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Core ideas

• We analyzed air-phase characteristics of Danish and Greenlandic soils.

• The air phase revealed within-field variability not captured by the water phase.

• Structure-related fingerprints differentiated between land use (LU) and texture.

• The across-field air-phase characteristic was accurately predicted by LU and texture.

• The air-filled porosity was precisely estimated by a modeled response surface.

Abbreviations

Abbreviation Explanation
OC organic carbon content
fines gravimetric fraction of particles < 20 µm
fS gravimetric fraction of particles [50 − 200] µm
TUI texture uniformity index, ratio fS/fines
LU categorical land-use variable
WRC soil-water retention curve
SAC soil-air characteristic curve
MRS modeled response surface
ρb dry bulk density
Φ total porosity
ε air-filled porosity
ψ soil-water matric potential
pF decadal logarithm of |ψ|
Dp/Do relative diffusivity
ka air permeability
X connectivity-tortuosity index
Ω soil-structure index
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Abstract
Soil aeration is a key parameter for sustainable and productive agriculture. The

intensification of agricultural activity in Greenland involves land use and land-use
change, affecting the soil-air phase. The combined effects of natural compaction
(bulk density, ρb), texture (TUI), and land use (LU) on the soil-air phase of
subarctic soils are not well known. This study aims to identify and compare the
main drivers for air-filled porosity (ε) and soil-structure changes within and across
sites in Greenland and Denmark. We analyzed comprehensive data sets of ε,
relative gas diffusivity (Dp/Do), and air-permeability (ka) measured on intact soil
samples from South-Greenland (pasture) and Denmark (cultivated, urban, and
forest). The mechanical robustness of the air phase was evaluated by linear models
of ε as a function of ρb (H-model). The ratio of ka to Dp/Do served as a
soil-structure index (Ω; the latter significantly correlated to TUI. The Greenlandic
pasture soils did not show signs of well-developed soil structure (low Ω-values),
while low H-values suggested the soils were mechanically robust compared to
similar-textured cultivated soils. The soil-air characteristic curve (ε versus pF) was
parameterized, and the moisture control parameter was accurately predicted by
TUI and LU (R2 = .95). Overall, the ρb was found to control the air-phase
functions within a field. However, considering changes in ε-levels across different
fields, texture, land use, and other environmental factors became statistically more
relevant than ρb. A modeled response surface for changes in ε with soil conditions
may, in perspective, be useful for better-predicting gas transport in soil, both
within and across fields.

Keywords: Soil-air phase, air-filled porosity, compaction, soil structure,
modeled response surface (MRS)

† Published as: Pesch, C., Weber, P. L., de Jonge, L. W., Greve, M. H., Norgaard, T.,
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1 Introduction

For many decades, soil aeration has been extensively studied in relation to plant and root
growth (Cannon and Free, 1917; Williamson, 1964; Stepniewski et al., 2011) or for
monitoring and remediation of sub-surface contamination (Poulsen et al., 1998, 1999).
The climatic impacts due to the emissions of radiatively-active gases from the sub-surface
to the atmosphere have been widely acknowledged (Gregorich et al., 2005; Smith et al.,
2012; Ball, 2013), and methods to estimate, simulate, and reduce these emissions are
continuously being refined (e.g., Johnson et al., 2007; Deepagoda et al., 2011b; Li et al.,
2017).
The soil’s structure plays a paramount role in soil aeration and gas-exchange processes,
and a multitude of factors controls it. The underlying controlling and regulating entities
are the geological background, which governs the availability of the basic mineral
material, the climatic conditions, which control weathering, biological and anthropogenic
processes (Kerr, 1952; Reynolds, 1971; Folkoff and Meentemeyer, 1987), and time (Uteau
et al., 2013; Egli et al., 2018).
A major component of soil-structure development is the soil’s potential to form
aggregates. The formation and stability of soil aggregates are to a large extent controlled
by texture (Wagner et al., 2007), microbial activity, and soil-organic matter quality
(Annabi et al., 2011), whereby, in particular the latter two, are substantially influenced by
land use and land management (Ball et al., 1997; Bottinelli et al., 2017).
To study the effect of cold climatic conditions and time on the development of
agriculturally exploited soils, the western part of South-Greenland is ideal. With an
annual average temperature of 1.2 °C and a cumulative precipitation of 612.9 mm
(Narsarsuaq, 1961-2018, Cappelen, 2019), the area is situated at the climatic limits at
which agricultural production is feasible. In some areas, the rather recent retraction of
glaciers (Carlson et al., 2014) formed relatively young soils compared to soils found in
temperate regions. Agricultural activity in Greenland mainly consists of sheep-husbandry.
The necessary winter-fodder production is carried out on low-lying, more or less fertile,
generally sandy lands, whereas the areas at higher elevations are used as summer-pastures.
Climate change might alter the accustomed agricultural methods towards a more
labor-intensive practice and entail a change in land use and land management, which, in
turn, eventually will change the current soil-ecological equilibrium.
Changes in soil structure can be characterized by changes in the pore-size distribution of
the porous soil-matrix. The pore size distribution may be altered by compaction due to
climate, land-cover, and agricultural activity by, e.g., cattle and field-traffic. Changes in
bulk density (ρb) are directly reflected in the pore-size distribution. Compaction
obviously results in an overall reduction of the total porosity (Φ), but more importantly,
it results in a shift in the pore-size distribution with a reduction of the macro-porosity
(Dϕ > 30 µm, pore diameter Dϕ) and an increase in micro-porosity (Dϕ < 6 µm) (Lipiec
et al., 2012). Dörner et al. (2016) and Dlapa et al. (2020) showed that land use and
land-use change had significant negative effects on the water-retention and air-phase
characteristics in terms of soil-aeration processes.
Several studies have shown that soil structure and air-phase tortuosity could be
quantified and qualified by gas-flow measurements (e.g., air permeability, relative gas
diffusivity, and combinations of both) through the porous medium. Deepagoda et al.
(2012) revealed that changes in the connectivity-tortuosity parameter X (Buckingham,
1904; Currie, 1960a) along a moisture gradient could be used to differentiate between
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inter- and intra-aggregate pore space. Moldrup et al. (2003a) used the equivalent pore
diameter to characterize the pore connectivity, and thus the presence of soil structure,
along a soil-water potential gradient of differently textured soils exhibiting different land
use and management. A similar approach was used by Kawamoto et al. (2006), who
related air permeability to relative diffusivity measurements, where the latter was
estimated by the relation suggested by Moldrup et al. (2000b) and solely relying on ε
measurements at a fixed soil-water potential.
More complex prediction models incorporate soil-type dependent information (Moldrup
et al., 2000b), generally in the form of a parameter describing the water retention
characteristic. Moldrup et al. (1996) used the well known Campbell (1974) water
retention model to predict gas diffusivity; Moldrup et al. (1999) extended the approach
into the Buckingham-Burdine-Campbell gas diffusivity model. Similar power law models
exist for modeling the air permeability of variably saturated soils (Kawamoto et al., 2006;
Assouline et al., 2016). The interested reader may additionally refer to the comprehensive
work on air permeability models carried out by Yang et al. (in press, 2021)
The above-mentioned studies revealed that the gaseous exchange processes within the soil
and between soil and atmosphere heavily rely on the pore-space available for gas
transport, i.e., the air space not filled by water. However, many of the available
prediction models for gas transport parameters incorporate some form of water-retention
parameters, which do not represent the air-filled, but the water-filled porosity, and thus
not taking into account the potentially significant differences in the variability of the
air-filled porosity compared to water-filled porosity.
Instead of parameters derived from the soil-water retention curve, the use of derived
parameters from a soil-air characteristic curve in soil-air function predictions would be
more straightforward and might eventually reduce the not-explained variability of those
models.

1.1 Objectives

The objective of this study is to understand how soil texture (texture uniformity),
compaction (dry bulk density), and land use (land use type) combined affect key soil-gas
phase parameters across moisture conditions (at different levels of soil-water matric
potential, as quantified by pF). Specifically, we aim to

(i) provide a dual-fingerprint for soil structure that in perspective may allow us to
better predict the key soil-gas transport parameters (diffusivity and permeability)

(ii) understand and quantify (by a modeled response surface) combined effects of dry
bulk density and pF on air-filled porosity at given indices for land use and texture.

First, we illustrate that the water retention curve, the derived soil-air characteristic curve,
and gas transport parameter curves (gas diffusivity and air permeability) vary
considerably across and within fields with very different texture and land use. Second, we
combine soil-gas phase parameters to make a dual-fingerprint of soil-gas phase behavior
related to soil moisture level (pF). Third and based on these analyses, we develop and
verify a modeled response surface for the soil air-filled porosity by combining two linear
models for changes in air-filled porosity with dry bulk density and with pF, and with the
slopes in the two models related to texture or land-use indices, or both.
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We base this three-part analyses on data from 966 intact soil core samples from 14
differently textured South Greenlandic (pasture) and Danish (cultivated, urban, and
forest) soils, hereby representing a wide range of soil texture, compaction, and land use

2 Material and Methods

2.1 Soils and soil sampling

Figure 1: The five sampling sites in South Greenland.

In total, data from 966 individual, intact soil core samples (6.05 cm in diameter, 3.48 cm
height, resulting in a volume of 100 cm3) was collected and evaluated. The soil cores
originated from 14 different sites located across south-west Greenland and Denmark and
included four different land uses (cultivated, pasture, urban, and forest). Table 1 gives an
overview of the sampling sites and soils used in this study. The Greenlandic data-set
consisted of five perennial pasture soils, and the sampling locations are shown in Fig.1.
The Danish data-set comprised five conventionally cultivated, two urban, and one forest
soil. For the localization of the Danish soils, the reader may refer to the geographical
coordinates given in Table 1.
The Greenlandic pasture and Danish cultivated soils were sampled in rectangular grids
(15 m × 15 m, except South Igaliku 2, which was sampled in a 7.5 m × 7.5 m grid). The
grid-sampled soil-cores were extracted from the soil’s upper horizon from a depth varying
between 5 and 15cm.
The Danish cultivated soils were sampled throughout the peninsula of Jutland, and, in
total, 551 individual soil cores were included in this study (226 individual sampling
points, varying number of replicates per point). The soil textures ranged from coarse sand
(Jyndevad) to silty clay loam (Voldbjerg), covering the most abundant soil-textural classes
of agriculturally exploited soils in Denmark. The sampling of the Danish cultivated soils
was carried out between 2010 and 2014, and none of the fields were cultivated (plowed)
approximately one year prior to the sampling. The cultivated soils were previously
published in other studies, and a detailed description of the different sites’ geological
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Table 1: Geographical information of the sites the samples were collected from and the soil
classification according to Soil Survey Staff (1999).
Site Country Coordinates Soil classification† Reference
Jyndevad∗

Denmark

N54°53′37′′ E9°7′12′′ Typic Haplorthods Maśıs-Meléndez et al. (2014)
Tylstrup∗ N57°10′47′′ E9°57′24′′ Humic Psammentic Dystrudept Karup et al. (2016)
Estrup∗ N55°29′10′′ E9°4′9′′ Abrupt/Aqua Argiudoll, Frangiaquic Glossudalf Paradelo et al. (2015)
Silstrup∗ N56°55′56′′ E8°38′44′′ Alfic Argiudoll, Typic Hapludoll Norgaard et al. (2013)
Voldbjerg N56°18′71′′ E8°54′87′′ Aquic Palehumults Karup et al. (2016)
South Igaliku 1 & 2

Greenland

N60°53′29′′ W45°16′28′′ Lithic Dystrocryept Weber et al. (2020); Pesch et al. (2020)South Igaliku 3 N60°51′39′′ W45°16′26′′ Psammentic Dystrocryept
Igaliku 1 N61°1′9′′ W45°27′39′′ Typic Dystrocryept Weber et al. (2020)Igaliku 2 N60°59′51′′ W45°26′55′′ Typic Dystrocryept
Skellingsted

Denmark
N55°35′25′′ E11°27′44′′ Filled Anthropic soil Poulsen et al. (2001)

Hjørring N57°27′34′′ E10°0′1′′ Mixed Anthropic soil Moldrup et al. (2000b)
Poulstrup N57°21′30′′ E10°0′38′′ Spodosol (not further specified) Kruse et al. (1996); Moldrup et al. (1996)
∗ detailed monitoring site description can also be found in Lindhardt et al. (2001)
† If more than one classification per site is given, more than one soil profile was evaluated and different results were obtained.

background and land management can be found in the relevant studies (Hermansen et al.,
2017; Karup et al., 2016; Paradelo et al., 2015; Katuwal et al., 2015; Maśıs-Meléndez
et al., 2014; Norgaard et al., 2013). Additionally, Jyndevad, Tylstrup, Estrup and
Silstrup are part of the Danish Pesticide Leaching Assessment Program (PLAP), and
detailed information about the specific sites can be found in Lindhardt et al. (2001).
The Greenlandic sites are described in Weber et al. (2020) and Pesch et al. (2020). In
total, 396 individual soil core samples from five pasture fields from south-west Greenland
were included in this study (132 individual sampling points, three replicates per point).
The sampling was carried out in 2015 (South Igaliku 1, 2, and 3) and 2017 (Igaliku 1 and
2); the soil cover during sampling consisted of perennial grass, and besides field Igaliku-1,
no cultivation or tillage was carried out at least three years prior to the sampling. The
grass cover is occasionally resown, especially if frost and water damage becomes prevalent.
Tillage consists of disc harrowing (5 − 10 cm depth); plowing is generally avoided due to
the high wind erosion hazard of the sandy to sandy-loamy soils, especially in combination
with the frequent, intense katabatic winds in the area. To our knowledge, South Igaliku 1
and 2 have not been subjected to tillage during the last 20 years and are used as pastures
for grazing sheep. The fields Igaliku-1, Igaliku-2, and South Igaliku-3, are mainly used for
winter fodder production.
In order to broaden the range of covered land uses within this study, three additional
sites exhibiting two different land uses were included.
The soils categorized as urban soils were collected from a soil profile (Hjørring, North
Jutland, Denmark) and from a sub-soil transect (Skellingsted, Zealand, Denmark). The
samples from Hjørring were collected during the drilling of a monitoring-well on a former
manufactured gas plant site. Sub-samples of the initial drilling core samples (4 to 5 and 6
to 7 m soil depth) were taken at equal distance (0.4 m) throughout the soil profile. The
samples from Skellingsted were collected along a transect on an abandoned landfill site
from a depth of 70 cm, consisting of an artificially compacted, industrial sand cover-layer.
The forest soil samples (Poulstrup, North Jutland, Denmark) were collected from four
different depth-intervals (0-5, 5-10, 10-15, and 15-20 cm soil depth) below a deciduous
forest. The forest soil data-set was subdivided into two sub-sets due to the very distinct
soil properties of the top and sub-soil; Poulstrup top-soil comprised the two
depth-intervals down to 10 cm included, Poulstrup sub-soil consists of the remaining
10-15 cm and 15-20 cm depth-intervals.
Along with the intact soil core samples, bulk soil from the same depth was collected at
each sampling point for texture analysis in the laboratory. For the data analysis, the
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intact soil-core replicates per sampling point were treated as individual samples.

2.2 Laboratory methods

2.2.1 Basic soil characteristics

The bulk soil samples collected at each sampling point were air-dried and pre-sieved
(< 2 mm) prior to texture analysis and organic carbon content (OC, in g g−1)
determination. The texture was determined using a combination of wet sieving and the
hydrometer or pipette method, according to Gee and Or (2002). Total carbon was
measured on ball-milled samples by dry combustion in combination with an infrared CO2
detector. All the soils were free of carbonates, and the measured total carbon was thus
set equal to organic carbon. The average particle density, ρs [g cm−3], was estimated from
organic matter and clay contents, according to Schjønning et al. (2017).

2.2.2 Soil-water retention characteristics

In order to determine the water-retention characteristics, the intact soil core samples were
saturated from below on a tension table and subsequently drained to all or to a selection
of the following matric-potentials:
ψ [cm H2O] ∈ {−10,−30,−50,−100,−300,−500,−1000}. The drainage procedure
followed the procedure given in Dane and Hopmans (2002). Based on the magnitude of
the intended negative soil-water potentials (ψ), different apparatus and procedures were
used: hanging water column for −100 ≤ ψ [cm H2O] ≤ −10, suction plate for
−500 ≤ ψ [cm H2O] < −100, and pressure plates for ψ [cm H2O] < −500.
After equilibration of the soil sample with the applied negative potential, the mass loss
was determined on a laboratory scale and set equal to the gravimetric soil-water release
during the drainage step. The volumetric water content, θ [cm3 cm−3] was obtained by
multiplication of the gravimetric water content with the dry bulk density. The air-filled
porosity, ε [cm3 cm−3] was obtained by ε = Φ − θ, with Φ [cm3 cm−3] being the total
porosity.

2.2.3 Soil-air phase functions

At each drainage step, the air permeability and the relative gas diffusivity were
determined. The air permeability (ka in µm2) of the forest and urban soils were measured
by the steady-state method, according to the procedure and device described in Iversen
et al. (2001) and Ball and Schjønning (2002); the ka of the cultivated and pasture soils
were measured using the device described in Schjønning and Koppelgaard (2017),
following the guidelines given in Ball and Schjønning (2002). The gaseous phase’s
diffusive movement through the unsaturated soil matrix was assessed by the non-steady,
single chamber method suggested by Taylor (1950) and further developed by Schjønning
(1985). Oxygen was used as the diffusing agent, and the apparent diffusion coefficient of
the soil, Dp [cm2 s−1], was calculated, according to Taylor (1950). The relative diffusivity,
Dp/Do (dimensionless), was then obtained by dividing Dp by the diffusion coefficient of
oxygen in free air, Do = 0.205 cm2 s−1 at 20 °C (Schjønning et al., 2013). A
comprehensive description of the different aspects and procedures of the measurement
can be found in Rolston and Moldrup (2002).
After the final drainage step, the dry bulk density of the intact soil-core samples, ρb

[g cm−3], was measured after oven-drying for 24 to 48 h at 105 °C.
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For the sake of simplicity, the soil-water potential is given as pF = log(−ψ), ψ in cm H2O
(Schofield, 1935).
Additionally, two notations need to be defined: the notation across-field variation was
defined as the variation of the field-averaged parameter in question between at least two
fields, whereas the within-field variation covered variations inherent to one specific field.
The field-average value of a soil property was calculated as the arithmetic mean of all the
individual measurements available for the relevant property for a given field; its variation
was assessed by the standard deviation and illustrated by error-bars in the figures.

2.3 Models

2.3.1 H-model

The within-field dependence of the air-filled porosity (ε) on the bulk density (ρb) for each
soil-water potential level (pF) was assessed by fitting the linear function given in Eq. (1)
to the measured ε at each available drainage level and ρb. The model will hereafter be
referred to as the H-model:

ε = −H · ρb + C , (1)
where H and C represent the slope and the intercept, respectively, we thus obtained a
maximum of seven individual regression lines per field (maximum of seven drainage
steps), where H describes the sensitivity of the air-filled porosity to changes in natural
compaction (ρb).

Table 2: H-indices for a theoretical pure sand from assumed ρb and θg-ranges, determined by
using Eq. (1). ρs was fixed to 2.65 g cm−3. θg and θv denote the gravimetric and volumetric
water contents, respectively.

θg ρb Φ θv ε H

[ g g−1 ] [ g cm−3 ] [ cm3 cm−3 ] [ – ]

†0.05 1.4 0.47 0.07 0.40 0.431.6 0.40 0.08 0.32

‡0.20 1.4 0.47 0.28 0.19 0.581.6 0.40 0.32 0.08
†dry soil, high pF; ‡wet soil, low pF

The H-range of a theoretical pure sand will be used to evaluate and contrast the
H-values obtained on intact soil cores. The expected H-range for a pure sand at low and
high moisture conditions can be estimated by assuming reasonable ρb- and a θg-ranges for
such material. We used the soil conditions and properties given in Table 2. The H-values
of the resulting theoretical pairs of measurements (ρb, ε) at the two moisture levels were
then determined by fitting the H-model as given in Eq. (1).

2.3.2 Soil-air characteristic model

Similar to the Gregson et al. (1987) semi-logarithmic model for soil-water retention, the
variation of ε with varying moisture conditions can be approximated in the log(−ψ) − ε
domain.
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The resulting log-linear (semi-logarithmic) soil air characteristic curve (SL-SAC) exhibits
two parameters: the reference air-filled porosity, εref , which is the ε at the reference
soil-water potential, pFref , and the soil-air characteristic parameter, A. The A-model is
fully defined if εref (location parameter) and A (shape parameter) are known:

ε = εref − A ·
(
pFref − pF

)
. (2)

The introduction of a reference point other than the phase content at saturation (which
would be ε(ψ = 0) = 0 in this case) is not a new concept, as it was already applied with
success by other authors (Pittaki-Chrysodonta et al., 2018).

2.3.3 Modeled response surface (MRS)

The A- and H-model were eventually combined to express the air-filled porosity as a
function of ρb and pF only. Substituting εref in Eq. (2) by the relation given in Eq. (1)
generates the multi-variable function given in Eq. (3), and its output will be referred to as
modeled response surface (MRS):

ε =
[

−H · ρb + C
]

− A ·
(
pFref − pF

)
. (3)

The main model parameters A and H need to be known beforehand, and we will show
over the course of this study that it is possible to predict both very accurately from basic
soil properties.

2.3.4 Gas-diffusion model

The diffusive gas movement in the soil-air phase, which originates from concentration
gradients within the porous matrix, is the principal gaseous exchange process in the soil
(Rolston and Moldrup, 2002). It can be evaluated by the relative gas diffusion coefficient
or gas diffusivity, Dp/Do, with Dp and Do being the gas diffusion coefficient in the soil
and in free air, respectively. Many studies (Buckingham, 1904; Currie, 1960b, 1961;
Millington and Quirk, 1961; Moldrup et al., 2003b, 2004; Thorbjørn et al., 2008, etc.)
have assumed or ascertained that Dp/Do is governed to a large extend by texture, soil-air
content (ε) and total porosity (Φ). Buckingham (1904) suggested that Dp/Do follows a
power function of ε:

Dp/Do = εX , (4)
where X was later referred to as the connectivity-tortuosity parameter (Currie, 1960b,
1961).

2.3.5 Ω-model

The contrasting behavior of advective and diffusive flows to the pore geometry
(Millington and Quirk, 1964; Ball, 1981) enables a direct assessment of soil structure
(Kawamoto et al., 2006; Eden et al., 2011; Arthur et al., 2012). Kawamoto et al. (2006)
derived a prediction model for ka from Dp/Do, and a simplified version of the model is
given in Eq. (5):

ka = Ω · εX , with εX = (Dp/Do) , (5)
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where ε and X are the air-filled porosity and the connectivity-tortuosity parameter,
respectively, and Ω is a soil-structure index. Kawamoto et al. (2006) found the best
agreement between ka and Dp/Do for Ω = 700, based on 25 differently textured soil
layers. For soils exhibiting Ω > 700, the advective flow exceeds the diffusive flow, and a
more pronounced soil-structure can be expected (larger connected macro-porosity).

2.3.6 Texture uniformity index

Soil texture was characterized by the field-average ratios of the gravimetric contents of
fine sand (fS, 50 < De < 200 µm, De denotes the equivalent particle diameter) and fine
particles (fines, De < 20 µm), referred to as soil texture uniformity index (TUI,
dimensionless). De and fines represent the equivalent particle diameter and the sum of
the clay and fine silt fractions, respectively:

TUI = fS/fines . (6)
The fine fraction of the mineral soil (De < 20 µm) largely controls soil-aggregate
formation, primarily by self-aggregation and complexation with available soil-organic
matter (Chesters et al., 1957; Schjønning et al., 1999; Dexter et al., 2008). Since soils
considered in this study generally exhibited high ratios of organic matter to fine particles,
the differences in the composition of the fine-textured mineral phase (De < 200 µm)
become the main driver for aggregation and structure formation; the TUI describes these
differences in a simple way. Additionally, relations between coarse and fine particles were
already found to be useful for successfully predicting hydraulic soil properties, which are
undoubtedly closely related to soil structure (Arya and Paris, 1981; Nielsen et al., 2018).

2.4 Statistical Analysis

The Pearson correlation coefficient r assessed the linear correlation between two
continuous variables. The significance level of any fitted or estimated parameter was
depicted by stars appended as an exponent to the parameter in question, according to the
levels of significance: (∗∗∗) if p < .001, (∗∗) if .01 < p ≤ .001, (∗) if .01 ≤ p < 0.05 and for
no significance, (ns) if p ≥ .05.
The linear relations between the investigated properties and parameters were evaluated
by simple or multiple ordinary least-squares regressions. The goodness of fit and the
model performance were judged by the ordinary and adjusted coefficient of determination,
R2 (simple) and R2

adj (multiple), respectively, the root-mean-square error, RMSE, and
the Akaike information criterion, AIC (Sakamoto et al., 1986), specifically by the AICc,
accounting for small sample sizes according to Sugiura (1978).
For determining the confidence and prediction intervals of the H-model’s regression
coefficients (Eq (1)), we deployed a non-parametric bootstrapped regression scheme. The
base for the computation of the required bootstrapped regression coefficients and
statistics was the random resampling of pairs of observations with replacement (Efron,
1979, 1983; Stine, 1985). The resampling was based on 75% of the total number of
available observations, and the resampling was repeated 1000 times. The confidence and
prediction intervals were computed as the 5.0% and 95.0% percentiles of the relevant
bootstrapped parameter, leading to 90.0% (α = .10) confidence and prediction intervals.
The goodness of fit (only R2) and the overall significance of the regression (p-value of the
F -statistic) were given as mean values of the bootstrapped results.
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The statistical analysis was entirely carried out in MATLAB and Statistics Toolbox
(2018).

3 Results and Discussion

3.1 Combined effects of texture, density, and land use on gas-phase behavior

Table 3: Summary table of the basic soil properties and the number of individual undisturbed
soil core samples (number of sampling points per site in parentheses); soil type and particle size
distribution; texture uniformity index, TUI (dimensionless); the organic carbon content (OC);
the dry bulk density (ρb). All displayed figures are mean values, and the figures in parentheses
represent the standard deviation. ND stands for not determined.
Site Samples Soil type Clay (< 2 µm) Silt (2 − 50 µm) Sand (50 − 2000 µm) TUI OC ρb

(& Points) USDA fine (< 20 µm) coarse fine (< 200 µm) coarse
[ g 100 g−1 ] [ – ] [ g 100 g−1 ] [ g cm−3 ]

Jyndevad 88 (88) S 4.2 (0.4) 3.7 (0.4) 1.0 (0.0) 23.4 (0.9) 64.4 (1.2) 3.0 (0.2) 1.8 (0.2) 1.38 (0.04)
Tylstrup 72 (36) lS-sL 3.8 (0.2) 7.0 (0.9) 12.4 (1.5) 63.7 (1.8) 9.9 (1.3) 6.0 (0.7) 1.8 (0.1) 1.34 (0.05)
Estrup 135 (45) sL-lS 10.9 (2.1) 12.4 (2.4) 12.5 (2.6) 22.5 (1.2) 37.0 (5.6) 1.0 (0.2) 2.6 (0.7) 1.36 (0.10)
Silstrup 180 (60) sL-L 15.8 (1.3) 16.5 (1.0) 13.6 (1.3) 28.9 (1.4) 21.8 (1.8) 0.9 (0.1) 1.9 (0.1) 1.43 (0.07)
Voldbjerg 36 (9) cL-ucL 31.5 (1.4) 22.9 (1.1) 18.8 (3.6) 13.0 (3.6) 9.3 (2.2) 0.3 (0.1) 2.6 (0.4) 1.26 (0.06)
South Igaliku-2 54 (18) lS-sL 2.2 (0.4) 3.1 (0.5) 20.6 (1.6) 51.3 (3.5) 20.3 (3.8) 9.7 (0.9) 1.5 (0.3) 1.25 (0.06)
South Igaliku-1 96 (32) lS-sL-S 2.9 (0.6) 3.5 (0.5) 18.0 (2.9) 48.4 (8.3) 23.3 (10.8) 7.8 (1.7) 2.2 (0.7) 1.07 (0.14)
South Igaliku-3 72 (24) sL-lS 3.9 (0.8) 4.4 (1.4) 19.9 (3.2) 43.1 (4.6) 22.8 (7.4) 5.6 (1.5) 3.4 (1.1) 1.05 (0.16)
Igaliku-1 84 (28) sL 4.4 (0.8) 8.7 (0.7) 22.8 (2.3) 37.2 (4.2) 15.5 (5.8) 3.0 (0.4) 6.6 (1.1) 0.92 (0.11)
Igaliku-2 90 (30) sL 4.9 (0.7) 9.1 (0.6) 22.6 (1.3) 36.8 (3.0) 16.4 (2.3) 2.8 (0.4) 5.9 (1.0) 0.95 (0.08)
Skellingsted 9 (t∗) lS 5.0 — 2.0 — 6.4 — 23.8 — 61.1 — 3.4 — 1.0 — 1.71 (0.04)
Hjørring 10 (2†) L-sL 13.6 (2.3) 8.3 (2.9) 24.6 (5.0) 50.6 (10.8) 0.9 (0.4) 2.8 (1.7) 1.1 (0.1) 1.69 (0.08)
Poulstrup sub-soil 18 (2†) lS 3.8 (0.3) 2.7 (0.3) 11.1 (0.2) 56.0 (0.1) 12.3 (0.2) 9.3 (0.2) 2.3 (0.1) 1.22 (0.06)
Poulstrup top-soil 18 (2†) ND ND ND ND ND ND ND 10.9 (3.5) 0.59 (0.08)
∗transect, † number of sampled soil-horizons (depths)

Table 3 lists the different particle size fractions, along with the number of samples and
soil types (Soil Survey Staff, 1999). The sites were grouped according to their land use
and ordered with an increasing fine particle content (fines, equivalent particle diameter
De < 20 µm, i.e., the sum of the clay and fine silt fractions) within each group. For better
legibility, texture and OC contents in Table 3 were given in g 100 g−1. Following the
definition of TUI, an additional subdivision had to be made within the silt and sand
fractions: fine and coarse silt (2 − 20 µm and 20 − 50 µm), and fine and coarse sand
(50 − 200 µm and 200 − 2000 µm).
According to Table 3, the cultivated and urban soils generally showed lower OC contents
than the pasture or forest soils; the opposite was true for the ρb. The field-average ρb

were non-linearly correlated to OC, as shown in Fig. 2a. We chose to fit a power function
to illustrate the non-linear trend between OC and ρb, which has been expressed by
exponential or reciprocal functions by other studies (Federer et al., 1993; Perie and
Ouimet, 2008).
The fS/fines ratio (TUI, texture uniformity index) of the pasture soils exhibited a
significant negative linear correlation with OC (r = −.97∗∗∗), and a linear regression
based on the pasture soils resulted in a coefficient of determination of R2 = .95, as shown
in Fig. 2. The forest soils followed the same linear trend as the pasture soils, whereas only
a weak linear correlation between TUI and OC could be observed for the cultivated and
urban soils (cultivated soils: r = −.67ns), mainly due to the relatively small OC-range of
the latter (not shown).
The measured water- and air-phase parameters of all the samples used in this study are
shown in Fig. 3: the volumetric water content (θ, cm3 cm−3), the air-filled porosity (ε,
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cultivated pasture urban/forest

Jyndevad South Igaliku-2 Skellingsted

Tylstrup South Igaliku-1 Hjorring
Estrup South Igaliku-3 Poulstrup (top)
Silstrup Igaliku-1 Poulstrup (sub)
Voldbjerg Igaliku-2

Figure 2: (a) The non-linear relation between field-averaged OC and ρb. (b) Across-field
relation between the OC and the ratio of fine sand to fines (texture uniformity index, TUI) and
best linear fit for the pasture soils (5 soils). The symbols are within-field mean values, and the
error-bars depict the standard deviation.

cm3 cm−3), the relative gas-diffusivity (Dp/Do, dimensionless), and the air-permeability
(ka, µm2). The abscissa values (pF) of θ and ε in sub-figures Fig. 3a and 3b were shifted
randomly within a narrow range [pF ±0.5] around the true pF-value to emphasize the
number of measurements per soil-water potential. The used soils spanned a wide range of
θ and of ε, and the median θ and ε at each soil-water potential of three selected soils (A:
Igaliku-2, sub-arctic pasture, B: Skellingsted, urban and C: Poulstrup-subsoil, temperate
forest) were connected by a step-wise linear interpolation polynomial to illustrate the
evolution of θ and ε of the three soil-types during drainage. The diffusive and convective
mass transport parameters in the gas-phase, Dp/Do and ka, respectively, are displayed in
Fig. 3c and Fig. 3d. As an illustrative example, the best-fit lines of the Dp/Do and ka

models (Eq. (4) and Eq. (5)) for the three above-mentioned soils were added to Fig. 3c
and Fig. 3d, respectively.
The fitted connectivity-tortuosity parameter, X (Fig. 3c), significantly correlated to ρb

(r = −.81∗∗∗); furthermore, a linear regression explained 79% of the variation (Fig. 4a).
Several other studies (Deepagoda et al., 2011a; Maśıs-Meléndez et al., 2015) found similar
linear correlations between the total porosity or derivations of the latter and X; given the
direct linear dependence of Φ on ρb, those correlations can be considered as equivalent.
Soils showing high X exhibited a more tortuous pore network (Deepagoda et al., 2012),
which basically could be traced back to an increase in the amount of parallel and
well-connected pores with increasing bulk density, according to Poulsen et al. (2001). In
general, the pasture and forest soils showed a more tortuous pore network than the
cultivated and urban soils.
The fitted soil-structure index, Ω (Fig. 3d), correlated significantly with the texture
uniformity index, TUI (both in log-scale, r = −.84∗∗∗), and a linear regression resulted in
a coefficient of determination of R2 = .75 as shown in Fig. 4b. A well-developed soil
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cultivated pasture urban/forest

Jyndevad South Igaliku-2 Skellingsted B

Tylstrup South Igaliku-1 Hjorring
Estrup South Igaliku-3 Poulstrup (top)

Silstrup Igaliku-1 Poulstrup (sub) C

Voldbjerg Igaliku-2 A

Figure 3: Phase distributions and air-phase functions. (a) Volumetric water content, θ, and (b)
air-filled porosity, ε, versus soil-water potential levels (pF) and the number of valid measurements
per pF (n). The connecting lines for three soils (A: Igaliku-2, B: Skellingsted, C: Poulstrup-sub)
are linearly interpolated. (c) Relative diffusivity (Dp/Do) and applied gas-diffusion model Eq. (4);
(d) air permeability (ka) and applied Ω-model (5) for three selected soils. The parameter Ω was
fitted, while X was fixed to the values obtained in sub-figure (c).
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cultivated pasture urban/forest

Jyndevad South Igaliku-2 Skellingsted

Tylstrup South Igaliku-1 Hjorring
Estrup South Igaliku-3 Poulstrup (top)
Silstrup Igaliku-1 Poulstrup (sub)
Voldbjerg Igaliku-2

Figure 4: (a) Connectivity-tortuosity parameter X (Eq. (4) and Fig. 3c) versus ρb and (b)
soil-structure index Ω (Eq. (5) and Fig. 3d) as a function of the texture uniformity index TUI
(both in log-scale). Dashed horizontal line at the threshold Ω-value for soils exhibiting developed
structure. Vertical dashed line depicts the threshold TUI-value at which well-developed soil
structure can be expected. Error-bars depict the within-field standard deviation of ρb and TUI
(horizontal) and the 95% confidence interval of the fitted connectivity-tortuosity parameter X
and soil structure parameter Ω (vertical).

structure (Ω > 700) could be observed for soils exhibiting a gravimetric fine sand content
smaller than 1.54 times the fine particles content (intersection of the trend-line
Ω = f(fS/fines) and the dashed horizontal line at Ω = 700). The significant correlation
suggested that the amount of fine material was a strong driver for soil-structure
development. The Greenlandic pasture soils exhibited relatively high fine sand contents
compared to the amount of fines, and none of the pasture soils showed signs of
well-developed soil structure. The trend-line given in Fig. 4b indicated that the
proportionality between Dp/Do and ka was highly dependent on the soil’s aggregation
potential, especially considering the logarithmic scale of both variables.
The considerable effect of compaction (ρb) on the air-phase parameters (ε, Dp/Do, and
ka) is illustrated in Fig. 5. For this purpose, we chose the relatively homogeneous Silstrup
field and defined three levels of compaction (low, median, and high), where the degree of
compaction was represented by ρb. The θ, ε, Dp/Do, and ka of each level of compaction
was represented by the arithmetic average of the measures of three samples exhibiting the
lowest, the closest to the calculated median, and the highest ρb, respectively.
The soil-water retention curves at the three levels of compaction, given in Fig. 5a, were
only marginally different from each other, whereas the air-filled porosity curves (Fig. 5b)
showed considerable differences between each other. The simultaneous look at the water
retention and air-filled porosity curves clearly revealed that the differences in available
space for gaseous exchange could not be captured by the positions (vertical displacement)
of the water retention curves. The ρb primarily acts on the total porosity (Φ) and, by
that, defining the total void space. The effect of decreasing ρb was carried over to the
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Figure 5: Phase distributions and air-phase functions for three levels of natural within-field
compaction (Silstrup: low, median, and high ρb). (a) Volumetric water content, θ, and (b)
air-filled porosity, ε, for wet to dry moisture conditions. Air-phase functions as a function of ε:
(c) gas diffusivity (Dp/Do) and fitted model according to Eq. (4) (fitted connectivity-tortuosity
parameter X); (d) air permeability (ka) and applied Ω-model (Eq. (5)), with fitted structure
parameter Ω and fixed X as obtained in sub-figure (c).
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air-phase functions via a higher available pore space for gas transport at each moisture
level, as shown in Fig. 5c and 5d. It was evident that the within-field variation could not
be neglected for either the diffusive or the advective flows.

3.2 Dual-fingerprint for functional soil structure (air space and gas transport)

In the following, the H-model will be applied to investigate further the dependence of ε
on ρb for different moisture conditions.

3.2.1 Application of the H-model

Figure 6: Evolution of the air-filled porosity, ε, as a function of dry bulk density, ρb, and
soil-water potential (pF, color gradient, blue for measurements at pF 3) for a sub-arctic pasture
(a) and a temperate cultivated soil (b). Solid lines show the applied H-model (Eq. (1)) at pF 3.0.
(c) Scatter plot of ε versus ρb at pF 2.7 for the complete data-set and the corresponding H-model
for each field (d). Open symbols: cultivated soils; closed colored symbols: pasture and forest
soils; closed black and gray symbols: urban soils.

Fig. 6 visualizes the considerable differences in the gradual increase of air-filled porosity
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during drainage for two typical soils: a relatively compact and homogeneous,
conventionally cultivated temperate soil which was classified as a sandy loam (Silstrup,
Denmark) and a perennial pasture soil, which showed considerably lower ρb, classified as
sandy loam from sub-arctic South Greenland (Igaliku-2, Greenland). Note that no
measurements at pF 1.0 of the Silstrup soil were available.
We observed not only an overall dependence of ε on ρb, but the different soils also
exhibited a different dependence on ρb, if subjected to different moisture conditions (e.g.,
monotonically increasing absolute slope versus variable slope with increasing absolute
soil-water potential for Silstrup and Igaliku-2, respectively). As an illustrative example,
the H-model (Eq. (1)) was applied to the pairs of measurements at pF 3.0. It is clear
from Fig. 6a and Fig. 6b that, although the subarctic pasture soil exhibited significantly
lower ρb, and therefore a greater Φ than the cultivated sandy loam, the lack of
soil-structure and the high tortuosity of the pore network had significant effects on the
drainage behavior, especially at lower soil-water potentials (pF ≤ 1.7).
The dependencies of ε on ρb at pF 2.7 (ψ = −500 cm H2O) for all the soils used in this
study are shown in Fig. 6c, and the applied H-model for the chosen pF-level is displayed
in Fig. 6d, as an illustrative example. At pF 2.7, the pores exhibiting a diameter of
Dϕ > 6 µm were drained, according to the capillary rise equation (Schjønning, 1992).
The H-model was fitted using a bootstrapped regression scheme to the pairs of (ρb, ε) of
each soil at each available drainage level, and both, the goodness of fits and significance
criteria, were generally high with an increased performance for higher pF. The detailed
results of the bootstrapped regression analysis can be found in Table S1 in the appendix.
The main parameter of the H-model (H) reflected the sensitivity of ε to changes in
natural compaction, quantified by ρb, at a given drainage step. Observing the H index
from wet to dry soil conditions enabled to evaluate which faction of the pore size
distribution was most vulnerable to changes in ρb.

3.2.2 Dual fingerprint

The decadal logarithm of the Kawamoto et al. (2006) soil-structure index, Ω, determined
at each soil-water potential level after rearranging Eq. (5) (Ω = ka/(Dp/Do)) are given in
the left-hand sub-plots of Fig. 7. The dashed horizontal line highlights the threshold value,
Ω = 700, in each sub-plot. The right-hand sub-plots of Fig. 7 show the variation of H
with the soil-water potential; as a reference for H, the expected H-range for a theoretical
pure and uniform sand (see Table 2) was indicated by the shaded area in the plots.
The soils were grouped according to their land use, and the connecting lines were
interpolated. The measurements at pF 1.0 were omitted due to the relatively large
associated measurement uncertainties at such low suctions.
From a soil-textural perspective, the soil from Jyndevad showed the most narrow and
uniform particle-size distribution (> 80% sand) among the cultivated soils, which was
also reflected in its pore-size distribution (Schjønning, 1992; Jensen et al., 2019) and
eventually in the range of the calculated H-values, comprised within the boundaries of
the expected H-range of pure sands. The relatively low Ω-values (Fig. 7b) throughout the
complete moisture range could be associated with the low aggregation potential and
non-cohesive nature of the Jyndevad coarse sandy soil (Schjønning, 1992).
The fine sandy Tylstrup soil exhibited considerably higher H-values between pF 1.7 and
pF 2.5 than the other cultivated soils, indicating that a change in ρb mainly affected the
volume of the pore-size classes exhibiting a pore diameter between 10 and 60 µm.
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Figure 7: The soil-structure index given by the Ω-model (b, d, f) from wet (pF 1.5) to dry
(pF 3.0) moisture conditions. The dashed line represents the threshold of Ω = 700 for soil-
structure effects on air-phase functional parameters (Kawamoto et al., 2006). The sensitivity of
ε to ρb (a, c, e) is given by the main parameter of the H-model. The shaded area corresponds
to the expected range of H for a pure sand (see Table 2). The error-bars depict the intra-field
standard deviation of Ω at each soil-water potential (a, c, e) and the 90% confidence intervals
(b, d, f) of H. For better legibility, only one set of error-bars is shown per sub-figure.
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Further, the Ω-values below the threshold of Ω = 700 indicated a lack of soil structure for
the Tylstrup soils as well.
The finer-grained cultivated soils (Estrup, Silstrup, and Voldbjerg) exhibited a lower H,
indicating that the ε at each soil-water potential were less susceptible to changes in ρb.
The P -values above Ω = 700 throughout the whole moisture range implied the presence
of a developed soil structure, i.e., the larger ka to Dp/Do ratio indicated a dual-porosity
network, exhibiting inter and intra-aggregate porosity, arising from aggregate formation
amplified by the relatively high OC and fines contents (Six et al., 1998; Dexter et al.,
2008).
The low Ω values of the sandy Jyndevad and Tylstrup soils were a direct consequence of
the only marginally differing dominating particle (dispersed particles) sizes compared to
the dominating aggregate (non-dispersed) sizes (236 versus 420 µm and 125 versus 250 µm,
for the two soils respectively). The Silstup soil on the other hand, showed considerable
differences between particle and aggregate sizes (120 versus 6300 µm) (Schjønning, 1992).
The sensitivity of ε to changes in ρb of the arctic pasture soils was generally lower (Fig 7c)
compared to the temperate cultivated soils, although the low P -values pointed towards a
lack of soil structure. Weber et al. (2020) investigated the pore-network connectivity of
the herein presented arctic pasture soils and concluded that the pasture soils showed only
little to no soil-structure development, which is in accordance with the low Ω-values
found in this study.
The forest soils showed H-values similar to the arctic pasture soils. However, the
Ω-values of the forest top-soil were consistently higher compared to the pasture soils,
mainly due to the low diffusivity compared to the high air permeability of this organic
matter-dominated soil. High ε throughout the complete moisture range promoted ka of
the forest top-soil, although Dp/Do was impeded by the pore-tortuosity presumably
created by the high organic matter content (Iiyama and Hasegawa, 2005; Hamamoto
et al., 2012). Although the organic matter of the forest soils had not been characterized,
it is plausible that it consisted of relatively large amounts of non-decomposed organic
matter fragments and a relatively dense root zone. The Greenlandic pasture soils likely
exhibited similar characteristics (especially SI-1, SI-2, and SI-3, Pesch et al., 2020), which
might be the reason for the similarities between the pasture and forest soils in terms of ρb

- ε dynamics.
As expected, the samples from Skellingsted, consisting of an artificially compacted,
industrial sand cover-layer with low OC, showed H-values in the same order of magnitude
as the theoretical sand and the Jyndevad soil. The Hjorring sub-soil samples showed a
distinct evolution of H. The high stress at the deeper soil layers caused by the overlying
soil probably resulted in a homogeneous pore-size distribution dominated by small pores
(Dϕ ≤ 6 µm) and a shift of high H-values towards smaller pore-sizes (higher pF).
Moldrup et al. (2000a) reported silt-lenses within the soil profile, which most likely had a
notable but unspecified effect on the relation between ρb and ε. The urban soils showed
both relatively low Ω-values, similar to the sandy Jyndevad and Tylstrup soils.

3.3 Two-dimensional, modeled response surface for soil air-filled porosity

3.3.1 Application of the A-model

As shown in the first part of this study, ρb could explain the intra-field variation of ε to a
large extent, especially at dry soil-conditions. We deployed the earlier introduced
A-model (Eq. (2)) to evaluate the within-filed variation of ε for varying moisture

19



Figure 8: Semi-logarithmic soil-air characteristic curve (SL-SAC). Fitted log-linear air-filled
porosity model (2) (A-model) to (a) samples from Silstrup, spanning the field’s complete ρb-range
to depict the within-field variation, and to (b) the within-field mean ε of three differently textured
soils to depict the across-field variation (error bars depict the standard deviation and are given
for one soil only).

conditions. The SL-SAC parameter determined on field-averaged ε were referred to as Ā,
to avoid confusion with the sample specific A.
The A-model was fitted to ε values measured at soil-water potentials varying between
pF 1.5 and pF 3.0, and the reference soil-matric potential was fixed at εref = ε(pF 2.7).
The choice of pFref = 2.7 was related to data availability; it was the lowest (most
negative) soil-water potential at which data was available for all the soils. In principle,
pFref did not necessarily need to be fixed at the highest pF to yield satisfactory
regression results. However, the goodness of fit improved markedly for pFref ≥ 2.
The A-model was applied to the measured ε of the same collection of samples from
Silstrup as in Fig. 5, covering the complete within-field ρb-range (Fig. 8a). As expected,
the effect of ρb on the sample-specific average ε (horizontal shift of the SL-SAC lines in
Fig. 8a) was distinct and also well explained by ρb, given the significant correlation
between ρb and ε(pF 2.7) of r = −.81∗∗∗ or the high explained variation by the linear
regression (H-model) given in Table S1 (Silstrup at pF 2.7, R2 = .88).
The performance of the A-model, fitted to the field-averaged ε of three differently
textured soils, is displayed in Fig. 8b. The corresponding field-averaged SL-SAC
parameters (Ā) and R2 are given in the plot area. The model represented the data of the
cultivated loamy to clayey soils fairly well (Silstrup and Voldbjerg), whereas the model
could not entirely capture the pronounced curvature of the sandy-loamy pasture soil
(Igaliku-2). The Ā of all the 14 soils varied between 0.064 (Voldbjerg) and 0.28
(South-Igaliku 2) and, while being inversely proportional to the gravimetric fines content,
a significant linear correlation between Ā and the texture uniformity index, TUI, could be
observed (r = .92∗∗∗). Due to the similarity of the A-model to well-known water-retention
models, the correlation of the parameter A with TUI was not surprising since other
studies found similar correlations between water-retention-model parameters and
soil-texture criteria (Clapp and Hornberger, 1978; Vereecken et al., 1989;
Pittaki-Chrysodonta et al., 2018).
The dependence of the field-averaged A-model parameter on basic soil properties was
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cultivated pasture urban/forest

Jyndevad South Igaliku-2 Skellingsted

Tylstrup South Igaliku-1 Hjorring
Estrup South Igaliku-3 Poulstrup (top)
Silstrup Igaliku-1 Poulstrup (sub)
Voldbjerg Igaliku-2

Figure 9: Prediction of the field-averaged SL-SAC parameter Ā by: (a) linear regression with
the texture uniformity index, TUI (fS/fines), and (b), including the land use index, LU, as
predictors; detailed statistics in Tab. 4; no texture data for Poulstrup (top).

Table 4: Results of the linear regressions to predict the field-averaged SL-SAC parameter Ā.
(7) with the texture uniformity index, TUI, as independent variable; (8) additionally including a
factor accounting for land use (LU†). n, number of observations included in the regression; R2

and R2
adj, ordinary and adjusted coefficient of determination, respectively; RMSE, root-mean-

square error; AICc, Akaike information criterion adjusted for small sample numbers; exponents
of regression coefficients depict the significance levels according to the rules given in the methods
section.

Model n R2/‡R2
adj RMSE AICc

(7) Fig.9a A = 0.073∗∗ + 0.024∗∗∗ · (TUI) 13 0.844 0.032 -49.83
(8) Fig.9b A = 0.061∗∗ + 0.017∗∗∗ · (TUI) 13 ‡0.955 0.016 -57.88

+ 0.071 · #pasture†

+0.036 · #urban†

+0.044 · #forest†

† LU is expressed explicitly, omitting the reference level #cultivated, as: #pasture takes the
value 1 if the land use is pasture and 0 if not, same for #urban and #forest.

evaluated via linear regressions, and it could be accurately predicted by a regression
including the texture uniformity parameter, TUI (Fig. 9a and Eq. (7)). However,
including a nominal categorical variable accounting for the land uses (LU:= {cultivated,
pasture, urban, forest}) increased the explained variation from 86% to 98% and the
model performance by more than 20% compared to the initial model (Fig. 9b and Eq. (8)).
The analysis of variance of the regression model (Eq. (8)) showed that the categorical
variable was significant at the 1% significance level (LU: p(> F ) = .003). Significant
collinearity among the predictors could be safely rejected because of the invertibility of
the predictor matrix. The effect of the land use on the marginal means of the
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LU-grouped A compared to the reference level given by the mean A of the cultivated soils
was given explicitly in the model function Eq. (8) in Table 4 (regression coefficients
associated with the levels of the categorical factor).
The outcome of the multiple linear regressions revealed that the variation of the
across-field Ā was explained by the LU factor at a precision-level, which could not be
achieved by ρb and TUI alone (not significant ρb, if included in the regression, not shown),
indicating that the LU-factor incorporated information which was not captured by the
continuous independent variables.
From the linear regressions established in the first part of the study, ε could be accurately
predicted from ρb, so that, it was possible to predict the complete soil-air characteristic
curve for any ρb by combining the H- and A-models.

3.3.2 Modeled response surface (MRS)

Table 5: Fitted and estimated values to compute the response plane in Fig. 10 from the A-model
(to estimate A) in combination with the H-model (to estimate εref ). The measured (fitted)
variables (εref and Ā, both field-averages) are given as reference. The error of the estimated ε
using the MRS-model compared to the measured ε at three ρb-levels is given by the RMSE.
Site H εref Ā RMSE(ε)

fitted measured f(H, ρ̃b) fitted f(TUI, LU) low ρb median ρb high ρb

Igaliku-2 0.336 0.302 0.304 0.180 0.179 0.021 0.023 0.015
Silstrup 0.458 0.157 0.154 0.068 0.077 0.011 0.010 0.013

The expression for εref in the A-model (Eq. (2), reference fixed at pF 2.7)) was
substituted by the H-model (Eq. (1)), which permitted the generation of a modeled
response surface (MRS, Eq. (3)). The SL-SAC parameter A was estimated from the linear
model (Eq. (8)) with field-average TUI and LU as predictors.
The estimated ε for simulated ρb, spanning the soils ρb-range and from wet to dry soil
conditions for Igaliku-2 and Silstrup, are shown in Fig. 10. Negative outputs were set to
null. The fitted and estimated parameter inputs are given in Table 5; the relevant H were
obtained from Table S1 (H(pF 2.7) for Igaliku-2 and Silstrup, respectively).
The A-model, in combination with the H-model, could thus accurately predict the ε for
samples exhibiting a wide ρb-range for wet to dry conditions. To be able to predict the
air-characteristic curve completely from texture and land use, a prediction model for the
parameter H would be needed. It can be shown that H can be very accurately predicted
from the gravimetric OC and fine sand (De < 200 µm) contents, along with the LU factor
(R2

adj = .94, not shown).
However, the nominal land-use variable, LU, differentiated not only between the different
land uses but also between the climatic regions (arctic and temperate) and most likely
included hidden components that influenced the ε evolution during drainage.
Additionally, the sample sizes between the different land-use groups differed to such an
extent that a reliable, unbiased prediction model could not be established. In order to
avoid a gray-box and heavily biased model, it was preferred not to elaborate further on
the prediction model at this time.
The concept map given in Fig. 10a elucidates the relations between the different controls
(texture, compaction, and land use) and the resulting soil structure fingerprints and final
response surface for ε. Organic matter was not used as a control parameter; however,
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TUI = fS/fines
Eq. (6)

Texture
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Eq. (1)
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Eq. (4)
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ε(pF)
Eq. (2)

Response surface
ε(ρb, pF)
Eq. (3), Fig. 9 (a) & (b)

εref

TUI: texture uniformity index; ρb: dry bulk density; LU: land use categories

(a)

Figure 9: Estimated ε for varying ρb and pF. Symbols: measured ε corresponding to lowest
( ), median ( ) and highest ( ) ρb of (a) Igaliku-2 and (b) Silstrup. Plane: estimated ε from
A-model (2) in combination with the H-model (1) for simulated ρb spanning the ρb-range of
the two selected fields. Model parameters and relative error (RMSE) are given in Table 5.
(c) Relational concept map elucidating the connections between soil state variables (texture,
compaction, and land use), the deployed models, and the resulting descriptive entities.

conditions for Igaliku-2 and Silstrup, are shown in Fig. 9. Negative outputs were set to515

null. The fitted and estimated parameter inputs are given in Table 5; the relevant H were516

obtained from Table ?? (H(pF 2.7) for Igaliku-2 and Silstrup, respectively).517
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Figure 10: (a) Relational concept map elucidating the connections between soil state variables
(texture, compaction, and land use), the deployed models, and the resulting descriptive entities.
Estimated ε for varying ρb and pF. Symbols: measured ε corresponding to lowest ( ), median
( ) and highest ( ) ρb of (b) Igaliku-2 and (c) Silstrup. Plane: estimated ε from A-model (2) in
combination with the H-model (1) for simulated ρb spanning the ρb-range of the two selected
fields. Model parameters and relative error (RMSE) are given in Table 5.

from Fig. 2, it was apparent that OC was strongly connected to TUI and ρb. Furthermore,
many studies have shown that the quantity and quality of the organic matter fractions
are ultimately controlled by land use (Parfitt et al., 1997; Leifeld and Kögel-Knabner,
2005; Yeasmin et al., 2020) and, also, have a distinct effect on the air-phase functions
(Resurreccion et al., 2007). Especially in regard to climate and potential land-use changes
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at high latitudes, the effect on the organic matter pools and subsequent changes in soil
structure and related soil-functional parameters and gas-exchange processes may
eventually be modeled and simulated by the combination of the presented soil-structure
fingerprints (Ω(pF) and H(pF)) and simple ε-response surface via the
connectivity-tortuosity factor X, which, in turn, was shown to be correlated to ρb (Fig. 4).

4 Conclusion

From comprehensive soil physical data measured at different moisture conditions on 14
different soils representing four different land uses, two climatic zones, and a wide range
of soil texture and bulk density (ρb), we conclude:

1. Bulk density (ρb) was strongly and non-linearly related to organic matter (OC)
across the fields, but only weakly within the fields for some of the South
Greenlandic pastures. The ratio of fine sand to fines, referred to as the texture
uniformity index (TUI), exhibited different relations with OC across the land uses
and climate zones.

2. The connectivity-tortuosity parameter, X, was significantly negatively correlated to
ρb, whereas, on the other hand, the soil-structure index, Ω, was significantly
negatively correlated to the TUI. For the herein used soils, no signs of structure
development were observed for the pasture soils.

3. The simultaneous display of the soil-water retention curve (WRC, volumetric water
content, θ) along with the soil-air characteristic curve (SAC, air-filled porosity, ε)
revealed that the SAC varied significantly for varying levels of compaction, whereas
the WRC varied only marginally. The air-phase functions (relative diffusivity and
air permeability, Dp/Do and ka, respectively) showed relatively large variations
along the ρb-gradient, mainly due to the considerable effect of ρb on ε, and hence on
the available void-space for gaseous exchanges.

4. The air-filled porosity (ε) of the different soils exhibited distinct linear dependencies
on ρb at changing moisture conditions. The slopes, H, of these linear dependencies
(H-model) showed different magnitudes for contrasting soil-types and land uses.
The H-parameter, interpreted as a measure of the sensitivity of ε to changes in ρb,
revealed that the ε at each pF of the subarctic pasture soils were less sensitive to
changes in ρb than similarly textured cultivated soils.

5. The soil-structure index, Ω, calculated as the ratio of ka to Dp/Do for each
soil-water potential level, enabled to differentiate between the textures of the
cultivated soils. The pasture soils, on the other hand, did not show signs of a
developed soil structure.

6. The semi-logarithmic soil-air characteristic curve could be reasonably well described
by the developed A-model (2 parameters: A and εref ). For the herein used soils,
the model parameter, A, could be accurately predicted by the TUI and a factor
accounting for environmental properties, including land use, achieving a coefficient
of determination of R2 = .95.
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7. The combination of the H-model (to estimate εref ) and the A-model (to simulate
the response of ε to changes in pF) was successfully applied to model a response
surface of ε as a function of ρb and pF (MRS).

The dry bulk density, ρb, turned out to be the chief parameter explaining the within-field
variation of ε, and thus, to a large extent, also the levels of air-exchange processes within
a field. On the contrary, the across-field variation was better explained by texture
together with a categorical factor accounting for environment-specific properties
(including land use and management). The effect size of ρb on the field-averaged ε was
statistically less significant than texture and environmental factors.
In perspective and towards actual use, the MRS-concept should be further tested,
validated against independent data, and extended to include non-linear ε-pF models. The
combined controls of soil compaction (density), type (texture), and environmental factors,
including land-use, on the three air-phase parameters (ε, Dp/Do, and ka) will be a key to
predict future changes in soil ecosystem services.
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