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On-farm study reveals positive relationship between gas transport
capacity and organic carbon content in arable soil
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Abstract. Arable soils may act as a sink in the global carbon cycle but the prediction of their potential for carbon sequestration
remains challenging. Amongst others, soil aeration is known to influence root growth and microbial activity, and thus inputs
and decomposition of soil organic carbon. However, the influence of soil aeration on soil organic carbon content has been only
little explored, especially at the farm level. Here, we investigated relationships between gas transport properties and organic
carbon content in the topsoil and subsoil of 30 fields of individual farms covering a wide range of textural composition. The
fields were managed either conventionally, organically or according to no-till practice. Despite considerable overlap between
the management systems, we found that tillage increased soil gas transport capability, while organic farming resulted in higher
soil organic carbon content in the topsoil. Remarkably, higher gas transport capability was associated with higher soil organic
carbon content, both in the topsoil and subsoil (0.53 < R? < 0.71). Exogenous organic carbon inputs in the form of crop residues
and organic amendments in contrast were not related to soil organic carbon content. Based on this, we conjecture that higher
gas transport capability resulted in improved conditions for root growth, which eventually led to increased input of soil organic
carbon. Our findings show the importance of soil aeration for carbon storage in soil, and highlight the need to consider aeration

in the evaluation of carbon sequestration strategies in cropping systems.
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1 Introduction

Arable soils play a crucial role in the global carbon cycle because they can act both as a terrestrial carbon sink and source (Lal,
2004; Smith et al., 2008; Zomer et al., 2017). The balance between carbon inputs from plant roots, aboveground litter and
organic amendments, and the decomposition of soil organic matter by heterotrophic soil organisms ultimately determines soil
organic carbon content. Soil carbon dynamics are highly dependent on a range of environmental factors ranging from soil
mineralogy and chemical properties, soil structure and related physical conditions, to local climatic conditions and their effects
on soil temperature and moisture (Manzoni et al., 2012; Rasmussen et al., 2018; Young et al., 1998). Soil management
including crop rotations, tillage, cover crops, and the application of organic amendments is known to affect soil organic carbon
content. However, discordant results on the effects of specific soil management approaches on carbon contents have been
reported (Chan et al., 2003; Gattinger et al., 2012; Govaerts et al., 2009; Leifeld et al., 2009; Powlson et al., 2014; Smith et
al., 2008), which merits further investigation to better understand factors and processes that control soil organic carbon content
in arable soils.

Plants convert carbon dioxide into organic carbon through photosynthesis. A range of studies showed that up to 70% of the
total organic carbon in arable soil derives from roots in the form of root biomass and root exudates (Balesdent and Balabane,
1996; Katterer et al., 2011; Kong and Six, 2010; Rasse et al., 2005). Root growth is greatly affected by soil structure and
related physical properties and processes such as soil aeration, water holding capacity, and soil penetration resistance. High
penetration resistance, low water holding capacity as well as poor soil aeration and the resulting hypoxic conditions result in
decreased root growth (Bengough et al., 2011; Jin et al., 2013; Rich and Watt, 2013; Valentine et al., 2012). Soil aeration is
controlled by gas diffusivity through diffusive transport and air permeability through advective transport. Both gas diffusivity
and air permeability are key properties that constitute the soil physical constraints on soil aeration (Horn and Smucker, 2005).
Gas transport properties are often estimated from proxy values such as total and air-filled porosity. However, because these
proxies do not account for pore connectivity and tortuosity, which is crucial for air circulation and thus oxygen concentration
in soil air, they do not accurately describe gas transport in soil. Therefore, relative gas diffusion coefficients and air
permeability need to be quantified to assess the gas transport capability of soil.

Soil structure and associated soil physical properties are greatly affected by soil management. Tillage has been shown to
improve penetrability and aeration of the topsoil (Colombi et al., 2018; Dal Ferro et al., 2014; Martinez et al., 2016b, 2016a;
Schjonning and Rasmussen, 2000). However, long-term tillage can also lead to decreased gas transport capability and high
penetration resistance both in the topsoil (Kahlon et al., 2013) and the subsoil (Martinez et al., 2016b, 2016a). Diverse crop
rotations that include ley and deep rooting species such as rapeseed and oil-seed radish increase soil macro porosity (Chen et
al., 2014; Lesturgez et al., 2004; Stewart et al., 2014; Young et al., 1998), which results in better aeration, increased water
holding capacity and decreased penetration resistance. Permanent soil cover and organic amendments have been shown to
increase water infiltration and soil water retention and to improve soil aeration and penetrability (Albizua et al., 2015; Bronick

and Lal, 2005; Kahlon et al., 2013). Several studies showed that high soil organic carbon content coincides with good soil
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aeration, high water holding capacity and low penetration resistance (Albizua et al., 2015; Celik, 2005; Diacono and
Montemurro, 2010; Kahlon et al., 2013; Martinez et al., 2016b, 2016a; Rasool et al., 2007; Reynolds et al., 2008; da Silva et
al., 2014). These studies were however limited to one or a few field sites and thus covered only a small diversity of soil textures,
which makes it difficult to link soil physical properties to soil organic carbon content. Moreover, the results were obtained
from field plot studies where agricultural management may differ substantially from the conditions on commercial farms.
Soil physical properties in general and soil aeration in particular were proposed to play a key role in the regulation of carbon
cycling in arable soil (Qi et al., 1994). This is strongly supported by the close interrelation between soil aeration, the resulting
concentrations of oxygen in soil air, and root development (Dresbgll et al., 2013; Porterfield and Musgrave, 1998; Thomson
et al., 1992; Watkin et al., 1998; Young et al., 1998). It is known that root growth slows down upon decreasing oxygen
concentrations in soil air of just a few percentages (Eavis, 1972; Garnczarska and Bednarski, 2004; Grable and Siemer, 1968;
Qi et al., 1994). Such reductions in the concentration of oxygen in soil air occur regularly in arable soils (Buyanovsky and
Wagner, 1983; Cannell et al., 1984; Weisskopf et al., 2010). Furthermore, roots tend to grow preferably towards well aerated
compartments in soil (Colombi et al., 2017; Porterfield and Musgrave, 1998). Besides promoting organic carbon input through
root growth, high gas transport capacity of soil may also fuel microbial growth and activity and therefore decomposition rates
of soil organic matter (Balesdent et al., 2000; Keiluweit et al., 2016, 2017; Young et al., 1998). Quantitative information about
the relationships between soil gas transport capability and soil organic carbon contents in cropping systems is however limited,
and soil aeration is typically not included in soil quality assessments (Blinemann et al., 2018). To gain a better understanding
about the potential of soil management approaches to contribute to carbon sequestration in arable soils, the role of soil aeration
has to be investigated. To understand the interrelations between soil management, aeration and organic carbon content at
relevant scales and under realistic management conditions, on-farm studies carried out at multiple sites are needed.

Here, we investigated relationships between gas transport capability and organic carbon content in arable soil on-farm covering
a range of textural compositions. The study was conducted on 30 fields of individual farms in the eastern part of Switzerland.
The fields were managed according to three different management systems: i) conventional farming without tillage, ii)
conventional farming with tillage and iii) organic farming with tillage. Gas diffusivity, air permeability and soil organic carbon
content were quantified in the topsoil and the subsoil in order to evaluate whether soil organic carbon content is related to soil
gas transport properties. Additionally, soil penetration resistance, total and air-filled porosity, soil textural composition, water

holding capacity, and microbial biomass and respiration were assessed.

2 Material and Methods
2.1 Study design

The study was performed on 30 separate fields of at least 1 ha in size each belonging to individual farms in the eastern part of
Switzerland. The fields were managed following three different management systems: conventional (integrated) farming with

no-till practice since at least five years, conventional (integrated) farming with tillage since five or more years, and organic
3
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farming with tillage since at least five years. In the remainder of this paper, we refer to the three different management systems
as “no-till”, “conventional” and “organic”, respectively. The system of integrated farming in Switzerland includes a number
of practices aiming to enhance the sustainability of cropping systems, which are summarized as the “Proof of Ecological
Performance”. Farmers need to comply with the “Proof of Ecological Performance” in order to receive full state subsidies. It
includes an even nutrient balance, a diverse crop rotation including crops from different botanical families like small grain
cereals, maize, rapeseed, and grain and forage legumes, as well as the avoidance of bare fallow soil and targeted use of plant
protection products (Swiss Federal Council, 2014). Ten farms per management system were selected in order to keep a
balanced study design. Soil samples were collected in spring 2016 between 20 April and 27 May and winter wheat (Triticum
aestivum, L.) sown in autumn 2015 was grown in all fields. The different fields were arranged as triplets, i.e., one field of each
management system was in proximate location to one field of the two other management systems. Soil samples were taken for

each triplet at the same day.

2.2 Soil sampling

Soil samples were collected in a circular sampling area of around 300 m? Wheel tracks were excluded for sampling.
Undisturbed cylindrical soil core samples of 100 ml volume and 5.1 cm diameter were taken for different soil physical
measurements including gas transport properties and water holding capacity. Composite samples were used for the
determination of soil texture, soil organic carbon content, and microbial biomass and respiration. Samples were taken from
two different depths representing the topsoil and the subsoil of each field. Undisturbed cylinder samples were sampled from
10-15 cm, and 35-40 cm depth, while composite samples were taken from 5-20 cm and 25-50 cm depth. Hence, the mean
sampling depths for both types of samples were 12.5 cm and 37.5 cm (Fig. 1). Five undisturbed cylinder samples were collected
per depth and field. The composite samples consisted of 15-20 separate auger samples. Both, undisturbed cylinder and

composite samples were taken evenly spaced along two transects crossing the sampling area of 300 m2.

2.3 Measurements on undisturbed cylinder samples

The samples were closed at the bottom and the top and stored in the dark at 4 °C until processing. The soil samples were
weighed to determine soil moisture at sampling. The soil cylinders were slowly saturated from below, and equilibrated on a
ceramic suction plate to 30 hPa and 100 hPa matric suction. By weighing at saturation and at both matric suctions the respective
gravimetric water contents were calculated. Gravimetric water content at 100 hPa matric suction, which is typically seen to
represent field capacity (Schjonning and Rasmussen, 2000), is defined in this paper as the soil water holding capacity. The
relative gas diffusion coefficient and air permeability were measured at 30 hPa and 100 hPa matric suction as described by
Martinez et al., (2016a). To obtain soil bulk density, the soil samples were dried at 105 °C for at least 72 h before weighing.
Volumetric water content was calculated from bulk density and gravimetric water content. Total porosity was determined

based on soil bulk density and particle density. Particle density was measured for each field and sampling depth. Finally, air-
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filled porosity (€a) at 30 hPa and 100 hPa matric suction was calculated from total porosity and the respective volumetric water

content.

2.4 Measurements on composite samples

Composite samples were processed following the reference method of the Swiss Agricultural Research Stations (Swiss Federal
Research Stations, 1996). Before measurements were performed, the composite samples were cleaned from animal and plant
debris and then sieved at a mesh width of 2 mm. Soil texture was determined with the pipette method, while soil organic carbon
content was quantified by the dry combustion method according to 1ISO 10694. Soil microbial biomass was estimated from
substrate induced respiration measurements as described by Anderson and Domsch, (1978). An equivalent of 50 g soil dry
matter was amended with 150 mg glucose before incubation at 22 °C for seven days. Following Heinemeyer et al., (1989), an
infrared gas analyser was used to measure initial CO; release. Soil microbial biomass (Cmic) was then calculated from these
initial respiration rates according to Kaiser et al., (1992) assuming 1 pl CO g dry soil h! to be equivalent to 30 pg Cmic g*
dry soil. Furthermore, soil basal respiration (microbial respiration) was measured in pre-incubated samples (7 days at 22 °C,
equivalent of 20 g dry soil) as CO; released over a period of 48 h, starting at the second day of the incubation (Swiss Federal
Research Stations, 1996).

2.5 Soil penetration resistance

Additional soil physical information was obtained from cone penetrometer measurements. Ten penetrometer insertions were
performed in each field across the 300 m? sampling area down to a depth of 50 cm (Fig. 1) using an Eijkelkamp penetrologger
(Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands). The cone had a base are of 1 cm? and a full apex angle of
60°, and penetration resistance values were obtained in 1 cm steps. To represent the same soil depths as for composite and
cylinder samples, average values were calculated for 5 cm to 20 cm depth and 25 to 50 cm depth. Soil water content at the

time of penetrometer measurements was obtained from the undisturbed soil cylinder samples.

2.6 Estimation of exogenous organic carbon inputs

As described by Bichi et al., (2019), we followed the French ‘Indigo’ method (Bockstaller et al., 1997) and used farmer
interviews to calculate the amount of exogenous organic carbon inputs during the five years prior to the study. Data on
exogenous organic carbon inputs was available for 29 of the 30 fields that were included in the current study. Using information
on crop rotation and residue management allowed to estimate the amount of organic matter input that derived from crop
residues. Organic matter inputs from organic amendments were estimated based on the number and amount of applications,
and the form of the amendment (e.g. compost, slurry, manure) using isohumic coefficients for the different types of organic
fertilizers (CSICM, 2010; CTACF, 2006; Sinaj and Richner, 2017). The total amount of exogenous input of organic matter
was calculated as the sum of organic carbon derived from crop residues and organic amendments. Organic matter was

converted into organic carbon assuming an organic matter-organic carbon ratio of 1.724 (Soil Survey Staff, 2011).
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2.7 Data analysis and statistics

Data analysis and statistics were performed in R version 3.4.1 (R Core Team, 2017). The effects of soil management and
sampling depth on the different soil properties were evaluated with linear mixed models using the nIme package (Pinheiro et
al., 2013). The following model, which was followed by analysis of variance (ANOVA), was used to evaluate whether soil

texture significantly differed among management systems and sampling depths:
Yijk = a; + B + afy; + v + €iji 1)

where Y represents the clay, slit or sand content in the i" management treatment (i = conventional, no-till, organic) of the j®
depth (j = 12.5 ¢cm, 37.5 cm) and the k™ field (k= 1, 2,..., 29, 30); a denotes the effect of the management treatment, # denotes
the effect of the depth, of represents the interaction between management and depth and ¢ represents the residual error. The
effects of the management system, the depth and their interaction were treated as fixed effects. To account for possible
autocorrelation of soil properties taken at different depths in the same field, the effect of the field (y) was included into the
model as a random factor. The following model was used to evaluate whether total and air-filled porosity, gas transport
properties, water holding capacity, soil organic carbon content, microbial biomass and respiration, were affected by the

management system and the soil depth:
Yije = ai + Bj + afij + vie + 6 + €, )

As in Eq. 1, the effects of soil management, depth and their interaction are denoted by «, £ and af, respectively, and were set
as fixed effects while the field (y) was set as a random effect. The effects of clay content (5) was included as a fixed co-variable
into the model. This allowed to account for the variability of soil texture among sites and thus to account for effects related to
the site-specific soil texture. Clay content was chosen due to its known association with soil organic carbon content (e.g.
Rasmussen et al., 2018), and soil structure and related soil physical properties (e.g. Dexter, 1991). Furthermore, clay content
showed the highest variability among sites of all texture fractions (Table 1). Since no significant effect of the management
system and the interaction between management system and sampling depth on clay content was found (Table 1), interactions
between clay content, depth and management system were not tested for in the analysis. For soil penetration resistance, the
gravimetric water content at sampling was added as an additional fixed co-variable to the model, due to known influence of
soil moisture on penetration resistance (Bengough et al., 2011; W. J. Busscher, 1990). Analysis of covariance (ANCOVA) was
then used to test for significant effects of fixed factors. Air permeability was transformed to base 10 logarithm for linear mixed
model analysis. Pairwise comparison of group mean values within one sampled depth were performed using least significant
difference tests (LSD) at p < 0.01 and p < 0.05, respectively, using the “agricolae” package for R (Mendiburu, 2015).

The following multiple linear regression model was applied to explain soil organic carbon content as a function of soil physical

properties:

SOC[g Ckgtsoill=axx; +b=*Clay [%] + ¢, 3
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where SOC represents soil organic carbon content and the first explanatory variable (x1) represents either gas diffusivity, air
permeability, air-filled porosity, soil penetration resistance or water holding capacity. As done in Eq. 2, clay content was
included as a second explanatory variable into the regression model, which allowed to account for the site specific soil textural
composition. Regressions were carried out separately for both levels of matric suction at which gas diffusivity, air permeability
and air-filled porosity were determined. To evaluate the influence of sampling date (expressed as the day of the year) and the
amount of exogenous organic carbon input on soil organic carbon content, both were included as additional predicting variables
into the regression model presented in Eq. 3.

A similar regression model was used to explain soil microbial biomass and soil respiration as a function of soil organic carbon
content and as above clay content. The same regression model was also used to explain soil respiration as a function of soil

microbial biomass and clay content:
Y=ax*x; +b*Clay [%]+c, 4)

where Y represents soil microbial biomass and soil respiration, respectively, whereas and the first explanatory variable (x1)
denotes either soil organic carbon content or soil microbial biomass, respectively. Due to strong effects of the sampling depth
on all soil properties assessed, all multiple linear regressions were performed separately for each soil depth. The regression
models were evaluated with the linear least square method (Im), which is implemented into the R package “stats” (R Core

Team, 2017).

3 Results

Considerable variability in soil textural composition was observed among the 30 fields that were part of the study. Clay, silt
and sand contents varied from 11.0% to 48.4%, 19.7% to 43.9% and 16.5% to 60.4%, respectively. Soil texture did not differ
significantly between the three different soil management systems. Slightly lower clay and higher sand contents were observed

in the topsoil in comparison to the subsoil (Table 1).

3.1 Effects of management system on soil physical properties

The overall variability in total porosity among the investigated fields was relatively low (coefficient of variation (CV) < 10%;
Table 2). Nevertheless, total porosity significantly differed between management systems. In the topsoil it was significantly
lower in the no-till system than in the two management systems that include regular tillage (LSD test: p < 0.01). In the no-till
system, mean total porosity at 12.5 cm depth was 48.6% (+ 3.1% standard deviation (SD)). Total topsoil porosity of the
conventional and organic management system was 54.5% (+ 3.6% SD) and 56.1% (+ 4.8% SD), respectively (Fig. 2).
Consequently, soil bulk density at 12.5 cm depth was higher in the no-till system than in the two management systems that
include regular tillage. In the subsoil, i.e. at 37.5 cm depth, total porosity was significantly higher (LSD test: p < 0.05) in the

organic management system than in the no-till system (Fig. 2).

7
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Gas transport properties (47% < CV < 102%) and to a lesser extent air-filled porosity (21% < CV < 25%) showed much higher
variability among the investigated sites than total porosity (Table 2). Compared to the no-till system, air-filled porosity in the
topsoil at 100 hPa matric suction was significantly higher (LSD test: p < 0.01) in the organic and conventional management
system, which include regular tillage (Fig. 2). Similar effects of the management system were found for soil gas transport
properties, i.e. relative gas diffusion coefficients and air permeability. Compared to the no-till system, gas diffusion coefficients
at 100 hPa matric suction were higher by more than 70% in the organic and conventional system (least significant difference
(LSD) test: p < 0.05). Similar differences between management systems were measured for air permeability at 100 hPa, which
was significantly higher (LSD test: p < 0.01) in the organic and conventional systems than in the no-till system (Fig. 2). At
matric suction of 30 hPa, similar but less pronounced differences of air-filled porosity and gas transport properties between
management systems occurred as under drier conditions at 100 hPa matric suction (Supplemental Fig. S1). In the subsoil
however, air-filled porosity, gas diffusion coefficients and air permeability did not differ significantly between the three
management systems (Fig. 2 and Supplemental Fig. S1). Despite significant effects of the management system, considerable
overlap between the systems was found for gas transport properties and air-filled porosity (Fig. 2 and Supplemental Fig. S1).
Water holding capacity was higher in the organically managed system than in the no-till system both in the topsoil and the
subsoil (LSD test: p < 0.01). In the topsoil, water holding capacity in the conventional system was significantly higher (LSD
test: p < 0.05) than in the no-till system, while water holding capacity of the subsoil did not differ between the two systems
(Fig. 2). Soil penetration resistance also significantly differed between the management systems. Mean penetration resistance
between 5 cm and 20 cm depth was more than 35% lower in the organically and conventionally managed system than in the
no-till system. In the subsoil the differences in soil penetration resistance between management systems were not significant.
Most likely because of the relatively low variation in soil moisture at the time of measurement, no significant (p = 0.28) effects
of soil moisture on penetration resistance was found (Supplemental Fig. S2). As found for soil gas transport properties, overlap
between management systems occurred for water holding capacity (Fig. 2) and soil penetration resistance (Supplemental Fig.
S2) and the variability among sites was comparable to that observed for air-filled porosity (24% < CV < 49%; Table 2).

Significant effects of the soil depth were observed for all soil physical properties. Total and air- filled porosity, gas transport
capacities, and water holding capacity (Fig. 2; Supplemental Fig. S1) were lower in the subsoil than the topsoil. Penetration
resistance was higher in the subsoil than in the topsoil (Supplemental Fig. S2). Clay content and thus the site-specific soil
texture affected total and air-filled porosity, air permeability, and water holding capacity, indicating the influence of texture
on soil structure and related physical properties. For gas diffusion coefficients and penetration resistance, no significant effect

of clay content (p > 0.05) was observed (Fig. 2; Supplemental Fig. S1 and Fig. S2).

3.2 Soil organic carbon content, exogenous carbon inputs, microbial biomass and respiration across management
systems

The overall variability in soil organic carbon content among sites was comparable to that of gas transport properties (Table 2).

Similar to the results obtained for soil physical properties, considerable overlap in soil organic carbon content between

8
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management systems occurred (Fig. 3). Nevertheless, significant differences in soil organic carbon content were observed
between management systems. Soil organic carbon content from 5 to 20 cm depth was significantly (LSD test: p < 0.05) higher
in the organic management system than in the conventional system. Furthermore, soil organic carbon content in the subsoil of
the no-till and conventional system was significantly lower (LSD test: p < 0.05) than in the organically managed fields (Fig.
3). Exogenous organic carbon inputs in the form of crop residues and organic fertilizers were very similar (p > 0.50) between
management systems (Fig. 3). Besides soil organic carbon content, significant effects of the management system were found
for soil microbial biomass, which was the highest under organic management in both soil layers (LSD test: p < 0.05). Microbial
respiration did not differ significantly among the three management systems (Table 3). Soil organic carbon content (Fig. 3) as

well as microbial biomass and respiration (Table 3) significantly decreased with soil depth and were affected by clay content.

3.3 Interrelations between soil physical properties and soil organic carbon content

Multiple linear regression models (Eq. 3) were used to relate soil physical properties to soil organic carbon content. Soil organic
carbon content significantly increased with increasing gas diffusion coefficients and air permeability. For the topsoil, multiple
R? values were in the range 0.60 to 0.68, and the regression coefficients for gas diffusivity and air permeability measured at
100 hPa matric suction were highly significant (p < 0.01). As in the topsoil, increased gas diffusivity (p < 0.05, R>=0.53) and
air permeability (p < 0.01, R?= 0.65) were also related to higher soil organic carbon content in the subsoil (Fig. 4). Similar
results were obtained when using gas transport properties measured at 30 hPa instead of the transport properties obtained at
100 hPa to explain organic carbon content (Supplemental Fig. S3). Collinearities between gas transport properties and clay
content did not occur (Supplemental Fig. S4). In contrast, no clear relationship between air-filled porosity and soil organic
carbon content was observed since the regression coefficients for air-filled porosity were mostly not significant (Supplemental
Fig. S5). Given these contrasting results, we suggests that direct measurements of gas transport properties such as gas
diffusivity and air permeability are better predictors for soil organic carbon content that proxy values such as air-filled porosity.
In addition to gas transport properties, soil organic carbon content was significantly (p < 0.01) associated with water holding
capacity. Increased water holding capacity was related to higher soil organic carbon content in the topsoil and the subsoil (0.57
< R? < 0.64; Fig. 4). Due to collinearity between water holding capacity and clay content simple linear regressions between
water holding capacity and soil organic carbon content were performed additionally. As observed for multiple linear
regressions, water holding capacity and soil organic carbon content were positively related (Supplemental Fig. S6)

Due to significant effects of tillage on gas transport properties and water holding capacity (Fig. 2), regressions were also
performed separately for the fields that were regularly tilled (i.e. conventional and organic) and remained untilled (i.e. no-till).
Both in tilled and untilled fields, higher soil gas transport capacity was positively associated with increased soil organic carbon
content (Supplemental Table S1 and S2), while no such relationship was found for air-filled porosity (Supplemental Table S3).
When considering tilled and untilled soils separately, the positive association between water holding capacity and soil organic

carbon content was limited to the fields that were subjected to regular tillage (Supplemental Table S4).



10

15

20

25

30

Despite trends towards lower soil organic carbon content with increased soil penetration resistance in the topsoil, no significant
(p > 0.05) relationships between penetration resistance and soil organic carbon content were found (Table 4). Across sampling
depths, clay content was positively (p < 0.01) related to soil organic carbon content (Fig. 4, Supplemental Fig. S3 and S5).
Introducing sampling time as an additional predictor into the regression models, showed that day at which soil samples were
taken had no significant effect on soil organic carbon content (Supplemental Table S5 to S8). Furthermore, the amount of
exogenous carbon input derived from crop residues and organic fertilizers was not related to soil organic carbon content
(Supplemental Table S9 to S13).

The results obtained from the regressions analyses (Eq. 3) show that soil organic carbon content in the current study was
positively associated with soil physical conditions facilitating root growth, namely high gas transport capability and water
holding capacity. Exogenous inputs of organic carbon in contrast showed no significant influence on the organic carbon content
in the soil. This suggests a positive association between soil physical conditions that facilitate root growth and soil organic

carbon content (Fig. 5).

3.4 Relationships between soil organic carbon content, soil microbial biomass and respiration

In both soil layers, higher soil organic carbon content significantly (p < 0.01) increased soil microbial biomass (0.75 < R? <
0.76) and soil respiration (0.64 < R? < 0.69). Furthermore, higher soil microbial biomass was strongly associated (p < 0.01;
0.85 < R? < 0.86) with increased soil respiration. Except for microbial respiration in the subsoil, no significant influence of
clay content on microbial biomass and respiration was found (Table 3). These results indicate that microbial biomass and
activity, and thus potential decomposition of soil organic carbon in the investigated soils, were at best only partially related to

soil texture.

4 Discussion

Here, we investigated interrelations between and soil gas transport properties and soil organic carbon content in arable soils.
Other than in most field plot studies where different management treatments are compared on the same soil, the current on-
farm study included 30 fields with substantial variation in soil texture (Table 1). In addition to soil texture, soil gas transport
properties as well as soil organic carbon content were highly variable among the investigated fields both in the topsoil and the
subsoil (Table 2). Despite this large variation, significant effects of the soil management system on gas transport properties
and soil organic carbon were found, mainly in the top 20 cm of the soil. Our results show that tillage increased gas transport
capability and water holding capacity in the topsoil (Fig. 2), while penetration resistance in the topsoil decreased due to tillage
(Supplemental Fig. S2). Thus, physical conditions for root growth (Bengough et al., 2011; Rich and Watt, 2013) were improved
in the topsoil of the conventional and organic management system compared to the no-till system. Similar findings were
obtained from field plot experiments, where tillage resulted in increased gas transport capability and water holding capacity,

and lower penetration resistance in the topsoil and occasionally also in the subsoil (Azooz et al., 1996; Dal Ferro et al., 2014;

10
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Kahlon et al., 2013; Martinez et al., 2016a, 2016b; Pires et al., 2017; Schjonning and Rasmussen, 2000). As shown previously
(Birkhofer et al., 2008; Gattinger et al., 2012; Mader et al., 2002), soil organic carbon content was higher under organic
management than in the no-till and conventional system (Fig. 3). Hence, differences in soil physical properties were mainly
caused by the tillage system, while soil organic carbon content was more related to organic farming.

The large variation in soil texture, gas transport properties and soil organic carbon content among sites enabled us to relate soil
organic carbon content to soil gas transport capability and clay content (Eqg. 3). Soil organic carbon content significantly
increased with higher gas transport capability in the topsoil and the subsoil (Fig. 4). In agro-ecosystems, soil organic carbon
derives from roots in the form of root biomass and root exudates as well as from crop residues and organic amendments such
as slurry, manure and compost. Recently it was reported that the contribution of aboveground litter to soil organic carbon
content might exceed that of roots. This is due to higher decomposability of aboveground residues compared to roots, resulting
in more microbial by-products and eventually higher amounts of long-term stabilized soil organic carbon (Cotrufo et al., 2013,
2015; Lavallee et al., 2018). However, numerous other studies showed that 60-70% of soil organic carbon in arable soil derives
from roots, suggesting that roots are the dominant input source for soil organic carbon (Balesdent and Balabane, 1996; Kétterer
etal., 2011; Kong and Six, 2010; Rasse et al., 2005). Therefore, soil physical properties fostering root growth such as high soil
gas transport capability will lead to increased organic matter input and eventually higher soil organic carbon content (Fig. 5).
This is supported by previous studies, which showed that impeded soil aeration and the resulting decrease of oxygen
concentrations in soil air slows down metabolic activity of roots and reduces root growth (Bengough et al., 2011; Dresbgll et
al., 2013; Eavis, 1972; Garnczarska and Bednarski, 2004; Grable and Siemer, 1968; Qi et al., 1994; Thomson et al., 1992;
Watkin et al., 1998). Root growth may also be facilitated by high water holding capacity and low soil penetration resistance
(Bengough et al., 2011; Rich and Watt, 2013), which consequently also increases soil organic matter inputs. We observed a
strong positive relationship between water holding capacity and soil organic carbon content (Fig. 4, Supplemental Fig S6),
while soil penetration resistance and organic carbon content were not related (Table 4). This can most likely be explained by
the relatively moist conditions at the time of measurements (Supplemental Fig. S2) as relationships between organic carbon
content and penetration resistance are stronger under dry conditions (Soane, 1990).

Based on the presented results and existing literature, we propose a positive feedback cycle between soil structure and related
soil physical properties, root growth and thus organic matter input and soil organic carbon content (Fig. 5). Since no significant
influence of exogenous carbon inputs on soil organic carbon content was found (Supplemental Table S9 to S13), we suggest
that the differences in soil organic carbon content among the investigated sites were caused by differences in root growth. Soil
structure is of crucial importance in this feedback cycle because soil aeration, water retention and soil penetrability strongly
depend on the structure of the soil. It is known that good soil aeration, high water holding capacity and low penetration
resistance increase root growth (Bengough et al., 2011; Jin et al., 2013; Rich and Watt, 2013) and therefore the input of soil
organic matter. In turn, higher soil organic carbon content improves soil structure, and thus increases soil aeration, water
holding capacity and soil penetrability (Carter et al., 2007; Martinez et al., 2016b; Young et al., 1998), which further facilitate
root growth (Fig. 5). Experiments in which these functions can be controlled independently from soil structure would be needed
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to quantify their relative contribution to soil carbon dynamics. Young et al., (1998) discussed interrelations between soil
structure and related physical functions and properties, soil life and soil organic carbon. Amongst other soil physical functions,
soil aeration is of particular importance because it is not only important for root growth but also for microbial biomass and
thus the decomposition of organic matter (Balesdent et al., 2000). In the current study, higher soil organic carbon content was
related to increased microbial biomass and activity (Table 5). Hence, there might have been an indirect relationship between
soil aeration and the decomposition of soil organic carbon (Fig. 5). It is known that anaerobic microsites in soil, which are
characterized by minimal microbial activity, are important regulators for the stabilisation of organic carbon (Keiluweit et al.,
2016, 2017). Due to root respiration and local carbon dioxide accumulation, such anaerobic microsites are likely to form
around roots (Koop-Jakobsen et al., 2018). For the build-up of soil organic carbon at larger scales however, aerobic conditions
are needed as they promote root growth (Dresbagll et al., 2013; Grzesiak et al., 2014; Thomson et al., 1992; Watkin et al., 1998).
Furthermore, roots are known to grow towards well aerated soil compartments (Colombi et al., 2017; Porterfield and Musgrave,
1998). Hence, aerobic parts of the soil are likely to be enriched with new organic matter. The positive relationship between
gas transport properties and soil organic carbon content obtained here (Fig. 4) suggests that in our study, effects of soil aeration
on organic matter inputs were more pronounced than eventual stimulation of decomposition.

It has been emphasized that the close interactions between physical, chemical and biological processes need to be accounted
for when evaluating the carbon storage potential of arable systems (Qi et al., 1994; Rasmussen et al., 2018; Young et al., 1998).
Despite the knowledge about the influence of soil gas transport capability and oxygen concentration in soil air on root growth,
the effects of soil aeration on soil organic carbon content have received only little attention. Unlike water and mineral nutrients,
oxygen is not directly acquired by soil inhabiting organisms including plants, soil fauna and microbes. However, oxygen
largely regulates the growth and metabolism of these organisms and thus plays a crucial role in carbon cycling. As shown here
and in previous studies (Albizua et al., 2015; Azooz et al., 1996; Carter et al., 2007; Dal Ferro et al., 2014; Kahlon et al., 2013;
Martinez et al., 2016b; Pires et al., 2017; Schjonning and Rasmussen, 2000), agricultural management affects soil structure
and therefore soil gas transport properties. Ultimately, this has consequences for root growth (Thomson et al., 1992; Watkin
et al., 1998; Dresbgll et al., 2013; Grzesiak et al., 2014) and thus affects the input of soil organic matter through roots. The
results presented here, which were obtained on-farm and therefore represent relevant scales and management conditions, reveal

that increased organic carbon content in arable soil is related to high gas transport capability.

5 Conclusions

Based on results obtained from 30 fields of commercial farms, we found a positive relationship between gas transport capability
and organic carbon content of arable soil. As exogenous organic carbon inputs were not related to soil organic carbon content,
differences in soil organic carbon content among the investigated sites were most likely caused by differences in root growth.
We therefore propose that higher soil organic carbon content in well aerated soils resulted from enhanced root growth, which

was facilitated by increased soil gas transport capability. Good soil aeration might also fuel microbial growth and activity
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leading to accelerated decomposition of soil organic carbon. The results obtained here indicate that for the current study the
effects of aeration on carbon inputs were more pronounced than stimulation of carbon decomposition by heterotrophic soil
life. However, opposite relationships between soil aeration and organic carbon content may occur in different land use systems
or under different climatic conditions. We suggest that aeration plays a crucial yet underestimated role for the potential of
arable soils to act as a terrestrial carbon sink. Future research and policy measures that aim to increase carbon content in arable
land use systems need to account for the effects of soil management on soil aeration, and the associations between soil gas

transport capability and soil carbon dynamics.
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Tables

Table 1: Effects of management system (M), sampling depth (D) and their interaction (M:D) on soil texture analysed with linear
mixed models (Eqg. 1) followed by analysis of variance (ANOVA). ** denotes significant effects at p < 0.01. Average values for the
different depths represent means of three management systems (no-till, conventional, organic, n=10).

ANOVA Average (xSD) CV [%0]
Soil property M D M:D -125 -375 overall -125 -375 overall
Clay [%] p=041  ** p=033  227(+8.0) 24.1(+7.7) 23.4(+7.8) 351 320 333
Silt [%] p=070 p=033 p=050 347 (¥43) 34.3(+4.8) 345 (+4.5) 124 142 130
Sand [%] p=037 p=008 p=022  42.6(+9.2) 41.7(+10.0) 42.1(+9.6) 216 241 228

Abbreviation: SD = Standard deviation, CV = coefficient of variation
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Table 2: Descriptive statistics on soil physical properties and soil organic carbon content across all three management systems.
Mean, SD and CV represent average value, standard deviation and coefficient of variation, respectively, (n=30).

Soil property ¥ [hPa] Depth [cm] Mean SD CV [%0]
g [em® cm®) -12.5 0.53 0.050 9.5
-37.5 0.45 0.044 9.8
ea [cm® cm¥] 30 -12.5 0.16 0.036 23.4
-37.5 0.11 0.028 25.0
100 -12.5 0.18 0.039 21.1
-37.5 0.13 0.032 24.1
Dp/DO [-] 30 -12.5 0.017 0.0098 59.1
-37.5 0.008 0.0039 47.6
100 -12.5 0.033 0.0171 51.8
-37.5 0.014 0.0068 495
Ka [um?] 30 -12.5 32.1 21.54 67.1
-37.5 15.1 15.37 101.8
100 -12.5 76.0 45.89 60.4
-37.5 23.6 21.79 924
WHC [g g] -12.5 0.29 0.071 24.1
-37.5 0.23 0.061 27.2
Q [MPa] -12.5 1.30 0.635 489
-37.5 2.42 0.725 30.0
SOC [g C kg soil] -12.5 20.0 10.02 50.1
-37.5 12.1 7.67 63.5

Abbreviations: € = total porosity, ea = air-filled porosity, Dp/D0, gas diffusion coefficient, Ka = air permeability, WHC =

water holding capacity, Q = soil penetration resistance, SOC = soil organic carbon content, ¥ = soil matric suction
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Table 3: Effects of management system (M), sampling depth (D), their interaction (M:D) and clay content on soil organic carbon,

microbial biomass and microbial respiration analysed with linear mixed models (Eq. 2) followed by analysis of covariance

(ANCOVA). ** and * denotes significant effects at p < 0.01 and < 0.05, respectively. Average values for the different depths represent

means for no-till (NT), conventional (CON) and organic (ORG) soil management system. Different letters indicate significant
5 differences between management systems at individual depths using least significant difference (LSD) tests at p < 0.05 (n=10).

ACNOVA Average (xSD)
) Clay Depth
Soil property M D M:D NT CON ORG LSD
[%0] [cm]
. . p= 607a 573a 861b
micC [mg C kg soil] * ** ** -12.5 247
0.39 ( 355) ( 185) (x417)
261a 317ab 467b
-37.5 170
(x 149) (x212) (+301)
. p= p= 0.72 0.60 0.87
Resp [pMg CO-C g soil h] fall *x -12.5 0.29
0.21 0.29 (x044) (x0.19) (x0.39)
0.35 0.40 0.51
-37.5 0.20

(£024) (£0.26) (0.36)

Abbreviations: SD = Standard deviation, micC = soil microbial carbon, Resp = soil microbial respiration

Table 4: Summary statistics of multiple linear regression models to explain soil organic carbon content as a function of penetration
resistance and clay content (Eqg. 3). ** indicates significant regression coefficients at p < 0.01, ns indicates nonsignificant regression
coefficients. R? represents multiple r-squared.

Response variable Depth [cm] Q [MPa] Clay [%0] Int R?
SOC [g C kg soil] -12.5cm -3.936 ns 0.867** 5.416 ns 0.53
-37.5cm -1.655 ns 0.682** -0.340 ns 0.45

Abbreviations: SOC = soil organic carbon content, Q = soil penetration resistance, Clay = clay content, Int = intercept
10
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Table 5: Summary statistics of multiple linear regression models to explain microbial biomass and soil microbial respiration as a
function of soil organic carbon content, microbial biomass, and clay content (Eq. 4). ** and * significant regression coefficients at p
< 0.01 and p < 0.05, ns indicates nonsignificant regression coefficients. R? represents multiple r-squared.

Response variable Depth [cm] SOC [g C kg soil] Clay [%0] Int R?
micC [mg C kg soil] -12.5¢cm 27.35%* 4.882 ns 23.24 ns 0.75
-37.5¢cm 24.33** 3.965 ns -40.01 ns 0.76

Resp [ug CO—C g soil h] -12.5¢cm 0.030** -0.003 ns 0.190 ns 0.64
-37.5¢cm 0.021** 0.129** -0.146 ns 0.69

micC [mg C kg soil] Clay [%0] Int R?
Resp [HMg CO-C g soil h] -12.5¢cm 0.001** -0.006 ns 0.167 ns 0.85
-37.5cm 0.001** 0.008* -0.102 ns 0.86

Abbreviations: micC = soil microbial carbon, Resp = microbial respiration, SOC = soil organic carbon content, Clay = clay

content, Int = intercept
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Figure 1: Schematic overview indicating soil layers and respective depths used for composite samples, penetrometer insertions and
cylindrical soil core samples.
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Figure 2: Effects of soil management (M), sampling depth (D), their interaction (M:D) and clay content (Clay) on total soil porosity, air-filled porosity, gas
diffusivity and air permeability (all measured at 100 hPa matric suction) and water holding capacity analysed with linear mixed models (Eq. 2) followed
by analysis of covariance. NT (red), CON (blue) and ORG (green) denote no-till, conventional and organic management system, respectively. ** and *
indicate significant differences between management systems at individual depths using least significant difference (LSD) tests at p < 0.01 and p < 0.05,
respectively (n = 10).
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Figure 3: Effects of soil management (M), sampling depth (D), their interaction (M:D) and clay content (Clay) on soil organic carbon content analysed
with linear mixed models (Eq. 2) followed by analysis of covariance (n = 10) and effects of management on exogenous carbon inputs calculated as described
in Bichi et al., (2019) using analysis of variance (NT: n =10, CON: n =9, ORG: n=10). NT (red), CON (blue) and ORG (green) denote no-till, conventional
and organic management system, respectively. * indicates significant difference between management systems at individual depths using least significant
difference (LSD) tests at p < 0.05.
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Figure 4: Multiple linear regression models (Eq. 3) to explain soil organic carbon content as a function of gas diffusion coefficients (Dp/DO [-], air
permeability (Ka [um?]) measured at 100 hPa matric suction, water holding capacity (WHC [g® g%]), and clay content (Clay [%6]). NT (red), CON (blue)
and ORG (green) denote no-till, conventional and organic management system, respectively. ** and * indicates significant regression coefficients at p <
0.01 and p < 0.05, respectively, ns indicates nonsignificant regression coefficients. R? represents multiple r-squared.
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Figure 5: Conceptual model illustrating the influence of soil structure and related soil physical properties on soil organic carbon
content. Improved soil aeration, water holding capacity and soil penetrability leads to better physical conditions for root growth,
which fuels soil organic matter input and increases soil organic carbon content. In turn, soil structure and related physical properties
5 are further improved. Improved soil aeration and high soil organic carbon content may also fuel microbial growth and activity and

thus accelerate soil organic matter decomposition.
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