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Abstract
The objectives of this field trial were to collect reliable measurement data on  N2 emissions and  N2O/(N2O +  N2) ratios in 
typical German crops in relation to crop development and to provide a dataset to test and improve biogeochemical models. 
 N2O and  N2 emissions in winter wheat (WW, Triticum aestivum L.) and sugar beet (SB, Beta vulgaris subsp. vulgaris) were 
measured using the improved 15N gas flux method with helium–oxygen flushing (80:20) to reduce the atmospheric  N2 back-
ground to < 2%. To estimate total  N2O and  N2 production in soil, production-diffusion modelling was applied. Soil samples 
were taken in regular intervals and analyzed for mineral N  (NO3

− and  NH4
+) and water-extractable Corg content. In addition, 

we monitored soil moisture, crop development, plant N uptake, N transformation processes in soil, and N translocation to 
deeper soil layers. Our best estimates for cumulative  N2O +  N2 losses were 860.4 ± 220.9 mg N  m−2 and 553.1 ± 96.3 mg N 
 m−2 over the experimental period of 189 and 161 days with total  N2O/(N2O +  N2) ratios of 0.12 and 0.15 for WW and SB, 
respectively. Growing plants affected all controlling factors of denitrification, and dynamics clearly differed between crop 
species. Overall,  N2O and  N2 emissions were highest when plant N and water uptake were low, i.e., during early growth 
stages, ripening, and after harvest. We present the first dataset of a plot-scale field study employing the improved 15N gas 
flux method over a growing season showing that drivers for  N2O and  N2O +  N2 fluxes differ between crop species and change 
throughout the growing season.
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Introduction

Denitrification is one of the main sources of gaseous N 
losses to the environment with  N2O and  N2 being its main 
end products.  N2O is an important greenhouse gas with a 
global warming potential of 298-times that of  CO2 (Ciais 
et al. 2014) and emissions of  N2O from agriculture have 
been monitored for several decades. In contrast,  N2 is inert, 
and there are very few studies directly measuring  N2 emis-
sions on the field scale. Lack of  N2 fluxes restricts validation 
and improvement of biogeochemical models (Grosz et al. 
2023). Quantifying  N2 losses is crucial to understand denitri-
fication dynamics, N use efficiency of crops, and to develop 
strategies to mitigate denitrification and  N2O fluxes (Scheer 
et al. 2020).

Direct quantification of  N2 emissions is quite challeng-
ing, particularly due to its high atmospheric background 
concentrations of 78.1%. The only method that is applica-
ble on the field scale is the ‘15N gas flux method’ (15NGF, 
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a list of abbreviations can be found in the Supplementary 
Material). Highly enriched 15N labelled  NO3

− is added to 
soil allowing monitoring of 15N labelled denitrification 
products  N2O and  N2 (Siegel et al. 1982). This method has 
proven to be efficient for monitoring short-term fluxes in 
pot experiments (Rummel et al. 2021; Kirkby et al. 2023), 
as well as on the field scale (Buchen et al. 2016; Sgouridis 
et al. 2016; Friedl et al. 2022; Takeda et al. 2022; Buchen-
Tschiskale et al. 2023). Recently, an improved version of the 
15N gas flux method (15NGF +) was developed, combining 
the approaches of the 15N gas flux method and the  HeO2 
atmosphere method (Well et al. 2019a; Friedl et al. 2020; 
Micucci et al. 2023). Prior to accumulation of soil-derived 
gases, the chambers’ headspace is flushed with an artificial 
 HeO2 atmosphere. This lowers the background concentration 
of unlabeled atmospheric  N2 and thus improves the limit 
of detection. It achieves realistic estimates of cumulative 
denitrification fluxes with sufficient sensitivity to study  N2 
and  N2O fluxes on the field scale enabling the study of deni-
trification responses to control factors. However, measure-
ment of 15N-labelled  N2 and  N2O surface gas fluxes excludes 
subsoil fluxes and pore space accumulation and thus under-
estimates total denitrification rates (Sgouridis et al. 2016; 
Well et al. 2019b). To overcome this, production-diffusion 
modelling can be applied to calculate total  N2O or  N2 pro-
duction within the soil column including subsoil fluxes (Well 
et al. 2019b).

Growing plants exert great influence on denitrification 
by altering the availability of the main substrates  (NO3

− and 
 Corg), as well as moisture and pH value of soils (von Rhein-
baben and Trolldenier 1984; Malique et al. 2019; Rum-
mel et al. 2021). Water uptake and transpiration by plants 
decrease soil moisture, thus decreasing the anaerobic soil 
volume and denitrification (Firestone and Davidson 1989; 
Buchen et al. 2016; Rummel et al. 2021). In contrast, root 
respiration and increased microbial activity caused by 
rhizodeposition can increase  O2 consumption in the rhizo-
sphere and therefore denitrification (Klemedtsson et al. 
1987; Groffman et al. 1988; Hamonts et al. 2013; Senbay-
ram et al. 2020). The amount of  Corg transferred into the soil 
depends on plant species, age, and development (Kuzyakov 
and Domanski 2000). Pot-scale studies suggest that plant 
growth may stimulate denitrification during early growth 
phases (Senbayram et al. 2020) and senescence (Klemedts-
son et al. 1987), while N and water uptake of plants are 
limiting factors for denitrification during vegetative growth 
phases (Haider et al. 1985; Rummel et al. 2021). Plant and 
root development strongly differ between crop species, espe-
cially when comparing winter with summer crops or cereals 
with root and tuber crops. Accordingly, the time course of 
 N2O emissions differs between crop species (Jeuffroy et al. 
2013; Ruser et al. 2017). The few available field studies 
indicate that  N2 fluxes do not follow the same patterns as 

 N2O fluxes leading to fluctuations in denitrification product 
ratios throughout the season (Buchen et al. 2016; Friedl et al. 
2023; Takeda et al. 2023).

This study aimed (i) to test the novel improved 15N gas 
flux method with production-diffusion modelling on the 
field scale, (ii) to quantify  N2O and  N2 fluxes and produc-
tion rates on the field scale and the influence of the growth 
of two plant species that differ in their spatial and temporal 
biomass development. (iii) Further, we aimed at generating 
a full dataset to be used for optimization and validation of 
 N2 fluxes in modelling as proposed by Grosz et al. (2021). 
We hypothesized, that growth and development patterns of 
different plant species control all drivers of denitrification 
 (O2,  NO3

−, and Corg availability, temperature) and therefore 
 N2O, and  N2 losses and  N2O/(N2O +  N2) ratios. In detail, 
we expect that (1) plant N uptake governs  NO3

− availability 
for denitrification leading to higher  N2O and  N2 emissions 
when plant N uptake is low. (2) Increasing C availability 
increases denitrification derived N losses and decreases the 
 N2O/(N2O +  N2) ratio. And (3) denitrification-promoting 
effects of Corg supply to soil by rhizodeposition are inferior 
to denitrification-lowering effects caused by plant uptake of 
 NO3

− and water.

Methods

Study site and crop management

The experiment was conducted on the experimental farm 
“Reinshof” of the Georg-August University Göttingen, 
Germany (51.499°N, 9.931°E, 157 m a.s.l.) during 2021. 
The mean annual temperature of the area is 9.3 °C and the 
mean annual precipitation is 628 mm (30-year mean, 1992 to 
2021, (DWD 2021)). The precrop grown on the field site in 
the year before the experiment was winter barley (Hordeum 
vulgare L.). The soil at the site is classified as luvisol devel-
oped from loess. For the experiment, the field was split in 
two sections to grow two different crops winter wheat (WW, 
Triticum aestivum L.) and Sugar beet (SB, Beta vulgaris 
L.). Although the two sections were only ~ 10 m apart, soil 
texture and pH were slightly different. The more northern 
WW section was classified as silt loam (19% sand, 60% silt, 
21% clay) with a pH  (CaCl2) of 7, while the more southern 
SB section was classified as silty clay loam (SB: 23% sand, 
49% silt, 29% clay) with a pH  (CaCl2) of 7.5.

Winter wheat (cv. RGT Reform, 300 seeds per  m2) was 
sown in October 2020 after incorporation of barley stub-
bles. After wheat was harvested in August 2021, stubbles 
were mulched, and phacelia (Phacelia tanacetifolia Benth.) 
was sown as cover crop in September 2021. On the other 
section, a catch crop mixture of phacelia (Phacelia tanaceti-
folia Benth.), oil flax (Linum usitatissimum L.), and niger 
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seed (Guizotia abyssinica (L.f.) Cass.) was established in 
August 2020 and mulched in March 2021. Sugar beet was 
sown in late March 2021 (cv. Thaddea KWS, row distance 
45 cm, seed distance 21 cm). Due to the low germination 
rates caused by cold temperatures in April, manual re-sow-
ing was done in the beginning of May. Sugar beets were 
harvested at the end of September, and shredded leaves 
were incorporated into the soil. Pest management followed 
regional standards and best management practice in both 
crops (Supplementary Table S1). Winter wheat did not 
receive any other nutrients during the experimental period, 
sugar beet were fertilized with 166 kg K  ha−1, 73 kg P  ha−1, 
61.6 kg Mg  ha−1, and 26 kg S  ha−1.

Experimental design and 15N application

For each crop, 6 macroplots (WW: 3  m × 8  m, SB: 
3 m × 11 m) were defined. Within each macroplot, a mes-
oplot (1.4  m × 1.4  m) and a microplot (⌀ 30  cm) were 
established (Supplementary Fig. S1). In the mesoplots, we 
applied low 15N enrichment labeling (~ 5 at%) to determine 
fertilizer-derived plant N uptake and to trace translocation 
of fertilizer N in soil. The microplots were fertilized with 
high 15N enrichment (~ 60 at%) and used for gas sampling. 
For WW, microplots were chosen where uniformly grow-
ing plants were present, for SB one representative plant was 
identified. Meso- and microplots remained at the same spot 
throughout the growing seasons. Both crops were fertilized 
according to their N demand and yield potential, typical 
for these crops in the region. WW was fertilized with 21 g 
N  m−2 (equivalent to 210 kg N  ha−1) split in two fertilizer 
doses of 14 g N  m−2 on April 8th and 7 g N  m−2 on June 
11th. After wheat harvest, phacelia was fertilized with 3 g N 
 m−2 on September 6th. SB was fertilized with 10 g N  m−2 
(equivalent to 100 kg N  ha−1) split in two fertilizer doses 
of 5 g N  m−2 each on May 20th and July 6th. Application 
technique and formulation of the fertilizer differed between 
macro-, meso-, and microplot.

Microplots were fertilized with a 15N enriched tracer solu-
tion made of 15N-labeled Ca(NO3)2 (~ 60 at% 15N2, Campro 
Scientific GmbH, Berlin, Germany) dissolved in  H2Odest. To 
ensure homogenous label distribution in the upper 20 cm 
of the microplots, we aimed to completely exchange soil 
water inside the upper 20 cm of the microplots with the 
tracer solution. Based on the findings of pre-experiments 
with similar soil properties to the field site, the 1.6-fold of 
the present soil water solution was applied to replace ~ 80% 
of soil water with the tracer solution. The necessary amount 
of water was estimated based on soil water content prior to 
each fertilization event. The tracer solution was applied as 
evenly as possible with drip irrigation in intervals (15 min 
application, 45 min pause) using a sprinkling head with 163 
sprinkling capillaries (EcoTech, Bonn, Germany) connected 

to a peristaltic pump (ISM444B, Ismatec, Wertheim, Ger-
many) to ensure infiltration into soil. Thus, for all fertiliza-
tion events, two consecutive days with ~ 8 h of irrigation 
were needed.

Mesoplots were fertilized with a 15N enriched tracer solu-
tion made of 15N-labeled Ca(NO3)2 (~ 5 at% 15N2, Campro 
Scientific GmbH, Berlin, Germany) dissolved in  H2Odest. To 
distribute the tracer solution evenly, the mesoplot was divided 
into 100 small squares and aliquots of the fertilizer solution 
were distributed with a dispenser. Afterwards, mesoplots were 
carefully irrigated to facilitate infiltration and distribution of 
the fertilizer into the soil and to increase soil water content 
similarly to microplots. In the macroplots, N was added as 
conventional solid calcium ammonium nitrate and macroplots 
were irrigated in intervals using a garden sprinkler.

Plant and soil sampling and analyses

An overview of plant and soil samples taken and ana-
lyzed during the experiment is given in Table 1. Detailed 
description of the procedures can be found in the 
Supplementary Material.

Determination of  N2O and  N2 fluxes

Chamber design, gas sampling setup, and static chamber 
method

Prior to the experiment, PVC cylinders (30 cm inner diam-
eter, 32 cm length, 8 mm wall thickness) were inserted to 
a depth of 30 cm into the soil in each microplot. A seventh 
cylinder was installed next to the macroplots for each crop. 
These were fertilized like the other microplots and used for 
soil sampling before/after fertilization. After installing the 
cylinders, a ring of 6 cm height with a slanted edge, fit-
ting precisely into the chamber, was glued on top of the 
cylinder. Chambers were made from PVC and measured 
30 cm in diameter with a height of 35 cm. The chamber 
was equipped with four ports with Luer‐lock stopcocks to 
enable flushing of the headspace with artificial atmosphere 
as well as a connection for gas sampling. As the plants grew, 
the height of the chambers was adjusted to 60 cm (SB) or 
90 cm (WW). To prevent diffusion of  N2 from the subsoil 
into the  N2-depleted headspace, six stainless steel needles 
were inserted 22 cm into the soil and flushed with artifi-
cial atmosphere during chamber closing. The needles were 
sealed at the lower end and had a side hole at 21 cm depth to 
allow gas flow into the soil. Needles were removed for till-
age after WW and SB harvest and inserted again to depths 
of 22 cm and 14 cm (incorporation depth of SB leaves), 
respectively.

Gas fluxes were measured in WW plots from Mid-April to 
end of October (total experimental period of 197 days) and 
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in SB plots from Mid-May to end of October (154 days). Gas 
samples from microplots were collected in intervals of one 
or two weeks. To determine  N2O fluxes, the closed-chamber 
method (Hutchinson and Mosier 1981) was used. Sampling 
was always performed in the morning hours between 8 and 
10 am. Chambers were closed, sealed, and headspace atmos-
phere of the chamber was sampled in intervals of 0, 20, 40, 
and 60 min. For larger chambers, sampling intervals were 
extended to 80 min (SB) or 80 and 100 min (WW).

In addition, we applied a novel improved version of the 15N 
gas flux method (15NGF +) (Well et al. 2019a) to directly deter-
mine  N2O and  N2 emissions in the field. For both gas sampling 
techniques, the same chambers and collars were used. When 
both methods were applied on the same day, the closed-cham-
ber samples were always taken prior to the 15NGF + to prevent 
disturbances by headspace and soil flushing and enable com-
parisons between the  N2O measurements of both methods. All 
gas samples were taken by connecting a handheld electric air 
pump to the chamber and pumping the headspace atmosphere 
through a glass Exetainer (12 ml, Labco, High Wycombe, UK) 
and back into the chamber. Exetainers were flushed for one 

minute to exchange the vial volume > 40 times, then increasing 
the pressure in the exetainer to ~ 2.5 bar.

15N gas flux method

For the 15N gas flux method (15NGF +), a gas mixture consist-
ing of 80% He and 20%  O2 (Air products, Hattingen, Germany; 
purity of N4.6 for He and N2.5 for  O2) was used to replace 
the headspace atmosphere before sampling. Gases were mixed 
by two digital flow controllers (MC-5SLPM-D for  O2, MC-
20SLPM-D for He, Alicat Scientific, Tucson, Arizona, USA). 
Two chambers were flushed with the gas mixture at the same 
time and two gas flow meters (Minimaster MMA-25 and Mini-
master MMA-20, Dwyer Instruments Inc, Michigan City, Indi-
ana, USA) installed between the chamber and the incoming gas 
matrix ensured equal gas flow into both chambers.

The sampling routine for 15NGF + consisted of three phases: 
1) high-flow headspace flushing, 2) low-flow headspace flush-
ing, and 3) headspace accumulation with subsoil flushing. In 
phase one, the headspace atmosphere was exchanged by flush-
ing the chamber for 15 min with a flow rate of 12 L  min−1 

Table 1  Overview of plant, soil, and meteorological data collected during the field trial. A detailed description of the measurements can be 
found in the Supplementary Material

Parameter how where when/how often references

Above ground plant biomass Canopeo App Mesoplot Weekly until canopy closure Patrignani and Ochsner 
2015

Sugar beet biomass (below-
ground)

Harvest, weighing, drying Macroplot or mesoplot Monthly

N content and 15N content 
of plant biomass

IRMS analysis of dried 
plant material

Mesoplot Monthly

Soil mineral N  (NO3
−, 

 NH4
+)

2 M KCl extraction (1:4 
w/v)

Macroplot 0–30 cm depth Weekly
Mesoplot 0–30, 30–60, 

60–90 cm depth
4-weekly

Microplots 0–30, 30–60, 
60–90 cm depth

End of experiment

15N enrichment in  NO3
−, 

 NH4
+

IRMS analysis of soil 
extracts (2 M KCl)

Mesoplot 0–30, 30–60, 
60–90 cm depth

4-weekly Eschenbach et al. 2017, 
2018; Dyckmans et al. 
2021

Water-extractable organic C 
(WEOC)

Extraction with ultrapure 
water (1:5 w/v)

Macroplot 0–30 cm depth weekly
Mesoplot 0–30, 30–60, 

60–90 cm depth
4-weekly

Soil moisture and tempera-
ture

FDR sensors (ECH2O 
5TM, Decagon Devices, 
Pullman, USA)

5 replicates in each crop, 
5–10 cm depth

30-min intervals

Air temperature ATMOS 14 temperature 
sensor (Meter Group, 
Pullman, USA)

 ~ 100 m next to field site 1-h intervals; end of 
April—Mid-October

Daily precipitation ECRN-100 Rain Gauge 
(Meter Group, Pullman, 
USA)

Air temperature, daily 
precipitation

Weather station of Ger-
many's Meteorological 
Service (ID: 1691)

 ~ 1.3 km from field site 1-h intervals; April and end 
of October
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with open outflow at a second port. This phase of fast flushing 
aimed to reduce the atmospheric  N2 background in the cham-
ber and in the pore volume of the labelled soil to below 2%. 
Depending on soil moisture and air conductivity a variable 
fraction of the inflow leaves the chamber via the exhaust while 
the remainder is flushing the soil vertically (Well et al. 2019a). 
For the next three minutes, the outflow port was closed, and 
the flushing rate reduced to 3 L  min−1. The reason for add-
ing this phase is to ensure vertical flushing of the soil in case 
of high moisture and thus low gas conductivity since the gas 
is forced into the soil when the exhaust port of the chamber 
is closed. During the accumulation phase, the steel needles 
were flushed with the gas mixture with a flow rate of 0.3 L 
 min−1. This subsoil flushing aimed to inhibit diffusion of  N2 
from the subsoil into the chamber. During the accumulation 
phase, headspace samples were taken in intervals of 0, 20, 
40, and 60 min. For larger chambers, sampling intervals were 
extended to 80 min (SB) or 80 and 100 min (WW). At the end 
of the closure period, triplicate headspace samples were taken 
as described above. One of the samples was analyzed by gas 
chromatography, the other by isotope ratio mass spectrometry 
(IRMS), and the third used as backup for IRMS.

As only two chambers could be flushed at once, chambers 
were always flushed and sampled in pairs (1 and 2, 3 and 
4, 5 and 6) with the sampling order changing every week. 
When the height of chambers was increased, flushing rates 
and times were adjusted to 20 min high-flow flushing with 
15 L  min−1 and 5 min low-flow flushing with 3.75 L  min−1. 
Needle flushing rates were not altered.

Gas analysis and  N2O flux calculations

Samples from both methods and all sampling intervals 
were analyzed for  N2O and  CO2 concentrations by gas 
chromatography (GC-2014, Shimadzu, Kyoto, Japan) 
equipped with a thermal conductivity detector (TCD) 
measuring  CO2 and an electron capture detector (ECD) 
measuring  N2O.  N2O and  CO2 fluxes were calculated 
using the R software (R Core Team 2022) including the 
package gasfluxes v.0.4–4 (Fuß 2020). Briefly, molar gas 
concentrations were transformed into mass concentra-
tions according to the ideal gas law. The most appropriate 
flux calculation model was selected based on the Akaike 
information criterion (AIC) and the kappa value, choosing 
between a linear model, a nonlinear HMR model, and a 
robust linear regression model. Resulting gradients were 
multiplied with the chamber volume divided by chamber 
area to derive gas flux estimates. To estimate the relia-
bility of the diffusive gas accumulation in the chambers, 
 CO2 concentration gradients were used. Calculated fluxes 
were discarded if the Pearson coefficient of the  CO2 flux 
was smaller than + 0.85.  N2O fluxes with standard errors 
above 100 µg N  m−2  h−1 were also discarded (Ruser et al. 

2017). About 4.5% of all measured fluxes did not meet 
these criteria.  N2O fluxes calculated from the static cham-
ber method will be referred to as  N2O and  N2O fluxes 
calculated from  HeO2 flushed chambers are referred to as 
 N2O_heox. Cumulative  N2O emissions were calculated by 
linear interpolation of fluxes.

Isotopic analysis and calculation of  N2 and  N2O

To determine  N2O,  N2, and  N2O +  N2 fluxes derived from 
the 15N-labeled N pool, gas samples collected at the 60 min 
sampling interval (80 or 100 min for larger chambers) were 
analyzed for m/z 28 (14N14N), 29 (14N15N) and 30 (15N15N) 
of  N2 using a modified GasBench II preparation system 
coupled to an isotope ratio mass spectrometer (MAT 253, 
Thermo Fisher Scientific, Bremen, Germany) according to 
Lewicka-Szczebak et al. (2013). This system allows a simul-
taneous determination of mass ratios 29R (29/28) and 30R 
(30/28) of  N2 +  N2O,  N2 and  N2O, all measured as  N2 gas 
after  N2O reduction in a Cu oven. Reproducibility of 29R and 
30R (standard deviation of 4 replicate standard samples) was 
typically < 1 ×  10–6 and 5 ×  10–6, respectively.  N2 concentra-
tion in the samples analyzed on MAT 253 IRMS ranged 
between 0.35 and 27.99% with a mean of 1.33 ± 2.55%  N2. 
The detection limit for  N2O was between 0.2 and 1 ppm 
depending on the 15N enrichment of the sample. For dates 
with high  N2O concentrations but undetectable  N2O peak 
by analysis with MAT 253 IRMS, additional samples were 
analyzed for isotopocule values of  N2O using a Delta V iso-
tope ratio mass spectrometer (Thermo Scientific, Bremen, 
Germany) coupled to an automatic preparation system with 
a Precon + Trace GC Isolink (Thermo Scientific, Bremen, 
Germany), where  N2O was pre‐concentrated, separated and 
purified, as described previously (Lewicka-Szczebak et al. 
2014). In this setup, m/z 44, 45, and 46 of the intact  N2O+ 
ions were determined, and 29R and 30R were derived from 
them (Bergsma et al. 2001; Deppe et al. 2017). Data were 
normalized against background values of a breathing air 
laboratory standard. Analysis of 15N-labelled standard gases 
confirmed detectable  ap_N2O and  Fp_N2O values for  N2O 
concentrations > 0.1 ppm.

The fraction originating from the 15N-labeled pool with 
respect to total N in the gas sample (Fp) was calculated after 
Mulvaney (1984) using data from MAT 253 IRMS for all 
sampling dates:

where lower case sa and bgd denote sample and back-
ground, respectively and ap is the 15N enrichment of the 
15N-labeled N pool undergoing denitrification. Variables 
of Eq. 1 were calibrated and normalized as described by 
Buchen-Tschiskale et al. (2023). Briefly, gas samples from 

(1)Fp =
(

29Rsa −
29Rbgd

)

∕(2∗ap∗(1 − ap))
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the unlabeled microplots were used as background to deter-
mine 29Rbgd and sample measurements were corrected with 
standard gases. If available, ap-values from Delta V meas-
urements were used for calculations, otherwise ap-values 
from MAT 253 IRMS measurements were used. For samples 
without measured ap-values, the mean value from the other 
replicates from the same sampling date was used. To obtain 
15N-pool-derived gas concentrations (in ppm), Fp values 
were multiplied with respective total sample N concentration 
to obtain concentrations of 15N-pool-derived N species in the 
sample gas (fp values, i.e.  fp_N2O,  fp_N2,  fp_N2O +  N2). 
Then, fluxes derived from the 15N-labeled  NO3

− pool under-
going denitrification were calculated from fp values assum-
ing linear increase over the accumulation time and will be 
referred to as 15N-pool derived fluxes.

For dates with Delta V measurements,  Fp_N2O and  fp_
N2O was calculated from the non-equilibrium distribution 
of  N2O isotopocules according to Bergsma et al. (2001) and 
Spott et al. (2006).

Denitrification product ratio was calculated based on 
Eq. 2.

For certain samples, significant  fp_N2O +  N2 values were 
detected while  fp_N2 and  fp_N2O were below detection 
because δ15N values of  N2O +  N2 were higher than of  N2. 
Therefore, the number of evaluable datapoints for 15N-pool-
derived  N2O was more limited. To allow evaluation of 
samples with and without detectable  fp_N2 and  fp_N2O, 
we calculated an auxiliary ratio using total  N2O from GC 
measurements (Eq. 3):

As product ratios have been shown to be unaffected by 
the flushing method (Well et al. 2019a), it is possible to cal-
culate  N2O +  N2 losses from  N2O fluxes and product ratios:

The fraction of  N2O +  N2 derived from fertilizer was cal-
culated by dividing  ap_N2O by the 15N enrichment of applied 
fertilizer (60 at%). Then, fertilizer-derived  N2O +  N2_fert 

(2)
Denitrif ication product ratio = fp_N2O∕fp_N2O + N2

(3)Total N2O ratio = N2O_heox∕fp_N2O + N2

(4)N2O + N2_est = N2O∕total N2O ratio

fluxes were calculated by multiplying  N2O +  N2_est with 
this fraction. Cumulative emissions were calculated by lin-
ear interpolation of fluxes.

Production‑diffusion modelling

To determine total production rates of 15N-pool-derived  N2 
and  N2O from chamber fluxes, storage in pore space of the 
labelled soil and downward diffusion must be taken into 
account. Previously, production-diffusion modeling using 
numerical finite element modelling (FEM) with the pro-
gram COMSOL Multiphysics (Version 5.2, COMSOL Inc., 
Burlington, Massachusetts, US) was conducted to realize 
this for the 15N gas flux method under ambient atmosphere 
(Well et al. 2019b). Here, we adapted this FEM model to 
the improved 15N gas flux method (Well et al. 2019a) by 
using diffusivity for Helium–Oxygen mixture (Katz et al. 
2011) and adapting the chamber geometries. Our model-
ling assumed homogenous distribution of diffusivity, labeled 
 NO3

−, and of  N2 and  N2O production because we only had 
data on average values of moisture and bulk density over all 
replicates and no data to estimate depth-dependence of deni-
trification activity. Moreover, we assumed that continuous 
needle flushing at 20 cm depth would enhance downward 
diffusion of 15N-pool-derived  N2 and  N2O as the downward 
convection of the injected gas mixture would keep their con-
centration close to zero. In the FEM model, this was taken 
into account by defining artificially high gas diffusions coef-
ficients (100 times of diffusivity in free air) in the surround-
ing soil which resulted in a lower boundary condition of 
close to zero concentration at 20 cm depth. Production thus 
results from the sum of chamber flux plus the subsurface 
flux, i.e. the sum of storage and subsoil diffusion fluxes. The 
FEM model was run for the different chamber geometries 
and all potentially relevant parameters to generate a data-
set which eventually allowed deriving a correction factor. 
Correction factors were calculated for each individual date 
by using actual chamber geometry and air-filled pore space 
as derived from water content and bulk density. We then 
calculated total production rates  (N2O +  N2_prod,  N2_prod, 
 N2O_prod, mg N  m−2  d−1) for  N2O +  N2,  N2, and  N2O fluxes 
according to Eq. 5:

(5)
Production rate = flux_measured ∗ (1 − (chamber_flux_t ∗ a + +AFPS_t ∗ b + Intercept))

where chamber_flux_t is the measured chamber flux at 
each measured time point  (N2O,  N2, or  N2O +  N2 in mol 
N  m−2  s−1), and AFPS_t is the air-filled pore space at this 
respective time point (in  m3/m3). The fit parameter a, b, 
and intercept were derived from the dataset generated by 

the parameter sweeps of the FEM Model and were slightly 
different for each chamber geometry. Total cumulative 
 N2O_prod or  N2O +  N2_prod production was calculated 
by linear interpolation of production rates.
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Statistics

All statistical analyses were performed using the statisti-
cal software R version 4.0.3 (R Core Team 2022). p-val-
ues < 0.05 were considered statistically significant. Means 
and standard errors were calculated over all 15N labelled 
replicates (n = 5). Differences in cumulative  N2O,  N2O +  N2, 
 N2O +  N2_prod,  N2O +  N2_est, and  N2O +  N2_fert between 
crops were compared using a t-test or a Mann–Whitney U 
test when data were not normally distributed.

To test the combined effect of soil environmental variables 
(soil temperature, soil moisture, Nmin, WEOC) on  N2O and 
 N2O +  N2_est fluxes, generalized additive models (GAM) were 
applied as implemented in the R package mgcv version 1.8–41 
(Wood and Augustin 2002; Wood 2011).  N2O and  N2O +  N2_
est fluxes were log-transformed, which is a common prerequi-
site for analyzing  N2O data because of their skewed distribu-
tion (Folorunso and Rolston 1984). As total  N2O ratios are 
distributed between 0 and 1, we applied beta regression models 
using the R package betareg version 3.0–55 (Cribari-Neto and 
Zeileis 2010). Best models were selected using AICc (Akaike’s 
information criterion). We excluded the SB post-harvest period 

from the dataset for GAM.  N2O and  N2 production after lit-
ter addition is largely driven by local oxygen shortage due to 
increased microbial respiration (Parkin 1987; Chen et al. 2013; 
Kravchenko et al. 2018) and it was considered unlikely that 
the SB post-harvest period could be explained by the same 
relationships. However, data from the SB post-harvest period 
were not sufficient for statistical analysis.

Results

Meteorological data, soil moisture and temperature

At the Reinshof field site, the annual precipitation during 
the meteorological year of 2021 (01.11.2020 to 30.10.2021) 
was 581.2 mm. During the period of gas measurements, 
daily mean air temperatures ranged from 4.4 °C to 24.9 °C 
(Fig.  1). Recorded soil temperatures at five cm depth 
ranged from 4.84 °C to 21.78 °C in WW and from 4 °C to 
28.54 °C in SB. WFPS ranged between 33.91% and 70.31% 
in WW and between 35.38% and 66.32% in SB (Fig. 1). 

Fig. 1  Time course of (a) 
mean daily air temperature and 
precipitation, (b) soil mois-
ture as water-filled pore space 
(%WFPS), and (c) and daily soil 
temperature in 5 cm depth at 
10 am (b + c: mean ± standard 
deviation for n = 5)
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Soil moisture and temperature were affected by plant growth 
and development. In the first half of the measurement period 
(until mid-July) soil moisture was lower in WW compared 
to SB (Fig. 1). From mid-July until the end of the experi-
ment, soil moisture was higher in SB. Soil temperatures were 
higher in SB until the end of June.

Crop development

The development of plant biomass of WW and SB is shown 
in Fig. 2 a + b. Canopy cover and above ground biomass of 
WW increased almost linearly from April until canopy clo-
sure at the end of May. On the day of WW harvest (August 
9th), total aboveground plant biomass was 2418.3 ± 207.0 g 
DM  m−2 in the mesoplots. Grain yield on the mesoplots 
was 657.6 ± 93.0 g DM  m−2 (Supplementary Table S2). 
Plant growth in the macroplots was uneven and the mesop-
lots had been established in the more homogeneous parts of 
the macroplots. In the microplots, total aboveground plant 
biomass and grain yield were lower with 1488.8 ± 187.2 g 
DM  m−2 and 453.4 ± 204.0 g DM  m−2 respectively. Likely 

reasons are the confinement in the microplots which 
restricted available soil area. Further, gas sampling with 
chambers may have disturbed plant growth leading to lower 
yields. In contrast, phacelia dry mass at the end of the exper-
iment was higher in microplots, likely due to differences in 
plant density from manual sowing.

Cold temperatures in spring led to slow and irregular 
SB germination and affected crop development of SB. Six 
weeks after sowing, plants were only in 3- or 4-leaf stadium 
(BBCH-scale 11 and 12, Lancashire et al. 1991) with ~ 3% 
canopy cover. On the first sampling date (May 21st), SB 
biomass was 3.2 ± 1.9 g DM  m−2. Leaf biomass increased 
slowly during the first months. With increasing tempera-
tures in June, SB leaf growth increased strongly until end of 
August. SB beet biomass stayed low on the first two sam-
pling dates, then increased strongly until end of August. 
At SB harvest, total SB biomass was 2573.2 ± 155.0 g DM 
 m−2 (547.2 ± 41.5 g DM  m−2 leaves, 2026.0 ± 118.2 g DM 
 m−2 beet). Average beet dry weight at harvest was slightly 
higher in microplots (219.2 ± 38.3 g DM) than in mesoplots 
(187.9 ± 51.0 g DM).

Fig. 2  Time course of (a + b) 
biomass development of winter 
wheat and sugar beet, (c + d) 
soil water-extractable organic C 
(WEOC) in the upper 0–30 cm 
soil layer, and (e + f) soil  NO3

− 
content in 0–30 cm soil layer. 
Arrows indicate dates of N 
fertilization (F) and harvest (H) 
(mean ± standard deviation for 
n = 5)
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Soil water‑extractable organic C, mineral nitrogen, 
and 15N enrichment of N‑pools

The dynamics of the WEOC content in WW and SB are 
shown in Fig. 2 c + d. In WW, the soil WEOC content in 
the 0–30 cm soil layer increased until Mid-June. Then, it 
decreased to values similar to spring conditions and only 
slightly changed after that. Initial soil WEOC content in SB 
was higher than in WW in the beginning of the experiment. 
It decreased throughout the growing season, reaching its 
lowest values after harvest.

The dynamics of the soil  NO3
− content and its 15N enrich-

ment in are shown in Fig. 2 e + f (0–30 cm depth) and Sup-
plementary Figure S3 (0–90 cm depth). In the beginning 
of the experiment, soil mineral N content was highest in 
the 60–90 cm soil layer in WW.  NO3

− content and its 15N 

enrichment in the upper 0–30 cm topsoil layer increased 
with each fertilization event. Translocation of labeled 
 NO3

− to soil layers > 30 cm became only relevant during 
WW ripening and after harvest. In SB, the soil mineral N 
content in the upper 0–30 cm topsoil layer was 7.53 g N 
 m−2 prior to the first fertilization event. The first N fertiliza-
tion led to a strong increase in mineral N, while the second 
fertilization did not cause any increase of the soil mineral N 
content. After SB harvest and SB leaf incorporation, min-
eral N values slightly increased. The mineral N content of 
the 30–60 cm soil layer and the 60–90 cm soil layer showed 
similar dynamics as the 0–30 cm layer. The 15N enrichment 
of the  NO3

− pool in the SB mesoplots followed a similar 
pattern as the total  NO3

− content. Soil  NH4
+ content of both 

crops was mostly < 0.5 g N  m−2 with low 15N enrichment 
(< 0.5% APE, Supplementary Figure S4).

Fig. 3  a + b:  N2O fluxes 
from winter wheat and sugar 
beet plots, c + d: best-esti-
mate  N2O +  N2_est fluxes, 
e + f: denitrification product 
ratio (grey) and total  N2O 
ratio (black). g + h: Fraction 
of 15N-pool-derived  N2O 
 (Fp_N2O). i + k: 15N enrichment 
of the 15N-labelled  NO3

− pool 
undergoing denitrification 
 ap_N2O (black) and the total 
soil  NO3

− pool  a_NO3.− (red 
triangles) in the microplots in 
0–20 cm depth. Vertical arrows 
show dates of fertilization (F) 
and harvest (H). Mean ± stand-
ard deviation for n = 5
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N2O and  N2O +  N2 fluxes, and 15N enrichment

Total  N2O fluxes (mg N  m−2  d−1) from WW and SB microp-
lots are shown in Fig. 3 a + b. Directly after the first fertili-
zation in WW,  N2O fluxes remained very low, but slightly 
increased in May. From the beginning of July,  N2O fluxes 
increased almost linearly reaching highest values shortly 
before WW harvest (1.225 mg N  m−2  d−1 on July 28th). 
Right after harvest,  N2O fluxes remained high, slightly 
decreased in September and increased again right after sow-
ing and fertilization of phacelia (1.199 mg N  m−2  d−1 on 
September 8th). In SB,  N2O fluxes were very high before the 
first fertilization (1.349 mg N  m−2  d−1 on May 17th), then 
decreased until the beginning of June, and then increased 
again reaching a peak on June 21st (1.373 mg N  m−2  d−1). 
After the second fertilization,  N2O fluxes remained low 
throughout the summer months. After SB harvest and leaf 
incorporation into the soil,  N2O fluxes increased strongly 
reaching highest  N2O fluxes in the overall experiment 
(2.471 mg N  m−2  d−1 on October 14th).

N2O fluxes derived from the 15N-labelled  NO3
− pool 

undergoing denitrification could only be determined from 
mid-June to the beginning of October in WW (Supplemen-
tary Figure S5). During this period, they followed a very 
similar pattern as total  N2O fluxes. In SB, only 6 sampling 
days were evaluable for  N2O fluxes from the 15N-labelled 
 NO3

− pool undergoing denitrification which fit the pattern 
of total  N2O fluxes.

Our best estimates for  N2O +  N2 losses  (N2O +  N2_est) 
are shown in Fig. 3 c + d. Measured  N2O +  N2 and modelled 
 N2O +  N2_prod followed similar patterns (Supplementary 
Figure S5). After the first fertilization in WW,  N2O +  N2_est 
increased reaching highest fluxes of 18.17 mg N  m−2  d−1 
on May 17th followed by three weeks with fluxes below 
the detection limit. From Mid-July until Mid-September, 
 N2O +  N2_est ranged between 3.75 and 9.25 mg N  m−2  d−1 
and then decreased until the end of the experiment.  N2 fluxes 
were only evaluable from Mid-June until the beginning of 
October (Supplementary Figure S5) and followed a simi-
lar pattern as  N2O +  N2 fluxes. In SB,  N2O +  N2_est ranged 
between 1.25 and 10.19 mg N  m−2  d−1 with increases after 
both fertilization events and SB harvest.  N2 fluxes from SB 
were only evaluable on 6 days during the experiment with 
high fluxes in June and low fluxes in October.

The total  N2O ratio showed a similar pattern as the deni-
trification product ratio (Fig. 3 e + f). In the beginning of 
the WW growing period, total  N2O ratio was lower than 
0.1 except for a short increase in the beginning of May. 
From mid-June, total  N2O ratio and denitrification prod-
uct ratio increased to 0.32 and 0.45, respectively, and then 
decreased until the end of the experiment. Total  N2O ratio 
in SB was mostly stable with values around 0.1. After SB 
harvest and incorporation of leaves, the total  N2O ratio and 

denitrification product ratio increased to ~ 0.3 for one sam-
pling day.

The 15N enrichment of the 15N-labeled  NO3
− pool pro-

ducing  N2O  (ap_N2O) exhibited a repeating pattern in WW 
(Fig. 3 i + j, black symbols). After all three fertilization 
events,  ap_N2O ranged between 44 and 61 at% 15N decreas-
ing continuously to 20–25 at% 15N until the next fertiliza-
tion. In SB,  ap_N2O only reached 20 and 33 at% 15N after 
the first and second fertilization, respectively. Lowest  ap_
N2O was 11.5 at% 15N measured on September 21st. After 
SB harvest and leaf incorporation,  ap_N2O values increased 
slightly reaching values of 22 at% 15N on October 18th, 15N 
enrichment of the total soil  NO3

− pool in the upper 20 cm 
(Fig. 3 i + j, red symbols) was mostly slightly lower than 
 ap_N2O.

The fraction of 15N-pool-derived  N2O  (Fp_N2O) 
showed a very similar pattern as the 15N-pool-derived  N2O 
fluxes and the denitrification product ratio for both crops 
(Fig. 3 g + h).  Fp_N2O increased from 0.15 in mid-June to 
0.4 after WW harvest, then decreased to values close to 0. 
In SB,  Fp_N2O was > 0.2 in the beginning of the measure-
ment period, decreased towards 0 in July, and showed a peak 
of 0.4 parallel with the  N2O peak after incorporation of SB 
leaves.

Total  N2O and  N2O +  N2 production rates

Production-diffusion modeling was applied to calculate total 
production rates of  N2O,  N2, and  N2O +  N2 derived from the 
labeled 15N labeled pool. The correction factor for N fluxes 
ranged between 0.59 and 0.71 and was higher for smaller 
chambers and drier soils (Supplementary Figure  S13). 
Modelled total production rates  N2O_prod,  N2_prod, and 
 N2O +  N2_prod followed very similar patterns than meas-
ured fluxes (Supplementary Figure S14).

Response of  N2O and  N2O +  N2 fluxes, and total  N2O 
ratios to soil variables

The applied generalized additive models (GAM, see Supple-
mentary Tables: S3-S8) explained 57% of the variance in the 
log-scaled  N2O fluxes and 66% of the log-scaled  N2O +  N2_
est fluxes in WW. For  N2O fluxes, we found a significant 
interaction between soil temperature and Nmin and a linear 
effect of WEOC. For the  N2O +  N2_est fluxes, the best model 
included soil moisture, temperature, and WEOC. Total  N2O 
ratios in WW depended on an interaction of soil moisture 
and temperature (pseudo-R2 = 0.1997).

In the SB growing season without the post-harvest period, 
GAM explained 47% of the variance in the log-scaled  N2O 
fluxes and 79% of the log-scaled  N2O +  N2_est fluxes. For 
 N2O fluxes, soil temperature and Nmin were significant, 
while for the  N2O +  N2_est fluxes, an interaction between 
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soil moisture and temperature was found. Total  N2O ratios 
were positively correlated to Nmin and WEOC and nega-
tively correlated to soil temperature (pseudo-R2 = 0.3152).

Cumulative N emissions and 15N recovery

Cumulative  N2O,  N2O +  N2,  N2O +  N2 _prod production, 
 N2O + N_est, and fertilizer-derived  N2O +  N2_fert emissions 
were higher in WW than in SB, although this was only sig-
nificant for  N2O +  N2_est and fertilizer-derived  N2O +  N2_
fert (Table 2). Fertilizer-derived  N2O +  N2_fert emissions 
accounted for 57.4 and 36.4% of 15N-pool-derived  N2O +  N2 
emissions for WW and SB, respectively.

15N recovery in the plant biomass during the growing sea-
son is shown in Table 3. In WW, 15N recovery in the above-
ground crop biomass was around 87%. In SB, 15N recovery 
in the plant biomass increased from 79 to > 90% during the 
growing season. When summing up the recovered 15N in the 
soil and plant pools, recovery rates were higher than 100% 
in both crops indicating that some pools were overestimated. 
In WW, the highest share of 15N was recovered in the wheat 
biomass (grains + straw), followed by the 0–30 cm soil layer. 
Similarly in SB, the highest share of 15N was recovered in 
the biomass (beets + leaves), followed by the 0–30 cm soil 
layer which included incorporated sugar beet leaves.

Discussion

Best estimates for  N2O +  N2 fluxes

N2 concentration in the headspace atmosphere was 
mostly < 2% at sampling confirming that  HeO2 flushing of 
chambers worked very well and more effective than in the 
sandy soil employed by Well et al. (2019a). Using chambers 
to sample soil gas fluxes alters the diffusive flux from the 
soil to the surface and several approaches have been devel-
oped to correct from this bias during flux calculations (Par-
kin et al. 2012). Due to the long accumulation time that is 
needed to achieve 15N2 concentrations above the detection 
limit and high cost of analysis, only one sample is taken 
to determine  N2 and  N2O +  N2 fluxes. However, with one 
time point for  N2O +  N2 fluxes, it is not possible to correct 
for non-linearity during flux calculations. In addition, we 
expect the diffusive loss to the subsoil to be more relevant 
for 15N-labelled gases as the formation of 15N-labelled deni-
trification products is limited to the soil volume amended 
with 15N-labelled  NO3

− (Well et al. 2019b). To overcome 
this, we applied production-diffusion modelling to calculate 
total  N2O and  N2 production within the soil column includ-
ing subsoil fluxes.

Modelled  N2O +  N2_prod rates were about 3-times higher 
than measured surface N fluxes derived from the labeled 15N pool Ta
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showing to which extent the 15NGF + could have underestimated 
total N losses in our field study. As this is the first plot-scale field 
study applying the 15NGF + over a growing season, evaluation 
of our results in comparison to other studies is not possible. For 
the conventional 15NGF, modelled subsurface flux was evaluated 
by comparing measurements with and without closing the 15N 
labeled soil volume at the bottom to exclude subsoil fluxes (Well 
et al. 2019b). For the 15NGF + this evaluation is still missing. To 
improve comparability of measured  N2 fluxes, further experi-
ments comparing  N2O and  N2 production with and without  HeO2 
flushing under broader conditions (soil texture, moisture, etc.) 
and including reference measurement with cylinders closed at 
the bottom are indispensable (Micucci et al. 2023).

In our study, denitrification product ratios of meas-
ured and corrected fluxes were very similar (Supplemen-
tary Figure S2), which is in agreement with Well et al. 
(2019a) reporting similar product ratios for classic 15NGF 
and improved 15NGF + . Thus, our proposed conservative 
approach to estimate  N2O +  N2 losses based on total  N2O 
fluxes (see Eq. 4) and the total  N2O ratio gives the most reli-
able estimate of  N2O +  N2 losses for our study.

Effect of crop growth and development on soil 
parameters and N fluxes

Different temporal crop growth and development patterns 
strongly affected all controlling variables of denitrification 
in our field site. Especially during the early growth phase, 
SB soil moisture and temperature were higher than in WW, 
while during ripening and after harvest soil moisture was 
higher in WW. Soil temperature was a significant factor 

explaining  N2O and  N2O +  N2_est fluxes for both crops. 
Increasing soil temperatures accelerate the metabolism of 
microorganisms, promoting  O2 consumption by respiration 
and denitrification, especially when high soil moisture levels 
restrict  O2 availability (Betlach and Tiedje 1981; Senbayram 
et al. 2014). However, soil moisture was only a significant 
explanatory variable for  N2O +  N2 fluxes. High soil mois-
ture decreases gas diffusion rates and thus restricts  O2 avail-
ability in soil leading to higher denitrification activities and 
higher  N2O reduction to  N2 (Davidson 1993; Scholefield 
et al. 1997; McKenney et al. 2001; Schlüter et al. 2018; Rohe 
et al. 2021), therefore affecting  N2O +  N2_est fluxes. Product 
ratios in WW were in tendency higher during the summer 
months when soil temperatures and moisture were high as 
confirmed by the significant interaction between these driv-
ing factors.

High  Corg availability in planted soils has been associated 
with high denitrification rates in several studies (Klemedts-
son et al. 1987; Philippot et al. 2009; Senbayram et al. 2020). 
Next to its role as electron donator during denitrification, 
increased C from rhizodeposition by growing plants stimu-
lates microbial activity and respiration creating anaerobic 
zones in the rhizosphere favorable for denitrification (Fire-
stone and Davidson 1989; Hamonts et al. 2013; Senbayram 
et al. 2020). While WW plants exude approximately 20–30% 
of assimilated C into the soil, SB plants store most trans-
located C in their beets (Kuzyakov and Domanski 2000; 
Ludwig et al. 2007). This was clearly visible in our study, 
where WEOC content in WW increased during the vegeta-
tive growth phase. After anthesis, decreased root exudation 
led to decreasing WEOC content with the onset of ripening 

Table 3  Time course of 
recovered 15Nexcess in the 
mesoplots. Input refers to the 
15N input from fertilization 
and crop residues. Values in 
brackets indicate relative 15N 
recovery in relation to 15N input 
at that date. Means for n = 5

Winter Wheat 10.05.2021 09.08.2021 26.10.2021
  Input (mg 15N  m−2) 648.8 973.1 1112.2
  Straw (mg 15N  m−2) [%] 561.8 [86.6] 446.6 [45.9] 8601.0 [77.4]
  Grain (mg 15N  m−2) [%] 414.5 [42.6]
  Phacelia (mg 15N  m−2) [%] 18.0 [1.6]
  Soil 0–30 (mg 15N  m−2) [%] 260.9 [23.5]
  Soil 30–60 (mg 15N  m−2) [%] 44.4 [4.0]
  Soil 60–90 (mg 15N  m−2) [%] 13.1 [1.2]

Sugar Beet 21.06.2021 24.08.2021 27.09.2021 26.10.2021
  Input (mg 15N  m−2) 231.7 463.4 463.4 628.3
  Leaves (mg 15N  m−2) [%] 128.7 [55.6] 248.0 [53.5] 221.7 [47.8] 395.9 [63.0]
  Beet (mg 15N  m−2) [%] 033.2 [14.3] 183.3 [39.6] 174.2 [7.6]
  Soil 0–30 (mg 15N  m−2) [%] 187.1 [29.8]
  Soil 30–60 (mg 15N  m−2) [%] 11.5 [1.8]
  Soil 60–90 (mg 15N  m−2) [%] 5.3 [0.9]
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at the end of June. In contrast, SB plant growth did not affect 
WEOC content. Accordingly, we found that WEOC was a 
driving variable of  N2O and  N2O +  N2 fluxes in WW but 
not in SB.

Although available  NO3
− is known to be an important 

controlling factor for denitrification (von Rheinbaben and 
Trolldenier 1984; Haider et al. 1985; Groffman and Tiedje 
1988; Luo et al. 1999; Rummel et al. 2021), soil mineral 
N (Nmin) only significantly affected  N2O fluxes, but not 
 N2O +  N2 fluxes in our field study. N uptake of cereals 
increases almost linearly between tillering and anthesis 
(Bashir et al. 1997; Lászitity et al. 1984; Malhi et al. 2011), 
while N uptake of SB follows a sigmoid curve, with low 
N uptake in the first month after emergence (Cariolle and 
Duval 2006). Accordingly, Nmin content and  N2O fluxes 
remained low after first fertilization in WW, but strongly 
increased in SB. During the WW ripening phase, soil min-
eral N values increased, which is consistent with cereals 
reaching lowest N uptake rates during ripening (Bashir et al. 
1997; Lászitity et al. 1984; Malhi et al. 2011). Higher Nmin 
content and increasing soil temperatures promoted  N2O and 
 N2O +  N2_est fluxes during summer months in WW. In con-
trast, Nmin did not increase after the second fertilization 
in SB. Maximum N uptake rates of SB are 0.35 – 0.55 g N 
 m−2  d−1 (Hoffmann et al. 2021) and caused nearly complete 
uptake of the fertilized 5 g N  m−2 within the six days from 
fertilization to the next soil sampling limiting Nmin avail-
ability and restricting  N2O formation in SB in the summer 
months. Post-harvest  N2O and  N2O +  N2_est losses were 
high in both crops as dead roots and plant residues promote 
local oxygen shortage due to increased microbial respira-
tion and higher Corg supply (Parkin 1987; Chen et al. 2013; 
Kravchenko et al. 2018).

Overall, N fluxes were highest when SB plants were 
small, during ripening of WW, and after harvest of both 
crops, i.e. in phases of low/slow plant N and water uptake, 
and higher soil temperatures. While climatic and meteoro-
logical conditions strongly control boundary conditions for 
denitrification in general, crop growth and development are 
crucial controlling factors that need to be implemented in 
modelling to better understand and predict dynamics of  N2O 
and  N2 fluxes on the field scale.

Pools and processes contributing to N losses

Different N pools and N turnover processes contributed to 
 N2O formation throughout the experiment in both crops. 
After WW fertilization, the 15N enrichment of the total 
soil  NO3

− pool in the 0–20 cm soil layer (15a_NO3
−) in the 

microplots was in the range of the targeted value of 50–60 
at% which was also reflected in  ap_N2O around 60 at% 
confirming homogenous labeling of the upper 20 cm soil 
layer. After fertilization, 15a_NO3

− decreased, as unlabeled 

organic N was mineralized and diluted the labeled  NO3
− pool 

(Buchen et al. 2016; Deppe et al. 2017; Rummel et al. 2021). 
Simultaneously,  ap_N2O decreased indicating that also the 
15N-labeled  NO3

− pool undergoing denitrification was diluted 
by mineralized unlabeled  NO3

−. This was even more pro-
nounced in the SB field site, where due to the high initial 
soil mineral N content and strong ongoing mineralization, 
15a_NO3

− in the microplots only reached 20 at% after fertili-
zation and then rapidly decreased to 10 at% after fertilization. 
Accordingly, denitrification of unlabeled  NO3

−, as well as 
nitrification, nitrifier denitrification, and coupled nitrifica-
tion–denitrification may have contributed to  N2O formation 
in both crops (Wrage et al. 2001; van Groenigen et al. 2015; 
Wrage-Mönnig et al. 2018). Overall,  ap_N2O was in ten-
dency higher than 15a_NO3

− in the microplots indicating that 
 N2O was mostly emitted from hotspots with a 15N enrichment 
higher than the average soil  NO3

− pool. This indicates that 
 N2O was predominately lost from microsites that were more 
anoxic and thus less diluted with nitrification-derived unla-
beled  NO3

− (Deppe et al. 2017; Rummel et al. 2021). Further, 
we can exclude fungal co-denitrification as a possible source, 
as this would lead to  ap_N2O lower than 15a_NO3

− due to 
hybrid formation of  N2O or  N2 (Spott and Stange 2007).

A low fraction of  N2O lost from the 15N-labelled 
 NO3

− pool undergoing denitrification  (Fp_N2O < 0.4) fur-
ther indicated strong contribution of non-labeled pools 
to  N2O formation throughout the experiment.  Fp_N2O 
increased in WW during the summer months. High soil and 
air temperatures and slow/low plant N and water uptake dur-
ing ripening and after harvest increased total and 15N-pool-
derived  N2O fluxes leading to higher denitrification product 
ratios and  Fp_N2O.

In contrast, in SB,  Fp_N2O was especially low during the 
summer months, when  N2O and  N2O +  N2 fluxes were low. 
Rapid plant N uptake limited soil N availability and low 
soil moisture ~ 40%WFPS further restricted denitrification. 
Measured  N2O fluxes during this time likely derived partly 
from nitrification (Davidson 1993; Stremińska et al. 2012). 
Incorporation of 15N labeled SB leaves slightly increased 
 ap_N2O, and strongly increased  Fp_N2O and total  N2O ratio 
indicating that the increase in  N2O derived from the 15N 
labeled N pool including the added SB leaves. This con-
firms that plant litter is an important driver of denitrification 
contributing to  N2O and  N2 losses through both increased 
N availability and increased  O2 consumption (Parkin 1987; 
Chen et al. 2013; Kravchenko et al. 2018).

Cumulative N losses and balance – differences 
between crops

WW and SB differed in their growing patterns which was 
reflected in the time course of  N2O and  N2O +  N2 produc-
tion and emissions. Cumulative  N2O emissions and average 
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daily  N2O losses were similar for WW and SB. This can 
largely be related to high N losses during early SB growth 
and after harvest. High N availability after incorporation of 
the catch crop would have made fertilization after sowing 
obsolete. This was further confirmed by a low share of fer-
tilizer-derived  N2O +  N2 losses in SB. However, we needed 
to add labeled 15NO3

− fertilizer to allow determination of  N2 
fluxes with the 15N gas flux method. Further, N fertilization 
before or shortly after SB sowing is common management 
practice in Germany and was applied on the SB field site 
surrounding this experiment.

In both crops, the highest share of 15N was recovered in 
plant biomass. 15N recovery at the end of the experiment 
was above 100% for WW indicating overestimation of N 
recovery in some of the pools. In WW, it was difficult to 
clearly define the subplot for harvest due to large and uneven 
plant growth. Highest recovery in soil was in the 0–30 cm 
layer, including residual fertilizer in WW and SB leaves in 
SB. In WW, some 15N was also recovered in deeper soil lay-
ers including 60–90 pointing towards leaching of fertilized 
N due to low plant uptake rates after the second  and third 
fertilization. Estimating soil 15N content was difficult due to 
large heterogeneity, especially after SB leaf incorporation 
and may have contributed to uncertainty in total 15N recov-
ery. Data quality of 15N budgets did not allow comparison 
of  N2 losses and unrecovered N in the N balance in our field 
trial but should be included in future studies.

Conclusions

This is the first plot-scale field study over a growing season 
confirming that the improved 15N gasflux method with  HeO2 
flushing and production-diffusion modeling presents a prom-
ising tool to monitor  N2 production and losses on the field 
scale. Future studies should include comparisons with and 
without  HeO2 flushing under broader conditions (soil tex-
ture, crop species) and include reference measurements with 
cylinders closed at the bottom. Growing plants affected all 
controlling factors of denitrification, and dynamics clearly 
differed between crop species. Overall,  N2O and  N2 emis-
sions were highest when plant N and water uptake were low, 
i.e., during early growth stages, ripening, and after harvest 
indicating that crop growth and development could be used 
to predict probability of  N2O +  N2 losses in biogeochemical 
models.
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