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A B S T R A C T

Soil physical properties may determine the fate of nitrous oxide (N2O) in soil, but little is known about how soil
compaction affects specific properties and their interactions. This study aimed to assess the impact of compaction
on the soil pore functionality and architecture, and the effects on N2O diffusion. Intact soil cores were sampled
from lysimeters previously subjected to induced topsoil or subsoil compaction, as well as from uncompacted
lysimeters. The soil cores were drained, sequentially, to − 30, − 50, and − 100 h Pa to examine gas phase char-
acteristics, each time followed by N2O diffusion measurements after injecting N2O at the bottom of the soil cores
to simulate hotspots. Pore architecture was determined with X-ray microtomography. Results showed that soil
compaction decreased pore volume, gas flow (convection and diffusion), and pore connectivity, and increased
water-filled pore space, isolated pore ratios, and solid-to-pore distance, with a concomitant effect on N2O
diffusion. Changes in soil matric water potential did not influence the N2O diffusion ratio (N2O in the headspace/
N2O injected into the reservoir). The algorithmic evaluation of interacting effects revealed that pore connectivity
was the best predictor for N2O diffusion. In hierarchical order, the N2O diffusion ratio could be explained by air
permeability, pore connectivity and relative gas diffusivity. Multivariate analysis of functional and architectural
pore characteristic parameters provided a comprehensive selection of factors driving N2O diffusion within the
soil layers. This is essential to understand the contribution of N2O produced in agricultural soil to atmospheric
emissions under climate change scenarios.

1. Introduction

The atmospheric concentration of nitrous oxide (N2O), a long-lived
greenhouse gas and ozone-depleting substance, has continued to in-
crease over the last four decades (Tian et al., 2020). Agricultural soils are
recognised as a major source of anthropogenic N2O emissions (Chataut
et al., 2023; Jones et al., 2023), but the microbial production and
emission of N2O are regulated by a range of hydrological factors, soil
parameters, and their complex interactions (Bremner, 1997; Wang et al.,
2021). Understanding these environmental controls can support the
development of strategies for mitigation.

The primary source of N2O emissions is the topsoil receiving fertil-
isers and organic inputs, but deeper soil layers, often overlooked, can
also contribute to N2O production and emissions (Clough et al., 2005).
Subsoil N2O production may be driven by factors such as the formation

of reactive zones resulting from downward nitrate and organic carbon
transport (Wolf et al., 2022), and unfavourable soil physical conditions
such as compaction (Yang et al., 2022). Moreover, N2O produced in the
subsoil is not necessarily linearly related to N2O released into the at-
mosphere (Clough et al., 2006; Wolf et al., 2022).

The contribution of subsoil N2O production to surface fluxes has
been highlighted as a hidden threat, which is relatively more important
in annual cropping systems, and during dry periods where the topsoil is
at a moisture content that limits N2O production (Shcherbak and Rob-
ertson, 2019). Subsoil N2O production can impact surface emissions by
upward diffusion along a concentration gradient in response to drought
periods and rewetting of the soil profile as reported for forest soils
(Goldberg and Gebauer, 2009a, 2009b). The fate of N2O produced in
different soil layers will depend on the functional pathways for soil gas
diffusion. The N2O molecule may reach the atmosphere if the soil
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structure and associated soil water content facilitate gas exchange
(Balaine et al., 2013). If N2O cannot readily diffuse to the soil surface it
may be reduced to environmentally benign dinitrogen gas (N2) either
near the site of production or during transport through the soil profile.
Microbes containing the N2O reductase gene (nosZ) transform N2O to N2
(Hallin et al., 2018). It is well recognised that microbial biomass de-
creases with increasing soil depth and the potential for transformation of
N2O to N2 may be lower in subsoils. Nitrous oxide reduction potential
increases with residence time, which in turn is influenced by soil tor-
tuosity (Laudone et al., 2011) and water content. Nitrous oxide may also
be entrapped in air-filled pores but later released to the atmosphere
following an increase in gas diffusivity when soil moisture decreases and
improves pore connectivity (Clough et al., 2005; Rabot et al., 2015).
Nitrous oxide in the subsoil may also be transported to groundwater and
eventually released into the atmosphere (Shcherbak and Robertson,
2019).

The interacting effects of soil structure and soil moisture on the fate
of N2O throughout the soil profile make estimating the fate of N2O
challenging. Understanding how these interactions are affected by soil
compaction-induced changes in pore network may provide insights into
the dynamic anaerobic-aerobic processes that regulate N2O production
in soil (Chamindu Deepagoda et al., 2019a).

Soil compaction, by altering soil pore size distribution, influences the
size and distribution of physical hotspots (poor soil structure) for N2O
production (Ball, 2013). Within these pore structure-related hotspots,
under oxygen-limited conditions, it is expected that denitrification, a
microbial pathway for N2O production, will increase (Kravchenko et al.,
2018; Rohe et al., 2021). Previous studies have shown increased N2O
emissions to be linked to compacted soils: such soils have reduced pore
space, higher water-filled pore space (WFPS) (Bussell et al., 2021) and
reduced relative gas diffusivity (Ds/Do) (Chamindu Deepagoda et al.,
2019a). If such conditions are prolonged then anaerobic conditions may
prevail, and N2O is potentially reduced to N2 (Chamindu Deepagoda
et al., 2019b). Therefore, the occurrence and intensity of N2O emissions
from compacted soil layers may vary dynamically with soil structural
conditions (pore size distribution, pore tortuosity, connectivity) and
microbial substrate availability (Rabot et al., 2015).

Several studies have assessed the impact of soil compaction on N2O
fluxes, but often considering only how this affects the association be-
tween N2O fluxes and WFPS, while other studies have observed gas
diffusivity as the main controlling variable as summarised by Pulido--
Moncada et al. (2022). However, interpreting the contribution of soil
structural changes to N2O fluxes as a result of changes in WFPS and gas
diffusivity alone is difficult due to complex interacting factors and the
simultaneous occurrence of denitrification. Such relationships are,
initially, best examined in controlled incubation experiments.

Studies assessing the fate of N2O within soil layers, and especially
subsoil layers, where they considered multiple factors and processes, are
limited. Examples of comprehensive incubation experiments using
repacked soil columns to study drivers of the fate of N2O within soil
include those by Clough et al. (2006), Klefoth et al. (2014), Dong et al.
(2020b), Hung and Whalen (2020), Roscioli et al. (2021), and Gil-Loaiza
et al. (2022), where individual or combinations of factors such as relative
gas diffusivity, soil microbiome, soil moisture content, biochar amend-
ment, soil temperature (thawing of frozen soil), bulk density and dry/wet
cycles were assessed. The study by Button et al. (2023) is an example
using intact soil cores taken from topsoil and subsoil, and Goldberg and
Gebauer (2009a, 2009b) are examples of field experiments.

However, to enhance our understanding of the fate of N2O within
individual soil layers, it is critically important to also consider the
detailed soil structure status, such as variations in the morphology of the
pore network (Rabot et al., 2015). Studies using X-ray micro-computed
tomography (μCT) have suggested that the description of N2O produc-
tion and subsequent emissions could be improved by image-derived
parameters such as the size and connectivity of air-filled pore net-
works (Rabot et al., 2015; Schlüter et al., 2019; Kim et al., 2022), the

anaerobic soil volume fraction (Kravchenko et al., 2018; Rohe et al.,
2021), and by the volume and spatial distribution of hotspots created by
particulate organic matter and their proximity to air-filled pores
(Kravchenko et al., 2018; Lucas et al., 2023; Ortega-Ramírez et al.,
2023). Despite a large body of research on N2O production and transport
in agricultural soils, the effects of changes in soil pore network charac-
teristics on N2O fluxes from soils with different degrees of compaction
are poorly understood and documented, as highlighted by Pulido--
Moncada et al. (2022).

Thus, knowledge gaps remain about how soil compaction affects soil
structural properties and their interactions with respect to the fate of
N2O within soil layers (Hernandez-Ramirez et al., 2021; Hu et al., 2021;
Pulido-Moncada et al., 2022). This creates uncertainties in selecting and
evaluating soil health indicators for minimizing N2O emissions, posing a
threat to the environment and contributing to emissions and climate
change. Hence, the present study aimed to assess the impact of the pore
structural functionality and architecture on N2O diffusion under con-
trasting soil structural states at different depths.

2. Material and methods

2.1. Site and management

Soil samples were taken from a compaction experiment, with known
management history, at a lysimeter semi-field facility at the Lucio
Toniolo experimental farm of the University of Padua (45◦19′ N, 11◦31′
E, 8 m above sea level), low plain Veneto region, Italy. The soil in the
freely draining concrete lysimeters (1 m length × 1 m width × 1.5 m
depth) was a Fluvi-Calcaric Cambisol (IUSS-WorkingGroup-WRB et al.,
2015) with a silt loam texture, and soil total nitrogen and organic carbon
contents (at sampling) ranging between 0.6 and 1.0 g kg− 1 and 5.3–7.8
g kg− 1, respectively (Table 1).

Prior to the present experiment, as described by Longo et al. (2021)
the lysimeters were used for assessing the effects of groundwater levels,
fertiliser rates (2011–2015), fertiliser types (2015), and farming systems
(conventional and conservation agriculture) (since 2016) on greenhouse
gases. From 2011, maize (Zea mays L.) was the main crop grown, except
in 2019 and 2020 when sorghum (Sorghum bicolor L.) and winter wheat
(Triticum aestivum L.) were sown, respectively. As is commonly practised
in the region, conventional agriculture involved tillage, residue incor-
poration after crop harvesting, and bare soil during winter, whereas
conservation agriculture was characterised by no-tillage, and cover
crops during winter and summer i.e., from 2016 to 2020, respectively,
forage radish (Raphanus sativus L.), forage sorghum [Sorghum ×

drummondii (Nees ex Steud.) Millsp. & Chase], forage radish, ryegrass
(Secale cereale L.), and sudan grass (Sorghum × drummondii) (Longo
et al., 2021).

2.2. Experimental design

For the present study, soil sampling was conducted in lysimeters
under conservation agriculture with previously simulated topsoil or
subsoil compaction (applied on May 30, 2022), and uncompacted ly-
simeters under conventional management. The experimental design
included three treatments in a completely randomised design with four
replicates. The treatments were: topsoil compaction (TopComp), subsoil
compaction (SubComp) and no compaction (NoComp).

In the lysimeters for the NoComp treatment included, the top 25 cm
depth being tilled by hand spading. In the TopComp, compaction was
conducted in the 0–25 cm layer. This soil layer was excavated, pre-
wetted and then returned to the lysimeter by compressing fine layers
of about 3 cm, one at a time, aiming for a bulk density of ca.1.6 Mg m− 3.
The same procedure was followed to compact the 25–45 cm soil layer in
the SubComp treatment, while the 0–25 cm depth soil was returned
without compression. Bulk density after compaction was not determined
because of limited capacity for multiple samplings in the lysimeters. This
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precaution was taken to prevent the formation of preferential pathways
within the lysimeters.

All the lysimeters received, 46 days after soil compaction (July 15,
2022), a mixed animal-vegetable solid digestate, obtained from a local
biogas plant, which was incorporated at 0–5 cm depth at a rate of 315.2
kg N ha− 1. Maize was sown at a density of 8 plants m− 2 three days after
the application of digestate. The water table level was kept constant
throughout the experiment at 120 cm depth.

2.3. Soil sampling and measurements pre-incubations

After crop harvest (122 days after sowing), intact soil core samples of
226 cm3 (using aluminium rings of 6.0 cm diameter, 8.0 cm height) were
taken, vertically, from each lysimeter at 10–20, 30–40 and 50–60 cm
depths, giving a total of 36 samples.

The intact soil cores were placed on tension tables, saturated from
below, and then drained stepwise to soil water matric potentials of − 30,
− 50 and − 100 h Pa. At each matric potential, air permeability (ka) and
gas diffusivity were measured sequentially. Quantification of ka was
based on the Forchheimer approach using an apparatus that allows
automatic measurement of airflow at four pneumatic pressures of
around 5, 2, 1, and 0.5 hPa (Schjønning and Koppelgaard, 2017). The
relative gas diffusivity (Ds/Do, where Ds and Do are gas diffusion co-
efficients in soil and free air, respectively), was derived using the
steady-state diffusion approach, and measurements were conducted by
using the one-chamber one-gas method (Schjønning et al., 2013).

The air-filled pore space (εa) and the WFPS were calculated using the
mass water balance at each matric potential. Total porosity was esti-
mated from dry bulk density (ρb) and particle density. The latter was
estimated using a function proposed by Schjønning et al. (2017) that
includes clay and soil organic matter contents as predicting variables;
readers are referred to equation 10 in that study.

Further characterisation of the soil pore network was conducted
using the relationship between the ka and εa, denoted as PO1
(Groenevelt et al., 1984), and by the calculation of soil pore geometry
indices such as tortuosity and effective pore diameter (deff) (Ball, 1981).

In addition, along with the intact soil core samples, disturbed soil
samples were simultaneously collected to determine sand, silt, and clay
content (particle size analyzer Mastersizer 2000; Malvern Panalytical
Ltd, Spectris Company), organic and inorganic carbon content
(elemental analyzer VARIO MACRO; Elementar Analysensysteme
GmbH), and total nitrogen content (Kjeldahl method). Moreover, the
degree of compactness was determined by calculating the reference bulk
density value using a model which considers both soil particles (sand,
silt, clay) and soil organic matter contents, equation 12 in Keller and
Håkansson (2010).

2.4. Micro CT-image acquisition, processing, and analysis

Intact soil samples equilibrated at a soil matric potential of − 100 h
Pa were scanned using a micro-X-ray computed microtomography (μCT)
equipment (EasyTom XL 160/230 Mechanic Ultra, RX solutions device)
at the University of Padua. The scanning of soil samples was performed
at a voltage of 199 kV and a beam current of 202 μA, which set the tube
power to 40 W. The reconstruction of the acquired images was achieved
through the filtered back projection method, obtaining 3D tomographs
with 40 × 40 × 40 μm voxel size and 16-bit grey scale.

The digital image processing and analysis were performed using the
open-source software ImageJ2/Fiji (Rueden et al., 2017). A soil volume
of interest, 50 mm in diameter and 60 mm in height, was selected to
avoid boundary effects. To reduce noise, the images were normalised
with a saturated pixel of 0.4% and filtered with the Non-Local Means
Denoising filter (parameters were set to auto sigma value and a
smoothing factor of 1) (Buades et al., 2011). The segmentation of the
image was performed using the Moments method (Tsai, 1985). Isolated
segmentation noise in the images was removed by the morphological
closing operation (disregarding pores with a volume smaller than two
voxels).

The “Particle Analyser” module of the BoneJ plugin (Doube, 2021)
and the “Analyse Skeleton (2D/3D)” plugin were used to obtain
μCT-derived parameters for the characterisation of the visible macro-
pore morphology: total macroporosity, macropore density, mean mac-
ropore diameter (mean of Local Thickness values weighted by frequency
within the volume of interest), Euler density, total branch length, and
largest macropore ratio (volume of largest macropore/total macro-
porosity). The three latter parameters were used as pore connectivity
indicators. The μCT-derived volume of the macropores connected to the
upper and bottom ends of the sample was also quantified (Koestel and
Schlüter, 2019).

Additionally, the Euclidean distance transform plugin was used to
estimate the Euclidean distance to the closest pore in the soil matrix
(Euclidean distance values weighted by frequency within the volume of
interest) (Schlüter and Vogel, 2016). This parameter, named hereafter
solid-to-pore distance, was used as an indicator of the travel distance of
gases to pores where exchanges with the rest of the soil profile take place
(Kravchenko and Guber, 2021).

2.5. Laboratory incubations and measurements

After the equilibration at each matric potential, and subsequent to
gas diffusivity measurement, soil cores were used for an incubation
experiment. Firstly, soil cores were placed between a polyvinyl chloride
(PVC) top and a bottom compartment, each of 135 cm3, which

Table 1
Soil mineral particle content, inorganic and organic carbon, and total nitrogen of the studied silt loam soil.

Depth
(cm)

Treatment Clay (<2 μm) g
kg− 1

Silt (2–50 μm) g
kg− 1

Sand (50–2000 μm) g
kg− 1

Organic Carbon g
kg− 1

Inorganic Carbon g
kg− 1

Total Kjeldahl Nitrogen g
kg− 1

10–20 NoComp 191 ± 12 535 ± 7 AB 274 ± 8 7.6 ± 0.03 40.4 ± 0.05 0.9 ± 0.04
TopComp 201 ± 12 528 ± 7 A 271 ± 7 7.3 ± 0.03 41.9 ± 0.09 0.9 ± 0.04
SubComp 207 ± 12 546 ± 7 AB 247 ± 18 7.8 ± 0.03 41.1 ± 0.02 1.0 ± 0.04

30–40 NoComp 202 ± 12 531 ± 7 A 267 ± 8 6.2 ± 0.03 40.9 ± 0.04 0.7 ± 0.04
TopComp 174 ± 13 529 ± 8 AB 297 ± 11 5.3 ± 0.03 43.8 ± 0.23 0.6 ± 0.04
SubComp 201 ± 12 529 ± 7 A 270 ± 7 6.2 ± 0.03 407 ± 0.03 0.8 ± 0.04

50–60 NoComp 237 ± 12 583 ± 7 C 180 ± 17 6.0 ± 0.03 40.7 ± 0.02 0.8 ± 0.04
TopComp 204 ± 13 602 ± 8 C 194 ± 26 5.9 ± 0.03 40.6 ± 0.03 0.7 ± 0.04
SubComp 215 ± 12 567 ± 7 BCE 218 ± 18 5.9 ± 0.03 41.2 ± 0.05 0.7 ± 0.04

P-value Treatment 0.231 0.867 0.305 0.326 0.671 0.267
Depth 0.040 <0.001 <0.001 <0.001 0.844 <0.001
Treat ×
Depth

0.305 0.038 0.108 0.541 0.265 0.501

NoComp is soil without compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Values are
means with standard error (n = 4). Treat × Depth is the interaction of treatment and depth. Values in a column followed by a different lowercase letter significantly
differ across treatments within the same depth, and uppercase letters show differences across treatments and depth, at a 5% significance level.
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functioned as headspace and gas reservoir, respectively. Each
compartment had two rubber septa, which facilitated the sealing and gas
sampling. Air tightness of each unit was first tested by immersion in
water after applying an overpressure of 60 ml, which was greater than
the gas pressure applied during the tests with soil cores.

After closing the headspace and gas reservoir compartments, con-
taining ambient air, a gas sample was taken from the headspace about
14 h after closing to determine the background concentration of N2O,
[N2O], emitted from the soil. Then, each bottom reservoir received 0.5
mL of a 1% N2O gas mixture (1% N2O, 99% N2) via a septum to increase
[N2O] in the reservoir from ambient (0.32 μL N2O L− 1) to 30 μL N2O L− 1.
Monitoring of headspace [N2O] was conducted by taking a 4 mL gas
sample at 1, 2, 3, 6, 10, 24, and 30 h after the injection of N2O into the
bottom reservoir. After each gas sampling, an aliquot of ambient air,
equivalent to the volume withdrawn, was injected into the headspace to
avoid pressure change. Ambient air [N2O] was determined twice per
day. Ambient air and soil background [N2O] were deducted from the
[N2O] accumulating in the headspace. After the last sampling from the
headspace, a gas sample was also taken from the reservoir to determine
residual [N2O].

Following the final gas sampling at − 100 h Pa, each soil core was
manually extruded into a Ziploc® bag, which was immediately sealed.
The soil core was then manually fragmented inside the closed bag, and a
gas sample was collected from the air volume inside the bag to deter-
mine any N2O entrapped in the soil. The volume of gas inside the
Ziploc® bag was determined by placing the bag in water and measuring
the displacement of water, with the gas volume calculated by subtract-
ing the volume of soil and water of the soil core.

A gas chromatography system was utilized to determine the con-
centration of N2O and carbon dioxide (CO2) of the gas samples. Details
can be found in Petersen et al. (2012).

The diffusion of N2O through the intact soil cores was determined by
assessing its rate of accumulation in the headspace and the remaining
concentration in the reservoir. The [N2O] that was entrapped in the air-
filled pore space and dissolved in the soil solution was calculated
following (Davidson and Firestone, 1988). This involved the use of the
soil mass and the Bunsen solubility coefficient in water (0.622, at 21 ◦C),
respectively. The Bunsen coefficient accounts for N2O dissolved in the
liquid phase of the soil cores assuming equilibrium between headspace
and liquid phases.

The incubations and all physical measurements were conducted at a
controlled room temperature of 21 ◦C degrees.

2.6. Soil analyses after incubations

Subsamples were taken from the fragmented soil cores to determine
soil moisture content, concentrations of ammonium, [NH4] and nitrate
[NO3], and hot-water extractable organic carbon (HWEC). Soil NH4 and
NO3 were extracted with 1 M KCl at a ratio of 1:4 (soil: extractant), and
determined on an auto-analyser (AA500, Seal Analytical, 22803 Nor-
derstedt, Germany). The HWEC was determined using the hot-water
extraction method with a 1:10 soil-to-water ratio (Ghani et al., 2003).
The method involved first an extraction with cold water (readily
water-soluble C) followed by hot water extraction (labile C) at 80 ◦C for
16 h. The total carbon concentration of both extractions was determined
on a Shimadzu total organic carbon (TOC) analyser (Shimadzu Corpo-
ration, Kyoto, Japan).

Another soil subsample was air-dried to determine soil pH (1:2.5 soil-
to-water ratio) and electrical conductivity (1:5 soil-to-water ratio). The
nosZ gene, which codes for N2O reductase in the denitrification
pathway, was also quantified. The extraction of DNA from soils was
conducted using the Qiagen DNeasy PowerSoil Pro kit Kit (Qiagen,
Hilden, DE) as described by the manufacturer’s protocol on 0.4 g of air-
dried samples. The extracted DNA was quantified with a Qubit 3.0
fluorimeter (Thermo Fisher Scientific, Carlsbad, CA) using the Qubit™
DNA HS Assay Kit (Thermo Fisher Scientific, Carlsbad, CA) and stored at

− 20 ◦C. Quantitative real-time PCR was conducted using the primer pair
nosZ F 5′ CGYTGTTCMTCGACAGCCAG 3′, and nosZ R 5′ CATGTG-
CAGNGCRTGGCAGAA 3’ (Rösch et al., 2002). A QuantStudio 5 System
(Life Technologies, Carlsbad, CA) was used to perform the qPCR ana-
lyses in a final 5 μL reaction volume. The thermal conditions for each
qPCR corresponded to a pre-denaturing stage at 95 ◦C for 10 min, fol-
lowed by 40 cycles with denaturation step at 95 ◦C for 15 s, annealing
step at 57 ◦C for 60 s and extension at 72 ◦C for 60 s. The Ct threshold
cycles values were transformed into gene copies using the equation by
Dong et al. (2020a).

2.7. Statistical analyses

Regression analysis was conducted to evaluate the effects of treat-
ment × depth × matric potential or treatment × depth interaction for
the studied variables. Linear and generalized linear mixed models
(glmmTMB) were fitted according to the nature of the response variable,
using gaussian or gamma distribution with identity or logarithmic link
to achieve better model fits. ANOVA was performed to assess model
significance. The ’emmeans’ package was utilized to calculate marginal
means for the interaction and main effects. Tukey’s HSD method was
used for multiple comparisons. Additionally, a Spearman’s rank corre-
lation test was conducted between each pair of variables. These analyses
were performed using the statistical package R (Team-RDC, 2021). All
tests were conducted at the 5% significance level.

Decision trees were built to further select interacting factors driving
N2O diffusion in the soil layers. First, regression trees were built to
predict the ratio of N2O diffusion (N2O in the headspace/N2O injected
into the reservoir) for the combined data set (all depths and matric
potentials). Then, the dataset at − 100 h Pa was used to build a regres-
sion tree, for which the input variables included measured and μCT-
derived parameters. Principal component analysis was used to reduce
data dimension (data not shown). The reduced input variables were ρb,
εa, ka, Ds/Do, WFPS, Euler density, total branch length, largest macro-
pore ratio, solid-to-pore distance, and connected macropores ratio.
Additionally, classification trees were generated to assess the variables
that best explained the level of N2O diffusion. The level of N2O diffusion
was classified as low or high according to the 25th and 75th percentile
scores of the data, respectively. Moderate level was considered for N2O
diffusion ratios that fell in between the 25th and 75th percentile. Models
were built with a 10-fold cross-validation, a pruning confidence factor of
0.25 and binary splits. Decision trees were built with the Waikato
Environment for Knowledge Analysis (WEKA) using the J48-C4.5 algo-
rithm for classification trees and the M5 algorithm for model trees (Hall
et al., 2009).

3. Results

3.1. Soil structure-related parameters and pore functionality

The mean ρb of intact soil cores ranged from 1.40 to 1.59 Mg m− 3,
with a significant interaction between treatment and depth (P = 0.012)
(Table 2). At 10–20 cm depth, TopComp had a higher (P = 0.020) ρb
value of 1.58 Mg m− 3 compared to the SubComp, and NoComp (1.40
and 145 Mg m− 3, respectively). Correspondingly, the TopComp
exhibited a significantly larger degree of compactness and lower total
porosity (96% and 0.41 m3 m− 3, respectively) compared to SubComp for
10–20 cm depth (87% and 0.47 m3 m− 3, respectively). The SubComp for
50–60 cm depth was compacted as SubComp for 10–20 cm (P < 0.01).
No treatment effect was found for ρb, total porosity, and degree of
compactness for 30–40 cm.

For soil pore parameters, there was no significant interaction effect
for treatment × depth × matric potential, but a significant treatment ×
depth interaction occurred (P = 0.001) (Tables 3 and 4). The greatest
contrasting conditions were found for 10–20 cm depth, where the
TopComp showed very low εa (0.02–0.03 m3 m− 3), ka (0.1–0.3 μm2),
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and Ds/Do (0.001–0.002) values, and a very high WFPS (93–96%)
compared to NoComp and SubComp across matric potentials (P <

0.001) (Table 3). Concomitantly, compaction tended to increase tortu-
osity for TopComp and significantly reduced the effective pore diameter
(deff) and PO1 (ka/εa) at all three matric potentials (P< 0.001) (Table 4).

There was a significant treatment × depth interaction for all CT-
derived parameters (P < 0.001 – P = 0.031), except for mean diam-
eter. A distinct treatment effect occurred for 10–20 cm depth where
TopComp had lower macroporosity volume, lower pore connectivity (i.
e., 2.6–2.8 times lower values of largest-macropore ratio and 3–5 times
less macropore branching), and larger solid-to-pore distance when
compared to SubComp and NoComp treatments (Fig. 1). For 30–40 cm
depth, SubComp had larger pore density, smaller mean diameter, and

lower solid-to-pore distance than TopComp (P < 0.05). The connected
macropores ratio (μCT-derived end-to-end connected macropore vol-
ume) accounted for 0.76–0.94 of total μCT-macroporosity for 10–20 cm,
except in the TopComp treatment, where it was only 0.25 and signifi-
cantly lower than in NoComp and SubComp (P < 0.05) (Fig. 1).

3.2. Nitrous oxide recoveries

The background concentration of N2O, [N2O], emitted from the soil
before the injection of N2O was generally lower than the ambient con-
centration, with values ranging from − 0.12 to 0.37 μL L− 1 at − 30 h Pa,
− 0.09 to 1.18 μL L− 1 at − 50 h Pa, and − 0.06 to 0.789 at − 100 h Pa (data
not shown).

Table 2
Soil bulk density, degree of compactness and total porosity of the studied silt loam soil.

Depth (cm) Treatment Bulk density (Mg m− 3) Degree of compactness (%) Total porosity (m3 m− 3)

10–20 NoComp 1.45 ± 0.03 a AB 89 ± 2 AB 0.45 ± 0.01 BCE
TopComp 1.58 ± 0.03 b BC 96 ± 2 BCE 0.41 ± 0.01 AB
SubComp 1.40 ± 0.03 a A 87 ± 2 A 0.47 ± 0.01 C

30–40 NoComp 1.49 ± 0.03 a ABC 91 ± 2 ABC 0.44 ± 0.01 ABC
TopComp 1.54 ± 0.03 a ABC 93 ± 2 ABC 0.42 ± 0.01 ABC
SubComp 1.50 ± 0.03 a ABC 91 ± 2 ABC 0.44 ± 0.01 ABC

50–60 NoComp 1.52 ± 0.03 a ABC 95 ± 2 BCE 0.43 ± 0.01 ABC
TopComp 1.54 ± 0.03 a BC 97 ± 2 BCE 0.42 ± 0.01 ABC
SubComp 1.59 ± 0.03 a C 99 ± 2 C 0.40 ± 0.01 A

P-value Treatment 0.020 0.021 0.018
Depth 0.006 <0.001 0.011
Treat × Depth 0.012 0.041 0.013

NoComp is soil without compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Values are
means with standard error (n = 4). Treat × Depth is the interaction of treatment and depth. Values in a column followed by a different lowercase letter significantly
differ across treatments within the same depth, and uppercase letters show differences across treatments and depth, at a 5% significance level.

Table 3
Soil pore characteristics of the studied silt loam soil at different soil water matric potentials and soil depths: air-filled pore space (εa), water-filled pore space (WFPS), air
permeability (ka), and relative gas diffusivity (Ds/Do).

Depth
(cm)

Treatment − 30 hPa − 50 hPa − 100 hPa

εa (m3

m− 3)
WFPS
(%)

ka (μm2) Ds/Do

× 1000

εa (m3

m− 3)
WFPS
(%)

ka (μm2) Ds/Do

× 1000

εa (m3

m− 3)
WFPS
(%)

ka (μm2) Ds/Do

× 1000

10–20 NoComp 0.11 ±

0.02 CD
76 ± 3 A 43.0 ±

20.2 C
7.9 ± 2.2
BCE

0.12 ±

0.02 CD
73 ± 3
A

38.2 ±

17.9 CD
9.3 ±

2.2 CD
0.14 ±

0.02 CD
70 ± 3
A

46.3 ±

21.7
BCE

12.8
± 2.2
B

TopComp 0.02 ±

0.005 A
96 ± 2 D 0.1 ± 0.1

A
1.6 ± 0.6
AB

0.03 ±

0.005 A
95 ± 2
D

0.3 ±

0.3 A
0.9 ±

0.6 A
0.03 ±

0.01 A
93 ± 2
D

0.3 ±

0.3 A
1.7 ±

0.6 A
SubComp 0.11 ±

0.02 D
76 ± 3 A 58.8 ±

35.5 C
11.1 ±

5.6 C
0.13 ±

0.01 D
72 ± 3
A

98.2 ±

59.3 D
17.2 ±

5.6 D
0.15 ±

0.01 D
68 ± 3
A

150.3 ±

90.8 C
23.6
± 5.6
B

30–40 NoComp 0.10 ±

0.02 CD
78 ± 4
AB

13.9 ±

3.5 BCE
4.9 ± 1.6
ABC

0.11 ±

0.02 BCD
76 ± 4
AB

11.8 ±

2.9 BCE
5.1 ±

1.6 BCD
0.13 ±

0.02 BCD
72 ± 4
AB

14.0 ±

3.5 B
7.7 ±

1.6 AB
TopComp 0.07 ±

0.02
ABCD

83 ± 4
ABCD

39.1 ±

25.1 BCE
6.3 ± 3.7
ABC

0.08 ±

0.02
ABCD

81 ± 4
ABCD

20.0 ±

12.8
BCD

6.7 ±

3.7
ABCD

0.10 ±

0.02
ABCD

77 ± 2
ABC

26.7 ±

17.2
BCE

9.7 ±

3.7 AB

SubComp 0.07 ±

0.01 CD
84 ± 2
AB

8.8 ± 5.2
BCE

5.3 ± 2.6
ABC

0.08 ±

0.01 BCD
82 ± 2
AB

25.6 ±

17.7
BCD

7.9 ±

2.6 CD
0.10 ±

0.01 BCD
78 ± 2
AB

43.3 ±

25.9
BCE

13.3
± 2.7
B

50–60 NoComp 0.05 ±

0.004 BCE
88 ± 1
BCE

4.7 ± 2.9
BCE

2.6 ± 0.4
A

0.07 ±

0.004
BCE

85 ± 1
BCE

4.2 ±

2.6 ABC
2.7 ±

0.4 AB
0.08 ±

0.004
BCE

82 ± 1
B

5.2 ±

3.1 AB
3.8 ±

0.4 A

TopComp 0.04 ±

0.01 ABC
90 ± 2
BCD

6.2 ± 1.4
B

3.4 ± 0.6
A

0.05 ±

0.01 AB
88 ± 2
BCD

8.6 ±

1.9 BCE
4.9 ±

0.6 C
0.07 ±

0.01 AB
84 ± 2
BCD

13.4 ±

2.9 B
8.8 ±

0.6 B
SubComp 0.02 ±

0.01 AB
95 ± 2
CD

4.8 ± 1.8
B

2.4 ± 1.1
A

0.03 ±

0.01 A
93 ± 2
CD

5.7 ±

2.1 AB
3.3 ±

1.1 ABC
0.04 ±

0.01 A
90 ± 2
CD

10.2 ±

3.8 AB
6.9 ±

1.1 AB
P-value Treat ×

Depth
<0.001 <0.001 <0.001 <0.001

Treat × Ψ 0.978 0.988 0.599 0.212
Depth × Ψ 0.989 0.999 0.996 0.976
Treat ×
Depth × Ψ

0.989 0.999 0.927 0.913

NoComp is soil without compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Treat ×
Depth × Ψ is the interaction of treatment (Treat), depth and soil water matric potential (Ψ). Values are means with standard error (n = 4). Values in a column followed
by different uppercase letters show differences across treatments and depth, at a 5% significance level.
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Fig. 2 displays changes in the N2O diffusion ratio, which is the ratio
of N2O detected in the headspace to the N2O injected into the reservoir.
This ratio increased in the first 6 h with amaximum between 10 and 24 h
after the N2O injection, regardless of matric potential. However, for
10–20 cm depth, the N2O diffusion ratio increased at a much slower rate
in the TopComp than in the SubComp and NoComp, at all three matric
potentials.

There was no significant interaction effect between treatment ×

depth × matric potential or treatment × matric potential (P > 0.05) for
cumulative N2O detected in neither the headspace nor the reservoir
(Fig. 3). For 10–20 cm soil depth, TopComp had on average a 7% N2O
diffusion ratio while in the SubComp and NoComp it was 2.4–3.4
(17–24%) times higher (P < 0.001), across the three matric potentials
(Fig. 3). For 30–40 cm and 50–60 cm depths the N2O diffusion ratio
ranged from 17 to 23% across treatments and matric potentials. Some of
the injected N2O remained in the reservoir 30 h after the injection
(Fig. 3). For 10–20 cm depth, the N2O ratio in the reservoir (N2O
remaining/N2O injected) was higher for TopComp (32–45%) compared
to SubComp (17–22%) and NoComp (16–25%) across matric potentials
(P < 0.001), except at − 100 h Pa that only differ from NoComp.

At − 100 h Pa, the estimated N2O entrapped in the air-filled pore
space and dissolved in soil water corresponded to, respectively, 16–35%
and 9–21% of the initial N2O injection (Table 5). These N2O recovered
fractions were not significantly affected by treatment (P > 0.05). It was
assumed that the N2O not recovered (difference between the injected
and the recoveries in soil air and water) was reduced to N2, which was
not significantly affected by treatment.

Additionally, Fig. 2 depicts the changes in the headspace [CO2]
across treatments, soil depths, and matric potentials following the in-
jection of N2O. The [CO2] detected seemed to decrease with depth for all
treatments regardless of soil water matric potential. Cumulative [CO2]
was higher in the TopComp and SubComp compared to NoComp at − 30
h Pa (P < 0.001).

3.3. HWEC, NH4, NO3, nosZ gene, pH and electrical conductivity

At the end of the experiment, at − 100 h Pa, the soil had varying
levels of HWEC (354–528 μg C g− 1 soil), NH4–N (0.08–0.80 μg g− 1 soil),
and NO3–N (0.27–5.62 μg g− 1 soil), which tended to decrease with depth
(Table 6). In general, no significant differences were observed for these
parameters between compaction treatments, except for a lower NO3–N
concentration (P = 0.039) for TopComp compared to SubComp for
10–20 cm. Additionally, as shown in Supplementary Table A, NO3–N
had a negative correlation with ρb (r = − 0.367, P = 0.05) and degree of
compactness (r = − 0.505, P = 0.01) and a positive correlation with ka,
Ds/Do, deff and PO1 (r = 0.388–0.452, P = 0.01–0.05). Whereas NH4–N
was negatively correlated with degree of compactness (r = − 0.345, P =

0.05).
The number of nosZ copies was significantly higher in the SubComp

compared to NoComp for all three depths (P = 0.023) (Table 6). The
nosZ copies were significantly correlated to HWEC (r= 0.463, P= 0.01),
NH4–N (r = 0.486, P = 0.01) and tortuosity (r = − 0.442, P = 0.05).
Furthermore, [CO2] at − 100 h Pa was positively correlated with HWEC,
NH4–N, NO3–N, and nosZ copies (r = 0.477–0,716, P = 0.01) (Supple-
mentary Table A).

Soil pH (7.89–8.09), and electrical conductivity (142–198 μS cm− 1),
showed no significant differences between treatments and depths
(Table 6).

3.4. Explanatory variables of N2O diffusion

Spearman correlation tests, across factors, showed significant (P <

0.01) positive correlations between the N2O diffusion ratio and εa, ka,
Ds/Do, deff and PO1 (r = 0.407 to 0.520), and significant (P < 0.01)
negative correlations with WFPS, and tortuosity (r = − 0.396 to − 0.281)
(Supplementary Table B). The N2O diffusion ratio was significantly (P <

0.05) correlated to ρb and total pore volume at both − 30 and − 100 h Pa,
and to degree of compactness at − 100 h Pa (Supplementary Table C).

Fig. 4 illustrates the N2O diffusion ratio as a function of pore
structural-related parameters across treatments, depths, and matric

Table 4
Pore geometry indices derived from the tube model (tortuosity and effective pore diameter, deff) and the ratio of air permeability (ka) and air-filled pore space (εa),
denoted as PO1. All indices were estimated at three soil water matric potentials.

Depth
(cm)

Treatment − 30hPa − 50hPa − 100hPa

Tortuosity deff (μm) PO1 (μm2) Tortuosity deff (μm) PO1 (μm2) Tortuosity deff (μm) PO1 (μm2)

10–20 NoComp 3.9 ± 0.3
AB

362.2 ± 50.8
B

326 ± 114
B

3.8 ± 0.3 AB 314.5 ±

50.8 B
255 ± 89
AB

3.5 ± 0.3 AB 289.8 ±

50.8 B
272 ± 115
BCD

TopComp 6.8 ± 1.2
AB

19.6 ± 23.1 A 3 ± 3 A 5.6 ± 1.2
ABC

45.6 ± 23.1
A

9 ± 10 A 5.0 ± 1.2
ABC

31.1 ± 23.1
A

7 ± 6 A

SubComp 4.1 ± 0.5
AB

267.5 ± 55.1
B

374 ± 200
B

3.3 ± 0.5
ABC

373.4 ±

55.1 B
635 ± 339
B

2.8 ± 0.5
ABC

392.3 ±

55.1 B
882 ± 272 D

30–40 NoComp 4.6 ± 0.2 B 292.8 ± 13.4
B

133 ± 17 B 4.8 ± 0.2
BCE

285.1 ±

13.4 B
108 ± 14 A 4.2 ± 0.2

BCE
237.8 ±

13.4 B
105 ± 15 AB

TopComp 3.9 ± 0.7
AB

419.6 ± 70.0
B

505 ± 263
B

4.8 ± 0.7
ABC

268.7 ± 70.0
AB

178 ± 93
AB

3.8 ± 0.7
ABC

263.9 ± 70.0
AB

226 ± 136
ABCD

SubComp 3.8 ± 0.6
AB

172.7 ± 48.3
AB

119 ± 67 B 3.9 ± 0.6
ABC

271.3 ±

55.8 B
295 ± 191
AB

3.1 ± 0.6
ABC

241.7 ±

48.3 B
396 ± 141
BCD

50–60 NoComp 4.6 ± 0.3 B 186.8 ± 40.6
B

82 ± 49
AB

5.1 ± 0.3 C 205.5 ±

40.6 B
62 ± 36 AB 4.7 ± 0.3 C 186.7 ±

40.6 B
61 ± 23 ABC

TopComp 3.4 ± 0.3
AB

233.9 ± 22.2
B

150 ± 22 B 3.3 ± 0.3 A 235.6 ±

22.2 B
164 ± 24
AB

2.8 ± 0.3 A 221.8 ±

22.2 B
219 ± 31 CD

SubComp 3.0 ± 0.3 A 243.3 ± 24.1
B

211 ± 55 B 3.0 ± 0.3 A 214.5 ±

24.1 B
163 ± 42
AB

2.6 ± 0.3 A 299.2 ±

79.9 B
299 ± 155
CD

P-value Treat × Depth <0.001 <0.001 <0.001
Treat × Ψ 0.606 0.851 0.58
Depth × Ψ 0.580 0.767 0.977
Treat × Depth
× Ψ

0.991 0.333 0.696

NoComp is soil without compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Tortuosity
= [εa/(Ds/Do)]1/2; effective diameter (deff) = 2[(8 ka)/Ds/Do]1/2; PO1 = ka/εa. Treat × Depth × Ψ is the interaction of treatment (Treat), depth and soil water matric
potential (Ψ). Values are means with standard error (n= 4). Values in a column followed by different uppercase letters show differences across treatments and depth, at
a 5% significance level.
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potentials. Nitrous oxide diffused through the intact soil cores with Ds/
Do ranging from 0.002 to 0.045, and at WFPS ranging from 60 to 99%
across matric potential. Fig. 4 also suggests that ka, deff and PO1 better
explained the variation in N2O diffusion ratio, by a higher coefficient of
determination (r2 = 0.63–0.65), than WFPS, Ds/Do and tortuosity (r2 =

016 0.29) for the present dataset.
Significant correlations (P < 0.05) between the N2O diffusion ratio,

N2O in soil air and N2O in soil water and the μCT-derived parameters
(Supplementary Table A) suggest that at − 100 h Pa, a dense soil matrix
with a pore network characterised by low macroporosity and simple
architecture (poor branching and isolated pores) contributed to less N2O
diffusing into the headspace and promoted entrapment of N2O in air-
filled pores and water in the soil core.

From our dataset, the first generated regression tree predicted the

N2O diffusion ratio from only the variables measured at the three matric
potentials (WFPS, ka, Ds/Do and N2O diffusion ratio). A one-rule model
was built with WFPS and ka as predictor variables, with a correlation
coefficient of 0.73, root mean squared error of 0.21 and n = 101:

log10N2O diffussionRatio=0.8447WFPS +0.2212 log10ka − 1.6316 (1)

Then, when only parameters measured at − 100 h Pa (εa, ka, Ds/Do,
WFPS, Euler density, total branch length, largest macropore ratio, solid-
to-pore distance, and connected macropores ratio) and ρb were consid-
ered, a one-rule model was also generated to predict N2O diffusion ratio,
with only the largest macropore ratio as a predicting variable and an
acceptable predictive power (correlation coefficient of 0.64, root mean
squared error of 0.23 and n = 34):

Fig. 1. X-ray Computed Tomography-derived soil pore parameters of the studied silt loam soil. NoComp is soil without compaction treatment, TopComp is soil with
topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Boxes followed by a different lowercase are significantly different among
treatments within the same depth. Uppercase letters show the treatment × depth interaction, at a 5% significance level.
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Fig. 2. Changes in the nitrous oxide (N2O) relative to the injected N2O, as well as changes in carbon dioxide (CO2), detected in the headspace over a 30-h period
following the injection of N2O into the reservoir. Data points represent the mean values at different treatments, soil water matric potentials and soil depths. NoComp
is soil without compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Error bars denote
the standard error of the mean (n = 4).

Fig. 3. The nitrous oxide (N2O) recovery in both the headspace and the reservoir, relative to the injected N2O concentration,30 h after the initial N2O injection.
Additionally, the corresponding "not detected" N2O was estimated. NoComp is soil without compaction treatment, TopComp is soil with topsoil compaction treat-
ment, and SubComp is soil with subsoil compaction treatment. Uppercase letters show the treatment × depth interaction within each soil water matric potential, at a
5% significance level.
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log10N2O diffussionRatio=1.1445 log10 LargestMacroporeRatio − 0.6402
(2)

To further assess the hierarchical structure of the best explanatory
variables of N2O diffusion ratio levels, a classification tree was generated
using the selected data set at − 100 h Pa, with satisfactory statistical
performance (pruning confidence factor = 0.25, correctly classified in-
stances = 68%, Kappa statistic = 0.43, and a root mean squared error =
0.43) (Fig. 5). The algorithm generated a tree that selected ka as a
splitting variable at the tree’s root node. A low level of N2O diffusion
was classified when ka was ≤0.001 μm2, but when ka was above this
threshold, four decision nodes defined a sub-tree with μCT-derived total
branch length, μCT-derived connected macropore ratio, Ds/Do and μCT-
derived largest macropore ratio as classificatory variables. Hence, a high
degree of functional pore space for N2O diffusion was classified for
samples with a large network volume of well-connected branching
macropores.

4. Discussion

4.1. Treatment, depth and matric potential effects on soil pore network

As expected, topsoil compaction decreased total porosity as both ρb
and degree of compactness increased. The degree of compactness, in all
cases, was greater than the optimal threshold of 87% reported for spring
barley as a reference crop (Håkansson and Lipiec, 2000), which in-
dicates a general poor structural arrangement, as described below.

For the TopComp treatment, at 10–20 cm, the greater ρb increased
soil water retention (increased WFPS) while reducing εa and deff across
matric potentials. The μCT-derived parameters also showed that mac-
ropore volume and connectivity were affected negatively by the Top-
Comp treatment at 10–20 cm. These changes affected gas flow, and thus
decreased convection (ka and PO1) and diffusion rates (Ds/Do) across
matric potentials to levels associated with impermeable soil (Ball et al.,
1988) and anaerobic conditions (Stepniewski, 1980), respectively.

Table 5
The ratio of nitrous oxide concentration, [N2O], detected in the headspace, reservoir, entrapped in soil air, dissolved in soil water and the “not detected” fraction
related to the initial injected [N2O], when the soil samples were at − 100 h Pa of matric potential. The “not detected” or not recovered fraction of the injected N2O was
assumed to have been transformed to N2.

Depth (cm) Treatment N2O Headspace
/Injected

N2O Reservoir
/Injected

N2O Entrapped in air-soil
/Injected

N2O Dissolved in soil water
/Injected

N2O not detected (assumed as N2)/N2O
Injected

10–20 NoComp 0.17 ± 0.03 ABC 0.16 ± 0.03 a 0.16 ± 0.04 0.10 ± 0.02 0.41 ± 0.08
TopComp 0.07 ± 0.03 A 0.32 ± 0.04 b 0.19 ± 0.04 0.11 ± 0.02 0.31 ± 0.08
SubComp 0.23 ± 0.003 C 0.22 ± 0.004 ab 0.18 ± 0.04 0.11 ± 0.02 0.27 ± 0.08

30–40 NoComp 0.20 ± 0.01 BCE 0.20 ± 0.01 a 0.18 ± 0.04 0.11 ± 0.02 0.31 ± 0.08
TopComp 0.19 ± 0.02 ABC 0.18 ± 0.02 a 0.16 ± 0.05 0.09 ± 0.03 0.38 ± 0.09
SubComp 0.18 ± 0.02 ABC 0.22 ± 0.02 a 0.16 ± 0.04 0.09 ± 0.02 0.35 ± 0.08

50–60 NoComp 0.19 ± 0.02 ABC 0.21 ± 0.01 a 0.23 ± 0.04 0.14 ± 0.02 0.23 ± 0.08
TopComp 0.19 ± 0.01 B 0.18 ± 0.01 a 0.30 ± 0.05 0.18 ± 0.03 0.15 ± 0.09
SubComp 0.20 ± 0.01 B 0.20 ± 0.01 a 0.35 ± 0.06 0.21 ± 0.04 0.04 ± 0.11

P-value Treatment 0.024 0.593 0.825 0.825 0.609
Depth 0.003 0.083 0.009 0.009 0.020
Treat × Depth <0.001 0.011 0.628 0.628 0.635

NoComp is soil without compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Values are
means with standard error (n = 4). Treat × Depth is the interaction of treatment and depth. Values in a column followed by a different lowercase letter significantly
differ across treatments within the same depth, and uppercase letters show differences across treatments and depth, at a 5% significance level.

Table 6
Hot-water extractable organic carbon (HWEC), ammonium (NH4–N), nitrate (NO3–N), HWEC:NO3, nosZ gene, pH and electrical conductivity (EC) of the soil samples
after the injection of nitrous oxide when the soil samples were at − 100hPa of soil water matric potential.

Depth (cm) Treatment HWEC (μg C g− 1 soil) NH4–N (μg g− 1 soil) NO3–N (μg g− 1 soil) HWEC:NO3 nosZ gene
106 copies g dry soil− 1

pH EC (μS cm− 1)

10–20 NoComp 410 ± 16 ABC 0.45 ± 0.09 a 2.47 ± 0.79 BCE 275 ± 61 AB 1.28 ± 0.53 AB 7.96 ±

0.05
144 ± 7

TopComp 491 ± 29 C 0.70 ± 0.15 a 1.09 ± 0.35 AB 677 ± 183 ABC 2.62 ± 1.35 BCE 7.99 ±

0.05
175 ± 21

SubComp 528 ± 33 C 0.80 ± 0.11 a 5.62 ± 1.80 C 107 ± 16 A 11.79 ± 3.02 D 7.89 ±

0.05
179 ± 13

30–40 NoComp 379 ± 10 A 0.16 ± 0.11 a 0.63 ± 0.20 AB 690 ± 117 BCE 1.85 ± 0.34 B 7.99 ±

0.05
190 ± 44

TopComp 354 ± 6 A 0.18 ± 0.03 a 0.87 ± 0.32 AB 473 ± 110 ABC 1.53 ± 0.57 AB 8.08 ±

0.06
146 ± 8

SubComp 457 ± 19 BCE 0.33 ± 0.04 b 1.0 ± 0.32 AB 476 ± 41 BCE 5.23 ± 0.61 CD 7.98 ±

0.05
155 ± 9

50–60 NoComp 373 ± 16 AB 0.08 ± 0.02 a 0.27 ± 0.08 A 1150 ± 195 C 0.27 ± 0.12 A 7.99 ±

0.05
198 ± 40

TopComp 362 ± 4 A 0.10 ± 0.05 a 0.73 ± 0.27 AB 646 ± 153 ABC 1.60 ± 0.80ABC 8.09 ±

0.06
146 ± 3

SubComp 461 ± 48 ABC 0.20 ± 0.05 a 0.78 ± 0.25 AB 769 ± 205 ABC 2.77 ± 0.41 B 8.02 ±

0.05
142 ± 3

P-value Treatment <0.001 <0.001 0.007 0.001 <0.001 0.179 0.243
Depth <0.001 <0.001 <0.001 <0.001 <0.001 0.109 0.055
Treat × Depth 0.049 0.5643 0.039 0.034 0.023 0.874 0.115

NoComp is soil without compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Treat ×
Depth is the interaction of treatment and depth. Values are means with standard error (n = 4). Values in a column followed by a different lowercase letter significantly
differ across treatments within the same depth, and uppercase letters show differences across treatments and depth, at a 5% significance level.
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Limited soil pore functionality was also observed at increasing soil
depth in all treatments, for instance for 50–60 cm depth where soil
compaction was not induced, the soils had also poor macroporosity, low
gas transport, and oxygen deficiency, as indicated by values of εa ≤ 10%
(Grable and Siemer, 1968), ka ≤ 20 μm2 (Fish and Koppi, 1994), and
Ds/Do ≤ 0.005 (Stepniewski, 1980), respectively. These findings align
with prior studies that have identified pore functionality constraints on
gas transport in the silty soils of the Veneto low plain region, irrespective
of agronomic management (i.e., no-tillage and conventional tillage)
(Piccoli et al., 2017). Furthermore, it is acknowledged that roots might
impact soil porosity depending on plant species, degree of soil
compaction, and duration of root growth (Bodner et al., 2013; Perkons
et al., 2014); however, cereal roots are expected to minimally impact
pore functionality in compacted layers (Pulido-Moncada et al., 2021;
Wahlström et al., 2021).

When examining the Spearman correlations between CT-derived
parameters and measured gas transport parameters across depths
(Supplementary Table C), as expected, a pore network with decreasing

volume, lower connected macropore ratio (decreased branching),
greater isolated pore ratio (increased Euler density), and greater solid-
to-pore distance contributed to the observed decrease in gas transport
properties such as ka and Ds/Do (r = 0.69 to 0.77, P < 0.01).

The observed restricted pore functionality and morphology indicate
that in the studied soil, both the compaction-induced topsoil and non-
compacted poor structure of the subsoil layers, could support anaer-
obic biological processes at water contents ≥ -100 hPa, with WFPS
ranging from 82 to 96%. Other studies have shown physical constraints
for respiration favouring denitrification in both topsoil and subsoil,
especially following N application and with varying water contents
(Schlüter et al., 2019; Rousset et al., 2020; Yang et al., 2022).

4.2. Soil pore network effects on nitrous oxide

In this short-term experiment, soil structural status significantly
impacted N2O diffusion within the soil layers. Soil compaction has
previously been predicted to slow down N2O transport through the soil

Fig. 4. Nitrous oxide (N2O) recovery in the headspace relative to the injected N2O concentration as a function of soil pore characteristics. NoComp is soil without
compaction treatment, TopComp is soil with topsoil compaction treatment, and SubComp is soil with subsoil compaction treatment. Data points represent the values
at different treatments, soil water matric potentials and soil depths.
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(Petersen and Abrahamsen, 2021). In the present study, the induced
compaction at 10–20 cm (TopComp) favoured an earlier steady state
(Fig. 2), with low N2O concentration in the headspace when compared
to the other treatments across matric potentials. Other studies have
shown that diffusion time of N2O varies due to interacting factors such as
gas concentration, pathway length and tortuosity, soil type and water
content (Dong et al., 2020b; Hung and Whalen, 2020).

Fig. 4 showed that on the studied soil active soil pores provided N2O
diffusive pathways even in the soil layers with ρb > 1.5 Mg m− 3, WFPS
>90%, ka < 20 μm2, and Ds/Do < 0.005. In contrast, in an earlier study
by Klefoth et al. (2014) the recovery rate of injected N2O–15N was nil at
90% of WFPS and Ds/Do < 0.005 for repacked silty loam soil cores, with
ρb in the range 0.94–1.07 Mg m− 3. In our study, the fact that for the
10–20 cm soil layer the induced compaction (TopComp) did not
completely prevent N2O diffusion, maybe explained by the remaining
presence of some conductive pores. Deformation of soil structure by
compaction leads to a reduction of pore branching, promoting the
dominance of vertically oriented (tube-like) pores (Dörner and Horn,
2009) with reduced diameter (Schäffer et al., 2008). Some of these
altered pores may persist as active pathways (Lamandé et al., 2021).

Pore functionality also explained variation in N2O diffusion ratio
across soil depths. In the TopComp treatment, despite similar ρb, degree
of compactness, εa and WFPS between the compacted topsoil for 10–20
cm and the 50–60 cm soil layer, the latter exhibited a less restrictive
diffusive pathway (more connected macropores with larger deff and
higher ka and Ds/Do), resulting in a 2.7-fold increase in N2O diffusion
ratio. For the SubComp, N2O diffusion ratio decreased with depth in
correspondence with decreasing pore transport functionality, except for
Ds/Do. Conversely, in the non-induced-compaction treatment
(NoComp), the N2O diffusion ratio did not vary with depth, despite
decreasing conditions for gas transport with depth as indicated by Ds/Do
and WFPS, but not pore morphology and air permeability.

In a study by Button et al. (2023), on an uncompacted sandy clay
loam soil, there was no significant difference in neither the N2O

emissions rates nor the calculated Ds/Do with depth (0–10 cm and 50–60
cm), despite differences in ρb (1.11 and 1.26 Mg m− 3, respectively). In
other studies net production rates of N2O have been observed to differ
with depth (e.g.: Shcherbak and Robertson, 2019). Differences in pro-
duction and emission rates of N2O within different layers of the soil
profile, if assumed to be only physically controlled, are likely dependent
on the soil structural arrangement and its related pore network func-
tionality factors. Within an agricultural soil profile, pore arrangements
are expected to differ between topsoil and subsoil, with topsoil pore
network resembling a sponge-like structure, while vertical tube-like
pores dominate the pore system of subsoil layer (Lamandé et al.,
2021). In our study, which focused solely on N2O diffusion within
subsoil layers, it is speculated that when similar diffusion capacities are
observed across depths, it may indicate preferential flow pathways in
the subsoil. These pathways could emulate the diffusive capacity of
sponge-like pore system in non-compacted topsoils.

On the other hand, decreasing soil matric potential (soil drainage)
increases the gas diffusion coefficient (Moldrup et al., 2000) and can
result in entrapped N2O being released (Rabot et al., 2015; Balaine et al.,
2016). Other studies using X-ray CT images have highlighted that this
enhanced gas diffusion is mainly related to the opening of connected
pores (Rohe et al., 2021; Dorau et al., 2022). In our study, the
morphology of the macropores that opened with changes in matric po-
tential was not assessed, as μCT scanning was only performed when the
soil was at − 100 h Pa. However, the fact that N2O diffusion ratios did not
change significantly with decreasing water content indicates that the
opening of pores from − 30 to − 100 h Pa (i.e., >100 to 30 μm pore
diameter) – in this case – had limited contribution to the connected
air-filled pore volume and gas transport. In alignment with this, treat-
ment effects on deff did not vary across matric potentials.

At − 100 h Pa, the entrapment of N2O in both air-filled pore space and
dissolved in water was favoured by increases in ρb, degree of compact-
ness, WFPS and CT-derived Euler density (r = 0.396 to 0.579, P < 0.01),
and by decreases in CT-derived pore volume and connectivity parame-
ters (r = − 0.460 to − 0.371, P < 0.01) (Supplementary Table A). Pre-
vious studies using CT analysis have shown that pore connectivity and
Ds/Do are important factors in determining the volume of entrapped N2O
(Rabot et al., 2015; Rohe et al., 2021), and also its subsequent release as
the water content decreases (Dorau et al., 2022). The redistribution of
soil water within the pore network has also been referred to as influ-
encing the opening or blockage of pores at different moments (Borges
et al., 2019), which is likely to alter the N2O dynamics.

The entrapment of N2O in air-soil pores or water slows its diffusion
and increases the likelihood of total denitrification (Clough et al., 2006;
Wen et al., 2016). Nevertheless, it is speculated that the greater risk of
anoxic conditions in the TopComp at 10–20 cm did not cause a greater
apparent N2O reduction to N2, as no significant differences were found
for estimated N2 ratio (not recovered N2O/N2O injected) across treat-
ments and depths (Table 5).

Higher copy numbers of nosZ observed in the SubComp treatment
suggest that subsoil compaction enhanced denitrification during N2O
transport towards the soil surface. While speculative, such a partial
reduction of N2O during diffusive transport is consistent with previous
observations by Clough et al. (1998) and (2006). How ever, the copy
numbers of nosZ did not correlate with the estimated N2 ratio (Supple-
mentary Table A). In a previous study in the same soil, the copy numbers
of nosZ were similar to our results (106-107) but decreased with depth
under a high fertiliser dose and shallow water table (120 cm) conditions
(Cocco et al., 2018). Additionally, the work by Longepierre et al. (2022)
on a fertilised sandy loam soil, showed that nosZ gene abundance did not
significantly change under compaction across different moisture levels
and crops. However, gene abundance does not necessarily link to pro-
cess rates, as evidenced by Button et al. (2023) who found larger N2O
reduction in the subsoil (50–60 cm) despite lower nosZ gene copies in a
sandy clay loam, and by Jerray et al. (2024), on a loamy soil under
different cropping systems, who observed N2O emissions depended on

Fig. 5. The classification tree predicts the classification levels of the nitrous
oxide (N2O) diffusion ratio (N2O detected in the headspace to the N2O injected
into the reservoir) of a silt loam soil under different soil compaction degrees.
The dataset used is when the soil samples were at − 100 h Pa. The pruning
confidence factor was 0.25 and the total number of instances = 34. The trees
generated had Correctly Classified Instances = 68%, Kappa statistic = 0.43, and
Root Mean Squared Error = 0.43. Ovals are the discriminating variables and
squares are the classification levels. Classificatory variables were log-
transformed. ka is air permeability, CT refers to X-ray Computed
Tomography-derived parameters and Ds/Do is relative gas diffusivity. The level
of N2O diffusion ratio was defined as “low” for ratios lower than the 0.25
percentile and “high” for values larger than the 0.75 percentile of the dataset, or
else, values were classified as “moderate”.
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denitrifier activity and environmental factors rather than denitrifier
gene abundances.

The nature of denitrification involves many different factors, making
it difficult to link compaction, gene abundance, substrate concentrations
and N2O diffusion/reduction ratio (Longepierre et al., 2022). Nonethe-
less, our results showed that for the different soil depths conditions were
suitable for increasing denitrifier activity and the reduction of N2O to
N2, specifically alkaline pH (Yamulki et al., 1997), high HWEC and low
total N (Wang et al., 2021), high HWEC/NO3 (Benckiser et al., 2015;
Hung and Whalen, 2020), and high WFPS (68–93%) (Parton et al.,
2001). Noticeably, HWEC was similarly distributed with depth, possibly
by downward transport with percolating water, potentially supporting a
homogeneous abundance of nosZ copies with depth (Wolf et al., 2022).
High dissolved organic carbon/NO3 ratio under anaerobic denitrifying
conditions enable denitrifying organisms to use N2O as the electron
acceptor for denitrification to N2 (Benckiser et al., 2015). In our analysis,
nosZ gene copies showed significant positive correlation with CO2
(Supplementary Table A), which is in line with the occurrence of the
denitrification metabolism. Also, there were significant correlations of
nosZ gene copies with HWEC and NH4–N, consistent with denitrifiers’
heterotrophic nature. Nitrate (NO3–N) was not significantly correlated
with nosZ. Nevertheless, higher NO3–N in the SubComp layer aligned
with higher nosZ copies especially at 10–20 cm depth (Table 6). As
regards possible baseline abundance of the nosZ-bearing bacterial guild,
it can be considered that where higher copy numbers of the gene are
detected, this is to be considered the result of population growth having
occurred upon the experimentally introduced conditions, linked to
specific variables in each of the examined soil layers.

4.3. Soil-structural related factors that interact and drive the N2O
diffusion

Other studies have shown by single correlations that diffusional
constraints on N2O emissions from soils can be explained better by Ds/Do
than WFPS in soils varying in bulk density, matric potential, among
others (e.g.: Petersen et al., 2008; Harrison-Kirk et al., 2015; Balaine
et al., 2016; Rousset et al., 2020).

In the literature, it is also recognised that macropore volume is a
sensitive indicator for dynamic structural changes related to manage-
ment practices (e.g.: Pagliai et al., 2004), but its contribution to fluid
transport relies on the macropore architecture (Katuwal et al., 2015;
Paradelo et al., 2016; Kim et al., 2022). For example, Rabot et al. (2015)
found N2O emissions to be correlated with CT-derived connected
air-filled pore volume. Rohe et al. (2021), using partial least squares
regression, showed high explanatory power of CT-derived connected
air-filled pore volume and CO2 to predict N2O emissions. Similarly,
studies by Ortega-Ramírez et al. (2023) and Kravchenko et al. (2018)
showed, that the proximity of particulate organic matter to air-filled
pores (Euclidean distance in μCT images) was a good indicator of N2O
emissions from particulate organic matter hotspots.

However, single associations alone cannot explain the complex na-
ture of N2O fate, which calls for integrated approaches. Although our
study used limited data, multivariate decision tree analyses were used to
examine drivers influencing the upward diffusion of N2O within soil
layers, the results suggested that the N2O diffusion ratio in the studied
soil layers could be predicted based on the WFPS and ka (Equation (1)),
but when considering pore morphology characteristics, largest-
macropore ratio (CT-derived pore connectivity parameter) is a better
predictor variable (Equation (2)). Additionally, if N2O diffusion ratios
are classified by levels (low, moderate and high), then our data total
variance could be explained by sequence thresholds of ka, connectivity
of pores (CT-derived) and Ds/Do.

With a focus on topsoil conditions, the study by Chalco Vera et al.
(2020) is an example of the use of regression tree analysis to predict N2O
and CO2 fluxes integrating variables such as gravimetric soil moisture,
soil inorganic nitrogen, ρb, total soil porosity and WFPS. The study

suggested effective mitigating agricultural practices based on deter-
mined threshold values. Another study using path analysis suggested
that soil organic carbon quality, soil moisture and total porosity control
field N2O fluxes on the studied conditions (Jerray et al., 2024).

In comparison, our study introduces the integration of soil chemical
and biological parameters, laboratory-measured pore functional pa-
rameters and CT-derived pore architecture characteristics for algo-
rithmic selection of key explanatory variables and sequences of
threshold values. Our findings highlight the key role of pore connectivity
characteristics and gas convection (ka) and diffusion rates (Ds/Do) in the
regulation of N2O fate within soil layers with varying degrees of
compactness (Fig. 5). While our study simulated N2O transport condi-
tions within soil layers, it is important to note that in field conditions,
these dynamics could also impact the diffusion of oxygen and alter the
balance between aerobic and anaerobic decomposition of organic mat-
ter, thus influencing the overall net production of nitrous oxide.

Importantly, as summarised by Kravchenko and Guber (2021), in-
teractions between management-related factors and soil
structure-related factors, such as pore characteristics, are dynamic and
cannot be set to an absolute value. Therefore, the complexity of factors
influencing the fate of N2O has to be assessed at different scales and
scenarios. In the present study, the models were developed to describe
the limited data set under site-specific conditions, but not to be used as
predicting functions.

5. Conclusion

The study showed that soil compaction negatively affected N2O
diffusion, yet diffusion was still possible under restrictive conductive
conditions. Estimated N2O fractions entrapped in the air-filled pore
space and dissolved in water appeared unaffected by the contrasting soil
structural status across depths. The connectivity of pores (CT-derived
parameters) was identified as the best explanatory variable of the N2O
diffusion ratio within the studied soil layers. This research supports the
use of multivariate analysis approaches to identify the main driving
factors of N2O diffusion, along with their thresholds. These factors
should be determined through a combination of soil chemical and bio-
logical parameters, pore functionality parameters and CT-derived pores
morphology parameters evaluated across contrasting conditions. Our
finding underscores the complex interplay of factors governing N2O fate
under compacted soils and offers insights for understanding how subsoil
N2O moves towards near-surface soil layers. The complexity of N2O fate
in the soil profile, from its production to eventual release into the at-
mosphere, remains a subject of ongoing research, particularly under
varying soil management practices, soil types, and climate conditions.
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