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Abstract
Purpose The key environmentally beneficial process that substantially removes reactive nitrogen from biosphere is a complete 
denitrification. The science of measuring and constraining nitrous oxide  (N2O) emissions has advanced significantly; however, 
despite several attempts, in situ dinitrogen  (N2) measurement is still a great challenge and is poorly understood due to the high 
atmospheric  N2 background. This study aimed at estimating field-scale inferred  N2 emissions using data of field  N2O emis-
sions and laboratory-measured  N2O/(N2O +  N2) ratios and correlating those emissions with the soil-environmental factors.
Materials and methods Closed static chamber and He/O2 direct measurement methods were used at field and laboratory scale, 
respectively. For each treatment (varying N fertilizer rates), on each sampling date,  N2O and  N2 emissions were measured 
at laboratory and  N2O emissions at field-scale, allowing the calculation of field-scale inferred  N2 emissions.
Results The results demonstrate that field-scale inferred cumulative  N2 emissions were 1.35, 1.48 and 1.60 times greater than  
laboratory-measured cumulative  N2 emissions in low nitrogen level (LNL), medium nitrogen level (MNL) and high nitrogen 
level (HNL) treatments, respectively. This suggests that estimating  N2 emissions at the field-scale in agricultural soil could 
give more insight on N cycling processes. Moreover, N fertilizer application rates increased linearly both field and labora-
tory cumulative  N2O and  N2 emissions. Both positive and negative relationships between soil-environmental parameters and 
 N2O,  N2 and their  N2O/(N2O +  N2) ratios at field and laboratory-based indicate their heterogeneous roles in  N2O formation 
and reduction processes.
Conclusion The results provide complementary insights into field-scale  N2 emissions in agricultural soil and help in clos-
ing the knowledge gap in the N balance. Linear relationships between the emissions  (N2O and  N2) and N fertilizer rates 
observed suggest that climate change mitigation options could be achieved by optimizing the N fertilization rates since  N2O 
and  N2 emissions are enhanced by increasing N inputs. As our results present the field-scale inferred  N2 emissions, there is 
still a need to design a robust methodological approach that will enable researchers to directly quantify field  N2 emissions.
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1 Introduction

Gaseous nitrogen (N) losses such as dinitrogen  (N2) and 
nitrous oxide  (N2O) emitted from soil are due to the reduc-
tion of nitrogen available in soil, potentially representing 
substantial loss of applied N fertilizers (Zistl-Schlingmann 
et al. 2019; Bizimana et al. 2021). Anthropogenic activi-
ties such as combustion processes and N fertilizer produc-
tion have greatly increased reactive nitrogen (Nr) in the 
biosphere by a factor of two (Gruber and Galloway 2008; 
Butterbach-Bahl and Dannenmann 2011). The increased 
usage of N has ensured the increase of global food supply 
and security (Erisman et al. 2008); however, Nr losses 
resulted in hazardous environmental consequences, for 
instance, global warming, air pollution, N leaching in 
agricultural soils, eutrophication in water bodies, and 
depletion of ozone layer in stratosphere (Davidson and 
Seitzinger 2006; Rockström et al. 2009; Butterbach-Bahl 
et al. 2013). Complete denitrification is a major environ-
mentally beneficial pathway which converts Nr into a  N2, 
a stable molecule compared with other gaseous N losses. 
Denitrification is a reduction process of nitrate  (NO3

−) and 
nitrite  (NO2

−) through nitric oxide (NO) and nitrous oxide 
 (N2O) to di-nitrogen  (N2) (Firestone and Davidson 1989; 
Wang et al. 2011), facilitating the removal of accumulated 
Nr in the biosphere (Davidson and Seitzinger 2006). There 
are high uncertainties of around the quantification of how 
much Nr has been converted back into  N2 via denitrifica-
tion due to the lack of accurate or unbiased  N2 measure-
ment techniques against high atmospheric  N2 interference 
(Galloway et al. 2008; Butterbach-Bahl et al. 2013).

Nitrous oxide is a major long-lived (around 100 years) 
anthropogenic greenhouse gas with 298 times greater poten-
tial for atmospheric global warming compared to carbon 
dioxide and also contributes to ozone depletion (Forster 
et al. 2007; Saggar et al. 2007; Ming et al. 2016). Atmos-
pheric concentration of  N2O has been increasing (NoAA, 
ESLR 2019) mainly due to intensification of land use and 
N fertilizer application (Park et al. 2012; Timilsina et al. 
2020a). Global  N2O emissions were averaged at 15.3–17.0 
Tg of  N2O-N per year (Tian et al. 2020; Davidson and 
Kanter 2014), with an average of 7.3 Tg of  N2O-N per year 
from anthropogenic activities (Tian et al. 2020), of which 
most was contributed by fertilized agricultural soils, hence a 
significant anthropogenic  N2O source. Moreover,  N2O emis-
sions produced mainly through nitrification and denitrifica-
tion processes in agricultural soils were reported to contrib-
ute more than other sources (Butterbach-Bahl et al. 2013; 
Davidson and Kanter 2014), although large uncertainties 
still remain due to spatial and temporal variations (Davidson 
and Kanter 2014). Previous research reports  N2O emissions 
from different sources (Tian et al. 2020; Timilsina et al. 

2020b, c), while soil  N2 emissions are still poorly under-
stood which might be due to its methodological constraints 
that are hindered by the high atmospheric  N2 background 
of 78% (Groffman et al. 2006).

Factors that influence nitrification and denitrification 
fall into two main categories from proximal to distal driv-
ers (Wang et al. 2020; Araujo et al. 2021). Some of the 
major proximal drivers include soil  NO3

− content, soil 
ammonium  (NH4

+) content, C substrates, soil tempera-
ture, soil water-filled pore space and oxygen availabil-
ity. They influence the activity of microbial community 
and crop yield. Major distal drivers include mean annual 
temperature, mean annual precipitation, soil pH, tillage 
and soil texture (Groffman et al. 1988; Paul 2007, Sag-
gar et al. 2013, Butterbach-Bahl and Dannenmann 2011; 
Araujo et al. 2021). However, the magnitude and direction 
of relationships among these drivers and the emissions of 
 N2O,  N2, and their ratios of  N2O/(N2O +  N2) are still not 
well understood.

Many previous studies estimated  N2O,  N2, and  N2O/
(N2O +  N2) ratios based on the acetylene  (C2H2) inhibition 
method, 15N gas flux method, and He/O2 direct measure-
ment method. In theory,  C2H2 can block  N2O reductase 
enzyme so that the  N2 end product of denitrification can be  
measured as  N2O emissions (Yoshinari et al. 1977; Qin et al. 
2013). However, the  C2H2 inhibition technique has presented 
some shortcomings of not only inhibiting the  N2O reduc-
tion in denitrification but it can also inhibit nitrification,  
hence potentially underestimating  N2 and  N2O emissions 
(Butterbach-Bahl et al. 2013; Qin et al. 2013). Furthermore,  
15N gas flux method also presents its shortcomings. For 
example, Kulkarni et al. (2014) compared the direct method 
to 15N isotope labeling method in measuring denitrifica-
tion from forest soil; their results emphasized that it is hard  
to achieve uniform distribution of labeled N in soils which 
consequently reported uncertain denitrification. Further-
more, Ruser et al. (2006) reported high detection limit of 
43 g N  ha−1  day−1 that makes this method inappropriate 
especially in measuring low soil  N2 fluxes. To overcome 
uncertainties and biases that occurred in nitrification and 
denitrification measurement, many researches have proposed 
the use of helium (He)/oxygen  (O2) approach direct measure-
ment method (Butterbach-Bahl et al. 2013; Qin et al. 2017; 
Friedl et al. 2020; Bizimana et al. 2021) because it does not 
change soil properties by adding extra substrates such as 
15N-labeled substrates in the 15N isotope labeling method  
or  C2H2 in  C2H2 inhibition technique. Direct method has 
high sensitivity for measuring  N2 fluxes with low detection 
limit which is less than 10 µg N  m−2  h−1 (Butterbach-Bahl 
et al. 2002; Groffman et al. 2006) while it has shortcomings 
as it requires a long time to replace the soil core atmosphere 
with  N2-free atmosphere.
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To achieve reliable results from the He/O2 direct meas-
urement method, high gas tightness against atmospheric  N2 
contamination has been employed with  N2-free atmosphere 
of soil intact cores in the vessels in laboratory setup experi-
ment (e.g., Wang et al. 2020; Bizimana et al. 2021). Among 
the drawbacks of the He/O2 direct measurement method is 
that the method is limited to laboratory only that is why 
combining it with field-measured  N2O emissions using static 
chambers could be used to give more insights into field-
scale inferred  N2 emissions. This suggests that estimating  N2 
emissions at the field-scale in agricultural soil could provide 
insight on N cycling process (Wang et al. 2020). In agricul-
tural soil, among other factors, N fertilizer rates determine 
the  N2O and  N2 emissions at laboratory scale, while to date 
it is not clear how N fertilizer rates influence  N2 emissions 
at field-scale, due to methodological limitations. Therefore, 
in the current study, we aimed (a) to quantify the tempo-
ral dynamics of laboratory-measured  N2O,  N2, and  N2O/
(N2O +  N2) emission ratios using a direct method and field 
 N2O emissions using static chambers under different N fer-
tilizer rates; (b) to calculate field-scale inferred  N2 emissions 
using field  N2O emissions and laboratory-measured  N2O/
(N2O +  N2) emission ratios; (c) to correlate field-measured 
 N2O emissions, laboratory-measured  N2O,  N2, and field-
scale inferred  N2 emissions with the soil-environmental 
factors.

2  Materials and methods

2.1  Experimental site

The study field site is located at Luancheng Agro-ecosystem 
Experimental Station Hebei, China (37°53′N, 114°41′E and 
50 m), which is in North China Plain (NCP). The site has a 
temperate semi-arid monsoon climate with more than 75% 
of precipitation occurring during the rainy season (July to 
September). The mean annual precipitation and temperature 
are 540 mm and 13 °C, respectively. The soil at this site is 
classified as a silt loam Haplic Cambisol. The crop system 
at the experimental site was continuous summer maize (Zea 
mays L.) and winter wheat (Triticum aestivum L.) crop rota-
tion without a fallow period (Bizimana et al. 2021). The 
regional landscape is known as an alluvial flood plain of 
NCP in the piedmont of Taihang Mountains. At the study 
site, soil pH, total organic matter, and bulk density are 7.5 
to 7.9, 17.1 to 22.3 (g  kg−1), and 1.3 to 1.4 (g  cm−3), respec-
tively (Bizimana et al. 2021).

2.2  Experimental design and field management

At the experimental site, each plot had 70  m2 size with three 
plots per treatment. Urea-N was used as the N fertilizer in 

the cropping system. The cropping system was a winter 
wheat (Triticum aestivum L.) and summer maize (Zea mays 
L.) double-cropping system since 1998 in a complete rand-
omized block design. Three levels of annual Urea-N appli-
cation rates as 200 (low nitrogen level, LNL), 400 (medium 
nitrogen level, MNL), and 600 (high nitrogen level, HNL) 
kg N per hectare per year and control as unfertilized (UF) 
were designed with three replicates for each treatment. Half 
of the total annual N fertilizer rate was applied in the winter 
wheat season and the other half in summer maize season. 
The winter wheat N fertilizer was applied in two separate 
applications: one at planting in October and the other at stem 
elongation in early April. The summer maize N fertilizer 
was applied in one application, during the tasseling stage in 
August. Flood irrigation (ranging from 75 to 95 mm) was 
applied at the experimental field a few days after both basal 
and supplementation N fertilization for winter wheat. For 
summer maize, flood irrigation was also applied in June a 
few days after planting, and no irrigation was applied after 
N fertilization in August as there was enough rain. During 
basal fertilization, double superphosphate and potassium 
chloride were applied at 65 and 75 kg per hectare per year, 
respectively, to all treatments as additional mineral macro-
nutrients. Soil rotary tillage (15 cm depth) was carried out 
annually after summer maize was harvested and before win-
ter wheat was planted, returning the straw to the soil after 
being processed into small pieces. The current study was 
carried out since 14 April 2020 and ended on 13 March 2021 
in the field and laboratory. The two different datasets used 
in this study were collected from the same treatments on the 
same sampling dates.

2.3  Field  N2O flux measurement

The field investigation was conducted for 1 year period. The 
closed rectangular static chambers of 60 cm × 20 cm × 40 cm 
(L × W × H) were used for sampling  N2O concentration. 
Three replicated chambers for each treatment were deployed, 
and gas samples were collected to measure  N2O fluxes at the 
interval of 0, 20, 40, and 60 min. The static chambers were 
equipped with a sampling tube with a three-way stopcock, 
a thermometer, and a fan to ensure air circulation inside the 
chambers to avoid heating effect during gas sampling. Both 
sampling tube and thermometer were well sealed where they 
passed through the surface of the static chamber to prevent 
leakage. The chambers were fixed in between rows of crops 
to avoid crops growing in chambers, and they were fitted to 
the corresponding basal collars that were permanently left 
in their respective places between crop rows. After gastight 
closing each chamber, 40-ml gas samples were collected 
from its headspace using polypropylene syringes and pre-
evacuated gas bags for  N2O concentration measurement 
immediately after returning back to the laboratory. Between 
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8:00 a.m. and 11:00 a.m., all field  N2O gas samples were 
extracted because  N2O flux within this period approximates 
average daily fluxes (Reeves and Wang 2015), and therefore, 
this minimizes diurnal variation in the flux rates (Araujo 
et al. 2021). Gas chromatography (Agilent GC-6820, Agilent 
Technologies Inc., Santa Clara, CA, USA) equipped with 
electron capture detection (ECD) was used to measure  N2O 
concentration. The calculation of  N2O concentrations was 
based on the measurement of gas sample peak areas relative 
to reference standard peak areas that was run two times after 
every twelve gas samples. Coefficient of determination (R2) 
between time and headspace  N2O concentration was used to 
decide whether  N2O flux has to be rejected or considered. 
It has to be considered only when R2 is above 80%, and 
consequently, all sampling campaigns were considered in 
our current study.

N2O fluxes were calculated using the formula from (Timilsina  
et al. 2020a)

where F is the  N2O flux (μg  N2O-N  m−2   h−1), M is the 
molecular weight of  N2O-N, V is the chamber volume  (m3), 
A is the surface area of soil occupied by the chamber base 
 (m2), ΔC × Δt−1 is the rate of  N2O accumulation in the 
chamber (ppbv  N2O  h−1), T is the air temperature (°C) inside 
the chamber, P is the atmospheric pressure (hPa), and P0 is 
standard atmospheric pressure.

2.4  Laboratory measurement of  N2O and  N2 fluxes 
using direct method

The laboratory investigation was conducted for 1  year 
period. Direct measurement technique (He/O2 direct meas-
urement method) was used to quantify trace  N2O and  N2 
emissions by replacing intact soil core atmosphere with He/
O2 in the double-layer cylinders. Gas samples were taken 
from the headspace of each inner cylinder by a robotic 
auto-sampler linking to gas chromatography. Three intact 
soil cores were randomly collected for each treatment, for 
laboratory-scale  N2O and  N2 flux measurement; on the same 
dates, gas samples were collected in field for measuring  N2O 
fluxes. After soil sample collection, intact soil cores (10-cm 
depth and 19-cm diameter) were sealed well in double-layer 
cylinders (cylinder-in-cylinder setup) to avoid atmospheric 
 N2 contamination while the soil core atmosphere was sub-
stituted by He/O2. The headspaces of both inner and outer 
cylinders were evacuated and filled with an artificial He 
(79%) and  O2 (21%) 5 times in the laboratory to ensure a 
complete removal of ambient  N2 so that direct trace  N2O 
and  N2 emissions from soil cores could be measured. More 

F = M × V × A
−1 × ΔC × Δt−1 × 273 × (273 + T)−1

× P ×
(

P
0
)−1

× 60

details about this method were described in previous stud-
ies (Qin et al. 2017; Bizimana et al. 2021). Briefly, the field 
conditions were simulated by placing double-layer cylin-
ders outdoors after the first measurement of  N2O and  N2 
emissions and wait for another measurement turn so that the 
double-layer cylinders could be brought back to laboratory 
again. For measuring  N2O and  N2, headspace concentrations 
were automatically sampled by a robotic sampler and sent to 
gas chromatography (GC, Agilent 7890A) which is equipped 
with electron capture detector (ECD) and a thermal conduc-
tivity detector (TCD), respectively. The fluxes of  N2O and 
 N2 were calculated based on our previous studies (Qin et al. 
2017; Bizimana et al. 2021). Annual cumulative  N2O or  N2 
emissions were calculated using linear interpolation while 
considering fluxes of three replicates during sampled days 
and the interval between sampling days.

2.5  Calculation of field‑scale inferred  N2 emissions

After all laboratory and field based data were ready, field-
scale inferred  N2 emissions were calculated using field  N2O 
and laboratory-measured  N2O/(N2O +  N2) ratios, using the 
following formula (Wang et al. 2020) on the basis of indi-
vidual measurements:

2.6  Measurement of soil parameters

On each gas sampling day, fresh soil from each treatment 
was sampled to measure soil variables. The soil was sampled 
from 10 cm depth using an auger soil cutter for all sampling 
occasions. The collected soil cores were kept in plastic bags 
and then transported to laboratory to be stored under 4 °C 
before soil variable analyses. Daily air temperature, soil tem-
perature at 5 cm depth and precipitation records during our 
observational period were collected from the site experimen-
tal weather station. The soil moisture content (SWC) was 
determined using oven-drying (thermo-gravimetric) method 
at 105 °C for 24 h, and thereafter, the measured soil moisture 
was converted to water-filled pore space % (WFPS %):

Soil WFPS (%) was calculated from bulk density and gravi-
metric soil moisture content (%) using the default soil particle  
density of 2.65 g  cm−3 based on the following equation:

Field inferred N2 f lux = Field N2O f lux (
1

N2O∕(N2O + N2)
− 1)

SWC (%) =
Initial weight of soil (g) − Oven dry weight of soil (g)

Oven dry weight of soil (g)
× 100

Soil WFPS (%) =
SWC × BD

1 − BD∕PD
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where SWC is the soil moisture content (g  g−1), BD is the 
soil bulk density (g  cm−3), and PD is the soil particle density 
(g  cm−3).

All visible particles such as crop roots and earthworms 
were removed from the soil samples; then,  NO3

− and 
 NH4

+ were extracted by shaking for 1 h a mixture of 10 g 
of the soil cores with 50 ml of 1 M KCl. Then, the soil 
extracts were filtered through Whatman 42 filter paper, and 
 NO3

− and  NH4
+ concentrations were measured using a UV 

spectrophotometer and Smartchem 140 automatic analyzer, 
respectively (Timilsina et al. 2020a). Soil dissolved organic 
carbon (DOC) was extracted by mixing 10 g of fresh soil 
cores with 50 ml deionized water. Centrifugation of the soil 
extracts for 10 min at 8000 rpm was done, and the mixture 
was finally filtered and determined by Elementar analyzer 
(Bizimana et al. 2021).

2.7  Statistical analysis

One-way ANOVA with Turkey’s test was used to com-
pare cumulative  N2O and  N2 emissions among treatments. 
The difference was considered significant when P < 0.05. 
Pearson’s correlation coefficient was performed to check 
the dynamical effects of the soil parameters  (NO3

−,  NH4
+, 

WFPS, DOC and soil temperature) with the reported 
field- and laboratory-based  N2O and  N2 emissions and 
laboratory-measured  N2O/(N2O +  N2) ratios. All figures 
and statistical tests were done using Origin Pro8 software 
and R package.

3  Results

3.1  Soil‑environmental parameters

Mean daily precipitation, air temperature, and soil tempera-
ture at 5 cm depth showed a clear consistent pattern trend, 
higher in summer and lower in winter (Fig. S1a, b). Soil tem-
peratures at 5-cm-depth throughout the study period ranged 
from − 3.2 to 33.6 °C (14.6 °C of mean) while the average 
air temperature was 14.4 °C (ranging from − 6.0 to 31.1 °C) 
(Fig. S1a, b). In the current study, annual precipitation was 
421.2 mm while the highest daily rainfall (52.6 mm) was 
recorded in August 2020. The soil moisture ranged from 
44.6 to 75.5% WFPS throughout all treatments (Fig. 1c). 
Soil exchangeable  NO3

−,  NH4
+, and DOC were in the range 

of 12.8 to 82.0 mg N  kg−, 0.1 to 2.9 mg N  kg−1, and 31.8 to 
65.9 mg C  kg−1 dried soil throughout all treatments, respec-
tively (Fig. 1a, b, d). Highest soil mineral N concentrations 
were observed after N fertilization in August and October, 
2020.

3.2  Laboratory‑measured fluxes of  N2O,  N2, their 
ratios of  N2O/(N2O +  N2), and annual cumulative 
emissions

Laboratory-measured temporal  N2O f luxes ranged 
from 0.31 ± 0.03 to 44.93 ± 4.82 g N   ha−1   day−1 in all 
treatments while the average values were 1.32 ± 0.05, 
6.7 ± 0.49, 10.87 ± 0.62, and 13.49 ± 0.4 g N  ha−1  day−1 
from UF, LNL, MNL, and HNL treatments, respectively 
(Fig. 2b). Throughout the study period, the peaks of  N2O 
fluxes were observed after N fertilization in August and 
October, 2020. Average values of laboratory temporal  N2 
fluxes were 25.73 ± 0.21, 56.84 ± 1.1, 69.37 ± 2.99, and 
77.82 ± 2.33 g N  ha−1  day−1 from UF, LNL, MNL, and HNL 
treatments, respectively (Fig. 2c) with minimum and maxi-
mum values of 12.08 ± 0.53 to 139.03 ± 9.93 N  ha−1  day−1, 
respectively, for all treatments. The  N2 emissions peaked a 

Fig. 1  Soil parameters of top 10  cm taken during gas samplings 
include a  NO3

−-N and b  NH4
+-N (mg N  kg−1 ds), c soil moisture in 

WFPS (%), and d DOC (mg C  kg−1 ds) at the study site. Solid and 
dashed arrows denote N fertilizer application and flood irrigation 
events, respectively. Each data point represents arithmetic mean and 
standard error of three replicates
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few days after N fertilization in August and October, 2020. 
The laboratory ratios of  N2O/(N2O +  N2) were highest in 
HNL and lowest in UF treatments in the current study 
(Fig.  2d) while the average values were 0.055, 0.102, 
0.119, and 0.129 from UF, LNL, MNL, and HNL treat-
ments, respectively, with minimum and maximum of 0.03 
to 0.255, respectively, for all treatments.

The laboratory-measured cumulative  N2O emissions 
increased linearly with increasing N fertilizer rates, and the 
average values were 0.45 ± 0.01, 2.30 ± 0.14, 3.92 ± 0.23, 
and 4.88 ± 0.20  kg  N   ha−1   year−1 in UF, LNL, MNL, 
and HNL treatments, respectively, and they were statisti-
cally different among all treatments (Fig. 3b). The aver-
age values of laboratory-measured cumulative  N2 emis-
sions were 9.11 ± 0.06, 20.36 ± 0.58, 24.51 ± 1.04, and 
27.60 ± 0.88 kg N  ha−1  year−1 in UF, LNL, MNL, and HNL 
treatments, respectively (Fig. 3c). They were statistically 
significant among treatments except for MNL and HNL 
treatments that were similar. The trend of  N2 emissions 
increases linearly with increasing N fertilizer rates, as for 
 N2O emissions.

3.3  Field‑measured  N2O fluxes, field‑scale inferred 
N2, and their annual cumulative emissions

Field-measured  N2O fluxes responded to N fertilizer 
rates in increasing order among treatments in condu-
cive soil environmental conditions. The temporal average 
values were 2.03 ± 0.34, 8.15 ± 1.54, 11.55 ± 1.69, and 
15.21 ± 2.02 g N  ha−1  day−1 from UF, LNL, MNL, and HNL 
treatments, respectively (Fig. 2a). In this current study, two 
peaks were observed for the temporal field  N2O fluxes, and 
both occurred after N fertilization in August 2020 and Octo-
ber 2020. Minimum and maximum field  N2O emissions were 
0.26 to 50.23 g N  ha−1  day−1, respectively, for all treatments.

Differences in the field-measured cumulative  N2O emis-
sions were statistically significant among all treatments with 
a linear increase with increasing N fertilizer rates, and the 
average values were 0.64 ± 0.04, 3.16 ± 0.07, 4.42 ± 0.37, 
and 5.72 ± 0.22 kg N  ha−1  year−1 in UF, LNL, MNL, and 
HNL treatments, respectively (Fig. 3a). Field-measured 
cumulative  N2O emissions were 1.37, 1.12, and 1.17 
times greater in LNL, MNL, and HNL treatments, respec-
tively, compared to laboratory-measured cumulative  N2O 
emissions.

Average values of field-scale inferred temporal  N2 emis-
sions were 43.27 ± 12.81, 72.16 ± 25.20, 97.24 ± 29.55, and 
119.06 ± 36.44 g N  ha−1  day−1 from UF, LNL, MNL, and 
HNL treatments, respectively. The minimum and maximum 
were 8.07 and 358.06 g N  ha−1  day−1, respectively, for all 
treatments. Moreover, field-scale inferred cumulative  N2 
emissions were 14.64 ± 1.61, 27.58 ± 2.34, 36.39 ± 2.46, and 
44. 42 ± 3.76 kg N  ha−1  year−1 in UF, LNL, MNL, and HNL 
treatments, respectively (Fig. 4a, b). Field-scale inferred 
cumulative  N2 emissions were 1.35, 1.48, and 1.60 times 
greater in LNL, MNL, and HNL treatments, respectively, 
compared to laboratory-measured cumulative  N2 emissions. 
The influence of N fertilization rates was also observed in 
field-scale inferred  N2 emissions identifying highest in HNL 
fertilized and lowest in unfertilized treatments.

3.4  Relationships between soil‑environmental 
parameters and fluxes of  N2O and  N2 measured 
based on field and laboratory methods

Laboratory-measured  N2O fluxes were positively correlated 
with  NH4

+ and WFPS in all fertilized treatments, and with 
 NO3

− in MNL only, while DOC and soil temperature showed 
no correlation with  N2O fluxes in all treatments. Laboratory-
measured  N2 fluxes were positively correlated with WFPS 
and soil temperature in all treatments, with  NO3

− in LNL 
and MNL only, with  NH4

+ in all fertilizer treatments, while 
DOC showed no correlation with  N2 fluxes in all treatments. 
Interestingly, laboratory-measured ratios of  N2O/(N2O +  N2) 
showed positive and negative relationships between  NH4

+ 

Fig. 2  Field emissions of  N2O a, laboratory-measured emissions of 
 N2O b,  N2 c, and  N2O/(N2O +  N2) ratios d from all treatments. Each 
data point represents arithmetic mean and standard error of three rep-
licates. Solid and dashed arrows show N fertilization and flood irriga-
tion events, respectively
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in LNL and MNL and soil temperature in UF, respectively 
(Fig. 5a). Furthermore, the field-measured  N2O fluxes were 
positively correlated with  NH4

+,  NO3
−, WFPS, soil tempera-

ture, and DOC in all fertilized treatments except in HNL for 
DOC. Field-scale inferred  N2 fluxes were positively corre-
lated with soil temperature,  NH4

+, and  NO3
− in all fertilizer 

treatments, and with WFPS in UF and LNL only, while DOC 
showed no correlation with the field-measured  N2O fluxes 
in all treatments (Fig. 5b).

3.5  Relationships between field 
and laboratory‑measured fluxes of  N2O and  N2 
in response to N fertilizer rates

N fertilizer application rates increased cumulative field-
measured  N2O emissions by 4.87, 6.81, and 8.82 times while 
cumulative laboratory-measured  N2O emissions increased 
by 5.10, 8.66, and 10.79 times greater than UF in LNL, 
MNL, and HNL treatment, respectively. Moreover, tempo-
ral patterns of field-measured and laboratory-measured  N2O 
emissions showed a positive linear relationship at P < 0.001 

(Fig. 6a), highlighting that both methods used to estimate 
the temporal patterns of  N2O emissions can respond to the 
conducive soil environment and N fertilizer rates.

N fertilizer application rates increased cumulative field-
scale inferred  N2 emissions by 1.88, 2.48, and 3.03 times 
while laboratory-measured  N2 emissions increased by 
2.23, 2.69, and 3.02 times greater than UF in LNL, MNL, 
and HNL treatment, respectively. Furthermore, temporal 
patterns of field-scale inferred  N2 emissions were also 
positively related to laboratory-measured  N2 emissions at 
P < 0.001 (Fig. 6b) highlighting that both were influenced 
by N fertilization rates.

4  Discussion

4.1  Relationships between laboratory‑measured 
fluxes of  N2O,  N2, their ratios of  N2O/(N2O +  N2), 
and soil‑environmental parameters

Laboratory-measured cumulative  N2O and  N2 emissions 
ranged from 0.4 to 4.8 and 9.1 to 27.6 kg N  ha−1  year−1, 

Fig. 3  Field annual cumulative  N2O fluxes a and laboratory-measured annual cumulative fluxes of  N2O b and  N2 c Lowercase letters indicate 
significant difference among the study treatments. Each data point shows arithmetic mean and standard error of three replicates
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respectively, for all treatments (Fig. 3b, c). These results 
are consistent with the range reported in literature. For 
example, Chen et al. (2019) found after applying N fer-
tilizer to agricultural soil at 0 to 600 kg N  ha−1  year−1 
to maize and wheat crop rotation, and using the He/O2 
approach, cumulative emissions of  N2O and  N2 were 
0.4 to 2.2 and 8.3 to 24.6 kg N  ha−1  year−1, respectively, 
while cumulative emissions of  N2 and  N2O were 7.2 and 
2.4 kg N  ha−1, respectively, after applying 260 kg N  ha−1 

during summer maize season (Wang et al. 2020). In grass-
land ecosystem, Zistl-Schlingmann et al. (2019) reported 
that  N2 emissions were 16 to 21 kg N  ha−1 accounting 
for 31 to 42% of the applied N fertilizer from slurry in 
southern Germany while  N2O emissions were only 0.2 to 
0.5 kg N  ha−1; the study concluded that  N2 emissions are 
overlooked as a key N loss component in grassland ecosys-
tem. Stoichiometric ratios of  N2O/(N2O +  N2) ranged from 
0.03 to 0.255, indicating that  N2 emissions were dominant 

Fig. 4  Field-scale inferred  N2 
temporal emissions from all 
treatments. Each data point 
refers to arithmetic mean and 
standard error of three repli-
cates. Solid and dashed arrows 
refer to N fertilization and flood 
irrigation events, respectively

Fig. 5  Pearson’s partial correlation coefficients between soil param-
eters and fluxes of  N2O,  N2 and  N2O/(N2O +  N2) ratios measured 
based on direct laboratory method a; Pearson’s partial correlation 
coefficients between soil parameters and field-measured  N2O fluxes 

and field-scale inferred  N2 emissions b  at *P < 0.05, **P < 0.01, 
***P < 0.001 level of significance. Colors of red, green, blue, and 
maroon denote UF, LNL, MNL, and HNL treatments, respectively
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at the study site (Fig. 2d). Similar observations have been 
previously reported (Chen et al. 2019; Wang et al. 2020; 
Bizimana et al. 2021). In the current study, temporal  N2O 
and  N2 emissions were in a range of 0.31 to 44.93 and 
12.08 to 139.03 g N  ha−1per  day−1, respectively (Fig. 2b, 
c), and the present findings are supported by previous lit-
erature (Werner et al. 2014; Chen et al. 2019; Wang et al. 
2020; Bizimana et al. 2021).

Soil WFPS, soil temperature, DOC,  NH4
+, and  NO3

− have  
been previously reported as soil environmental variables 
that influence  N2O and  N2 emissions (Timilsina et  al. 
2020a; Wang et al. 2020; Bizimana et al. 2021; Senbayram 
et al. 2021). In the present study, positive, negative, or no 
relationships with the studied soil environmental variables 
have been found. Soil  NH4

+ and  NO3
− are well recognized 

as the substrates for both nitrification and denitrification 
in agricultural soils.  N2O emissions were more intensively 
studied compared to  N2, suggesting the need for more field- 
and laboratory-based studies in different ecosystems to elu-
cidate the missing relevant  N2 data for model development 
in agricultural soil. Previous studies have reported posi-
tive relationships between  N2O emissions and  NH4

+ and 
 NO3

− substrates (Qin et al. 2012; Timilsina et al. 2020a). 
These findings are consistent to our current study, when 
examining individual treatments,  NO3

− and  NH4
+ (Fig. 1a, 

b) were found to enhance the fluxes of  N2O. Concerning 
 N2 fluxes reported in previous studies, only  NO3

− level was  
correlated to the  N2 fluxes (Wang et al. 2013; Senbayram 
et al. 2021). However, in this study, positive relationships 
between  N2 emissions and both  NO3

− and  NH4
+ were 

observed, indicating that  N2 emissions were mainly from 
the denitrification process while the relationship between 
 NH4

+ and  N2 emissions could be due to  NH4
+ available to 

be converted to  NO3
− then be completely denitrified.

Temperature is commonly known as a main factor regu-
lating various biogeochemical processes. Previous studies 
reported positive and negative relationships between tem-
perature and  N2O and  N2 emissions (Chen et al. 2019; Wang 
et al. 2020). In the present study, temperature is positively 
correlated to  N2 emissions in all treatments (Fig. 5a), empha-
sizing that soil and air temperature are recognized to mainly 
affect microbial and enzymatic activities by favoring the  N2 
production pathway. The microbial activities for nitrification 
and denitrification are low when soil temperature is below 
10 °C (Smith et al. 2010 and Hu et al. 2013). However, no 
relationship was observed between  N2O emissions and tem-
perature, and the reason is not known. A similar observation 
has been reported in previous literature (Chen et al. 2019).

Positive relationships were observed between  N2 emis-
sions and WFPS in all treatments (Fig. 5a), indicating that 
soil moisture plays a critical role in the N cycling processes. 
Creating anaerobic conditions in soil due to high WFPS led 
to suitable conditions for denitrification process through 
oxygen depletion (Hu et al. 2013; Butterbach-Bahl et al. 
2013). Furthermore, nitrification is reported to occur when 
soil moisture is in the range of 20 to 60% WFPS (Peng et al. 
2018) while denitrification is more favored at 60%WFPS 
and above (Paul 2007; Butterbach-Bahl et al. 2013). But, 
the range can be varied due to the differences of soil prop-
erties in various soil types. In the current study, average 

Fig. 6  Relationship between 
field-measured  N2O and 
laboratory-measured  N2O 
emissions and relationship 
between field-scale inferred 
 N2 and laboratory-measured 
 N2 emissions. Each data point 
represents arithmetic mean of 
three replicates
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WFPS was in the range of 59.2 to 65.2% which favored the 
denitrification. Surprisingly, no correlation was observed 
between DOC (Fig. 5a) and either  N2O or  N2 emissions, 
indicating that availability of DOC in soil would not be a 
limiting factor as it was optimum at the study site. A simi-
lar observation was made in previous literature (Chen et al. 
2019).

4.2  Factors affecting field‑measured  N2O 
and field‑scale inferred  N2 emissions

Field-measured annual cumulative  N2O emissions ranged 
from 0.6 to 5.7 kg N  ha−1  year−1, for all treatments (Fig. 3a). 
Previous studies reported similar  N2O emissions from agri-
cultural soil (Qin et al. 2012; Huang et al. 2017; Song et al. 
2018; Wang et al. 2020). Nitrous oxide emissions increased 
linearly by increasing N fertilization rates in the current 
study; this may be due to the fact that N fertilization has 
mainly enhanced the emissions than other soil variables. 
Similar observations have been reported in previous lit-
erature (Qin et al. 2012; Huang et al. 2017). A conceptual 
model highlighting relationships between N fertilizer rates 
and direct  N2O emissions was previously proposed (Kim 
et al. 2013). Three stages of the model were suggested. One 
suggested a linear relationship with direct  N2O emissions 
before crops exceed N fertilizer level demand. The sec-
ond suggested an exponential relationship with direct  N2O 
emissions when crops exceed N fertilizer level demand. The 
third suggested that there could be stable state when SOC is 
limited. Nevertheless, when the emissions increased either 
linearly or exponentially, the best solution to substantially 
reduce  N2O emissions is by optimizing the N fertilizer appli-
cation rates (Huang et al. 2017; Qin et al. 2012; Bizimana 
et al. 2021). Furthermore, temporal  N2O emissions ranged 
from 0.26 to 50.23 g N  ha−1  day−1 for all treatments, indicat-
ing the contribution of N fertilization rates in agricultural 
soil (Fig. 2a). Similar ranges have been previously reported 
in literature (Qin et al. 2012; Huang et al. 2017; Song et al. 
2018).

In the current study, field-measured  N2O emissions cor-
related positively with  NO3

− and  NH4
+ (Fig. 5b), indicat-

ing that the source of the observed emissions was mainly 
from denitrification and possibly little from nitrification, 
and a growing body of literature confirmed the observation 
(Baggs et al. 2008; Baily et al. 2012; Timilsina et al. 2020a; 
Bizimana et al. 2021). Furthermore, it could be possible that 
less  N2O emissions were contributed from nitrification due 
to the fact that there was low  NH4

+ concentration in the 
experimental soil.

Positive statistical relationships between field-measured 
 N2O emissions and WFPS, temperature, and DOC (Fig. 5b) 
show that production and reduction of  N2O could happen at 
the study site based on the fact that all essential conducive 

conditions were available for denitrification process. Tem-
perature is an essential factor to accelerate microbial activi-
ties especially at above 10 °C (Hu et al. 2013), and it is 
evidential in our current study. Furthermore, WFPS (Fig. 1c) 
may possibly create anaerobic conditions for the denitrifica-
tion process as previously reported (Butterbach-Bahl et al. 
2013; Bizimana et al. 2021; Timilsina et al. 2022), and this 
is consistent with our present study. DOC (Fig. 1d) indicates 
that there is readily available carbon to be used by microor-
ganisms in the soil for denitrification.

In the current study, the temporal mean values of 
field-scale inferred  N2 emissions range from 43.27 to 
119.06 g N  ha−1   day−1 with minimum and maximum of 
8.07 to 358.06 g N  ha−1  day−1 (Fig. 4a). This suggests that 
estimating  N2 emissions at the field-scale in agricultural 
soil could give more insight on N cycling processes. More-
over, field-scale inferred annual cumulative  N2 emissions 
ranged from 14.64 ± 1.61 to 44. 42 ± 3.76 kg N  ha−1  year−1 
(Fig. 4b), indicating that even at field-scale,  N2 emissions 
are dominant N losses. These results are supported by Wang 
et al. (2020), a study using a similar method, who reported 
that maize seasonal cumulative field-scale  N2 emissions 
ranged from 2.7 to 9.6 kg N per hectare, which was higher 
compared to results from previously reported laboratory 
studies. Soil WFPS, temperature,  NO3

−, and  NH4
+ (Fig. 1a, 

b, c) positively correlated with field-scale inferred  N2 emis-
sions while no relationship was found with DOC (Fig. 5b); 
this might be due to the fact that readily available carbon 
was sufficient in soil and was not a limiting factor. Positive 
relationships between the  N2 emissions and soil variables 
(WFPS, temperature and  NO3

−) are in line with findings in 
previous literature (Chen et al. 2019; Bizimana et al. 2021).

4.3  Relationship between field 
and laboratory‑based measurement methods 
for  N2O and  N2 emissions in response to N fertilizer 
rates

At field-scale, closed static chambers were used to estimate 
 N2O emissions; this method has been widely used in previ-
ous literature (Jury et al. 1982; Collier et al. 2014; Huang 
et al. 2017; Timilsina et al. 2020a), while the direct method 
to estimate gaseous N losses  (N2O and  N2) has been also 
previously used at laboratory (Butterbach-Bahl et al. 2002; 
Chen et al. 2019; Wang et al. 2020; Bizimana et al. 2021). 
The direct method is well known to accurately quantify these 
trace gases of  N2O and  N2 by minimizing the existing biases 
(Friedl et al. 2020; Wang et al. 2020) because currently, 
there is no in situ robust method to quantify  N2 emissions 
due to its high atmospheric background that mostly causes 
contamination through the leakage (Groffman et al. 2006). 
In the current study, N fertilizer application rates increased 
cumulative field-based  N2O emissions by 4.87, 6.81, and 
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8.82 times while cumulative laboratory-measured  N2O 
emissions increased by 5.10, 8.66, and 10.79 times greater 
than UF in LNL, MNL, and HNL treatment, respectively. 
Moreover, field-measured cumulative  N2O emissions were 
1.37, 1.12, and 1.17 times greater than laboratory-measured 
cumulative  N2O emissions in LNL, MNL, and HNL treat-
ments, respectively. The influence of N fertilizer rates in 
both reported methods has been confirmed by the significant 
positive linear relationship that has been observed between 
temporal  N2O emissions estimated using static chambers 
at field and  N2O emissions obtained using direct method at 
laboratory (Fig. 6a). A recent meta-analysis reported a 76% 
increase of potential denitrification activity from long-term 
N fertilization as compared to non-fertilized control in crop-
land (Li et al. 2022).

N fertilizer application rates increased cumulative field-
scale inferred and laboratory-measured  N2 emissions by 
1.88, 2.48, and 3.03 and 2.23, 2.69, and 3.02 times greater 
than UF in LNL, MNL, and HNL treatment, respectively. 
Furthermore, field-scale inferred cumulative  N2 emissions 
were 1.35, 1.48, and 1.60 times higher than laboratory-
measured cumulative  N2 emissions in LNL, MNL, and HNL 
treatments, respectively. The higher  N2O and  N2 emissions 
observed in the field could be due to the fact that in the field 
conditions, the study considered the whole soil profile while 
in the laboratory, it represented 0–10 cm. This view is sup-
ported by the previous findings, that a significant amount of 
 N2O and  N2 is produced even in soil profile below 0–10 cm 
(Wang et al. 2014; Chen et al. 2018). A significant positive 
linear relationship between temporal field-scale inferred  N2 
emissions and laboratory-measured  N2 emissions (Fig. 6b) 
suggests that estimating  N2 emissions at the field-scale 
in agricultural soil could give more insight on N cycling 
processes. The key factor responsible for high agricultural 
N losses such as  N2O and  N2 is the lack of harmonization 
between crop N demand and soil N supply, with an average 
of around 50% of the applied N to soils not being taken  
up by crops (Snyder et al. 2009). In the current study, annual 
percentage cumulative field and laboratory-measured  N2O 
emissions of annual N inputs applied were 1.58%, 1.10%, 
and 0.95% and 1.15%, 0.98%, and 0.81% in LNL, MNL, 
and HNL treatments, respectively, while annual percentage 
cumulative field-scale inferred and laboratory-measured  N2 
emissions of annual N inputs applied were 13.79%, 9.09%, 
and 7.40% and 10.18%, 6.12%, and 4.60% in LNL, MNL, 
and HNL treatments, respectively. Therefore, there is a need 
to reduce N losses  (N2O and  N2) by improving N use effi-
ciency in agriculture since there are both trade-offs and syn-
ergies involved in managing the N cycle. Lowering N losses 
such as  N2O and  N2 emissions will require good N fertilizer 
management to increase the fraction of fertilizer taken up by 
crops, timing the fertilization, and optimizing the amount of 

N input by only supplying what the crops need (Bizimana 
et al. 2021). Moreover, in combination with direct He/O2 
method, the indirect method (isotopic mapping approach) 
could give overview of a large field-scale  N2O reduction to 
 N2 emissions during denitrification in specific soil (Wu et al. 
2019), thus enhancing knowledge on  N2O and  N2 emissions 
from agro-ecosystem.

Previous literature reported the inhibitory effect of  N2O 
reduction to  N2 due to high  NO3

− concentrations (over 
40–50 mg  NO3

−-N  kg−1 dry soil) mainly because  NO3
− is 

preferred as terminal electron acceptor than  N2O (Firestone 
1982; Senbayram et al. 2012). However, our current results 
clearly show that  NO3

− was not favorably utilized by denitri-
fiers over  N2O as a terminal electron acceptor, hence result-
ing in high  N2 emissions and low  N2O/(N2O +  N2) ratios 
throughout the study period. This may be because of the 
intensively irrigated soil, available carbon (as shown by high 
DOC) due to straw return, and even more abundance and 
increased activity of recently identified clade II nosZ pos-
sessing denitrifiers for  N2O reductase enzymes. These Clade 
II nosZ possessing denitrifiers were reported to potentially 
consume  N2O in soils and emit more  N2 emissions (Hallin 
et al. 2018;  Senbayram et al. 2021).

5  Conclusion

A closed static chamber technique was used in field to 
quantify  N2O emissions, and direct measurement method 
in laboratory was used to estimate  N2O and  N2 emissions in 
order to jointly calculate field-scale inferred  N2 emissions. 
The results demonstrate that field-scale inferred cumula-
tive  N2 emissions were 1.35, 1.48, and 1.60 times greater 
than laboratory-measured cumulative  N2 emissions in LNL, 
MNL, and HNL treatments, respectively. This suggests that 
estimating  N2 emissions at the field-scale in agricultural soil 
could give more insight on N cycling processes. Moreover, 
N fertilizer application rates increased linearly both field 
and laboratory cumulative  N2O and  N2 emissions.  As  N2O 
emissions contribute to global warming and  N2 emissions 
decrease N use efficiency in agricultural soil, optimum N 
fertilization rates should be used according to plant needs 
so that climate change mitigation options could be achieved 
since both  N2O and  N2 emissions are increased by increasing 
N inputs. Both positive and negative relationships between 
soil-environmental parameters and  N2O,  N2 and their  N2O/
(N2O +  N2) ratios at field and in laboratory-based indicate 
their important roles in  N2O formation and reduction pro-
cesses. Overall, to better understand the N cycling pro-
cesses, there is still a need to design a robust methodological 
approach that will enable researchers to directly quantify 
field  N2 emissions from agricultural soil.
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