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A B S T R A C T

The soil-gas diffusivity (ratio of gas diffusion coefficients in soil and pure air), Dp/D0, controls the mobility of 
gases in variably saturated soils, including aeration, emission and uptake of greenhouse gases. Previous soil-gas 
diffusivity studies have focused on lower-organic soils. Here, Dp/D0 was measured on intact soil cores at six 
different soil-water matric potentials between -30 and -1000 cm H2O (pF between 1.5 to 3) on 127 Danish peat 
top soils (12-52% SOC). The SOC level was not found to be main control of Dp/D0 for peat soils. Dp/D0 versus 
soil-air content (ε) curves varied as much within a narrow SOC interval (e.g., 30-36% SOC) as for the whole 
range. In contrast to previous observations for lower-organic soils, it was found that at each pF level, Dp/D0 
increased linearly with ε, the slope, the Penman pore continuity index P, increased linearly with pF. Previous Dp/ 
D0 models developed for lower-organic soils (typically < 4% SOC) failed to describe Dp/D0 for peat soils. A soil- 
water characteristic curve-dependent model (Buckingham-Burdine-Campbell, BBC) well predicted Dp/D0 for peat 
soils. A modified WLR model with inputs of actual and effective air-filled porosity (ε*, taken as ε around pF3) was 
developed. The BBC and modified WLR models were successfully validated against independent data for high- 
organic soils representing different climate zones and organic matter quality. This work provides a better un
derstanding of and models for gas diffusion in high-organic soils, setting a platform for including soil-air phase 
properties when evaluating soil functions, security, and capital.

1. Introduction

Soil provides a large number of ecosystem services ranging from food 
production to climate mitigation (Adhikari and Hartemink, 2016; Chirol 
et al., 2025). The main soil ecosystem service has been food production 
which has also been one of the main topics of soil research (Pozza and 
Field, 2020). Soil and food security are linked as 95% of the global 
food supply is estimated to depend on sustainable soil management 
practices (Pozza and Field, 2020).

As the impacts of climate change become increasingly evident, the 
recognition of the soil’s role in climate mitigation has likewise 
increased. Soil organic carbon (SOC) represents the largest terrestrial 
carbon pool. Peatland soils play a significant part in the global carbon 

cycle, as they account for one-fifth of the total global SOC (Friedlingstein 
et al., 2022; Leifeld et al., 2019). This leaves the potential for a large 
amount of SOC being emitted from peat soils as carbon dioxide (Leifeld 
et al., 2019). Methane is the second most important greenhouse gas 
(GHG) after carbon dioxide (Saunois et al., 2020). It is estimated that 
approximately 30% of all global methane emissions can be attributed to 
peat and wetland areas (Kirschke et al., 2013). The emissions of GHG 
from peat soils are closely related to transport, or the lack thereof, in the 
soil pore space, as many of the gas-forming processes are governed by 
the availability of oxygen (Bridgham et al., 2013).

Soil gas diffusion plays a crucial role in transporting greenhouse 
gases such as methane through the soil (Kruse et al., 1996) and in the 
transport of oxygen to enable the growth of plant roots and bacterial 
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communities (Rolston and Moldrup, 2002). Gas diffusion has long been 
considered the primary transport mechanism in the soil-air phase 
(Moldrup et al., 2013; Rolston and Moldrup, 2012). The soil gas diffu
sion is typically described by the normalized gas diffusivity (Dp/D0), 
which describes the ratio between the gas diffusion coefficient in the soil 
and the gas diffusion coefficient in free air for the specific gas. The gas 
diffusivity is normalized so it is applicable for all gases.

Gas diffusion is governed by the tortuosity and connectivity of the 
air-filled pore-space (Chamindu, T. K. K. et al., 2011; Moldrup et al., 
2013). Models for gas diffusivity in soils have mainly been developed 
for (Chamindu, T. K. K. et al., 2011; Moldrup et al., 2013)miner
al-dominated agricultural soils; however, newer studies suggest that 
these models are not able to accurately describe the gas diffusivity of 
different habitat types (Kiuru et al., 2022; Maier and Lang, 2019). 
Traditional models did not accurately describe the gas diffusivity in high 
organic Finnish peat soils (Kiuru et al., 2022) and the study by Maier and 
Lang (2019) on forest soils suggests that traditional models do not 
capture the diversity found in habitats dominated by plant material in 
different stages of degradation. The two studies suggest that the effects 
of SOC in high organic soils call for different modelling approaches, and 
it seems that traditional models are not scalable to include high organic 
soils.

Likewise, others have found that there exists a threshold for which a 
soil (mixture of components) behaves like the pure form of its major 
constituent, e.g. Zhu et al. (2019) and Yin et al. (2021). Hence, 
increasing the concentration of the constituent in question beyond that 
threshold does not necessarily alter the soil function in question, how
ever, that is to be further explored. The influence of SOC and habitat 
type are relevant factors to include when considering which gas diffu
sivity models should be used, as traditional models did not show a 
satisfying prediction ability. This suggests that simply using a “one size 
fits all” approach will not provide a good basis for soil gas diffusivity.

1.1. Objectives

We hypothesize that high organic soils will have different Dp/D0 
controls and behavior compared to more mineral soils. The hypothesis 
was tested through four main objectives: 

(1) Present soil-gas diffusivity (Dp/D0) measurements at different 
suction levels (pF) on intact soil cores from peat top soils across 
Denmark.

(2) Investigate the main physical controls of Dp/D0 in peat soils.
(3) Evaluate if present Dp/D0 models typically developed for lower- 

organic soils are realistic and accurate for peat soils and 
develop a simple, accurate model for high-organic soils.

(4) Preliminary validate the new gas diffusivity model against inde
pendent data and discuss the importance of including soil air 
phase properties when evaluating soil functions, security, and 
capital.

2. Materials and methods

2.1. Soils

This study includes soil samples collected across a total of 127 low
land and peatland agricultural areas in Denmark from 2021-2023, Fig. 1. 
For the purpose of testing the hypothesis, only high organic soils with 
SOC > 12% were included in this study. In this study, high organic soils 
are defined as SOC > 12%, while low organic mineral soils are defined as 
SOC < 12%. At each site, 3-4 undisturbed soil cores (100 cm3, 6.1 cm 
inner diameter, 3.4 cm height) were collected at 0-20 cm depth together 
with a bulk soil sample. Prior to sample collection, vegetation and litter 
were removed from an area of approximately 1 m2, and all samples were 
collected within this area as described in Danielsen et al. (2025).

The soil cores were stored at 2◦C between collection and further 

analysis.

2.2. Measurements

2.2.1. Bulk soil
Before the measurements were carried out, the bulk soil samples 

were air-dried, crushed, and sieved to <2 mm. Total carbon (TC) was 
measured by dry combustion using a Vario MAX cube (Elementar Ana
lysensysteme AG). In the presence of carbonates these were corrected for 
to obtain SOC.

Particle density was determined by the water displacement method 
as described by (Flint and Flint, 2002).

2.2.2. Undisturbed soil cores
The intact soil cores were saturated from below in a tension table and 

subsequently drained to soil-water matric potentials of -30, -50, and 
-100 cm H2O; for more negative matric potentials (-300, -500, and -1000 
cm H2O), a Richards pressure plate apparatus was used.

At each drainage step, the gas diffusion coefficient of the intact soil 
cores was measured using oxygen as the tracer gas. The measurements 
followed the one-chamber, steady-state method (Rolston and Moldrup, 
2002), using the device as presented in Schjønning et al. (2013). The 
relative diffusivity was obtained by dividing the oxygen diffusion coef
ficient of the soil (Dp) by the oxygen diffusion coefficient in free air (D0, 
set to 0.205 cm2 s-1 following Schjønning et al. (2013)).

After the last measurement at -1000 cm H2O, the dry bilk density (ρb, 
g/cm³) of the soil cores were determined after oven-drying them at 
105◦C for 24 hours.

The total porosity of the soil cores (Φ, cm3 cm-3) was calculated from 
the measured particle density and bulk densities.

2.2.3. Soil water characteristics
The Campbell (1974) water retention model was used to describe the 

soil water characteristics of the peat soils. The model (Eq. [1]) was fitted 
to the measured soil water retention data between pF 1.5 and 3. 

Fig. 1. Map of the investigated 127 peat soil locations across Denmark. The 
three different colors represent three ranges of soil organic carbon (SOC) con
tent: <30 % SOC (yellow), N=67), 30-36% SOC (red, N=29), and >36% SOC 
(blue, N=35).
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Ψ = Ψe

(
Θ
Θs

)− b

(1) 

where Ψe is the air entry potential (in cm H2O), ϴs is the water content at 
saturation (in cm3 cm-3) and set equal to Φ; b can be interpreted as the 
soil pore-size distribution index (Moldrup et al., 2001). Both Ψe and b 
are fitting parameters.

An overview of the measured and calculated soil characteristics is 
shown in Table 1, where the average value for each SOC interval is 
shown as well as an overall average for the entire dataset. The dataset 
represents a large variation for all the characteristics considered in this 
study.

2.3. Gas diffusivity models

In this study we compare the measured gas diffusivities against 
commonly used models for gas diffusivity. The models vary in 
complexity and input parameters from the simplest ε-based models 
((Buckingham, 1904; Penman, 1940)) to the most complex model 
(Buckingham-Burdine-Campbell by Moldrup et al. (1999)) which re
quires knowledge of the entire water retention curve.

Buckingham (1904) suggested, 

Dp
D0

= P εX (2) 

where ε is air-filled porosity, also called soil air content (cm3 soil air/cm3 

soil), and P and X are fitting constants. Buckingham (1904) recom
mended P = 1 and X = 2 based on a few measurements. The measured 
relative diffusivities were fitted to the Buckingham (1904) diffusivity 
model (Eq. [2]) to infer the tortuosity of the pore space by the fitting 
parameters P and X assumed as 1. Numerous versions of Eq. [2] have 
later been proposed, including P = 1 and X = 2.5 considered by both Ball 
(1981) and Currie (1960), which Weber et al. (2020) also suggested for 
organic, Greenlandic soils.

Penman (1940) suggested a variable P and the simplified version of 
the Buckingham model 

Dp
D0

= Pε (3) 

Penman (1940) furthermore set P = 0.66 (corresponding to Eq. [2] 
with P = 0.66 and X = 1). Most studies (e.g. Chamindu et al. (2015); 
Petersen et al. (1994)) have found the Penman model to overestimate 
Dp/D0 for variably saturated soils but found it highly accurate for dry 
(void of water) soil conditions. Previous studies, such as Rust et al. 
(1957) and Anderson et al. (2000), have suggested alternative Penman 
P-values with some success, and as such, in the present study on intact 
peatland soils, we will consider Penman P as a fitting parameter.

Millington and Quirk (1961) suggested the addition of total porosity 
(Φ). 

Dp
D0

=
ε

10
3

Φ2 (4) 

Millington and Quirk (1961) have been tested for peat soils by Kiuru 
et al. (2022) who found that the model relatively accurately described 
Dp/D0 in top soils but not in sub soils.

Moldrup et al. (2000a) used the Penman (1940) model [Eq. 3] as a 
platform (as a reference-point model at dry conditions) to develop the 
so-called Water-induced Linear Reduction model (WLR-Penman), 

Dp
D0

= PεX ε
Φ

(5) 

They used the combination of the WLR concept and the Penman gas 
diffusivity model (for dry soils) and thereby suggested P=0.66 and X=1. 
This combination of parameters was found to perform accurately by 
Moldrup et al. (2000a) for sieved, repacked soils.

Moldrup et al. (2000b) proposed the Macro Porosity Dependent 
(MPD) model. 

Dp
D0

= 2ε3 + 0.04ε (6) 

They found this model accurately described (R2=0.97) the rela
tionship between Dp/D0 and air-filled porosity for a wide range of 
mineral soils at pF 2. Kiuru et al. (2022) found that the model relatively 
accurately described Dp/D0 at pF 2 for peat in both top soils and sub 
soils.

Chamindu et al. (2011) developed the today frequently used 
Generalized Density Corrected (GDC) model for predicting gas diffu
sivity in undisturbed, variably saturated soils, from the previous Density 
Corrected (DC) and SWC-dependent Dp model by Chamindu et al. (2011)
and Moldrup et al. (2000b). The GDC model also includes both air-filled 
porosity and total porosity (Φ) in the prediction of Dp/D0. 

Dp
D0

= 0.5Φ ε
Φ

2+1.38Φ
(7) 

Like Moldrup et al. (2000b), this study also considered Dp/D0 
behavior at individual pF values.

Moldrup et al. (1999) combined the Buckingham expression with the 
Campbell pore size distribution model and the Burdine capillary tube 
model to develop the Buckingham-Burdine-Campbell (BBC) model. 

Dp
D0

= Φ2 ε
Φ

2+3b
(8) 

In this model, the pore-size distribution is accounted for by incor
porating the Campbell b parameter.

This study further expands the WLR-Penman model by introducing 
the air-filled porosity at pF 3 (- 1000 cm H2O) instead of the total 
porosity, leading to Eq. [9]. 

Dp
D0

= Pε ε
ε∗ (9) 

Table 1 
Table overview of relevant soil parameters included in this study; Soil organic carbon content (SOC), bulk density (BD), particle density (PD), total porosity (Φ), air- 
filled porosity at pF3 (ε*), Campbell b and Buckingham X.

SOC interval [%] Locations (N) SOC 
[%]

BD [g/cm3] PD [g/cm3] Φ 
[cm3/cm3]

ε* [cm3/cm3] Campbell b Buckingham X

12-18% 22 15.13 0.72 2.28 0.72 0.30 9.24 2.27
18-24% 21 20.71 0.49 2.16 0.77 0.34 8.90 2.48
24-30% 20 26.99 0.47 2.02 0.77 0.29 10.95 2.43
30-36% 29 33.13 0.38 1.92 0.81 0.34 9.44 2.79
36-42% 14 39.46 0.32 1.79 0.82 0.33 9.20 2.35
>42 % 21 45.96 0.28 1.69 0.83 0.35 8.41 2.86
Total 127 ​ ​ ​ ​ ​ ​ ​
Range ​ 12.56-52.06 0.09-1.19 1.54-2.57 0.51-0.95 0.10-0.68 3.47-23.75 ​
Average ​ 29.81 0.43 1.99 0.79 0.33 9.37 2.53
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where ε* serves as an anchor point following Pittaki-Chrysodonta et al. 
(2018) for the Campbell water retention function.

2.4. Statistical methods

To compare the model performance, three statistical measures were 
chosen: Root Mean Squared Error (RMSE), Nash-Sutcliffe model effi
ciency (NSE), and Akaike’s Information Criterion (AIC). These statistical 
measures were chosen based on their ability to complement each other 
and accurately describe the different gas diffusivity models used in this 
study.

The RMSE provides an average prediction uncertainty of the model 
in question and can be used as a measure of accuracy (Hyndman and 
Koehler, 2006). 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(Mi − Oi)

2

√

(10) 

where M is the model prediction, O is the observed measurement, and n 
is the number of observations. The RMSE is scale-dependent and, as 
such, does not allow for comparison between different datasets. In this 
study, the RMSE is used to compare different models applied to the same 
dataset.

In contrast to the RMSE, the NSE performance measure is an absolute 
value of model performance (Nash and Sutcliffe, 1970). 

NSE = 1 −

∑n
i=1(Mi − Oi)

2

∑n
i=1(Oi − O)2 (11) 

where M is the model prediction, O is the observed measurement, and n 
is the number of observations. The NSE punishes systematic model bias, 
as it evaluates the model performance against the bisector line (Nash 
and Sutcliffe, 1970). As the NSE gives an absolute value of model per
formance, it can be evaluated across datasets, with NSE=1 being a 
perfect match, NSE=0 means that the model predictions are as accurate 
as the mean of observations, and NSE<0 means that using the mean of 
observations will provide a better predictor than the evaluated model 
(Nash and Sutcliffe, 1970).

However, as neither of the previous performance measures takes 
model complexity into account, the AIC is included as a performance 
metric. The AIC incorporates the number of model parameters, recog
nizing that more complex models with additional parameters often yield 
a better fit due to overfitting from an increased number of degrees of 
model freedom. Because the models tested in this study differ in their 
number of model parameters, considering model complexity by the AIC 
is essential for identifying the best model. 

AIC = n
{

ln(2π)+ ln
[∑n

i=1(Mi − Oi)

n − k

]

+ 1
}

+ k (12) 

where M is the model prediction, O is the observed measurement, k is the 
number of model parameters, and n is the number of observations.

Variations of this combination of performance measures have pre
viously been used in studies within the soil-porosity phase, such as 
Moldrup et al. (2004) and Nielsen et al. (2018).

3. Results and discussion

The dataset in this study is unique because of the large variations in 
soil organic carbon content, bulk density, particle density, and air-filled 
porosity at pF 3. The bulk density of the samples varied between 0.09 
and 1.19 g/cm3, directly influencing the total porosities (from 0.51 to 
0.95 cm3/cm3). Particle density was seen to decrease with increasing 
SOC content (Ruehlmann, 2020).

3.1. SOC-dependence of soil-air properties

Previous studies on mineral soils, e.g. Moldrup et al. (2013), have 
suggested that the basic soil-water and soil-air properties of a soil should 
be influenced by the SOC content. As shown in Fig. 2, this is not as clear 
for the peatland soils in this study. Fig. 2 (A) shows retention curves for 
three selected samples from different locations, all with SOC ~ 35 %, 
and Fig. 2 (B) shows the linearized soil-water retention curve for the 
same three samples fitted to the Campbell (1974) soil-water retention 
model. Despite the three samples having similar SOC contents at around 
35% (34.63%, 35.03% and 35.62%), the samples show very different 
water retention characteristics and thus different Campbell b values 
(4.61, 7.49 and 28.03). The difference between the three soils is to be 
found in the porosities and bulk density, as these vary noticeably be
tween the three samples (BD =0.18-0.45 g/cm3, ε*= 0.134-0.690 
cm3/cm3). Similar SOC contents can exist in widely different soil 
structures and as thus widely different transport properties. This in
dicates that a more descriptive parameter is needed. Examining the 
relationship between the ε* and the Campbell b values, Fig. 2(C) also 
shows that the retention parameter (Campbell b) seems linearly 
dependent on the inverse of ε*.

The absence of a SOC-dependent pattern is also evident in Fig. 3(A). 
Although gas diffusivity is plotted against soil-air content and grouped 
by SOC, no consistent trend appears, suggesting that SOC has little in
fluence on Dp/D0 in this dataset. In contrast, when the dataset is grouped 
by moisture conditions (matric potential; Fig. 3 (B)), distinct patterns 
emerge, indicating that moisture has a stronger influence on Dp/D0 than 
SOC.

3.2. SOC-dependence in Buckingham tortuosity-connectivity parameter

The dataset in Fig. 3(A–B) can be framed/bounded by Buckingham 
tortuosity–connectivity parameter X (Eq. [3], using P=1). Buckingham 
X ranges from 1.5 to 6 which indicates substantial variation in tortu
osity, connectivity, and constrictions in the pore network of the samples 
in this study. Marshall (1959) suggested X=1.5 for mineral soils, which 
is also the lower boundary for all Dp/D0 measurements in this study. 
Furthermore, Moldrup et al. (2013) found X=1.5 to well describe gas 
diffusivity in relatively structureless soils, which suggests a higher de
gree of complexity in the pore network of the peat soils compared to 
mineral soils.

The best fit for the complete dataset in this study was X = 2.53 
(RMSE = 0.027), which was close to the X value found by Weber et al. 
(2020) (X = 2.5) for Greenlandic soils (SOC=0.16-10.5%), indicating 
some similarities in terms of pore-network tortuosity and connectivity 
between the Danish and Greenlandic soils. This suggests that the high 
SOC shares some similarity between Danish peat and the highly sandy 
Greenlandic soils, as both are likely saturated with SOC (Dexter et al., 
2008). Looking at single samples with comparable SOC (around 35 % 
SOC) introduced in Fig. 2 (A-B), it is clear that the SOC content does not 
determine the gas diffusivity for the same three samples in Fig. 3 (C). 
The three samples display almost as wide a range of Buckingham 
X-values as the entire dataset when Buckingham X is fitted to the sam
ples individually.

Comparing the relationship between the gas diffusivity and the soil- 
air content for the peat soils to the threshold value for reaeration set by 
Schjønning et al. (2007) (Dp/D0 =0.02), it also becomes clear that there 
is no influence of SOC in Fig. 3 (A). Both soils from the highest interval 
(>36% SOC) and the lowest interval (12-30% SOC) are found below the 
aeration limit.

3.3. Gas diffusivity dependence of soil-air content

Fig. 4 shows Dp/D0 versus ε for the peat soils at 6 different matric 
potentials, confirming lower transport, higher tortuosity, and more 
linear behavior than for mineral soils. This becomes apparent when 
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comparing the data to the non-linear Buckingham model (Dp/D0 =ε2), 
which is often found to be suitable for dry mineral soils (Currie, 1960; 
Moldrup et al., 1999). Both the best fit for the Penman pore continuity 
index (P) and the linearity is found to increase (higher R2) with matric 
potential (pF). This suggests that the peat soils have a different Dp/D0 
behavior than seen in mineral soils, which is previously shown to follow 
the exponential Buckingham (1904) model and behave less linearly with 
ε as they dry (Currie, 1960; Moldrup et al., 1999).

The strongest linearity between gas diffusivity and the soil-air con
tent and the highest value of Penman P are seen at pF 3, where the 
Penman P is fitted at 0.25, which is notably lower than previous mineral- 
based studies such as Anderson et al. (2000), suggesting P=0.5, and the 
original Penman (1940) model, suggesting P=0.66. The peat soils are 
presumed to be well drained at pF 3, as pores greater than 30 micro
metres have drained; thus, it is presumed that the gas diffusivity is 
mostly limited by soil structure and can be compared to similar studies 
on dry mineral soils (Schjønning, 1992).

The progression through Fig. 4 also shows that the peat soils need a 
higher suction level for the pores to be open for gas transport. Field 
capacity is typically seen at around or below pF 2 for mineral soil 
(depending on area), whereas the peat soils are still mostly beneath the 
limit for adequate aeration (Dp/D0 =0.02, (Schjønning et al., 2007)) at 
pF 2 and are only mostly open at pF 2.5. This is vital to understanding 
the role of peat soils from both a climate and food production perspec
tive. Peat soils need drier conditions to allow reaeration, limiting the gas 
exchange. Thereby, the production of climate gases, but also the oxygen 
for plant roots can be limited in peat soils as a result of the limited gas 
exchange (Kruse et al., 1996).

The increasing linearity in the Dp/D0 vs. ε relationship with 
increasing matric potential is not unique to the Danish peat soils in this 
study. Compared to Finnish peat soils from Kiuru et al. (2022), the same 
tendency is observed as seen in Fig. 5 (A), where the Penman P is shown 
as a function of the matric potential for the P-values found in Fig. 4 (A-F) 
and P-values from Kiuru et al. (2022). The best linearity is seen at pF 3; 
however, as is shown in Fig. 5 (B), a satisfying goodness of fit (R2-value) 
is reached at pF 2.7. The R2 values from Fig. 4 (A-F) are compared to the 
suction level (pF), and a decrease in the slope is seen between pF 2.7 and 
pF 3 compared to the additional pF values. This suggests that a func
tional Penman P could potentially be even lower than the P=0.25 sug
gested in this study, and thus even further from the typically proposed P 
values (Anderson et al., 2000; Penman, 1940; Rust et al., 1957).

3.4. Bimodal pore-network impact

Fig. 6 (A-D) compares four gas diffusivity models; the original 
Penman (1940) [Eq. 3], the mineral-soil developed GDC model [Eq. 7], 
the retention-based BBC model [Eq. 8], and the effective porosity (ε*) 
dependent WLR model. Table 2 shows an overview of model perfor
mance for a wider selection of Dp/D0 models.

Overall, the two models that best described Dp/D0 data were the 
pore-size distribution dependent BBC model (Fig. 6 (C)) and the new ε* 
dependent WLR model (Fig. 6 (D)), with ε* taken as the air-filled 
porosity at pF 3 or pF 2.7. The good performance of the ε* dependent 
model can be explained as follows. For a given ε value below ε*, the 
volumetric water content situated within the diffusion-relevant porosity 
simply equals ε*-ε. This volumetric water content will, for a given ε 

Fig. 2. Examples of variations in soil-water characteristics, (A) Soil-water retention curves for three peat soil samples with almost identical soil organic carbon (SOC) 
content at 34.63% (green), 35.03% (blue), and 35.62% (orange). The effective porosity (ε*) is the difference between total porosity and water content at pF 3. (B) 
Linearized water retention curves and determination of the Campbell (1974) pore-size distribution index (Campbell b), and (C) the relation between Campbell b and 
inverse of the effective porosity e* for all peat soil samples.

Fig. 3. Overview of soil-gas diffusivity (Dp/D0) data. (A) Dp/D0 versus soil-air content (ε) for the three different SOC classes as shown in Fig. 1, (B) Dp/D0 versus ε for 
three different soil moisture levels (wet: pF 1.5-1.7; moist: pF 2-2.5; and dry: pF 2.7-3), and (c) gas diffusivity curves (Dp/D0 = εX with X fitted to the measured data) 
for the same three soil samples shown in Fig. 2A-B (SOC = 34.63% (green), 35.03% (blue) and 35.62% (orange)). Also shown is the often-considered limit for 
adequate soil aeration, Dp/D0 = 0.02 (Schjønning et al., 2007), upper and lower limits of the Buckingham tortuosity-connectivity index (X = 1.5 and X=6.0, 
respectively), and the Weber et al. (2020) model for higher-organic soils (X = 2.5).
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value, increase with ε*. Due to the diffusion coefficient in water being 
approximately 10,000 times lower than in free air, even small water 
bridges at the bottle necks can effectively block the gas diffusion 
(Moldrup et al., 2007). Hereby, higher ε* should markedly reduce 
soil-gas diffusivity at any given ε value, as expressed by the ε/ε* term in 
the ε*-dependent WLR model. Recent and frequently used Dp/D0 
models, also taking into account such water blockage effects but linking 
them to total porosity (e.g., the WLR-Penman and GDC models (Fig. 6
(B)), failed to capture the measured level of Dp/D0 and shape of Dp/D0 
versus ε relations in these soils. The high performance of the ε* depen
dent WLR model for peat soils suggests peat is functionally characterized 
by a bimodal pore-network system with minimum water blockage of 
air-filled pore-networks occurring around pF 2.5 - 3 when pores > 3-10 
micrometers (macro- and mesopores) are drained. This supports 
pore-network analyses of peat soils by Hamamoto et al. (2016) and 
Rezanezhad et al. (2012) also suggesting bi-modal pore-networks.

The shown links and dependencies between Dp/D0 and the Campbell 
pore-size distribution index (BBC model) and the air and corresponding 

gas-phase blocking water contents at pF 3 (ε*-modified WLR model), as 
well as the observed near-perfect linear relation between the Penman 
pore connectivity index P and magnitude of soil-water potential (pF) all 
suggest that the soil-water retention curve and the pore size distribution 
controls the pore-network connectivity and tortuosity and thus Dp/D0 in 
multiple ways (including shape and volume content of certain pore 
classes).

3.5. Independent model test

Widely different values of Buckingham X for similar SOC contents 
were observed for the dataset, which leads to believe that not only the 
SOC content but also the state of degradation is relevant in under
standing the complexity of SOC influence. The state of degradation has 
the ability to change the soil matrix drastically within the same SOC 
content interval. For traditional peat soils with visible plant structure, a 
much more heterogeneous soil matrix is seen and as such a potential for 
a more tortuous pathway. Irregular shapes, platy structures, etc., can 

Fig. 4. Gas diffusivity (Dp/D0) versus soil-air content (ε) for each of the six suction (pF) levels. Also shown are the best fit of the Penman (1940) gas diffusivity model 
(dotted black line) and the best-fit values of the Penman pore continuity index (P) increasing with increasing pF values (from A to F). Additionally, the Buckingham 
(1904) gas diffusivity model (red dotted line) is normally representative for mineral (low-organic) soils.
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lead to very different tortuosity while still exhibiting similar total po
rosities. This leads to hypothesizing that using ε* as a reference instead 
of total porosity better reflects the available pore space for gas transport. 
Therefore, we performed a preliminary independent Dp/D0 model test 
for soils with different peat decomposition states, located in different 
countries and climate zones.

Fig. 7 shows the test for six different soils/datasets, applying the GDC 
model, the BBC model and the new ε* modified WLR model. The six 
soils/datasets represent different SOC levels, different compaction levels 
and different degrees of decomposition. Fig. 7 (A) and (B) shows mineral 
and non-peat (<12% SOC) soils from Greenland (Pesch et al., 2021) and 
Danish lowland soils from the same measuring campaigns as the peat 
soils used in this study. The three models well describe the gas diffusivity 
vs ε relation in the Greenlandic mineral soils, whereas the GDC model 
slightly underpredicts for the non-peat Danish soils. This trend is also 
seen for the Japanese peat soils in Fig. 7 (C) and (D) and for the Thai oil 
palm field soil in Fig. 7 (E) (Iiyama et al., 2012). This suggests that a total 
porosity-based model does not suffice to describe more organic soils, in 
agreement with Fig. 6 (B). The Japanese sub soils (Fig. 7 (D)) and the 
Finnish mor soils (Fig. 7 (F)) (Laurén and Mannerkoski, 2001; Laurén 
et al., 2000) demonstrate the effect of decomposition on the gas diffu
sivity. The two soils represent soils with less decomposition and more 
noticeable plant structures. Despite having similar physical properties to 
the other soils in Fig. 7, the gas diffusivity vs ε relationship is generally 
lower. The BBC model overpredicts for the two soils, while the GDC 

model underpredicts for the Japanese sub-soil but relatively well de
scribes the Finnish mor soils despite the soils being well outside the 
optimal SOC intervals for the GDC model. This may be contributed to a 
more plate-like structure of the less decomposed soils which creates a 
more tortuous pathway. Hereby, the pore network might resemble the 
pore structure of more mineral soils (Currie, 1960; Laurén et al., 2000).

The ε* modified WLR model fits well across all soils despite the soils 
displaying widely different physical characteristics from the Danish 
lowland peat soils for which it is developed. The model showed accurate 
against soils outside the intended SOC content (Fig. 7 (A) and (B)), peat 
soils from different climate zones (Fig. 7 (C), (D) and (E)), and a sparsely 
degraded forest soil (Fig. 7 (F)).

Due to very limited available data for gas diffusivity in intact, high 
organic soils at controlled pF conditions and with knowledge of the soil 
water characteristics curve, Fig. 7 only represents a preliminary model 
validation of the considered Dp/D0 models. However, as discussed by 
Page et al. (2011), global peatlands vary greatly in structure, composi
tion and physical characteristics, and thus, more in-depth validation is 
recommended when additional data becomes available.

3.6. Further exploration of the peat functional behavior

Both the BBC model and the ε* modified WLR model show a satis
factory prediction ability for peat soils for both the current dataset 
across Denmark (Fig. 6) and for the preliminary validations (Fig. 7). This 
allows for further exploration of the peat functional behavior.

Fig. 8 (A) and (B) shows the required air-filled capacity needed to 
reach reaeration at Dp/D0 =0.02 and limited aeration at Dp/D0 =0.005 
(Schjønning et al., 2007) as a function of air-filled porosity at pF 3, ε*, in 
the ε* modified WLR model (A) and the inverse Campbell pore-size 
distribution index, 1/b, in the BBC model (B). For both models, the 
required air-filled capacity needed for reaeration exceeds the normally 
set requirement of ε=0.10 cm3/cm3 suggested by da Silva et al. (1994).

The more realistic description of Dp/D0 as a function of ε for peat 
soils using soil-water characteristic based Dp/D0 models allows for more 
accurately predicting required ε-levels for sufficient soil aeration, of 
benefit for securing crop productivity and quality. It also allows for more 
accurately estimating soil greenhouse gas emissions/uptake, where 
many large-scale (up to global scale) standard simulation tools and 
studies still in general apply the Penman (1940) or Millington and Quirk 
(1961) type gas diffusivity models. Both model approaches have shown 
questionable accuracy for both mineral and high-organic soils (Moldrup 
et al. (2013); and present study).

Regarding greenhouse gasses Bridgham et al. (2013) and Kruse et al. 
(1996) have suggested that a precise description of Dp/D0 is essential to 
understand the production, emissions and uptake of methane. Kruse 
et al. (1996) showed that methane uptake (oxidation) in organic forest 
soil is dependent on oxygen penetration depth within the soil column 
and thus a well-connected pore-network. Fig. 8 (A) and (B) suggest that a 
much higher aeration threshold than 0.10 cm3/cm3 should be consid
ered when estimating air exchange in peat soils. The previous rule of 
thumb of 0.10 cm3/cm3 air-filled pore space is not necessarily enough to 
ensure adequately connected pore space for gas transport. This is highly 
relevant for global estimations of greenhouse gas budget, as the carbon 
stocks and unique retention properties of peat soils make them espe
cially valuable as a climate mitigator (Leifeld et al., 2019).

Fig. 8 (C) and (D) link pore-network tortuosity to the air-filled 
porosity at pF 3 and the inverse Campbell pore-size distribution and 
show that an increase in air-filled porosity at pF 3 and decrease in 
Campbell b (increase in inverse Campbell b) gives an increase in pore- 
network tortuosity. This is caused by a change in moisture conditions 
(water content in the meso- and macropore space) that causes more 
water bridging and higher tortuosity. The Campbell pore-size distribu
tion index, b, characterizes pore connectivity and as such all parameters 
linked to transport mechanisms in the soil-pore-space. A recent study by 
Mikštas et al. (2026) found the inverse Campbell pore-size distribution 

Fig. 5. (A) Penman pore continuity index (P) as a function of pF, following 
analyses in Fig. 4A-F, (B) R2 of linear fit between Dp/D0 and ε for the Penman 
model with different indices. Here shown as a function of pF, and (C) derived 

pore-network tortuosity, T =
̅̅̅̅
ε
Dp
D0

√
=

̅̅̅
1
P

√

as a function of pF.

L.W. Kristensen et al.                                                                                                                                                                                                                          Soil Security 24 (2026) 100249 

7 



to be the best predicter for weight-based soil basal respiration rate (BRR) which is an important indicator of potential CO2 production and 

Fig. 6. Scatter-plot performance of four selected gas diffusivity (Dp/D0) models: (A) Penman (1940) that is still frequently used across scales for evaluation of C and N 
dynamics in both normal and peat land soils, (B) the also frequently used Generalized Density Corrected (GDC) model developed for mineral (low-organic) soils, (c) 
the Buckingham-Burdine-Campbell (BBC) soil-water characteristic dependent model, and (D) the new ε*-modified Water-induced Linear Reduction (WLR) model. For 
further model tests and an overview of model performance statistics for the 127 peat soils, see Table 2.

Table 2 
Overview of model performance for the selected Dp/D0 models. RMSE: Root Mean Square Error; NSE: Nash-Sutcliffe model efficiency coefficient and AIC: Akaike’s 
Information Criterion.

Reference Model name Eq. no. Equation RMSE NSE AIC No. of variables (AIC)

Buckingham (1904)
Buckingham – original [2] Dp

D0
= ε2 0.042 -0.287 -2660 1

Weber et al. (2020)
Weber model [2] Dp

D0
= ε2.50 0.026 0.516 -3404 1

Penman (1940) Penman 1940
[3] Dp

D0
= 0.66ε 0.114 -8.499 -1139 1

Millington and Quirk (1961)
Millington and Quirk [4] Dp

D0
=

ε
10
3

Φ2

0.029 0.388 -3224 2

Moldrup et al., 2000a)
WLR Marshall [5] Dp

D0
= 0.66ε ε

Φ
0.027 0.442 -3295 2

Moldrup et al., 2000b)
Macro-porosity dependent model [6] Dp

D0
= 2ε3 + 0.04ε 0.047 -0.596 -2496 1

Chamindu et al. (2011)
Generalized Density-Corrected Model (GDC) [7]

Dp
D0

= 0.5Φ
( ε

Φ

)2+1.38Φ
0.036 0.086 -2918 2

Moldrup et al. (1999)
Buckingham-Burdine-Campbell model [8] Dp

D0
= Φ2

( ε
Φ

)2+3b 0.022 0.655 -3606 3

This study Effective porosity modifed WLR model [9]
Dp
D0

= 0.25ε ε
ε∗

0.015 0.847 -4280 2
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emission. The study also found a significant relation between 1/b and all 
scaling of BRR for Danish lowland soils also considered in this study and 
highlights the importance of pore-size distribution and gas diffusivity 
when considering transport and fate of greenhouse gasses in peat soils.

This study highlights the need to consider the gas-phase system as 
fundamental dimension within soil quality and value within the Soul 
Security Assessment Framework and when quantifying soil capital 
(Evangelista et al., 2024; Francos et al., 2024). The value of the 
gas-phase system extends beyond its direct influence on soil aeration; it 
governs the exchange of gases between soil and atmosphere and sup
ports biological and biogeochemical processes that sustenance 
ecosystem functioning. Consequently, the condition and resilience of the 
soil gas-phase system influence the capacity of soils to generate 
ecosystem services, making it an important contributor to our under
standing of soil capital.

4. Conclusions

We presented soil-gas diffusivity (Dp/D0) measurements on intact 
peat soil cores at six different suction (pF) levels and representing a very 
wide interval of SOC content (12-52 %).

From measurements and data analyses, it was concluded that: 

• The SOC level was, per se, not a main control of Dp/D0 in peat soils. 
This was shown by the variation in Dp/D0 versus ε relations within a 
narrow SOC interval (30-36% SOC as an example) was as large as for 
all 127 peat soils (12-52% SOC) as a whole.

• The pF level (representing the level of drained pore size) was iden
tified as a main driver of Dp/D0. A quasi-linear but different relation 
between Dp/D0 and soil-air content (ε) was found at each pF level, 
underscoring this conclusion.

• The slope of the Dp/D0 versus ε relation (Penman pore connectivity 
index, P) increased linearly with pF. In addition, the derived pore- 
network tortuosity (T) in peat soils was directly controlled by suc
tion (pF) level, and the relationship was linear over a large part of the 
pF range.

• Commonly used predictive models describing Dp/D0 dependency on 
air-filled and total porosity, such as the GDC model (Chamindu, T. K. 
K. et al., 2011), failed to predict measured Dp/D0 for peat soils. This 
shows the need for the new predictive model presented in this study.

• A Campbell pore-size distribution index (Campbell b) dependent 
model for Dp/D0 (Moldrup et al., 1999) well predicted Dp/D0, further 
supporting that the soil-water characteristics largely control Dp/D0 
in peat soils.

Fig. 7. Gas diffusivity (Dp/D0) versus soil-air content (ε) for different soils from across the world. Independent model test of the ε* modified WLR model (green), GDC 
(orange) and BBC (blue) models. The models were compared to (A) Greenlandic mineral-dominated (0-5 % SOC) soils (Pesch et al., 2021), (B) Danish lowland 
non-peat soils (present study), (C) and (D) Japanese top and sub- peat soils at decomposed condition (C) and at pristine peat condition (D) (Iiyama et al., 2012), (E) 
Thai oil palm field (Iiyama et al., 2012), and (F) Finnish mor soils (Laurén and Mannerkoski, 2001; Laurén et al., 2000).
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• The suggested Dp/D0 model based on only air-filled (ε) and effective 
(ε*) porosities (the ε* modified WLR model), yielded equally high 
accuracy for peat soils.

• Preliminary validation of the models against independent data across 
organic matter contents and degradation states and climate zones 
confirmed the soil water characteristic dependent models (BBC and 
ε* modified WLR) performed well and best.

This study showed a fundamentally different behavior of Dp/D0 and 
its relation with ε and pF in peat soils compared to more mineral soils. 
This needs to be recognized when applying predictive Dp/D0 models, 
hereunder using these models in the context of strengthening the Soil 
Security Assessment Framework through a better understanding of the 
soil-air phase. With the increased knowledge of soil-air phase properties 
for both mineral and organic soils and the importance of air capacity (ε) 
and gas diffusivity (Dp/D0) in controlling soil GHG emissions and miti
gation, soil carbon stocks, and soil aeration and productivity, the soil-air 
phase should have an increased role when evaluating soil security and 
capital.
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