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Abstract  Nitrous oxide fluxes from urine patches 
(F(N2O)urine) of grazing livestock are variable over 
time due to fluctuations in driving parameters, such 
as soil temperature, water-filled pore space (WFPS), 
and availability of the source substrates ammonium 
and nitrate. Therefore, the frequency and timing of 
flux measurements after urine application are impor-
tant when determining cumulative F(N2O)urine. In this 
study, F(N2O)urine was measured in eight experiments 
at high temporal frequency using an automatic cham-
ber system in a pasture located in Switzerland. A 
driver analysis using random forest identified the time 
since urine application as most important predictor 
for F(N2O)urine. The exponential decay in F(N2O)urine 
after urine addition was in parallel to decreasing soil 
ammonium but anticorrelated to nitrate concentra-
tion, suggesting that nitrification and nitrifier deni-
trification are major source processes. Since nitrate 
showed elevated concentrations up to 122 days after 
application, bacterial denitrification is most likely 

responsible for late F(N2O)urine peaks following an 
increase of WFPS. The isotopic composition of the 
emitted N2O indicates that nitrification dominates 
the N2O production immediately after urine appli-
cation, while bacterial denitrification and nitrifier 
denitrification become more important with increas-
ing time since urine application. The observed high-
frequency emission time series were also used to 
simulate typical low-frequent manual chamber sam-
pling schedules. They led to considerable deviations 
(up to ± 30%) of the time-integrated N2O emission. 
However, the average bias was considerably smaller 
(− 5%) for the prescribed sampling schedule, indicat-
ing that manual chamber measurements can reason-
ably quantify average total N2O emissions from urine 
patches under the present pedoclimatic conditions.

Keywords  Cattle urine patch · Nitrous oxide · 
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Introduction

Nitrous oxide (N2O) is an important greenhouse gas 
(GHG), substantially contributing to the anthropo-
genic-driven climate change (IPCC 2023). Intensively 
managed grasslands are important sources for N2O 
due to mineral N applications, manure N applica-
tions and livestock excreta depositions (Dangal et al. 
2019). The deposition of urine by grazing livestock, 
in particular, involves highly localized input rates of 
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nitrogen (N), reaching values of up to 2000 kg N ha−1 
(Haynes and Williams 1993; Welten et  al. 2013; 
Selbie et  al. 2015). The N input by urine, is influ-
enced by factors such as feed composition or lacta-
tion stage (Firkins and Reynolds 2005; Dijkstra et al. 
2013). The N loading rates in urine patches are con-
siderably higher than plant requirements. Therefore, 
urine N is prone to causing environmental problems 
via leaching or gaseous emissions as ammonia (NH3), 
nitric oxide (NO), nitrous oxide (N2O), or N loss 
via di-nitrogen (N2) (Whitehead and Raistrick 1993; 
Hubbard et al. 2004; Cai and Akiyama 2016).

Urea makes up the largest proportion of total 
urine N (Spek et al. 2012, 2013; Moraes et al. 2017) 
and converts into ammonium (NH4

+) within hours 
to few days after application to the soil by reacting 
with water and the soil enzyme urease. This process, 
named hydrolysis, leads to a fast increase in soil pH 
(Reynolds et  al. 1985; Cabrera et  al. 1991; Bussink 
and Oenema 1998). Nitrous oxide can be emitted 
through both the biological oxidation of NH4

+ via 
hydroxylamine (NH2OH), nitrite (NO2

−) to nitrate 
(NO3

−) (nitrification) and the reduction of NO3
− via 

NO2
− and N2O to N2 (bacterial denitrification). Nitri-

fication and bacterial denitrification are considered 
as major pathways of N2O production in agricultural 
soils (Braker et  al. 2011; Syakila and Kroeze et  al. 
2011; Butterbach-Bahl 2013). Other pathways of 
N2O formation like chemo-denitrification (Spott et al. 
2011; Wei et  al. 2019), fungal denitrification (Rohe 
et  al. 2017) or nitrifier denitrification (Wrage-Mön-
nig et al. 2018) are less well studied but may lead to 
substantial N2O emissions under specific conditions. 
Microbial pathways are controlled by a number of 
factors, such as soil pH, available C, soil temperature, 
soil oxygen and moisture (Butterbach-Bahl 2013). 
Largest N2O emissions and emission peaks often 
occur after precipitation and at very high water-filled 
pore space values, which are associated with bacterial 
denitrification as major pathway (Dobbie et al. 1999; 
Luo et  al. 2015). However, in urine patches, large 
NH4

+ concentrations favor the oxidation of NH4
+ to 

NO2
−, while hypoxic conditions enhance the subse-

quent reduction of NO2
− to nitric oxide (NO), nitrous 

oxide (N2O) and molecular nitrogen (N2) through 
nitrifier denitrification (Wrage-Mönnig et  al. 2018; 
Clough et al. 2020).

Advances in laser spectroscopic techniques have 
enabled measurement of singly substituted N2O 

isotopologues (14N15N16O, 15N14N16O, 14N14N18O) 
at ambient concentrations. These isotopic tracers 
provide important information for identification of 
various microbial N2O production pathways (Yu 
et  al. 2020). Optical spectroscopy offers advan-
tages with respect to site-selectivity (14N15N16O 
vs. 15N14N16O), ease of use and real-time analy-
sis. However, obtaining high-quality N2O isotope 
data remains challenging, since the raw measure-
ment data requires extensive post-processing due 
to a complex interplay arising from spectral inter-
ferences, gas composition, fitting algorithms and 
instrumental parameters (Harris et  al. 2021). As a 
result, the uptake of N2O stable isotope techniques 
by research labs is still limited and hardly any such 
measurements exist for urine patches (Carter 2007).

At the national scale, total N2O emission esti-
mates from urine patches are usually based on 
emission factors (EF) that quantify N2O emissions 
as the proportion of applied urine N in excess of 
background N2O emissions (IPCC 2006). IPCC 
suggests an average global default value for EFurine 
of 0.77%, which is commonly used. But a number 
of countries use country- or region-specific values 
ranging from 0.06% in Western Canada to 1.2% in 
Ireland (Lemke et al. 2012; Krol et al. 2016; Chad-
wick et al. 2018; van der Weerden et al. 2020). EF 
values for urine patches (EFurine) are commonly 
based on manual flux chamber measurements. Spe-
cific N2O emissions from urine addition are deter-
mined by comparing emissions of treatments with 
urine application versus background fluxes on small 
spatial areas typically < 1 m2 (de Klein et al. 2020). 
Manual chamber systems can be used in a spatially 
flexible way, and thus are able to assess the spatial 
variability of N2O fluxes. In most studies, however, 
the sampling frequency of manual chambers is 
only fortnightly or weekly, and two to three times 
per week directly after N fertilization events, due 
to time and cost of labour (Chadwick et  al. 2014; 
Krol et  al. 2016; Charteris et  al. 2020). Therefore, 
manual chambers might not be able to adequately 
capture the temporal dynamics of fluxes, includ-
ing peak emissions. In contrast, automatic chamber 
techniques allow measurements with a much higher 
temporal resolution. However, they require higher 
technical effort and on-site online trace gas meas-
urements and are therefore, usually more limited 
in the number of spatial repetitions (Laville et  al. 
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2017; van der Weerden et  al. 2013; Grace et  al. 
2020).

In the present study, we conducted field experi-
ments with an automated chamber system measuring 
N2O emissions of a synthetic urine application event 
with a time resolution of about 4  h. The objective 
of the study was to investigate the detailed temporal 
dynamics of N2O emissions from urine patches and 
to relate them to relevant drivers. The latter included 
the evolution of soil NH4

+ and NO3
− contents in urine 

patches, which were monitored at the same site but 
with a lower time resolution (weekly to monthly). In 
one selected experiment, the isotopic composition 
of the emitted N2O was measured to identify major 
microbial production pathways. We further used 
the high-frequency emission time series to evaluate 
whether typical temporal sampling schedules used for 
manual chamber measurements can capture N2O flux 
dynamics and cumulative emissions of urine patches 
in a satisfactory way.

Methods

Study site

The study was conducted between 2020 and 2024 on 
a grazed pasture of 2.8  ha located in North-Eastern 
Switzerland (47°29′26.7″N, 8°55′12.1″E; 517  m 
elevation) that has been already described in detail 
by Barczyk et  al. (2023, 2024). The climate is tem-
perate with an annual average temperature of 9.5 °C 
and an annual average precipitation of 1124  mm 
(2009–2019) (MeteoSwiss 2022). The site has been a 
permanent pasture system since 2013. It is rotation-
ally grazed from April to October by Brown Swiss 
and Red Holstein dairy cattle with occasional grass 
cuts. For each measurement year, a different area of 
approximately 0.13  ha was excluded from grazing 
to perform urine application experiments. Measure-
ments started at least 6 months after the last grazing 
activity of the previous year to minimize the influence 
of old excreta patches.

Urine application experiments

Controlled applications of synthetic urine were per-
formed separately for the following three purposes: 
(1) experiments UAC1–UAC8 for continuous N2O 

flux measurements by automated chambers between 
2021 and 2023, (2) experiments U1–U10 for about 
weekly sampling of soil mineral N (Nmin) between 
2020 and 2022, and (3) experiment UIso for N2O iso-
topic composition measurements in 2024 (see details 
in following sections; Table  4). The applications 
for the three purposes were mostly not synchronous 
due to the following reasons: The Nmin sampling was 
mainly performed in connection to manual chamber 
measurements (Barczyk et al. 2023) starting in 2020, 
while the automated chamber system to measure con-
tinuous N2O fluxes was only available from August 
2021 onwards at the site, and the instrument for ana-
lysing the isotopic composition of N2O gas samples 
was available from 2024 onwards. Therefore, the 
results can be related to each other only in an aggre-
gated form.

The same synthetic urine composition and appli-
cation rate were used for all experiments. The urine 
was produced one day prior to application and was 
stored at 4 °C overnight. The standard urine solution 
contained 10 g of N (91% as urea and 9% as hippu-
ric acid), as well as 14 g KHCO3, 10.5 g KCl, 0.4 g 
CaCl2*2H2O, 1.2  g MgCl*5H2O and 3.7  g Na2SO4 
[L−1] in order to mimic real urine properties (Kool 
et  al. 2006). Urine was applied in 2 L within circu-
lar patch areas of 0.12 m2 in mineral N experiments, 
while it was applied in 1.5  L within rectangular 
chamber areas of 0.09  m2. The application rate was 
167  g  N/m2, corresponding to the standard applica-
tion rate in Barczyk et al. (2023). Thus all application 
experiments performed in this study are well com-
parable concerning the soil type and general pasture 
conditions as well as the urine patch characteristics. 
Yet, with the different application times during the 
grazing seasons of the study period they represent 
a range of different soil temperature and moisture 
conditions.

Automated chamber flux measurements

An automated non-steady-state flow-through cham-
ber system based on a previous version described 
by Flechard et al. (2005) and Ammann et al. (2020) 
was used to measure N2O fluxes continuously from 
urine patches and from untreated control areas in 
eight experiments conducted between August 2021 
and February 2023 (see Table  4). The stainless-
steel chambers of 300 mm × 300 mm × 250 mm size 
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were placed on PVC frames inserted 50 mm into the 
soil. The insertion of chamber frames into the soil 
occurred at least two weeks prior to urine application. 
Flexible silicone at the bottom and a foam band at the 
top sealed the chambers to prevent leakage of head-
space air.

The alternating closing and opening of the cham-
ber lids were controlled by a customized LabVIEW 
(National Instruments, US) program. The lid of 
an individual chamber closed every 4  h for 10  min. 
During chamber closure, air from the chamber head-
space was continuously circulated through two 20 m 
polyamide tubes to the measurement container and 
back to the chamber using a bypass pump (flow rate 
1.5 L min−1). Parallel to the bypass pump, a fraction 
(0.2  L  min−1) of the circulation flow was directed 
through a gas concentration analyzer (G2308, Pic-
arro, USA). The dry air N2O (as well as CO2 and 
CH4) concentrations were recorded at a time resolu-
tion of 10 s by the LabView program.

N2O fluxes F(N2O) were calculated over five min-
utes (minute 2–6) of chamber closure time with the 
HMR package in R (Pedersen et al. 2010) using lin-
ear and nonlinear regression similarly as described in 
Barczyk et  al. (2023). The effective minimal detect-
able flux (MDF) was statistically estimated according 
to Barczyk et al. (2023), using all positive fluxes that 
were not significantly different from zero based on 
their 95% confidence intervals (CI). 95% of flux sub-
sample data points fell below 2.8 μg N2O-N m−2 h−1, 
which was thus assigned as MDF. For fluxes below 
the MDF, always the linear regression result was 
selected, while for fluxes above the MDF either the 
linear or nonlinear result was used based on the auto-
mated model selection of the HMR package. Fluxes 
were rejected if ratios of F(N2O)nonlinear/F(N2O)linear 
were > 4 (Hüppi et  al. 2018) or if the coefficient of 
determination (R2) of the corresponding CO2 flux 
was < 0.8. In addition, N2O fluxes were rejected if 
both the relative uncertainty was ≥ 25% and the abso-
lute uncertainty > MDF.

The urine application treatments and untreated 
control areas were both measured with 3–4 repli-
cate chambers arranged in a spatially alternating or 
randomized way (corresponding to a randomized 
block design). Continuous and synchronous time 
series for the flux of the urine application treatment 
(F(N2O)treatment) and of the untreated control areas 
(F(N2O)control) were determined by averaging over 

the replicate chambers using a running average with a 
window length of two hours or extended to include at 
least six individual flux measurements. Then the urine 
related flux F(N2O)urine was calculated as the differ-
ence between the running averages of F(N2O)treatment 
and F(N2O)control. Finally, the cumulative urine related 
emission flux ∑F(N2O)urine was determined by inte-
gration over time. The uncertainty of the cumulative 
emission results was estimated from the variability of 
the cumulative emissions (calculated by linear inter-
polation) of the individual replicate chambers.

Flux driver analysis by random forest

A non-parametric random forest (RF) machine-learn-
ing algorithm was used to investigate the effect of 
drivers on the temporal evolution of F(N2O)urine with 
a half-hourly time resolution. The following variables 
were tested as predictors: time since urine applica-
tion tappl [days], soil temperature Ts [°C], soil water-
filled pore space WFPS [%], and precipitation P [mm] 
cumulated over the last 2, 6, 12, 24, 48 h before N2O 
measurement. The precipitation options were chosen 
as a proxy for soil moisture increases close to the sur-
face, which were not fully represented by the corre-
sponding measurements. Soil volumetric water con-
tent (VWC) and Ts in 50  mm depth were measured 
continuously at the experimental site by GS3 (Deca-
gon Devices Inc.) and ML3 (Delta-T Devices Ltd.) 
probes. WFPS was calculated using total pore vol-
ume determined from soil samples taken at the site. 
Furthermore, a weather station at the site recorded 
precipitation.

The RF algorithm was run via train function 
(method rf) in the R package caret with ten-fold 
cross-validation in ten repetitions, and by using a 
training dataset containing 75% of data. The remain-
ing 25% of data was used as a test dataset for valida-
tion. The number of randomly selected predictors at 
each node in the tree (mtry) was optimal for a value of 
3. RF models were trained by various predictor com-
binations and various time intervals for predictor P. 
The final model was selected based on the predictive 
ability using coefficient of determination (R2), root 
mean squared error (RSME) and mean absolute error 
(MAE). Feature importance was assessed via varImp 
function in the caret package. To analyse the depend-
ence of F(N2O)urine on predictor variables, partial 
dependence plots were produced (R package pdp).
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Soil mineral nitrogen sampling

Soil samples of urine treatments and untreated con-
trol plots for Nmin analysis were taken in eight urine 
application experiments between autumn 2020 and 
spring 2022 with a minimum of three repetitions per 
treatment. Two liters of standard synthetic urine were 
uniformly applied to circular areas of 0.12 m2. Urine 
application dates of experiments U1-U10 are listed in 
Table  4. The naming of the experiments (U1–U10) 
was adopted from Barczyk et al. (2023), although U2 
and U8 did not include soil sampling and thus were 
not included here. Barczyk et al. (2023) also provides 
information on environmental conditions during the 
experiments.

The sampling of soil Nmin in 0–50 mm depth took 
place at regular time intervals (weekly to biweekly) 
after urine application starting 1–4  days after urine 
application by using a Puerckhauer auger with a 
diameter of 18  mm. The fresh soil was prepared 
for soluble Nmin extraction by removing stones and 
coarse roots. 20 g of the fine soil was extracted with 
80 ml 0.01 mol L−1 CaCl2 solution. The NO3

−-N and 
NH4

+-N concentrations in the extractions were meas-
ured photometrically by SAN++ flow injection ana-
lyzer (Skalar Inc.) according to international stand-
ardizations ISO 11732:2005 and ISO 13395:1997. 
Dry soil NO3

−-N and NH4
+-N contents were calcu-

lated by using the volumetric water content measured 
by ML3 probes (Delta-T Devices Ltd.) in 0–50  mm 
depth at the experimental site. For each experiment, 
average control NO3

−-N and NH4
+-N contents were 

subtracted from the respective urine treatment values 
to get the urine related soil mineral N contents.

Analysis of N2O isotopologues

With the purpose to identify the relevant micro-
bial N2O production processes, gas fluxes and N2O 
isotopic signatures were determined in one experi-
ment with urine application conducted on 08 August 
2024. Three static chambers with the same design as 
described above for the online automated flux meas-
urements were used. Yet, they were not connected 
to an online gas analyzer but operated as automatic 
time integrating chamber (ATIC) systems accumu-
lating chamber air sampling in gas bags according to 
Wang et al. (2022; 2025). In short, after each cham-
ber closure, the ATIC system automatically collects 

sequential gas samples into impermeable 5 L gas bags 
(30,228-U, Supel™-Inert Multi-Layer Foil, Sigma-
Aldrich, USA). For the presented study the follow-
ing timings were applied; each chamber was closed 
for 15 min every 4 h; during each closure event, four 
consecutive headspace samples were collected for 
15  s, with sampling for Bag1 beginning at 3.50 min 
after closure, followed by filling of the subsequent 
bags (Bag2, Bag3, Bag4) at 7.25, 11.50 and 14.25 min, 
respectively. Sample air in the four bags was accumu-
lated over multiple chamber closures during typically 
one week. Then the sample bags were exchanged and 
brought to the lab for analysis.

Gas concentrations (N2O, CO2) and singly sub-
stituted isotopic composition of N2O (δ15Nα, δ15Nβ, 
δ18O) were analyzed using commercial analyzers 
(G2401-m for CO2 and G5131-i for N2O, δ15Nα, 
δ15Nβ, δ18O; Picarro Inc., USA). The raw data were 
corrected for spectral interferences, instrumental 
drift, and calibrated against established scales pro-
vided by WMO GAW for greenhouse gas concen-
trations and Air-N2 (15N/14N) as well as VSMOW 
(18O/16O) for N2O isotopologues (Mohn et al. 2022). 
Details on the correction and calibration approach is 
provided in Havsteen et al. (2025). Analysis of δ18O 
is also provided by the G5131-i instrument but did 
not show sufficient accuracy and therefore was not 
interpreted further in the present study.

This analytical workflow enabled the calculation 
of weekly mean fluxes of N2O and CO2 per chamber 
using a linear regression approach for gas concentra-
tion over time, with an imposed quality criterion of 
R2 ≥ 0.7 for data acceptance. The concentration-to-
flux conversion considered dynamic molar volumes, 
calculated from the mean ambient temperature over 
the measurement period, recorded at a weather station 
located at the same field site.

The microbial N2O isotopic source signatures were 
derived using a two-endmember mixing model (Keel-
ing plot), where each gas sample collected from a 
chamber represents a mixture of ambient atmospheric 
N2O and N2O from soil-derived microbial produc-
tion. To determine the microbial source endmember 
for a specific time chamber, isotopologue values were 
plotted against the reciprocal N2O concentrations 
of the respective bags. The intercept of the regres-
sion line provides an estimate of the microbial N2O 
source signature, i.e. δ15Nα (14N15N16O) and δ15Nβ 
(15N14N16O) from which δ15Nbulk = (δ15Nα + δ15Nβ)/2 
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as well as δ15NSP = (δ15Nα-δ15Nβ) were calculated (Yu 
et  al. 2020). To assess the data quality, the regres-
sion-derived isotopic composition at ambient N2O 
concentration was compared to actual values. Three 
quality classes were defined, class 1 for agreement 
within 4 ‰, classes 2 and 3 within 6 ‰ and 8 ‰. 
Regression lines with deviations in ambient isotopic 
signatures from actual values of more than 8 ‰ were 
excluded from further analysis. To avoid false posi-
tive results under low flux scenarios, an additional 
criterion was applied, requiring a minimum N2O flux 
threshold of 75  µg  m−2  h−1 (much higher than the 
MDF presented above).

Simulating the sampling regime of manual chamber 
measurements

The continuous high-frequency N2O flux measure-
ments by the online automated chambers were used to 
simulate the sampling time schedule of manual cham-
bers. For this purpose, urine application experiments 
with measurement lengths > 30 d were selected to 
cover the main part of the total cumulated emissions 
∑F(N2O). In the first scenario (Sim1), F(N2O)urine 
data points were selected according to the sampling 
regime described in Barczyk et  al. (2023) and lin-
early interpolated to calculate cumulative emissions 
∑F(N2O)urine_sim. Barczyk et  al. (2023) performed 
manual chamber measurements on urine patches 
1–2 h past urine application followed by one-day and 
two-day intervals in the first week and afterwards by 
weekly and finally fortnightly measuring intervals 
(i.e. measurements at tappl = {0, 1, 2, 4, 6, 8, 15, 22, 
29, 36, 50, 64, …}d).

In the second scenario (Sim2), measurement inter-
vals were kept as in Sim1, but with a more flexible 
timing to specifically sample after significant rainfall 
events with more than 10 mm d−1 to capture emission 
peaks. In this case, samples are taken one day after 
the precipitation event.

In the third scenario (Sim3), measurement inter-
vals were kept as in Sim2, but it was sampled again 
three days after the rainfall events to grasp the decline 
of emission peaks as recommended by van der 
Weerden et al. (2013) and, therefore, to diminish pos-
sible overestimation of cumulative fluxes in Sim2.

To estimate daily average N2O fluxes, manual 
chamber measurements are recommended to be car-
ried out between 10 am and 12 pm (Charteris et al. 

2020). Therefore, ∑F(N2O)urine_sim of Sim1 and 
Sim2 and Sim3 were determined as an average of 
samplings at 10 am, 11 am and 12  pm. Since it is 
not recommended to do manual chamber measure-
ments under heavy rainfall, the day of sampling 
was shifted to the next day if the cumulative rainfall 
was > 2 mm between 10 am and 12 pm.

Results

Continuous N2O fluxes and environmental conditions

The length of automatic chamber experiments var-
ied between 12 and 135 days, with five out of eight 
experiments lasting over 30 days (Fig. 1; Table 1). 
Each experiment experienced precipitation events. 
The soil WFPS showed large variations during the 
grazing season but was generally more stable in the 
winter (Fig.  1). Soil temperatures at 50  mm depth 
were lowest in UAC8 (average 6 °C), and highest in 
UAC4–UAC6 (average 20 °C).

Figure  2 exemplarily demonstrates the tempo-
ral evolution of measured N2O fluxes of the indi-
vidual repetitions and the corresponding mean of 
the urine patch treatment F(N2O)treatment and the 
untreated control F(N2O)control in experiment UAC1. 
Over all experiments, F(N2O)control ranged from 0 
to 58  µg N2O-N  patch−1  h−1, considerably lower 
and less dynamic than F(N2O)urine. Within the indi-
vidual experiments, F(N2O)urine were dynamically 
peaking up e.g. after increase of WFPS. Maxi-
mum F(N2O)urine were observed between 0–9  days 
after urine application. F(N2O)urine were high-
est in UAC1 reaching a maximal flux of 1200  µg 
N2O-N  patch−1  h−1. In the other experiments, 
maximal F(N2O)urine were between 100–718  µg 
N2O-N patch−1 h−1 (Table 1).

In order to present a general overview of the tem-
poral dynamics of all experiments, the N2O emis-
sions from the urine treated plots were normalised 
with the total cumulative emission of the respective 
plot (Fig.  3) that ranged from 8.2–113.8 mg N2O-N 
patch−1 (Table  1). Apart from short-term variations 
(1–10 days) the experiments show a general exponen-
tial decay of N2O emission with time. The main frac-
tion (c. 90%) of cumulative emissions were emitted 
within the first 30 days after urine application.
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Fig. 1   Timings of a urine 
application experiments 
(U1–U10 for soil mineral 
N sampling, UAC1–UAC8 
for N2O flux measurements 
with 4-hourly temporal 
resolution by automatic 
chambers, UIso for N2O 
flux and isotopic composi-
tion measurements with 
automated time-integrating 
chambers). b Soil tempera-
ture at 50 mm depth and c) 
soil water-filled pore space 
WFPS at 50 mm depth over 
time

Table 1   List of conducted automatic chamber experiments 
measuring N2O emission from urine patches F(N2O)urine 
continuously by using automatic chambers including mean 
cumulative emissions ∑F(N2O)urine (with standard error SE), 

emission factor values (EFurine) were only calculated for exper-
iments longer than 30  days, the maximum flux observed and 
the timing of maximum flux (time since urine application tappl)

Experiment Application date Measure-
ment length

∑F(N2O)urine
[mg N2O-N patch−1]

EFurine
[%]

Maximum flux
[µg N2O-N 
patch−1 h−1]

tappl at 
max. flux

[days] Mean SE [days]

UAC1 19.08.2021 32 113.8 14.5 0.81 759 3
UAC2 08.09.2021 12 10.3 1.2 – 167 7
UAC3 22.09.2021 16 8.2 3.1 – 135 0
UAC4 14.05.2022 135 21.0 13.0 0.28 114 0
UAC5 02.06.2022 31 22.0 0.9 0.27 358 6
UAC6 06.06.2022 28 20.0 14.0 – 374 7
UAC7 04.10.2022 34 28.7 7.9 0.27 175 9
UAC8 19.10.2022 131 46.1 10.2 0.45 351 2
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Performance of random forest model and driver 
analysis

A random Forest (RF) model was used to identify 
the importance of drivers on F(N2O)urine. The best 
agreement between observed fluxes against predic-
tions was found for the predictors WFPS, Ts (soil 
temperature) and tappl (time since urine application). 
Cumulative precipitation did not increase the pre-
dictive ability of the RF model. The R2, RMSE and 
MAE were 0.90, 32  µg N2O-N  patch−1  h−1, 13  µg 
N2O-N patch−1 h−1 for the whole dataset, and 0.94, 
24 µg N2O-N patch−1 h−1, 10 µg N2O-N patch−1 h−1 
for the 25% validation dataset, respectively. Accord-
ingly, the temporal evolution of F(N2O)urine includ-
ing peaks were captured generally well by the 
random forest model, although the diurnal vari-
ation was sometimes overestimated (Fig.  4). The 

examples in Fig.  4 also show that the main vari-
ations in the emission time series are related to 
changes in WFPS, while Ts explained the usually 
minor diurnal variations.

Based on the mean decrease in accuracy when 
randomly permuting a variable (%IncMSE), the 
time since urine application (tappl) had the great-
est influence (110%). The partial dependence plot 
(PDP) shows maximum N2O emissions in the first 
10  days after urine application decreasing almost 
linearly until reaching a constant baseline at 
tappl = 35 d (Fig.  5a). WFPS was the second most 
important predictor variable (%IncMSE = 75%). In 
the PDP, the emissions increase almost continuously 
with WFPS up to 0.80 WFPS. The third predictor Ts 
had a lower impact (%IncMSE = 35%). N2O emis-
sions show a steep increase around Ts = 15 °C until 
reaching a plateau at 25 °C.

Fig. 2   Temporal evolu-
tion and running mean 
of measured N2O fluxes 
from individual replicate 
chambers (rep.1–rep.4) 
of b the untreated con-
trol (F(N2O)control) and 
c the urine treatment 
(F(N2O)treatment) of 
experiment UAC1. Urine 
application was applied 
20th August 2021. Note the 
different y-axis scales. a 
Soil water-filled pore space 
WFPS measured in parallel 
to UAC1 at 50 mm depth
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Soil mineral nitrogen

Soil ammonium (NH4
+) and nitrate (NO3

−) contents 
of urine treatments were considerably higher than 
for the untreated controls (i.e. averaged 4 [µg  g−1] 
NH4

+-N and 10 [µg  g−1] NO3
−-N in 0–50  mm 

depth). For the urine treatment, the maximum 
soil NH4

+-N contents for most experiments were 
observed on the first sampling day after application 
(tappl = 1–4  d), with 109–270 [µg  g−1]. For experi-
ment U3 and U7 NH4

+-N concentrations peaked 
at the second sampling day (Fig.  6; Table  2). Soil 
NH4

+-N content levels declined with increasing 
tappl. On average, the enhanced NH4

+-N pool was 
depleted after 30—40 d since urine application; 
however earlier for U6 at tappl = 13 d and later (out-
side the sample interval) for U9. Soil NO3

−-N con-
tents in urine patches were 1-27 [µg g−1] on the first 
sampling day after urine application (tappl = 1-4 d) 
increasing steadily up to 59-270 [µg  g−1] NO3

−-N. 
The maximum soil NO3

−-N contents were found in 
a period from tappl = 7 to 21 d, followed by decreas-
ing soil NO3

−-N contents, which approached zero at 
tappl = 43-122 d. In U1, U3, U4, U7 and U9, how-
ever, NO3

−-N analysis in standard urine patches was 
discontinued before nitrate was metabolized.

N2O production pathways

In one urine application experiment (UIso), starting 
8 August 2024, the isotopic composition of weekly 
average N2O fluxes was analyzed. To estimate the 
contribution of the main N2O production path-
ways the stable isotopic composition of the emitted 
N2O was interpreted using a Monte Carlo simula-
tion approach implemented in the FRAME model 
(Lewicki et  al. 2022). The model accounts for dif-
ferences in isotopic composition of the considered 
production pathways and isotopic fractionation dur-
ing partial N₂O reduction (Fig.  9). The modelled 
results (Table 3) reveal a temporal pattern in which 
the relative contributions of nitrification were high-
est after urine application and then decreased as 
bacterial denitrification, and nitrifier denitrification 
contributed a larger share of N2O emissions. During 
the initial high-flux period (08–12 August), nitrifi-
cation accounted for ~ 63% of the total N2O emis-
sions, whereas bacterial denitrification and nitrifier 
denitrification contributed only ~ 8% and ~ 27%, 
respectively. Between the 12th and 27th of August, 
the contribution of nitrification declined sharply to 
12–27%, while bacterial denitrification and nitrifier 
denitrification increased their relative proportions 
to ~ 41% and 47%, respectively. In the later season 

Fig. 3   Normalised N2O 
flux as fraction [% per day] 
of total cumulative emis-
sions ∑F(N2O)urine for the 
different automatic chamber 
experiments (UAC1–
UAC8) vs. the time since 
urine application (tappl) and 
the average exponential fit 
curve across all the experi-
ments
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(mid-September to mid-October), N2O fluxes were 
low, but the relative contributions of the various 
production pathways fluctuated with nitrifier deni-
trification contributing ~ 31–58%, bacterial denitri-
fication ~ 29–38%, and nitrification ~ 4–37%. Such 
oscillations in the relative contributions of nitrifier 
denitrification, bacterial denitrification and nitrifi-
cation indicate that the balance between the various 
main N2O production pathways is highly sensitive 
to temporal changes in soil physicochemical condi-
tions, such as substrate availability, soil moisture, 
and aeration.

Effect of manual chamber sampling regimes on 
observed emissions

The recovery of simulated compared to observed 
(“true”) cumulative emissions was 70% to 116% 
for Sim1, 97% to 130% for Sim2, and 92% to 125% 
for Sim3 (Fig. 7). For Sim1, the bias was highest in 
UAC1 (-30%). Figure 8 exemplary shows the evolu-
tion of F(N2O)urine in UAC1, demonstrating that the 
manual sampling in Sim1 could not capture a sig-
nificant emission peak occurring at tappl = 9–13  d in 
contrast to Sim2 and Sim3. Furthermore, in UAC4, 

Fig. 4   Development 
of observed urine N2O 
fluxes (running mean) and 
predictions by the random 
forest (RF) model within 
30 days after application for 
experiments a) UAC1, b) 
UAC4 and c) UAC7, plotted 
together with soil water-
filled pore space (WFPS) 
and soil temperature at 
50 mm soil depth
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a significant emission peak at tappl = 9–12  d was not 
captured by Sim1, but it was by Sim2 and Sim3. In 
UAC5 and UAC8, ∑F(N2O)urine_sim were higher than 
∑F(N2O)urine for all of three simulations. On aver-
age, the bias for Sim1 was − 5% while for Sim2 it 
was + 19%, and for Sim3 it was + 11%.

Discussion

Drivers of N2O emission dynamics

Automatic flux chamber measurements showed 
highly variable F(N2O)urine that are in the range of 
reported flux values (e.g. Krol et  al. 2016; Chad-
wick et  al. 2018). The RF algorithm found that the 
predictor tappl had the largest impact on F(N2O)urine. 
The PDP for predictor tappl shows highest F(N2O)urine 
values shortly after urine application decreasing con-
tinuously until tappl = 35 d (Fig. 5a). This is consistent 
with the observation that 90% of total N2O emissions 

were, on average, emitted within 30 days after urine 
application (Fig. 3). Also other studies (e.g. van Groe-
ningen et  al. 2005; Bell et  al. 2015; Cardenas et  al. 
2016; Barczyk et al. 2023) confirm that the major part 
of N2O emissions occur within 30  days after urine 
application.

In our study, the application of urine caused an 
increased supply of mineral N in the soil of up to 
270  µg  g−1 NH4

+-N (Fig.  6). Maximum amounts of 
NH4

+-N occur shortly after urine application and 
the temporal trend of NH4

+-N shows an exponential 
decrease comparable to the PDP of the predictor tappl 
(Fig. 5a). This suggests that microbial processes using 
NH4

+-N as feed substrate, like nitrification or nitrifier 
denitrification could represent a major contribution 
to N2O production. Soil NO3

−-N contents increased 
in parallel to decreasing soil NH4

+-N contents, thus 
bacterial denitrification from urine N could already 
occur at tappl = 1 d (see Fig. 6b). This transition from 
nitrification to denitrification dominated N2O emis-
sions was confirmed by stable isotope analysis. In 

Fig. 5   Partial depend-
ence plots of random forest 
model for the N2O flux 
on the three main predic-
tors: time since application 
(tappl), soil water-filled pore 
space (WFPS) and soil 
temperature (Ts)
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fact, nitrification contributed a major share of N2O 
emissions in the first 4-day period after urine appli-
cation, while denitrification dominated afterwards at 
reduced emission fluxes (see Table 3). Carter (2007) 
found an equal contribution of nitrification and bac-
terial denitrification to N2O emission from urine 
patches at an intermediate soil WFPS of 0.45 during 
24 h past urine application. In Ambus et  al. (2007), 
bacterial denitrification was the sole source for 
F(N2O)urine after 12 days of incubation. Koops et al. 
(1997), however, concluded that nitrification was the 
main N2O producing process in a dry grassland peat 
soil after urine application because N2O production 
through bacterial denitrification was significant only 
after a rainfall event leading to a high WFPS. The ini-
tial dominance of nitrification (see Table 3) observed 
in our study was possibly stimulated by the high soil 
NH4

+-N pool and by increased soil pH after urea 
hydrolysis (Dancer et  al. 1973; Somda et  al. 1997), 
while initial denitrification was possibly affected by 
wetting the soil through urine application (Koops 
et  al. 1997). Anaerobic conditions, an elevated soil 
pH and/or a high soil NH4

+ pool due to urine addi-
tion also favor N2O production through nitrifier deni-
trification (Wrage-Mönnig et  al. 2018; Clough et  al. 
2020). In our study, the temporal development of 
N2O fluxes (Fig.  3) was not positively correlated to 
the soil NO3

−-N content, but to soil NH4
+-N content 

(Fig.  6a), therefore nitrifier denitrification may be 
more predominant than bacterial denitrification. This 

Fig. 6   Soil mineral nitrogen (N) found as soil ammonium 
NH4

+-N in a and soil nitrate NO3
−-N in b in urine patches 

in 0–50  mm depth over time since urine application (tappl), 
together with fitted smooth line and 95% confidence interval. 
Soil mineral contents in untreated control areas were sub-
tracted from respective urine treatments

Table 2   List of experiments with soil mineral nitrogen 
(ammonium NH4

+ and nitrate NO3
−) sampling in urine patches 

after standard synthetic urine application (167  g  N  m−2). A 
detailed description of the experiments (U1–U10) can be found 
in Barczyk et al. (2023). Soil samples were taken for 0–50 mm 
soil depth at regular time intervals after urine application. For 

every experiment, the day of maximum observed NH4
+ and 

NO3
− concentrations (with concentration values) and the day 

of 95% decay are listed. The mineral N contents in respective 
control areas were subtracted. All timing values are given as 
time since application tappl [d]

Exp Sampling days
[d]

Concentration Maximum 95% decay time

NH4
+-N NO3

−-N NH4
+-N NO3

−-N

[µg g−1] [d] µg g−1 [d] [d] [d]

U1 {1, 7, 15, 28} 263 ± 26 1 99 ± 14 7 28 –
U3 {1, 8, 16, 22} 202 ± 25 8 130 ± 20 22 - –
U4 {3, 9, 16, 27, 39, 58, 68} 135 ± 62 3 59 ± 14 9 27 –
U5 {4, 13, 23, 33, 43, 61, 83, 119} 270 ± 76 4 287 ± 18 13 23 43
U6 {1, 5, 13, 20, 31, 53, 77} 109 ± 42 1 103 ± 32 13 13 77
U7 {3, 8, 19, 33, 58} 123 ± 18 8 153 ± 24 8 19 –
U9 {2, 10, 21, 31, 42} 226 ± 51 2 257 ± 22 21 - –
U10 {3, 10, 21, 34, 56, 87, 122} 251 ± 19 3 164 ± 10 21 34 122
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is in agreement with the isotopic results in Table  3, 
which show that the estimated contribution of nitri-
fier denitrification to N2O emissions often exceeded 
bacterial denitrification. However, a clear distinction 
between nitrifier denitrification and bacterial deni-
trification is difficult based on the available isotopic 
composition data (see CI in Table 3).

Microbial N2O forming pathways are often related 
to the soil aeration status, assuming that nitrification 

rather occurs under aerobic conditions and denitrifi-
cation under anaerobic conditions (Butterbach-Bahl 
2013). In our isotopic experiment, the contribution 
of nitrification and denitrification to measured N2O 
emissions could not be linked to the soil WFPS (not 
shown here), probably because it was a cumula-
tive N2O measurement over one week with variable 
WFPS during the week, or the co-occurrence of N2O 
transformation pathways. In the high-frequency auto-
matic chamber experiments, however, soil WFPS 
showed large variations across seasons (e.g. rang-
ing from 0.30 to 0.81 during UAC4) and F(N2O)urine 
increased with increasing WFPS (see examples in 
Fig.  4). Only experiment UAC8 lasting over winter, 
gave low F(N2O)urine at constantly high WFPS (aver-
age of 0.8) possibly explained by low microbial activ-
ities at soil temperatures < 5 °C.

The timespan of increased soil NH4
+-N, and thus 

the source of F(N2O)urine via nitrification and nitri-
fier denitrification, was depleted on average after 
30–40  days. In U3, however, the decrease of soil 
NH4

+-N and increase of NO3
−-N was less pro-

nounced in contrast to the other experiments. In this 
experiment, urine application was in late autumn at 
initial Ts around 10 °C and a constantly high WFPS 
level > 0.8. Probably both nitrification and denitrifi-
cation pathways were less active at low Ts and high 
WFPS. In contrast, the initial NH4

+-N pool size was 
lower and the decrease of NH4

+-N was faster in U4 

Table 3   Relative 
contributions of nitrifier 
denitrification (nD), 
bacterial denitrification 
(bD) and nitrification (Ni) 
to N2O emissions after 
artificial urine application 
(mean and 95% CI). Results 
were estimated using the 
FRAME model and include 
a correction for isotopic 
enrichment due to microbial 
N2O reduction

a no N2O isotopic source 
signature was determined 
for this  data as low flux 
conditions did not pass the 
set quality criteria

Time period N2O emissions Relative contributions

[mg patch−1 d−1] nD bD Ni

08.08–12.08 1.88 0.27 [0.02–0.67] 0.08 [0.00–0.31] 0.63 [0.28–0.91]
12.08–19.08 1.34 0.40 [0.03–0.63] 0.34 [0.02–0.78] 0.27 [0.04–0.49]
19.08–27.08 0.41 0.47 [0.03–0.70] 0.41 [0.02–0.87] 0.12 [0.01–0.26]
27.08–03.09 0.22 naa naa naa

03.09–12.09 0.17 naa naa naa

12.09–18.09 0.27 naa naa naa

18.09–25.09 0.19 0.43 [0.04–0.66] 0.30 [0.01–0.73] 0.27 [0.07–0.49]
25.09–02.10 0.15 0.31 [0.02–0.57] 0.33 [0.00–0.84] 0.37 [0.01–0.92]
02.10–09.10 0.15 naa naa naa

09.10–16.10 0.14 naa naa naa

16.10–24.10 0.10 naa naa naa

24.10–31.10 0.08 naa naa naa

31.10–07.11 0.29 naa naa naa

07.11–16.11 1.65 0.58 [0.11–0.80] 0.38 [0.01–0.85] 0.04 [0.00–0.11]

Fig. 7   Recovery of cumulative fluxes ∑F(N2O)urine derived 
from automated chamber measurements when simulating three 
manual chamber flux sampling regimes (Sim1, Sim2 Sim3). 
This comparison is performed for automated chamber experi-
ments (UAC) with experimental lengths > 30 days
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and U6 than in the other experiments. The urine was 
applied at a very high WFPS of 0.9. Thus, it may 
be that some of the urine N was leached to the sub-
soil during application. Furthermore, WFPS level 
dropped down in the next days reaching optimal con-
ditions for nitrification.

In five out of eight experiments, we could not 
define the time at which the increased soil NO3

−-N 
was depleted (Table 2) because the observation peri-
ods were too short. For experiments U5, U6 and 
U10, however, the high soil NO3

−-N in urine patches 
was depleted after tappl = 33–77  days, and thus also 
the urine-N N2O source. Compared to the other 
experiments, the NO3

−-N pool was still very high at 
tappl = 42 days in U9. A reason for this could be the 
absence of intensive rainfall events (see Barczyk et al. 
(2023)), and thus a low risk of NO3

− leaching (Steele 
et al 1984; Talbot et al. 2021). Furthermore, experi-
ment U9 was conducted at the end of the grazing 
season with decreasing plant growth and microbial 
activity due to decreasing temperatures (Stres et  al. 
2008; Punia et  al. 2020). In U5, the NO3

−-N pool 
fell by 245 [µg  g−1] within 11  days possibly due to 
NO3

− leaching after an intensive rainfall event (i.e., 
20 mm rainfall in 12 h).

Manual chamber sampling regime

Automated chamber experiments were conducted 
to measure F(N2O)urine at a high temporal resolu-
tion. The main part of the emissions occurred in 
tappl = 0–30 d. The length of this period corresponds 
well with measurements on F(N2O)urine in other stud-
ies (e.g. Singh et  al. 2009; Selbie et  al. 2014; Sordi 
et  al. 2014; Voglmeier et  al. 2019). Also, manual 
chamber measurements conducted at the same 
experimental site showed a similar average decay of 
F(N2O)urine over time (Barczyk et al. 2023).

However, our automated chamber measurements 
revealed highly variable F(N2O)urine e.g. after changes 
in WFPS. We questioned if a manual chamber sam-
pling regime can quantify ∑F(N2O)urine adequately, 
because time gaps may be too long and emission 
peaks after episodic events such as rainfall may be 
missed. Several different sampling regimes have been 
used in the literature to measure N2O emissions from 
urine patches with manual chambers. The sampling 
regime described by Krol et al. (2016) is more or less 
consistent with the sampling regime Sim1 used here, 
with three sampling measurements in the first week 
after urine application, two sampling measurements 
in the second week, followed by once per week, once 
every two weeks until day 24, and once a month until 
the end of the experiment. In Chadwick et al. (2018) 
the sampling frequency was higher, with 4–5 times 

Fig. 8   Development of 
observed high-resolution 
N2O fluxes (mean of 3 rep-
licate automated chambers) 
in experiment UAC1 in 
comparison to simulated 
manual chamber sampling 
regimes (Sim1, Sim2 
Sim3). Simulated manual 
chamber measurements 
are linearly interpolated 
(dashed lines). Precipitation 
per day (cyan bars) relates 
to the second y-axis
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in the first week, 4–5 times in the second week, 2 
times per week for the next two weeks, and then once 
per week for 1 month. Singh et al. (2009) measured 
daily for the first week, then every second day for 
two weeks, twice per week for one week, and once 
per week for the remaining period until F(N2O)urine 
approached background levels.

In our study, simultaneous manual and automatic 
chamber measurements in UAC1 demonstrated 
a reasonable agreement between the two cham-
ber methods. Furthermore, the temporal dynamic 
of F(N2O)urine could be captured by manual cham-
ber measurements (Fig.  8) resulting in similar 
∑F(N2O)urine and EFurine. In other situations, how-
ever, this might not be the case. We simulated three 
schedules of manual chamber measurements. The 
Sim1 regime resulted in an average underestima-
tion of cumulated emissions of only 5%, while Sim2 
and Sim3 resulted in an overestimation of + 19% 
and + 11%. In most cases, Sim1 was not able to cap-
ture enhanced F(N2O)urine after rainfall at tappl > 8  d. 
Sim2 and Sim3, on the other hand, usually captured 
enhanced F(N2O)urine after rainfall, which caused 
an overestimation of interpolated F(N2O)urine if the 
captured emission peak was high and of short dura-
tion (e.g. 1  day). Additional sampling three days 
after intensive rainfall in Sim3 slightly diminished 
the overestimation of Sim2, as Sim3 better grasped 
the decline of the N2O peak. Accordingly, van der 
Weerden et  al. (2013) found similar biases of -3% 
to + 21% for 3-day manual chamber sampling inter-
vals on urine patches, which were reduced slightly to 
between -3% and + 18% when measuring specifically 
after intensive rainfall events > 10 mm d−1.

Conclusions

Our study aimed at understanding the temporal 
dynamics of N2O emissions from urine patches and 
to identify drivers and major production pathways. 
In contrast to manual chamber measurements, auto-
matic chambers offered more frequent flux meas-
urements in a cycle of 4  h. The spatial application, 
however, was more limited. According to the applied 
random forest algorithm, the time since urine applica-
tion (tappl) was the strongest driver for F(N2O)urine. Its 
influence showed a decreasing course until approxi-
mately tappl = 35 d, similar to the course of the soil 

NH4
+ content. This suggests that nitrification and / or 

nitrifier denitrification might be dominant contribu-
tors to ∑F(N2O)urine. Stable isotopic composition of 
the emitted N2O indicates a major contribution of 
nitrification during the initial high N2O flux period 
and dominance of denitrifying pathways in subse-
quent periods. A further distinction between nitrifier 
denitrification and bacterial denitrification could be 
addressed using dedicated isotope labelling experi-
ments but was beyond the scope of this study. Fur-
ther studies examining the contribution of individual 
microbial pathways to F(N2O)urine under varying 
environmental conditions would help to better under-
stand the dynamic of F(N2O)urine.

In addition, the observed 4-h flux time series were 
used for the simulation of a manual chamber sam-
pling strategies as used in Barczyk et  al. (2023) at 
the same site. The results show that, on average over 
multiple experiments, the cumulative N2O emission 
can be reproduced to a reasonable degree by manual 
chamber measurements (bias of − 5% in Sim1) with a 
prescribed sampling schedule independent of rainfall 
events.
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Appendix

See Table 4 and Fig. 9.
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