. 

These chambers consist of a transparent base (height: 15 cm; SA: 0.21 m2) and dome-shaped lid 

that is controlled by a linear actuator. The plot was equipped with three chambers connected to a 

multiplexer (eosMX, Eosense) that routed gas to a MIRA Ultra mid-IR N2O/CO/H2O analyser 

(Aeris Technologies). The analyser measured at 1-sec intervals and was connected in a parallel 

configuration to the outlet tube of an infrared CO2/H2O gas analyser (LI-850, LI-COR). 

Recirculation of gas in the chamber system was achieved using the LI-850’s built-in pump (0.75 

L/min) and PTFE tubing (10 m length, one way; 3.2 mm ID). Each chamber was measured once 

during each cycle using a 2.5-min closure time and 15-sec flushing period before and after 

chamber closure. Every half hour a CR1000x datalogger initiated a new measurement cycle by 

sending a command to the multiplexer. Permanent serrated soil collars (15 cm deep) were 

installed in 3 adjacent rows upon which chambers were rotated every two weeks to minimise 

effects of continuous chamber presence on the soil-vegetation system. These collars offset the 

original chamber height by 0–1.5 cm and are considered by adjusting the total gas volume used in 

the flux calculation. The eosAC-LT chambers are equipped with a headspace temperature sensor 

and a low-flow fan to achieve a well-mixed headspace (Christiansen et al., 2015; Rochette and 

Hutchinson, 2005) . 

 

Gas concentration data of automated chambers were removed in case the analyser’s cell 

pressure or temperature were outside the calibrated operating range, resulting in 0.22% data loss. 

N2O concentrations during chamber closures were also visually inspected to identify 

abnormalities. This resulted in the removal of 1881 out of 10398 individual N2O chamber 

measurements, which was fully attributed to chamber 1 that suffered from a malfunctioning 

multiplexer valve for 51 days. Hence, of the final flux dataset, chamber 1 contributed 18% of 

fluxes, whereas chamber 2 and 3 each contributed 41% of fluxes. 

  

Fluxes of N2O were calculated using the gasfluxes package (Fuss, 2020) that includes an 

approach to select automatically between the linear or non-linear flux estimate of each chamber 

measurement, based on the N2O analyser’s uncertainty and the flux sise (Hüppi et al., 2018). This 

approach allows for non-linear estimates without forcing non-linear estimates on linear 

concentration changes, thereby decreasing the flux estimates’ uncertainty. We used this 

automated selection method to estimate fluxes under turbulent atmospheric conditions, as 

determined by ambient CO2 concentrations <= 420 ppm. Under stable atmospheric conditions—

that are usually restricted to night-time—a build-up of gases near the surface occurs. Closure of 

the automated chamber, equipped with a low-mixing fan, then leads to a disturbance of the 

established CO2 gradient in the soil-vegetation system, causing a flush of CO2 (and most likely 

other emitted gases that have accumulated) that can lead to great overestimation of fluxes 

(Juszczak et al., 2012; Koskinen et al., 2014; Figure 1 in the Appendix). Following 

recommendations in Koskinen et al. (2014), we attempted to limit the effect of pulse emissions 
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during stable atmospheric conditions by using (robust) linear regression and delaying the starting 

time of the regression. Based on mixing times (including analyser response time) observed in the 

lab during injections of different amounts CO2 in a chamber on an impermeable base (Figure 2 in 

the Appendix), we postponed the starting time of the regression with 60 seconds for moderately 

stable atmospheres (i.e. CO2 concentration at start of chamber closure > 420 ppm and CO2 

concentration at end of chamber closure <= 900 ppm) and 90 seconds for highly stable 

atmospheres (i.e. CO2 concentration at start of chamber closure > 420 ppm and CO2 

concentration at end of chamber closure > 900 ppm). Note, however, that these mixing times still 

need to be determined for N2O. As they may deviate from those of CO2, so may the time needed 

to postpone the start of the regression for the various degrees of atmospheric turbulence. For 

now, we assumed that these thresholds for CO2 also provide a good proxy for the regressions to 

determine N2O fluxes. 

 

From 8517 quality-controlled chamber measurements, 45% were evaluated according to a 

turbulent atmosphere, 54% to a moderately-stable atmosphere and 1% to a highly stable 

atmosphere (Figure 3 in the Appendix). The high precision of the N2O measurement combined 

with our chamber setup resulted in a minimum detectable flux (Christiansen et al., 2015; Maier et 

al., 2022; Nickerson, 2016) of 9.2 µg N m-2 h-1. This enabled us to detect very small fluxes despite 

short (2.5 min) chamber closures and resulted in only 0.8% of chamber measurements having flux 

estimates that were statistically indistinguishable from zero at the p < 0.01 level. 

Environmental variables 

Soil moisture and temperature were measured at 10-cm intervals from 5–115 cm depth, using Drill 

& Drop capacitance probes (Sentek, Australia) that were installed in the vicinity of each automated 

flux chamber. Data measured at 1-min intervals was logged as 30-min averages.  

 

Air temperature, humidity, and pressure (30-min logging interval) as well as wind speed and 

direction (1-min logging interval) were measured at 2-m height using a MaxiMet GMX500 (Gill 

instruments Limited, UK). Precipitation was measured using a ARG314 tipping bucket rain gauge 

(Environmental Measurements Limited, UK). Photosynthetically-active radiation (PAR) was 

measured at 2-m height (1-min logging interval) using a SKR 1840D (Skye Instruments, UK).   

 

2.3 Static chamber measurements 

Static chamber measurements of N2O emission were carried out in three replicates (three plots) in 

the period March 2019 – January 2023. At the beginning of the experiment, a polyvinylchloride 

(PVC) collar of 20 cm diameter and 10 cm height was installed permanently into the soil to a depth 

of 5 cm at the centre of each plot to provide a base for the measurements (Hutchinson and 

Mosier, 1981). These collars were only removed during harvesting and N application for a short 

period of time and were afterwards installed on exactly the same place. During N2O 

measurements, gas-tight chambers were placed on top of these collars to create a closed system 

of 4.7 L chamber volume. To allow gas sampling during measurements, the chambers were 

equipped with a rubber septum and vent tubes on the top. N2O concentration analyses were 

performed with a PICARRO G2508 cavity ring-down spectroscopy gas analyzer (PICARRO, 

USA). Static chamber measurements were performed weekly during the growing season (March - 

September), but frequency was temporarily increased to two samplings during the week after N 

application. Outside the growing season, the frequency decreased to fortnightly samplings on 

average.  

 

After the chambers were placed on top of the collar, air was sampled using the PICAtRRO 

analyzer after 10 minutes. The N2O fluxes were calculated using the following equation: 
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𝐹𝑙𝑢𝑥 =
(𝐶𝑡 − 𝐶0)𝑉

∆𝑡 ∗ 𝑉𝑚 ∗  𝑚 ∗  𝛽 ∗ 𝐴 
                            (1) 

 

With the flux in μg N2O-N hr-1m-2. Ct and C0 the N2O concentration in the headspace at the 

measurement time and closing time of the headspace, respectively, in parts per million (ppm; μl   

L-1); t the time between closure and measurement in h; V the volume of the chamber in L; Vm the 

molar volume of a gas at standard temperature and pressure (Vm = 22.4 L mol-1); m the molar 

mass of N2O: 44 g mol-1; A the area of the chamber in m2; and β a conversion factor to convert 

between N2O and N2O-N (β = 28/44). Flux rates were expressed as the mean (n = 3) with the 

standard deviation of the replicated plots. The accumulated annual N2O-N emission was 

calculated by linear interpolation between the measured daily fluxes. Soil temperature and soil 

moisture was collected at a depth of 10 cm, using a TDR soil probe (TRIMO-PICO 32, IMKO 

Micromodultechnik GmbH, Germany) at an hourly time interval. 

 

Porewater was biweekly collected in plots where static chamber measurements were conducted 

between April and October in both 2021 and 2022. Ceramic porewater cups were installed at 20-

25 cm depth. Porewater was collected by attaching a 60 mL syringe and manually creating a 

vacuum. Before sample collection, syringes and ceramic cups were flushed with 5-10 mL of 

porewater. Collected porewater was transferred to plastic containers and frozen on site. Samples 

were collected every couple of weeks and transported to the laboratory in Nijmegen for analysis. 

Concentrations of nitrate and ammonium were measured colourimetrically on an auto-analyser 

(Bran+Luebbe auto-analyser III system) using salicylate reagent and hydrazine sulphate, 

respectively. Acidified samples (0.1 ml 65% HNO3) were analysed for Ca2+, Mg2+, Fe2+, total-P and 

total-S using inductively coupled spectrometry (ICP-OES ARCOS, Spectro Analytical Instruments, 

Germany).  
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3 Results and discussion 

3.1 Automated transparent chamber measurements 

During the study period, we found a mean emission of 47, 101 and 120 µg N m-2 h-1 for automated 

chamber 1, 2 and 3, respectively (consider missing data for chamber 1, see Methods). These 

emissions are in the range previously observed in lab and field studies of peat soils at similar soil 

water content conditions (e.g.  Anthony and Silver, 2021; Säurich et al., 2019) and match with the 

IPCC emission factors (94 µg N m-2 h-1, 95%CI [56, 126]) for N2O emissions from grassland on 

deep-drained, nutrient-rich organic soil (IPCC, 2014). Note, however, that the latter represents 

mean annual emissions, while we only have data for the autumn–winter period that largely doesn't 

include the effects of hot moments caused by fertilisation and large changes in soil water content 

(Anthony and Silver, 2021). Our N2O emission monitoring detected a short period of elevated 

emission in the second half of November 2022. Peak emission reached 750 µg N m-2 h-1, 

coinciding with elevated soil moisture levels and soil temperature falling below 6°C. 

  

Mean normalised N2O fluxes show a general trend for all 3 chambers of relatively low fluxes 

during daytime—with minimum values around solar noon—and high fluxes during night-time 

(Figure 1a). This coincides with a similar, but much clearer diurnal pattern for the CO2 fluxes 

(Figure 1b), where low fluxes during daytime mostly represent net CO2 uptake (Figure 2).  

Accordingly, significant nonlinear (quadratic) relationships (all P < 1 * 10-7) were found between 

the mean normalised CO2 flux and the mean normalised N2O flux for the different chambers 

(Figure 3a). For mean hourly normalised CO2 fluxes, a very strong relationship (quadratic 

regression [QR]; all P < 1 * 10-15) was found with mean hourly photosynthetically-active radiation 

(PAR) for all chambers (Figure 3b). This relationship with mean hourly PAR was also found for the 

mean hourly normalised N2O flux (QR; all P < 1 * 10-7), albeit clearly weaker (Figure 3c). The 

relationship between individual N2O fluxes and PAR at the time of chamber closure was significant 

for all chambers (QR; P = 0.0006, 0.0003 and 0.02 for chamber 1, 2 and 3, respectively), but 

rather weak (Figure 3d). 
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Figure 1. Diurnal variation of mean normalised N2O (a) and CO2 (b) fluxes for the full study period and full 

dataset, and diurnal variation of mean normalised N2O (c) and CO2 (d) fluxes for the full study period filtered 

by CO2 concentrations <= 420 ppm at the start of chamber closure to largely exclude measurements in stable 

atmosphere. Fluxes were normalised per chamber for each day via min–max scaling (0–1). All normalised 

fluxes calculated for the period of interest were subsequently binned by hour of day. Dashed lines represent 

the mean hourly normalised values for each chamber. Shaded areas represent the standard error about the 

mean normalised hourly values. 

 

  

Figure 

2. Timeseries of N2O fluxes, water-filled pore space at 5 cm depth (estimated from soil moisture data via 

calibration with tensiometers), soil temperature at 5 cm, and precipitation during the study period. 

 

Our observations contrast those of Keane et al. (2018a), who found higher normalised N2O fluxes 

during daytime in the energy crop oilseed rape (Brassica napus), a negative relationship between 

the mean hourly normalised CO2 flux and mean hourly normalised N2O flux, and a positive 

relationship between (mean hourly) PAR and (normalised) N2O fluxes. They hypothesize that most 

N2O was produced by denitrification, driven by organic C produced during photosynthesis. The 

latter may not play an important role in our system, as availability of easily degradable organic C in 

our peat soils is much higher than in the system studied by Keane et al. (2018a). On the other 

hand, readily degradable carbon is responsible for fast microbial responses to changes in soil 

biogeochemistry. Perhaps in carbon-rich grasslands (on peat soils), concentrations of NH4
+ and 

NO3
-—produced via mineralisation and nitrification— are lowered during the day due to plant 

uptake, thereby limiting N2O fluxes. However, this seems unlikely as these grasslands are 

intensively managed and rich in nitrogen. Even outside of the growing season, inorganic-N is 

typically high due to mineralisation of N-rich organic matter and limited uptake by plants.  
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An alternative explanation is that the common stable atmospheric conditions during the study 

period may have resulted in an overestimation of night-time N2O fluxes, despite our correction 

efforts. The removal of measurements with CO2 concentrations > 420 ppm at the start of the 

measurement—used as a proxy for atmospheric stratification—results in almost the complete 

removal of the diurnal pattern observed for normalised N2O fluxes in the full dataset (Figures a, c), 

without an obvious effect for that of CO2 (Figures b, d). Also, relationships of (normalised) N2O 

fluxes with normalised CO2 fluxes and PAR (as shown in Figure 3) were severely weakened or 

became nonsignificant when only using the subset of data filtered by estimated atmospheric 

turbulence (Figure 4 in the Appendix).  

 

 
Figure 3. Plots of the normalised N2O flux against the mean normalised CO2 flux (a), mean hourly 

photosynthetically-active radiation (PAR) against the mean hourly normalised CO2 flux (b), mean hourly PAR 

against the mean hourly normalised N2O flux (c), and (d) PAR against the N2O flux. Normalisation of data was 

achieved per chamber and day by min–max scaling (0–1) and subsequent binning by hour of day. 

 

 

The difference in diurnal patterns that we observed between the full dataset and subset filtered by 

atmospheric stratification (Figure 1) is comparable to that observed by Brændholt et al. (2017) for 

soil CO2 fluxes in a beech forest. Even if the fluxes that we estimated are accurately corrected for 

the initial flush and related mixing time of stored CO2 and N2O (see Methods & Figures 1 and 2 the 

Appendix), one must wonder if these estimates are truly unbiased. Accumulation of CO2 and N2O 

on the soil surface can develop during periods with a low-turbulent atmosphere (usually restricted 

to night-time), reduces the concentration gradient between soil and atmosphere and thereby the 
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diffusive flux, which in turn results in subsoil accumulation of these gases (Brændholt et al., 2017). 

Chamber closure and related mixing of CO2- and N2O-rich gas on the soil surface with less rich air 

in the chamber headspace causes a sudden drop in CO2 and N2O concentrations just above the 

soil surface and thereby increases the soil–atmosphere concentration gradient for these gases 

(Brændholt et al., 2017; Görres et al., 2016). This increases the diffusive flux, resulting in flux 

overestimates as this is not happening outside of chambers. Any consequent drop in subsoil CO2 

and N2O storage inside of chambers is likely quickly restored in between the 30-min measurement 

cycles via diffusion from the surrounding soil, thereby likely causing structural overestimation of 

fluxes while atmospheric stabilisation lasts. This problem has been described in the literature for 

CO2 fluxes (Brændholt et al., 2017; Görres et al., 2016; Juszczak et al., 2012; Koskinen et al., 

2014; Lai et al., 2012; Schneider et al., 2009), but as far as we know, we are the first to show this 

for N2O. As the bias introduced by low-turbulence conditions is difficult, if not impossible, to correct 

for (Brændholt et al., 2017; Lai et al., 2012; Schneider et al., 2009), some authors have suggested 

to exclude fluxes measured during low-turbulent conditions (e.g. Juszczak et al., 2012). This 

seems a straightforward solution for CO2 fluxes estimated from long-term, automated chambers, 

as small gaps created by the removal of low-turbulent nights can be reliably filled using Random 

Forest or other advanced gap-filling techniques ((Aben et al., 2023) Zhu et al., 2023). However, 

the typical erratic N2O fluxes and their complex underlying processes are much more difficult to 

predict. This severely complicates gap-filling (Dorich et al., 2020) and may require a large set of 

predictor variables (Goodrich et al., 2021). These predictors should include reliable estimates of 

soil nitrogen concentration and nitrogen uptake potential by plants. 

 

Simple exploratory analyses did not show a clear effect of water-filled pore space and soil 

temperature for both the full and reduced dataset (Figures 4b, d), even though water-filled pore 

space as well as temperature can be important predictors for N2O emission (Anthony and Silver, 

2021; Keane et al. (2018a). Using eddy covariance technique (Wecking et al., 2020)  found the 

highest N2O emission at 70% waterfilled pore space (WFPS). As our measurements were 

performed in autumn and winter, we may already have missed key changes in soil water content 

that are known to cause peak emissions (Anthony and Silver, 2021). In spring and summer small 

rain events may be sufficient to spark N2O emission upon moisture increase in the topsoil 

(Wecking et al. 2020). Any remaining effects of water-filled pore space and soil temperature may 

be masked by interactions with other variables. We did observe a clear relationship between 

windspeed and N2O fluxes (quadratic fit, all P < 1 * 10-15), with lower windspeeds generally 

corresponding to higher emissions (Figure 4a). Even for the reduced dataset, this relationship is 

still present, albeit clearly weakened (Figure 4c), with P values for quadratic fits being < 1 * 10-8, < 

1 * 10-10 and < 1 * 10-16 for data from chamber 1, 2 and 3, respectively. Windspeed can be a proxy 

for atmospheric stabilisation and its related bias on chamber-based flux estimates. The significant 

relationship of estimated N2O fluxes and windspeed in the reduced dataset may thus indicate that 

our filtering procedure to exclude stable atmosphere measurements wasn’t stringent enough. 

Consequently, the trend of increasing normalised hourly N2O fluxes that we see between late 

afternoon and midnight in the filtered dataset (Figure 1c) may still be a result of atmospheric 

stabilisation starting to develop. Since our analyser has a small offset in the CO2 concentration, 

our slightly conservative threshold CO2 concentration of 420 ppm used to filter fluxes may already 

mean an accumulation of 20–30 ppm above the true atmospheric concentration. In addition, one 

must consider the magnitude of data loss caused by our filtering procedure and its effects on 

being able to detect diurnal patterns. Only full days (i.e. >= 23 hours of flux measurements) were 

included in our analyses for diurnal variation (Figure 1) to avoid biases. As a result, the full dataset 

contained 32, 71 and 71 days of data for chamber 1, 2, and 3, respectively, (Figures 1a, b), while 

the reduced dataset only contained 8, 21 and 21 days for chamber 1, 2, and 3, in the reduced 

dataset respectively (Figures 1c, d). Also, although a methodological bias during nights with 

atmospheric stratification seems the most likely reason of the observed diurnal pattern of 

normalised N2O fluxes (and disappearance of it after filtering for turbulent atmospheres; Figure 1), 

we should be careful to not disregard any true diurnal variation that may be related to stable 

atmosphere conditions. For example, oxygen concentrations in the soil may decrease during 
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atmospheric stratification and the high relative humidity that is typical of stable atmospheres may 

affect the water content of the topsoil. Both changes in oxygen and soil water content can affect 

the biogeochemical processes that cause N2O emission. In support of this, we see that the diurnal 

pattern of normalised water-filled pore space in the top 5 cm of the soil—like that of the normalised 

N2O flux—largely disappears after filtering for turbulent atmospheres (Figure 5 in the Appendix). 

Hence, a reanalysis of diurnal patterns when a longer timeseries is available will give us more 

insight into the potential effects of methodological biases versus mechanistic processes that may 

drive diurnal variation. Reanalysis of data will also include alternative filtering methods, such as 

filtering based on friction velocity or mean vertical wind speed as a more direct measure of 

atmospheric turbulence (Goodrich et al., 2021; Lai et al., 2012; Pastorello et al., 2020; Schneider 

et al., 2009). 

 

Future monitoring and reporting will focus on more on the frequency of high-emission events and 

environmental factors associated with high emission (Figure 2).  

 

 

 

 
Figure 4. Water-filled pore space at 5 cm depth (estimated from soil moisture data via calibration with 

tensiometers; mean of 2 sensors) against N2O fluxes (a) and windspeed against N2O fluxes (b). The same is 

shown in c and d for a subset of data filtered by CO2 concentrations <= 420 ppm at the start of chamber 

closure to largely exclude measurements in stable atmosphere. Dot colorisation denotes the soil temperature 

at 5 cm (mean of 2 sensors). 
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3.2 Static chamber measurements 

Throughout the measuring period (2019 – 2022) there were several peaks in N2O fluxes per year, 

with fluxes up to 2.5 mg N m-2 hr-1 (Figure 5). These peaks are generally related to the application 

of N fertiliser during relatively wet conditions (high precipitation and high groundwater levels; 

Figure 5). Of the measured fluxes, 75% was smaller than 0.2 mg N m-2 hr-1 (Figure 6). The annual 

N2O emission was 17.8 kg N ha-1 yr-1 on average and ranged from 10.5 kg N ha-1 yr-1 in 2019 and 

2022 to 33.5 kg N ha-1 yr-1 in 2021 (Table 3). Peak emissions, here defined as N2O emissions ≥ 

0.2 mg N m-2 hr-1, occurred at 25% of measurement moments (Figure 6) and contributed to the 

total annual emission for an average of 76%, ranging from 66% in 2019 to 88% in 2021. Clearly, 

the peaks in N2O emission strongly determined the total annual N2O emission from fertilised 

grassland on drained peat soil. Similar results were found in a study of Anthony and Silver (2021) 

in California USA, in which hot moments of N2O emissions from a corn field on a drained peat soil 

represented 1.1 ± 0.2% of measurements, but contributed to 45 ± 1% of mean annual N2O fluxes. 

Hot moments were defined in this study as individual flux measurements that were more than 4 

standard deviations from the yearly mean.  

 

  

Figure 5. Upper figure: Fluxes of N2O from fertilised grassland on drained peat soil derived with static 

chamber measurements in the period March 2019 to January 2023. The vertical blue lines indicate the times 

of application CAN fertiliser. The error bars show the standard deviation of the three replicates. Lower figure: 

precipitation and groundwater level in the period March 2019 to January 2023.  
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Figure 6. Histogram of N2O fluxes measured using static chambers during the period 2019 – 2002 (n = 133 

fluxes. Each flux is the average of 3 replicates) 

 

 

Table 3. Annual emission in 2019, 2020, 2021, and 2022 and the average annual emission in 2019-2022 

obtained by measurements using static chambers. The total emission is divided in the part due to relatively 

low “background emissions” (< 0.2 mg N2O-N m-2 hr-1 ) and the part due to peak emissions (≥ 0.2 mg N2O-N 

m-2 hr-1). 

Year Peak emission Background emission Total emission 

kg N2O-N ha-1 yr-1 % kg N2O-N ha-1 yr-1 % kg N2O-N ha-1 yr-1 

2019 7.2 66 3.7 34 10.9 

2020 13.0 78 3.6 22 16.6 

2021 29.5 88 4.0 12 33.5 

2022 7.3 70 3.1 30 10.5 

Average 14.3 76 3.6 24 17.8 

 

The Tier 1 IPCC default emission factor for N2O from unfertilised drained peat soils is 8 kg N 

ha−1 yr−1 (with an uncertainty range of 2–24 kg N ha−1 yr−1  (Liang and Noble, 2019). The default 

emission factor for synthetic N fertiliser applied in wet climate is 1.6% of the N applied. On 

average 230 kg N ha-1 yr-1 was applied to grassland in the experiment, which means that the N2O 

emission using the average Tier 1 approach of IPCC is 8 + 1.6% × 230 = 11.7  kg N ha−1 y−1, 

which is somewhat smaller than the average annual N2O emission of 17.8 kg N kg N ha-1 yr-1  in 

our study.  

 

The annual emissions of 10 – 33 kg N kg N ha-1 yr-1 fall in the range of N2O emissions obtained on 

the same dairy farm in Zegveld in other studies. Measurements of Velthof et al. (1996a) on other 

fields, showed emissions of 8.0 (drainage depth 40 cm) to 20.2 (drainage depth 55 cm) kg N ha-1 

yr-1 for N fertilised (also using CAN) and mown grassland. Van Beek et al. (2011) reported annual 

N2O emissions from fertilised and managed grasslands on the same dairy farm of 14 ± 3 kg N ha−1 

yr−1 for fields with a drainage depth of 40 cm depth and 21 ± 2 kg N ha−1 yr−1 for fields with a 

drainage depth of 55 cm. Studies outside the Netherlands show similar or smaller N2O emissions 

from grasslands on drained peat soils. Petersen et al. (2012) found that annual emissions from 

managed grasslands, both unfertilised and fertilised, on peat soils in Western Denmark ranged 

from about 3 to 9 kg N ha−1 yr-1. Liu et al. (2020) estimated an average N2O emission from 

grasslands on peat soils of 17.4 kg N ha−1 yr-1 in Europe. The annual N2O emission from a deeply 

drained (drainage depth 0.7 m) managed grassland in Germany to which cattle slurry was applied 

was 3.9 ± 3.1 kg N ha−1 yr-1
 (Offermanns et al., 2023). 
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The emission of N2O was impacted by an interactive effect between the groundwater level and the 

availability of nitrate (NO3
-) in the soil (LLR = 5.27; df = 1; p=0.023). Visualization of the regression 

of the main effects (NO3
- and groundwater level) on N2O emission is shown in Figure 6 of the 

Appendix. Other studies have shown that the content of NO3
- and soil moisture content are main 

factors controlling N2O emission from managed peat soils. In a laboratory study of Lohila et al. 

(2021), N2O fluxes from the top layer of peat soils correlated positively with NO3
- content at near 

water-saturated conditions. Velthof et al. (1996c) measured the spatial variability of N2O fluxes 

from a managed grassland on peat soil. Fluxes were highest in the part of the field with highest 

NO3
- contents, groundwater level and water-filled pore space. 

 

Differences in N2O fluxes were observed between 2021 and 2022 (Figure 8). This was most likely 

due to wetter conditions in 2021, with more precipitation throughout the summer and less 

decreases in groundwater level than in 2022 (Figure 8). In 2021, both N2O fluxes and NO3
- 

concentrations in the porewater were generally higher than in 2022 (Figure 8). Peaks in N2O 

emission and, in the second half of the summer, NO3
- availability, coincide with fertilisation events 

during wet periods (i.e., rainfall occurs immediately after fertiliser application). When fertiliser was 

applied during dry periods, such as September 2021 or April to September 2022, we observed no 

or only small N2O peaks. In September 2021, fertilisation led to an increase in NO3
- availability, but 

the N2O flux did not increase. After rainfall in October, a delayed but large peak of N2O emission 

was shown. In 2022, peaks in NO3
- availability and N2O emission occurred at the same time, after 

fertilisation events in April, July and September, with the latter event leading to the highest peaks.  

 

In this experiment, CAN was used as N source, as it is the most used mineral N fertiliser in the 

Netherlands (about 60% of the total mineral N fertiliser uses in the Netherlands; Van Bruggen et 

al., 2022). The results show that directly adding NO3
- with CAN during wet conditions increases 

the risk of N2O emissions from peat soils, and that fertilisation events with CAN largely affect the 

temporal pattern of N2O fluxes (Figures 5 and 8). It is known that N2O emission is relatively high 

when CAN is applied under wet conditions to soils with high available C contents, such as 

grasslands and peat soils (Harty et al., 2016; Velthof et al., 1996a). In 2022, the experiment in 

Zegveld was expanded to include a treatment with cattle slurry. The N2O emission from cattle 

slurry was smaller than that from CAN (data not shown). Dairy farms in the peat area in the 

Netherlands use both mineral N fertiliser and cattle slurry, which may suggest that the annual N2O 

emissions from this experiment (Figure 5) are higher than those on the average dairy farms in the 

Dutch peat areas. However, the grassland in the experiment was mown only, whereas in practice, 

grasslands are both mown and grazed during the growing season. The N2O emissions from 

grazed grassland on peat soils in Zegveld were a factor 2.1 to 2.6 higher than from mown 

grassland (Velthof et al., 1996a).  
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Figure 8. Upper figure: groundwater levels (relative to ground level) and precipitation (data from KNMI station 

Zegveld). Lower figure. Measurements of N2O fluxes using static chamber (orange) and nitrate (NO3
-) 

availability (blue) in the same control plot. All measurements were conducted between April and December 

2021 (left) and 2022 (right). The fluxes are part of  Vertical dotted lines indicate fertilisation events.  
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4 Synthesis and conclusions 

 The results automated chamber measurements during the period October 2022 – January 2023 

showed that N2O fluxes were low, but not negligible during winter (Figure 2). These 

measurements also showed that treatment of measurement data, such as filtering for turbulent 

atmospheric conditions, significantly affected the calculated N2O flux at these low levels. This may 

be due to a methodological bias during nights with atmospheric stratification which so far has only 

been reported for CO2 fluxes. This bias hampers an in-depth analysis of the factors controlling 

diurnal variations in N2O fluxes during periods of low emission. A more in-depth analysis of data is 

needed to avoid that true diurnal variations related to stable atmosphere conditions are discarded 

using the filtering procedure.  

  

Flux measurements with static chambers during 2019 – 2022 occasionally showed elevated fluxes 

outside the growing season (Figures 5 and 8). The period with relatively low emission contributed 

to only 24% of the total N2O emission (Table 3). Velthof et al. (1996a) showed large differences in 

the contribution of non-growing season N2O emission to total N2O emission between two drained 

and N fertilised (CAN) peat soils. In a relatively wet peat soil (drainage depth: 40 cm) the N2O 

emission in the period December - February contributed to 2.2 % of the total annual N2O emission. 

The N2O emission in the same period from the peat soil with more shallow groundwater level 

(drainage depth: 55 cm) contributed to 11% of the annual emission. In contrast, Pelster et al. 

(2022), showed for Canadian agricultural soils that N2O emission continues at low rate during the 

non-growing season and that these emissions may account for a significant proportion (up to 35%) 

of annual emissions. This relatively high contribution of non-growing season N2O emission in 

Canada is partly caused by high N2O fluxes during freezing-thawing events (e.g., Wagner-Riddle 

et al., 2017). The climate in the winter in the Netherlands are mild compared to Canada, with 

generally no long periods of frost. 

 

It is concluded from our paper that the temporal variation in N2O emission from managed 

grasslands on peat soils is high at different time scales: 

• Diurnal variations in N2O emission are shown in periods with relatively low emissions (on 

average < 120 µg N m-2 h-1), which are likely the result of a known and problematic 

methodological bias, resulting in spurious correlations of N2O fluxes with other variables that 

vary diurnally, such as CO2 fluxes and photosynthetically-active radiation;  

• High N2O emission peaks were shown directly after N application during wet conditions 

(heavy rainfall and high groundwater level). This peaks occurred at < 25% of measurement 

time during 4 year, but contributed to 76% of the total N2O emission;  

• Large annual variations in N2O emission are shown (10.5 – 33.5 kg N ha-1 yr-1), due to 

differences between years in the amount of rainfall in the period when nitrogen is applied.  

 

Quantification of options to reduce N2O emission requires a combination of measurement 

techniques, i.e. static chamber techniques with measurements at discrete intervals to compare 

mitigation options in a statistical sound experimental design in combination with automatic 

chambers and eddy co-variance techniques for insight in factors controlling N2O emission, gap 

filling and extrapolation to a larger temporal and spatial scale. As large part of the annual N2O 

emission is produced during relatively short events after N application and rainfall, measurement 

strategies should focus on an accurate quantification of these N2O peaks. 
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7 Appendix 

 

 
Figure A1. Examples of pulse emissions of CO2 and N2O occurring immediately after chamber closure during 

establishment of atmospheric stabilisation. 

 

  

  
 

Figure A2. Examples of mixing times after injecting a CO2 pulse in a closed eosAC-LT chamber on an 

impermeable base. Figures a and b (zoomed in after initial peak) represent the result of a ~770 ppm CO2 

increase. Figures c and d (zoomed in after initial peak) represent the result of a ~430 ppm CO2 increase. 
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Figure A3. Visualisation of chamber measurements that were classified as measured under turbulent (green 

dots; CO2 concentration at start of measurement <= 420 ppm; 5205 measurements) and non-turbulent (red 

dots; CO2 concentration at start of measurement > 420 ppm; 3312 measurements) atmospheric conditions. 

 

 

 

Fig. A4. Plots of the normalised N2O flux against the mean normalised CO2 flux (a), mean hourly 

photosynthetically-active radiation (PAR) against the mean hourly normalised CO2 flux (b), mean hourly PAR 

against the mean hourly normalised N2O flux (c), and (d) PAR against the N2O flux. Normalisation of data was 

achieved per chamber and day by min–max scaling (0–1) and subsequent binning by hour of day. Data are 

filtered by CO2 concentrations <= 420 ppm at the start of chamber closure to largely exclude measurements in 

stable atmosphere. 
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Figure A5. Diurnal variation of mean normalised water-filled pore space (WFPS; estimated from soil moisture 

data via calibration with tensiometers) at 5 cm depth (a) and mean relative humidity at 150 cm height (b) 

during chamber measurements for the full study period and full dataset, and diurnal variation of mean 

normalised WFPS at 5 cm depth (c) and relative humidity at 150 cm height (d) during chamber measurements 

for the full study period filtered by CO2 concentrations <= 420 ppm at the start of chamber closure to largely 

exclude measurements in stable atmosphere. WFPS during chamber measurements was normalised per 

chamber and day by min–max scaling (0–1). Relative humidity and normalised WFPS data were 

subsequently binned by hour of day. Dashed lines represent mean hourly values for each chamber. Shaded 

areas represent the standard error about the mean hourly values. 
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Figure A6. Visualisation of Regression Models using Visreg of R  of the plotted main effects of NO3 

(log(10)NO3; left) and Groundwater levels (right) against N2O emission (log10N2O).  

 


