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A B S T R A C T

Nitrous oxide (N2O) emissions from soil are partly controlled by aeration and gas transfer in soil, and thus by soil 
structure. The intensity of N2O emissions is usually expressed according to the water filled pore space (WFPS), 
calculated using the soil bulk density. These factors, even if they describe the soil structure and the water 
proportion in the porous network, do not inform about porous network characteristics among scales and their 
connectivity. The aim of this work was therefore to determine (1) to what extent the soil structure of an agri
cultural soil controlled N2O emissions during a snap-shot campaign and (2) which metric of gas transfer or soil 
structure was the most appropriate to describe the N2O emission variability at field scale. N2O emissions were 
measured with a mobile chamber on a maize crop after fertilization with several soil management practices 
resulting in four soil states (strip-till versus tillage, compacted soil versus uncompacted) with contrasting soil 
structure. Soil cylinders and bulk soil were sampled from 24 plots exhibiting a strong gradient in N2O emissions. 
Classical soil physical and chemical properties were measured, including soil bulk density and water filled pore 
space. Soil structure also was characterized quantitatively by X-ray tomography at meso and macro scales, and 
indirectly by gas transfer parameters. Clear differences were observed between low and high emission plots in 
terms of soil structure, soil temperature and nitrate concentration. However, soil structure appeared more 
strongly connected to N2O emissions, and some thresholds on soil structural indicators were relevant to disen
tangle high and low N2O fluxes. Some structural indicators at both scales (e.g. porosity, surface density) and gas 
transfer parameters (relative gas diffusivity, air permeability) were good descriptors of the observed N2O fluxes. 
Nevertheless, the gas transfer parameters can be easily measured over a short period of time, whereas the soil 
structure indicators determined from 3D images require an acquisition and a processing phase that can be time 
consuming. A good compromise to evaluate the field N2O flux potential from an easy measure would be to 
evaluate the relative gas diffusivity, which directly controls the diffusion of oxygen in soil and thereby the 
microbial processes of N2O production.

1. Introduction

Due to its high warming potential, currently estimated to be equal to 
273 the CO2 warming potential (Li et al., 2024), nitrous oxide (N2O) is 
considered as the third anthropogenic gas contributing to global 
warming (Ciais et al., 2014). Soils are a major source of N2O emissions, 
which result from natural microbial processes, such as nitrification and 
denitrification (Butterbach-Bahl et al., 2013). Soil water and nitrogen 
contents, as well as soil temperature, are among the most influencing 
parameters to explain N2O emissions (e.g. Conen et al., 2000). As far as 

water content is concerned, the highest N2O emissions fluxes are usually 
observed for wet but unsaturated soils, at water-filled pore space (WFPS) 
lower than 90 % (Castellano et al., 2010; Davidson and Verchot, 2000). 
For such WFPS values, the gas diffusion is reduced, which limits the O2 
to be transported in the soil down to the microbial sites, and the 
anaerobiosis situation is in favor of N2O production. The oxygen avail
ability is actually considered as the highest influencing factor for nitri
fication and denitrification processes (Song et al., 2019). WFPS is used as 
a proxy of soil anoxia; its measurement is simple and it has been used in 
a massive amount of field N2O studies.
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Several mechanisms govern the transport of gases in soil including 
O2 and N2O: gas transport by molecular diffusion (considered to be the 
predominant process) and gas transport by convection (Clough et al., 
2005; Heincke & Kaupenjohann, 1999). The key variables character
izing these transfer processes are soil gas permeability for convection 
and soil gas diffusivity for diffusion, often normalized by air diffusivity, 
resulting in relative gas diffusivity. The work of B. C. Ball focused on the 
link between air permeability and N2O emissions (Ball et al., 1997; Ball 
et al., 2008; Ball and Horgan, 2008; Ball, 2013). Several other studies 
explored the relationship between N2O emissions and relative gas 
diffusivity (Balaine et al., 2013, 2016; Rousset et al., 2020, 2021). 
Relative gas diffusivity and air permeability control the level of soil 
oxygenation, and are then key properties of microbial activity (Martínez 
et al., 2016): high air permeability and relative gas diffusivity values 
make easier gas transfers in soils, whereas their low values favor 
anaerobiosis situations, which increase N2O emissions (Ball, 2013). N2O 
emissions would even increase in an exponential way when the relative 
gas diffusivity decreases down to a value of 0.005 (Balaine et al., 2016). 
The relative gas diffusivity should then be more adapted than the WFPS 
to explain N2O emissions (Rohe et al., 2021).

Gas transfer in soils depends on soil structure, i.e. the three- 
dimensional arrangement of soil particles and aggregates (Dexter, 
1988). This structure provides the biogeochemical interface which offers 
habitat for living species of different sizes (Rabot et al., 2014; Totsche 
et al., 2010), and regulates the soil functions (Vogel et al., 2022). The 
soil structure then strongly influences the Greenhouse Gas (GHG) 
emissions, which has been demonstrated for decades: Smith (1980)
highlighted the role of interaggregate porosity, aggregates size and 
relative gas diffusivity, as control factors for anaerobiosis and denitri
fication. Whereas GHG production is of biological origin, Gregorich 
et al. (2006) also demonstrated that the physical soil quality controls 
N2O emissions, due to its impact on physicochemical conditions 
responsible for biological activity. The description of the structure, 
especially pore-size distribution, connectivity of the porous network and 
saturation degree should be key elements to define N2O emissions from 
the denitrification process (Ortega-Ramirez et al., 2023).

It was also shown that the localization of the particulate organic 
matter (POM) in the porosity, and more specifically the air-isolated 
volume of POM, was interesting to explain hotspots of N2O emissions 
(Kravchenko et al., 2018; Ortega-Ramirez et al., 2023, Lucas et al., 
2024). It seems for example that POM had higher water content than the 
bulk soil in relatively dry soil, allowing anoxic conditions and 
enhancement of the N2O production (Kim et al., 2020, 2022; Krav
chenko et al., 2017).

The scale at which soil structure is studied plays a crucial role in N2O 
production and emission processes. Kravchenko et al. (2018) remind 
that biogeochemical processes involved in N2O emissions occur in soil 
structure at several scales, from micron to millimeters. Kim et al. (2022)
highlighted that, for a given WFPS, N2O emissions would be higher in 
soils with large pore sizes (> 30 µm) than in fine pore sizes (< 10 µm), 
and Rabot et al. (2015) demonstrated that N2O emissions peaks could be 
explained by reconnection of large pores during a rapid desiccation. 3D 
characterization of soil structure can be obtained from X Ray computed 
tomography (CT) scan (Rabot et al., 2018). The resolution of CT scan 
determines the studied scale for soil structure so several studies have 
dealt with the 3D characterisation of the soil structure at different scales 
(e.g. Houston et al., 2013; Lucas et al., 2020; Pot et al., 2020; Vogel et al., 
2010). Some studies have linked 3D characterization of soil structure 
and N2O production at the microscale (Lucas et al., 2023; Ortega- 
Ramírez et al., 2023; Rohe et al., 2021). As study scale is important, 
Lucas et al. (2024) used respectively CT scanning soil cylinders at 60 µm 
resolution and sub-samples at 19 µm to quantifiy oxygen and hotspots of 
aerobic respiration and POM. They found that both proximal and distal 
POM contribute to GHG emissions. CT scan is therefore a powerful tool 
to help theoretical understanding of denitrification hotspots leading to 
N2O emissions by soils.

Nevertheless, previous studies were based on intact soil cores, which 
were incubated in controlled conditions in laboratory (e.g. Lucas et al., 
2024; Ortega-Ramírez et al., 2023). Field N2O emissions present a large 
variability linked to hotspot areas and soil structure is likely to explain 
part of this variability (van den Heuvel et al., 2009). The aim of the 
present work is to identify how the global characterization of soil 
structure at two scales, via the calculation of several structural in
dicators as well as the determination of POM, could help improve our 
understanding of direct field N2O emissions from soils. N2O emissions 
were then measured on an agricultural field where management prac
tices have produced some contrasted soil structures in the surface ho
rizon. At the locations with the highest and lowest emissions, soil 
physicochemical parameters were measured, and undisturbed soil cyl
inders were sampled, on which i) the gas transfer properties were 
measured and ii) the soil structure descriptors were determined from X- 
ray tomography images at 2 scales. The N2O emissions, classical soil 
physical and chemical parameters (including WFPS and soil bulk den
sity), gas transfer properties, and soil structure descriptors were inter
preted together to identify the most relevant parameter to explain N2O 
emissions.

2. Materials and methods

2.1. Study site

The studied agricultural field is a plot of 36 m wide and 60 m long 
located in a commercial farm, in the Loir river valley, approximately 
120 km southwest of Paris (France), in the so-called OS2 site (“Observ
atoire Orléanais Spatialisé des Sols”) (Grossel et al., 2016; Gu et al., 
2013). The climate records (1971–2000) in the closest meteorological 
station (Chartres, 48◦270′N, 1◦300′E, elevation 155 m a.s.l.) show a 
mean annual temperature of 10.6◦ C, with mean cumulative annual 
precipitation and potential evaporation of 598 mm and 740 mm, 
respectively. According to the IUSS Working Group WRB (2022), the soil 
of the study plot is a Ferric Luvisol, with a silty surface horizon (Table 1).

To analyze the effect of soil structure on N2O emissions, we chose an 
agricultural plot experimenting different management practices, which 
intended to lead to several soil structural states. Following the maize 
harvest in October 2020, the plot was fully ploughed to a depth of 25 cm 
in December 2020 and left as bare soil until May 2021. Before the maize 
sowing (5th of May 2021), one half of the field (a strip of 18 m wide) was 
ploughed again at 25 cm depth, and the other half of the field was 
prepared using strip till, one of the non-inversion tillage practices used 
in conservation tillage systems (Morris et al., 2010). In the strip till zone 
each cultivated strip was separated by a 70 cm wide inter-row. The 
agricultural vehicle passed in the middle of each of the two 18 m plots, 
once during soil preparation (9,100 kg tractor with 2 bars pneumatic 
pressure) and a second time during sowing and fertilization (10,000 kg 
tractor with 1 bar pneumatic pressure). The field was then entirely 

Table 1 
Soil physico-chemical properties of the 24 selected plots (soil samples collected 
in the 0–7 cm depth of the topsoil horizon of the studied agricultural field).

Parameter Minimum Median Maximum

Clay (0–0.002 mm, g.kg− 1) 147.0 178.5 203.0
Loam (0.002–0.05 mm, g.kg− 1) 763.0 778.5 812.0
Sand (0.05–2 mm, g.kg− 1) 34.0 42.5 49.0
C tot (g.kg− 1) 8.9 11.6 13.8
N tot (g.kg− 1) 1.1 1.3 1.6
C/N 8.0 8.6 9.6
pH 5.9 6.5 7.2
CEC (cmol + .kg− 1) 9.2 10.8 12.9
POM (g.kg− 1) 18.3 24.8 36.6
Bulk density (g.cm− 3) 1.2 1.4 1.5
WFPS (%) 50.9 64.6 75.3
Soil temperature (◦C) 11.7 14.7 17.1
NO3

– (mg N.kg− 1) 21.7 76.5 148.8
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fertilized the 5th and 6th of May at 160 kg-N per hectare (solution 
composed by 50 % urea, 50 % ammonitrate).

The experimental measurements and the soil samplings were con
ducted under the two management practices (tillage and strip till), 
either under wheel tracks, or outside wheel tracks. Four soil structure 
conditions were then studied: i) “Compacted Tillage” (CT: zone on wheel 
tracks, that experimented tillage twice), ii) “Uncompacted Tillage” (UT: 
zone outside wheel tracks, that experimented tillage twice), iii) “Com
pacted Strip till” (CS: strip-tilled zone on wheel tracks), and iv) 
“Uncompacted Strip till” (US: strip-tilled zone outside wheel tracks).

2.2. N2O emissions measurements

N2O emissions were measured using a mobile chamber. The latter 
was coupled to a laboratory-built QCL spectrometer called SPIRIT with a 
laser wavelength of 4.5 µm and a sensitivity of 0.15 ppbv (at one stan
dard deviation level) on N2O analysis (Bureau et al., 2017; Guimbaud 
et al., 2011). The mobile chamber is directly pressed on the soil surface 
to ensure a quick N2O emission measurement (Bureau et al., 2017; 
Grossel et al., 2014). For the present campaign a square mobile chamber 
of 23.5 cm side was chosen to allow sufficient room to sample the un
derlying soil for bulk and structural characterisation. N2O accumulation 
was measured during 7 min. Some non-linearity of accumulation was 
observed at the beginning, due to the flux disturbance during the mobile 
chamber installation. So, the N2O flux were calculated using a linear 
model after removal of the first minute of accumulation, following 
Cowan et al. (2014). The N2O accumulation presents theoretically a non- 
linear shape because of the attenuation of the concentration gradient 
between soil and chamber atmosphere, and neglecting this effect can 
lead to an underestimation of N2O emission, e.g. by up to 60 % in the 
study of Kroon et al. (2008). Moreover, using a mobile chamber without 
base insertion in soil and a linear fit can result in larger uncertainty in 
emission measurements. Nevertheless, these uncertainties are much 
smaller than the spatial variability which is always observed with the 
chamber measurements at field scale, generally of several orders of 
magnitude, and which was also observed on this study area (Grossel 
et al., 2014).

Emission measurements were performed on 20 different plots on 
each of the four studied soil states (CT, UT, CS, US) leading to a total of 
80 N2O measurements. Measurements were done on 18 and 19 May 
2021 between 8:00 a.m. and 4:00p.m. in a randomly order. A stratified 
sampling was thereafter defined to select contrasted N2O emissions plots 
for each soil state. Based on the N2O emission distributions, three plots 
were randomly chosen in the first and in the fourth quartile of the N2O 
emission distribution for each soil state. This resulted in six selected 
plots per soil state, leading to a total of 24 selected soil plots (Fig. 1).

The aim of the study is to identify hotspots and coldspots in the field 
and, immediately afterwards, collect soil samples at the precise locations 
where the N2O measurements were taken. The goal is to figure out how 
physical and chemical properties could influence emission intensity, and 
in particular soil structural properties. In order to stratify our dataset 
according to the intensity of N2O emissions, the 24 selected soil plots 
were classified in two N2O emission categories, low vs. high emissions, 
using a threshold of 50 g-N ha− 1 d-1. To determine this threshold be
tween low and high N2O emissions, we looked at N2O emissions in the 
OS2 area over 15 years (INRAE database, not shown). Mean field 
emissions are observed between 5 and 10 g-N ha− 1 d-1. A value of 50 g-N 
ha− 1 d-1 proved to be a very high N2O flux value, even during N2O 
emission peaks in spring when farmers were fertilizing. Among the 24 
soil plots considered, we therefore assumed that soil plots exceeding a 
value of 50 g-N ha− 1 d-1 were indeed hotspots.

All the N2O fluxes selected in the upper quartile of N2O emissions 
were larger than the chosen hotspot threshold of 50 g-N N2O ha− 1 d-1 for 
CS, US and CT soil state, but not for UT (Fig. 2). Therefore, all fluxes 
measured in the UT soil state were classified as low emission plots, 
resulting in n = 15 for low-emission plots and n = 9 for high-emission 
plots (Fig. 2). A statistical comparison using the Wilcoxon Mann- 
Whitney test was conducted to evaluate soil structural parameters, gas 
transfer parameters, and classical physical and chemical properties 
measured in low emission plots (n = 15) versus high emission plots (n =
9). After the identification of the 24 contrasted emissions plots, 
disturbed and undisturbed soil samples were collected on each plot to 
characterise the soil properties and the soil structure under the mobile 
chamber area. The soil temperature was also measured at each plot at 
10 cm depth with a probe accurate to ± 0.1 ◦C (Hanna Instruments 4- 
Wire Pt100 Thermometer − HI955501).

2.3. Trade-off between number of soil samples and mobile chamber size

Studying the determinism of N2O emissions requires the acquisition 
of many different variables, which in turn requires many different soil 
samples. Ideally, N2O emissions should have been measured for each soil 
sample surface (bulk soil or soil cylinder), so that the N2O measurement 
corresponded to the soil surface sampled. However, it is impossible to 
measure all the variables of interest on the same soil sample. This calls 
for a necessary compromise between: 

• A large surface area investigated by the mobile chamber, implying a 
smoothing out of the spatial variability of N2O fluxes, but on the 
other hand the possibility of taking numerous soil samples (bulk soil 
and soil cylinders) under the footprint of the mobile chamber. 
However, by proceeding in this way, it becomes less certain that the 

Fig. 1. N2 O emissions measured for the four studied soil states. Measurements were done using a mobile chamber placed on 20 plots for each soil state.
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results from bulk soil and soil cylinder analyses are representative of 
the measured N2O flux.

• A small surface area investigated by the mobile chamber gives a 
detailed view of the spatial variability of N2O fluxes, but also means 
that it is impossible to study several environmental variables at the 
same time.

We chose a mobile chamber surface large enough to sample both 
bulk soil and soil cylinders, in order to study the determinism of 
observed N2O emissions as comprehensively as possible.

2.4. Characterisation of the soil properties and the soil structure

All the soil samples were collected on the 24 areas covered by the 
mobile chamber N2O measurements.

2.4.1. Classical soil physical and chemical soil properties
On the 24 selected plots, bulk soil samples were collected in the 

surface horizon (0 to 7 cm depth). Before analyses, the soil was stored at 
4 ◦C to limit biological activity. The gravimetric soil water content was 
measured from weighting soil at field humidity and after drying at 
105 ◦C during 48 h. Soil aliquots were air dried at room temperature for 
about one month, crushed, sieved at 2 mm, and analyzed in the INRAE 
Soil Analysis Laboratory of (Arras, France). Soil organic carbon (SOC) 
and total N contents were analyzed by dry combustion at 1000 ◦C 
following the international standards (NF ISO 10694, 1995; NF ISO 
13878, 1998). Soil clay, silt and sand contents were determined using 
the pipette method (NF X31-107, 2003), and pH was measured in water 
(1/5 v/v) (NF ISO 10390, 2005). Soil cation exchange capacity (CEC) 
was measured in cobalt hexamine trichloride (0.05 M) extract using 
spectrocolorimetry at 475 nm. The particulate organic matter (POM) 
content was the sum of the POM content in the 0–2 mm soil fraction 
(measured by the SADEF laboratory, France, NF ISO 14235), and the 
POM content in the soil fraction > 2 mm measured in the Info&Sols 
INRAE soil laboratory (Orléans, France).

Undisturbed soil samples were also collected to measure soil bulk 
density using soil cylinders of 260 cm3 (71.5 mm internal diameter, 65 

mm high; the same cylinders were first used to characterize the air 
permeability and the relative gas diffusivity, see section 2.3.2.) and 
following the national standard ISO 11272:2017. The WFPS was deter
mined using the bulk density and water content values. The soil total 
porosity was estimated from the bulk density values using 2.65 g.cm–3 

for the solid fraction density.

2.4.2. Characterisation of air permeability and relative gas diffusivity
Twenty-four undisturbed soil samples (cylinders of 71.5 mm internal 

diameter, 65 mm high) were collected on the selected soil plots, in the 
0–7 cm soil top layer (stored for 15 months at 4 ◦C), and were then 
analysed at the Agroscope Laboratory (Zürich, Switzerland) to deter
mine their air permeability and relative gas diffusivity. The air perme
ability was determined with a permeameter developed at Agroscope 
(Martínez et al., 2016), based on the steady state method proposed by 
Iversen et al. (2001). The soil cylinders were airtight-fixed to a steel 
cylinder connected to an airpipe. The airflow was recorded up to a 
stabilised flowrate at a pressure equal to 2 hPa. The air permeability was 
then calculated by using the Darcy’s equation: 

ka =
− Qlsη
ΔpAs

(1) 

where Q is the volumetric flow rate (m3.s− 1), ls is the height of the soil 
sample (m), η is the dynamic air viscosity (Pa s), Δp is the difference in 
air pressure (Pa) and As is the cross-sectional area of the soil sample 
(m2).

The effective gas diffusivity was measured on the same soil cylinder, 
by using a one-chamber apparatus developed by Agroscope (Martínez 
et al., 2016). It is based on the apparatus described by Schjønning et al. 
(2013), and used O2 as the diffusing gas. From the measured effective 
gas diffusivity, the relative gas diffusivity was calculated: 

Dr =
Dp

D0
(2) 

where Dr is the relative gas diffusivity, Dp the measured gas diffusivity, 
and D0 the gas diffusion coefficient of O2 in air.

Fig.2. N2 O emissions measured on the 24 selected soil plots; low (in green) vs. high (in red) emission plots (labels indicate plots identifiers; CT: compacted tillage, 
US: uncompacted strip till, CS: compacted strip till). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

E. Maillet et al.                                                                                                                                                                                                                                  Geoderma 453 (2025) 117155 

4 

http://g


To link N2O emissions measured in the field with gas transfer pa
rameters, relative gas diffusivity and air permeability were measured at 
the soil water content of the field campaign. Gas transfer measurements 
are then as close as possible to the conditions under which N2O fluxes 
are produced and emitted.

2.4.3. Characterisation of the soil structure at 2 scales: Computed 
tomography (CT) image acquisition

Another series of 24 undisturbed soil samples (cylinders of 24 mm 
internal diameter, 35 mm high) were collected on the selected soil plots, 
in the 0–7 cm soil top layer. They were stored for 15 months at 4 ◦C and 
then analyzed in the ISTO laboratory (Orleans, France) to characterize 
their structure at the mesoscale and macroscale levels (i.e., pore di
ameters greater than 30 µm, according to the classification by Cameron 
and Buchan, 2006). 3D images were obtained by using a Nanotom 
180NF micro X-ray μ-CT device (GE Phoenix|x-ray, Wunstorf, Ger
many), with an operating voltage of 120 kV and a filament current of 35 
to 45 µA (Al Majou et al., 2022). The scanning duration was about 3.5 h 
per soil sample. The resulting voxel size was of 15 x 15 x 15 µm.

A last series of 24 undisturbed soil samples (cylinders of 132 mm 
internal diameter, 70 mm high) were collected on the selected soil plots, 
in the 0–7 cm layer. They were stored for 2.5 months at 4 ◦C and were 
then analysed at the INRAE PIXANIM platform (Nouzilly, France) to 
characterise their structure at the macroscale level. 3D images were 
obtained by using a medical X-ray tomograph (Siemens Somatom 
Definition AS) operating at an energy level of 200 kV and a current of 
140 mA (Rabot et al., 2015). The scanning duration was 75 s per soil 
sample. The voxel size was 291 x 291 x 100 mm.

2.5. Image processing

The workflow of the image processing and segmentation of the 3D 
soil images was adapted from Ortega-Ramirez et al. (2023), and most of 
the image processing was realized with the Fiji software (Schindelin 
et al., 2012). The images from the PIXANIM platform were first rescaled 
to obtain isotropic voxels of 290 µm. The image noise was reduced for all 
images (from the PIXANIM platform and ISTO laboratory) by using three 
successive filters: (i) a non local means filter to homogenize the different 
phases using the Biomedgroup plugin (Buades et al., 2011), with auto- 
estimation of the sigma and smoothing factors, (ii) an unsharp mask 
with a radius of 1 to enhanced edges (Schluter et al., 2014), and (iii) a 
median 3D filter with 2 by 2 by 2 voxels kernel to remove artefacts. All 
the images were then cropped to exclude non-soil areas based on pre
viously defined regions of interest (ROI). The different soil phases were 
then separated using the Otsu global segmentation method (Otsu, 1979) 
through the Multi_OtsuThreshold plugin (Liao et al., 2001). Four 
thresholds were defined independently for each 3D images, allowing the 
identification of five soil phases: air, particulate organic matters (POM), 
a porous soil matrix, a dense soil matrix, and gravels. As recommended 
by Kravchenko et al. (2018); Kravchenko et al. (2014), the coherence of 
the thresholds allowing the POM detection was checked and manually 
adapted when necessary. Finally, a majority filter with a cubic kernel of 
2 x 2 x 2 voxels was applied for the images ISTO laboratory using the C 
library QuantIm v.4 (Vogel, 2008), to remove very small elements which 
can be seen as noise. The two phases of soil matrix (porous and dense) 
were merged in the following image analysis.

2.6. Computation of morphological properties

Several soil structure indicators were computed using the 3D soil 
images to quantitatively characterize the soil structure. The volume of 
air-filled pores was estimated for the meso and macropores (later named 
as meso and macroporosity). The mesoporosity was calculated using the 
images from the ISTO laboratory at 15 µm resolution, selecting only the 
pores with a diameter between 30 µm and 75 µm. The macroporosity 
was calculated using the images from the PIXANIM platform at 290 µm 

resolution. This distinction between meso and macropores is based on 
the pore classification of Cameron and Buchan, 2006 (i.e. macropore 
diameter greater than 75 µm). The surface density, allowing the esti
mation of the exchange surface between the soil matrix and the air-filled 
porosity, was calculated for the meso and macroporosity using the 
QuantIm library (Vogel, 2008; Vogel et al., 2010). The Euler density, 
characterizing the connectivity of the air-filled pore space, was calcu
lated for the whole porosity (meso and macroporosity) for the 3D images 
obtained at both resolutions (15 and 290 µm). It corresponds to the Euler 
number (Vogel et al., 2010) divided by the total volume of the consid
ered soil (Koestel et al., 2020). A positive Euler density describes an 
unconnected pore network while a negative Euler number describes a 
connected pore network. The Euler density was calculated considering a 
neighborhood of 26 connected voxels with Fiji using the MorpholibJ 
plugin (Legland et al., 2016). Finally, the Id POM Air was calculated, also 
on the whole porosity (meso and macroporosity) for the 3D images 
obtained at both resolutions (15 and 290 µm). It was defined by Ortega- 
Ramirez et al. (2023) as the average value of the geodesic distances, i.e. 
the distance measured in the three-dimensional space, between the 
surface of each POM detected and the nearest air-filled pore. It was also 
determined with Fiji using the MorpholibJ plugin (Legland et al., 2016).

2.7. Data analysis

Untransformed N2O flux data were analyzed using non-parametric 
statistics with a 5 % significance level, and the analyses were conduct
ed using R software (R Core Team, 2022). The wilcox.test() function in 
the stats package was used for comparisons between statistic samples 
(Wilcoxon Mann Whitney test). Spearman’s Rho values were obtained 
using the corrplot() function from the corrplot package (Wei and Simko, 
2021) to assess the strength of relationships between variables. The cor. 
mtest() function from the corrplot package was also used, allowing only 
Rho with a p-value of less than 5 % to be shown in the Spearman matrix. 
Boxplots and scatterplots were produced using the ggplot2 package 
(Wickham et al., 2016). False-color 3D images were produced using 
VGStudio MAX software.

3. Results

3.1. Measurements of N2O emissions

N2O emission measurements varied from 4 to 333 g-N ha− 1 d-1 

(Figs. 1 and 2). The distribution of the 80 measurements of N2O emis
sions was lognormal (Shapiro-Wilk test on log-transformed fluxes, p <
0.05). This large variability is a well-known feature of N2O emissions at 
the plot scale (Grossel et al., 2014).

3.2. Characterisation of the soil structure and associated parameters

3.2.1. Soil structure is strongly heterogeneous
From a qualitative point of view, a visual observation of the four soil 

states linked to the 4 management practices from the X-ray images at 2 
scales shows contrasted soil structures (Fig. 3): the UT state presented 
the highest air-filled porosity, while the CS state exhibited have the 
poorest air-filled porosity, whatever the image resolution.

These differences in soil structure observed by a visual qualitative 
investigation are confirmed by the range of the soil calculated structural 
indicators (Table 2). The soil bulk density ranged from 1.21 g.cm− 3 to 
1.49 g.cm− 3 and this indicator is consistent with the gas transfer prop
erties, ranging from 1.4 to 104.7 µm2 for air permeability and 0.003 to 
0.077 for relative gas diffusivity. High variations were also observed for 
the soil macroporosity, which ranged from 0.2 to 10.4 %, and for the 
Id POM Air parameter calculated on 290 µm images which ranged from 
575 to 9071 µm. The total porosity estimated through the bulk density 
values (ranging from 43.6 to 54.2 %) is much higher than the meso and 
macroporosity values estimated from the 3D soil images. This means 
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Fig. 3. Selected 2D cross-sections of segmented images for the four states (UT: uncompacted tillage, CT: compacted tillage, US: uncompacted strip till, CS: compacted 
strip till), showing in brown the soil matrix, in grey the air-filled porosity, in blue the POM and in yellow the gravels. The four upper cross-sections are from 290 µm 
resolution images (a, b, c and d), the four bottom cross-sections are from 15 µm resolution images (e, f, g, h). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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that the soil porosity with a diameter lower than the images resolution 
(undefined porosity) represents the major part of the total soil porosity.

3.2.2. The scale used to characterise soil structure by CT scan has a strong 
influence on some structural indicators

The surface density shows highest values for the mesoporosity than 
for the macroporosity (Table 2), which denotes a higher contact surface 
between the soil matrix and the air-filled porosity at the meso scale than 
as the macro scale. Only some air-filled pore networks observed on 15 
µm resolution soil images were estimated to be connected (with negative 
Euler density), which means than potential porosity connectivity is 
mostly achieved with soil pores smaller than 15 µm. The soils of the 
selected plots had different POM contents (ranging from 18.3 to 36.6 g. 
kg− 1, Table 1); for the CT and UT states, POM are small fragments 
located within the inter-clods porosity (Fig. 3 a, b, e, f), while large 
fragments, probably crop residues incorporated into the soil, are visible 
in the 290 µm resolution images (Fig. 3 c). The Id POM Air shows the 
highest values when calculated on images with a resolution of 15 µm, 
rather than on images with a resolution of 290 µm (Table 2).

3.3. Linking soil structure and N2O emissions

Regarding the Wilcoxon Mann-Whitney tests performed between low 
and high emission plots, a significant difference (p < 0.05) was observed 
between the two plot types for most of the studied soil properties known 
to influence N2O emissions (10 of 14 studied properties; Fig. 4). Soils 
with high N2O emissions showed significantly higher median values of 
WFPS, soil temperature, bulk density, and Id POM air (at the macroscale) 
than low-emission plots. These soils also had significantly lower median 
values for meso and macroporosity, meso and macro surface density, air 
permeability and relative gas diffusivity. Even if median differences 
were observed between the soils with high and low emissions for nitrate 
contents, Euler density (at the two scales) and Id POM Air (at the meso 
scale), these differences were not statistically significant. Other classical 
physico-chemical soil parameters, including laboratory measured POM 
content (g.kg− 1), did not allow significant difference (Wilcoxon Mann 
Whitney test) between low and high N2O emission plots (Fig. S1).

The Spearman correlations between N2O emissions measured in the 
field and all the analyzed factors were examined (detailed results can be 
found in supplementary material; Fig. S2). It demonstrates that the field 
N2O emissions are negatively and more strongly related to relative gas 
diffusivity and to some structural indicators (like mesoporosity, mac
roporosity and surface density with R ≤ -0.6) than other soil parameters 
classically used to explain N2O emissions, such as WFPS, soil tempera
ture and nitrate content, which are positively related. Euler density 
shows poorer correlation with N2O emissions, and the nature of the 
relation is different regarding the considered scale (R = 0.33 at meso
scale, while R = − 0.47 at macroscale). The POM content (g.kg− 1) also 
shows a poor Spearman correlation with N2O emissions (R = 0.3).

4. Discussion: What are the most relevant parameters to 
evaluate N2O emissions?

4.1. What are the parameters likely to discriminate high and low N2O 
emissions?

The previous observations demonstrate that soil structure and gas 
transfer properties have a role in controlling the intensity of field 
measured N2O fluxes, which is consistent with the known processes of 
N2O emissions (Ball et al., 2013; Balaine et al., 2016). The soil physico- 
chemical and structural states observed in plots of high N2O emissions 
are likely to favor a low partial pressure of oxygen in the soil atmo
sphere, compared with plots with low N2O emissions: 

- In plots with high emissions the median WFPS is around 73 % (Fig. 4. 
a), and WFPS ranging from 60 % to 90 % are known to lead to high 
N2O fluxes (Balaine et al., 2013; Beare et al., 2009; Butterbach-Bahl 
et al., 2013; Davidson et al., 2000; Laville et al., 2011; Rabot et al., 
2016; Ruser et al., 2006).

- Spearman correlation between soil temperature and N2O emissions 
was weak (R = 0.38, Fig. 5), suggesting that temperature had a small 
effect on N2O emissions. Slightly higher soil temperatures in the 
high-emission soil plots could potentially have stimulated aerobic 
respiration, thus accelerating oxygen consumption in isolated soil 
pores and ultimately promoting the expansion of anoxic microsites 
(Smith et al., 2003). Diurnal temperature variations are known to 
impact N2O emissions but in the present campaign, however, hot
spots were not linked to diurnal variations and were measured 
throughout the day (Fig. S3). The moderately higher soil tempera
ture in hotspot areas could in fact be explained by the higher soil bulk 
density, as denser soils have higher thermal conductivity (Abu- 
Hamdeh and Reeder, 2000).

- In this study, nitrate concentration is high in all samples and is 
therefore not limiting for biochemical reactions producing N2O 
(Table 1). It therefore seems normal not to have a strong Spearman 
correlation (Fig. S2) or a significant difference between plots with 
high and low soil emissions (Fig. 4).

- All the soils with high N2O emissions have a relative gas diffusivity 
below 0.02. According to Stepniewski (1981), a relative gas diffu
sivity value between 0.005 and 0.02 indicates that the soil is 
anaerobic, which favors denitrification, often considered as the main 
microbial process leading to N2O emissions (Scheer et al., 2020). 
Many authors have reported that denitrification begins at a relative 
gas diffusivity between 0.005–0.01 (Balaine et al. 2013; Chamindu 
Deepagoda et al. 2019; Li et al. 2021; Owens et al. 2017; Rousset 
et al. 2020), although values exceeding 0.02 have also been deter
mined by Petersen et al. (2013) (work cited in Schlüter et al. 2024).

- A smaller pore volume at the meso and macroscale, with a smaller 
contact surface between the atmosphere and soil matrix, could 
enhance high N2O emissions.

Other parameters, especially Euler Density and the Id POM Air seem to 
be irrelevant to discriminate between the high and low emissions.

As already mentioned, the mobile chamber used to measure N2O 
fluxes in the field has a larger surface area than the soil cylinders 
scanned by CT-scan for the calculation of all structural indicators to 
enable measuring several soil parameters for the same N2O flux mea
surement. The same is true for bulk soil samples collected to measure 
more classical physico-chemical parameters. This difference in size be
tween the mobile chamber and the soil samples (bulk soil and soil cyl
inders) taken below is potentially the greatest source of unexplained 
variability. In addition, the potential reduction of N2O to N2 has not 
been quantified, adding to the uncertainty. In this context, very tight 
relationships between N2O emissions and soil variables cannot be ob
tained, as often for field conditions, and correlation coefficients ob
tained for some variables can be considered as good.

Table 2 
Descriptive statistics of the soil structure indicators and the gas transfer 
properties.

Indicator (n = 24) Minimum Median Maximum

Mesoporosity (%) 0.19 0.56 1.01
Macroporosity (%) 0.2 2.4 10.4
Surface density meso (m2.m− 3) 0.15 0.45 0.83
Surface density macro (m2.m− 3) 0.006 0.066 0.220
Euler density (15 µm; mm− 3) − 0.18 1.40 2.50
Euler density (290 µm; mm− 3) 0.0001 0.0007 0.0026
Id POM Air (15 µm; µm) 0.11 14 169
Id POM Air (290 µm; µm) 575 1447 9071
Bulk density (g.cm− 3) 1.21 1.35 1.49
Total porosity (%) 43.6 48.9 54.2
Air permeability (µm2) 1.4 13.5 104.7
Relative gas diffusivity 0.003 0.029 0.077
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Fig. 4. Distribution of the soil parameters within the low emission plots (n = 15) and the high emissions plots (n = 9). A Mann-Whitney test was performed for each 
comparison. Different numbers of stars indicate statistical differences.
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Fig. 5. Soil parameters as a function of N2 O emissions. Low emissions are in green, high emissions in red. UT: uncompacted tillage, CT: compacted tillage, US: 
uncompacted strip till, CS: compacted strip till. Horizontal dashed line: 50 g-N ha− 1 d-1 , threshold separating low and high N2 O emissions. Vertical dashed line: soil parameters 
threshold separating low and high N2 O emissions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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4.2. Why are Euler density and IdPOM Air irrelevant parameters in this 
study?

The calculation of the Euler density depends on the size of the 
smallest detectable pore, as a function of image resolution (Vogel et al., 
2010). A finer resolution should theoretically result in a higher number 
of pores connected to each other (Lucas et al., 2019; Lucas et al., 2020), 
and then to more negative values. In this work, the Euler densities were 
always positive for most plots (all excepted one), indicating a discon
nected pore network and not allowing this parameter to be used to 
discriminate between low and high N2O emissions situations. Some 
studies have already evidenced a disconnected air porosity in 3D images 
with a coarse resolution. For example, Rabot et al. (2015) pointed out 
that the air-filled pore network is probably connected, but via pores of 
smaller size than those detected at the studied resolution (300 µm). The 
authors state that the total connectivity of the soil samples has thus been 
underestimated. Katuwal et al. (2015) suggest that Euler number is not a 
good metric for comparing macropore connectivity between soil sam
ples. The authors also observed positive Euler number values from soils 
scanned at a resolution of 500 µm, synonymous of a disconnection of the 
pore network at the studied resolution. The Euler density should then be 
considered carefully for studying N2O emission variability. Its value 
varies widely with the resolution of the image, and therefore with the 
scale of measurement chosen. It is consequently difficult to establish a 
relevant scale of measurement, and a compromise is necessary between 
the size of the considered soil sample and the pore sized targeted, that 
should be representative of the process of interest.

There are weak correlations between the POM content estimated 
from laboratory measurements (g.kg− 1) and image analysis at both 15 
µm and 290 µm resolutions (Fig. S5), which may explain the weak 
correlation (Spearman test) between POM content (g.kg− 1) and N2O 
emissions (Fig. S2 and S4). In contrast, the difference between Id POM Air 
values for low and high emission plots (Wilcoxon Mann Whitney test) 
was not significant for soil cylinders scanned at 15 µm (Fig. 4.k), but was 
significant for soil cylinders scanned at 290 µm (Fig. 4.l). The same trend 
was observed for the Id POM Air calculated both at 15 µm and 290 µm, i.e. 
the Id POM Air was higher in plots with high emissions than in plots with 
low emissions. It means that the Particulate Organic Matter within the 
hotspots is located at larger distances from the next air-filled pore than 
low-emission plots, which increases the likelihood of anoxic conditions 
in areas where C substrate is available for microbial processes. When the 
oxygen partial pressure becomes low or even zero, anaerobic microbial 
respiration can take place. The denitrification phenomenon is therefore 
likely to be favored within microbial hotspots, where nitrogen oxidants 
acting as alternative oxygen electron acceptors favor high production of 
N2O. The latter is then transferred through the soil pore network to the 
atmosphere. Denitrification was likely the predominant process leading 
to the high N2O emissions measured in this study, so the Id POM Air in
dicator should be relevant: the high emissions plots had actually higher 
Id POM Air values than the low emission plots, consistently with the pre
vious findings of Ortega-Ramirez et al. (2023). The Id POM Air indicator 
brings another important information as it accounts for the effect of both 
structure and C substrate repartition in the soil porosity. However, it 
may be more difficult to use than some other structure indicators since a 
precise detection of POM is required, while thresholding POM in grey 
scale CT-scan images can be difficult (Baveye et al., 2018; Kravchenko 
et al., 2014). Indeed, the organic matter X-ray attenuation coefficients 
that generate grey levels between those of the soil matrix and air- or 
water-filled porosity (De Gryze et al., 2006; Peth et al., 2014), can lead 
to uncertainties.

4.3. Comparing WFPS and soil structure characteristics

WFPS is commonly used to assess the control of both soil structure 
and soil water content on N2O emissions. In this study, a relation was 
also observed between WFPS and N2O emissions, but not as strong as the 

relation between N2O emissions and soil structure indicators, especially 
porosity and surface density (both at meso and macro scales) (Fig. 5). 
This may be because WFPS is calculated using soil bulk density, which 
does not consider how water and air are distributed in the pore space. As 
surface density is very strongly correlated with porosity (Spearman’s 
test yielded R2 values of 0.97 at the macro scale and 0.99 at the meso 
scale, Fig. S2), it may be possible to calculate only one of the two in
dicators, although the two parameters do not provide the same 
information.

4.4. Comparing WFPS, gas transfer characteristics

Gas transfer parameters (especially relative gas diffusivity, and to a 
lesser extent air permeability) were also both good indicators of N2O 
emission variability. Relative gas diffusivity presented a better relation 
with N2O emissions than WFPS (R = -0.60, Spearman test, Fig. 5), which 
is consistent with the recommendations of some authors to analyze the 
relative gas diffusivity rather than the WFPS to study the N2O emissions 
determinism. For example, Petersen et al. (2008) showed that the rela
tive gas diffusivity explained the observed N2O emissions better than the 
WFPS. In their study, Balaine et al. (2013) showed that the observed 
peak in N2O emissions was poorly explained by WFPS, but strongly 
linearly correlated with relative gas diffusivity. Based on regression 
analyses, Balaine et al. (2016) also observed that relative gas diffusivity 
was better suited than WFPS to explain variations in N2O concentration 
resulting from denitrification. Oxygen migration in the soil, expressed 
by relative gas diffusivity, would indeed be a better predictor than 
WFPS, because the parameter depends not only on the bulk density and 
water content of the soil (Balaine et al., 2013; Klefoth et al., 2014), but 
also on the connectivity and tortuosity of the air-filled pore space 
(Arthur et al., 2012; Rousset et al., 2022). Relative gas diffusivity is 
therefore highly integrative of the state of the soil structure at a given 
moment.

In this work, air permeability is negatively correlated with N2O 
emissions with a lower correlation coefficient (in absolute value) (R =
− 0.48) than relative gas diffusivity (R = − 0.6), which could be due to 
the fact that advection is not the main gas transfer process in the soil, 
due to the frequent low pressure gradients (Clough et al., 2005; Heincke 
and Kaupenjohann, 1999; Velthof et al., 1996). However, it is highly 
positively correlated with relative gas diffusivity (R = 0.82, Fig. S2). To 
evaluate N2O emissions, it should theoretically be preferable to study 
the relative gas diffusivity because gas diffusion is the main transport 
mechanism in soils (Clough et al., 2005). However, measuring the air 
permeability of a soil cylinder is a very short process compared to the 
relative gas diffusivity measurement, lasting only a few minutes. If the 
gas relative diffusivity is a good descriptor of N2O emissions and air 
permeability is highly correlated with the relative gas diffusivity, this 
makes air permeability a parameter also interesting to measure.

4.5. Comparing gas transfer properties and soil structure characteristics 
from 3D images

Mesoporosity and macroporosity are positively correlated with air 
permeability and gas relative diffusivity (Fig. S2), which is consistent 
with the fact that air porosity is a major component of gas transfer, as 
shown in previous studies (Balaine et al., 2016; Deepagoda et al., 2011; 
Katuwal et al., 2015; Kawamoto et al., 2006; Naveed et al., 2014; 
Rousset et al., 2020; Rousset et al., 2022). However, whereas soil 
structure indicators and gas transfer parameters require specific undis
turbed samplings there is a strong difference in terms of measurements 
duration, because i) imagery needs more complex apparatus than gas 
transfer parameters and ii) calculating structural indicators using 3D 
imaging is time-consuming, compared to gas transfer parameters 
measurement.
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4.6. Defining some threshold values for relevant parameters to evaluate 
N2O emissions

The relations between N2O emissions and the studied soil factors 
were explored (Fig. 5). To distinguish low and high N2O emissions, 
threshold values were identified for some of the soil parameters that best 
explain the N2O emissions: some structural parameters (meso and 
macroscale porosity, surface density, air permeability and relative gas 
diffusivity), as well as WFPS and bulk density. A threshold could also be 
defined for the Euler density at 290 µm resolution (e.g. at the macro
scale), but not at 15 µm resolution (e.g. at the meso and the macroscale). 
No particular trends were observed in the relationship between N2O 
fluxes measured in the field, and Id POM Air (regardless the considered 
resolution), soil temperature, nitrate concentration, Euler density at the 
mesoscale and macroscale. Additional results for other classical studied 
soil physico-chemical parameters can be found in supplementary ma
terial (Fig. S4).

Threshold values obtained for WFPS and relative gas diffusivity are 
63 % and 0.02, consistently with previous studies (Balaine et al., 2016; 
Balaine et al., 2013). To our knowledge, no study proposed threshold 
values for porosity and surface density calculated at meso and macro
structure scales, for Euler density calculated at macrostructure scale, or 
for air permeability beyond which N2O fluxes are high. For all the fac
tors, the defined threshold values below which N2O emissions are high 
have been summarised in a conceptual chart (Fig. 6). Two different soil 
profiles are described, to explain low and high emission spots.

5. Conclusion

In this work soils of high emission plots showed different physico- 
chemical and soil structure conditions compared to soil of low emis
sions plots. They had higher values of WFPS, soil temperature and ni
trates, as well as a soil structure characterized by lower porosity, surface 
density and gas transfer capacity. This suggests that denitrification was 
the main N2O production process, triggered by substrate availability as 

well as low aeration and gas transfer in soil. The WFPS still remains to be 
a relevant indicator to explain N2O emissions. However, some structural 
indicators calculated by CT scan (porosity, surface density), as well as 
relative gas diffusivity and air permeability seem to be better in terms of 
information quality.

Nevertheless, regarding the structural indicators calculated by CT 
scan at two scales, consideration of a single scale could be sufficient, i.e. 
the macrostructure, as indicators calculated at the mesostructure scale 
did not provide more information. Among all the soil structure in
dicators studied, relative gas diffusivity appears to be the best soil 
structure parameter for describing N2O emissions. Indeed, relative gas 
diffusivity is faster and easier to measure than 3D image-based in
dicators. It reflects not only soil water content but also pore volume, 
connectivity and tortuosity, influencing soil oxygen diffusion controlling 
denitrification and therefore N2O emissions intensity.

Threshold values, below which high N2O emissions have been 
observed, are proposed in this work. It would be interesting to verify and 
refine these thresholds in other pedoclimatic contexts, and for other 
agricultural practices.
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