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Abstract 
A better understanding of the interactions between soil organic carbon (SOC) and 
mineral constituents (e.g. clay and reactive oxide phases) and their consequences for 
soil structure and physical processes is important for assessing the potential for, and 
benefits of, carbon sequestration in arable soils. This thesis investigated the factors 
determining topsoil SOC content at the field scale for an arable field with large var-
iations in soil properties. Relationships between SOC, soil pore size distributions, 
macropore network characteristics, water flow and solute transport were also exam-
ined using intact soil samples from the field. 

The spatial variation in SOC content at the Bjertorp field was mainly explained 
by the oxalate-extractable aluminum (Alox) content followed by carbon input from 
crops that was estimated from crop yield. In contrast, clay and oxalate-extractable 
iron (Feox) seemed not to play a major role in SOC stabilization/accumulation, pos-
sibly due to the occurrence of stagnant water in soils with larger clay contents. It was 
concluded that reactive Al phases may be important for physico-chemical stabiliza-
tion of SOC for arable topsoils in humid continental climates.  

Multiple linear regression analysis revealed that an increase of SOC was associ-
ated with relatively large increases of porosities in the 0.2–5 µm and 480–720 µm 
diameter classes, which can contribute to enhancing both water supply to crops and 
water flow rates. The degree of preferential solute transport under steady state near-
saturated conditions was reduced with larger volumes of small macropores (240–
480 µm diameter) and mesopores (30–100 µm diameter), whereas it was not corre-
lated with measures of macropore connectivity. The statistical analysis indicated that 
SOC had only limited effects on the degree of preferential transport, being overshad-
owed by the large variation in clay content across the field.  

Keywords: Soil organic carbon, pore structure, macropore flow, preferential 
transport, arable soil, crop productivity, mineral constituents, X-ray tomography 
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研究概要 
土壌有機態炭素と土壌鉱物（粘土粒子や活性酸化物相）の相互作用と、それが
結果として土壌構造や物理プロセスに及ぼす影響を理解することは、農地土壌におけ
る炭素隔離の可能性とその効果を評価する上で重要である。本研究では、土壌特性
の空間変動性が大きい圃場において、表層土壌の有機態炭素量を規定する要因を
調べた。加えて、不撹乱土壌を用いて有機態炭素量と土壌間隙構造サイズ分布、マ
クロ間隙特性および水・溶質移動の関係について調べた。 
ビアトープ圃場において、有機態炭素の空間変動性はおもにシュウ酸抽出アルミニ

ウム量（Alox）と作物収量から推定した炭素流入量によって説明された。一方で、
粘土量およびシュウ酸抽出鉄量（Feox）が炭素貯留に及ぼす影響は限定的である
ことが示唆された。これは粘土量の増加に伴って起こりうる排水不良が原因として考え
られる。また、湿潤大陸性気候の表層土壌において、活性アルミニウム相が有機態炭
素の物理・化学的安定化に重要である可能性が示唆された。 
重回帰分析より、有機態炭素量の増加は主に直径 0.2–5 µm と 480–720 µm 

サイズの間隙構造の増加と関連していることが明らかとなり、炭素貯留の促進は植物
が利用可能な水分量と土壌基質の透水性の増加に貢献できることが示唆された。不
飽和定常流下におけるプレファレンシャルフローの発生度合いは、小マクロ間隙（240–
480 µm）とメソ間隙（30–100 µm）の増加に伴って低下することが明らかとなった。
一方で、マクロ間隙構造の接続性がプレファレンシャルフローに及ぼす影響は限定的で
あった。また相関分析から、対象圃場において、有機態炭素量がプレファレンシャルフロ
ーの発生に及ぼす影響は限定的であり、圃場全体における粘土量の大きなばらつきの
影響を受けていることが示唆された。 

キーワード: (有機態炭素、間隙構造、マクロ間隙流、プレファレンシャルフロー、農地土壌、作物
生産性、鉱物成分、X線トモグラフィ) 
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Alox Oxalate-extractable aluminum 

C:N Carbon to nitrogen ratio 

DSR Dispersion by SOM removal 

Feox Oxalate-extractable iron 

POM Particulate organic matter 

POM-C SOC in POM fraction 

MD Mechanical dispersion 

MRY Mean relative yield 

Sand-C SOC in Sand-sized fraction (>63 µm) 

Sand-OM SOM in Sand-sized fraction (>63 µm) 

SC Silt- and clay-sized fraction (<63 µm) 

SC-C SOC in SC fraction (<63 µm) 

SC-OM SOM in SC fraction (<63 µm) 

SOC Soil organic carbon 

SOM Soil organic matter 

rSOC Oxidation-resistant SOC in SC fraction 

rSOM Oxidation-resistant SOM in SC fraction 
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Soil is the largest reservoir of carbon in the terrestrial environment. It con-
tains more carbon than plant biomass and the atmosphere combined. How-
ever, intensive agriculture, with soil tillage, and land use changes from nat-
ural ecosystems (e.g. grassland and forest) to cultivated land, have led to sig-
nificant losses of soil organic carbon (SOC) in arable soils worldwide 
(Sanderman et al., 2013; Li et al., 2018). If this depletion of SOC was re-
versed through the sequestration of organic carbon in arable soils, it would 
be beneficial in mitigating global warming and climate change (Lal, 2004).  
In addition, SOC strongly influences soil physical, chemical and biological 
quality, which are important for crop production and ecosystem services 
(Lal, 2014). Crop productivity also influences SOC content through its car-
bon supply through crop residues and root growth. For example, Wiesmeier 
et al. (2015) attributed the trends of decreasing SOC stocks in agricultural 
fields across Europe to the stagnation of crop yield, as it would potentially 
decrease carbon inputs from crops into the soil (Bolinder et al., 2007). Proper 
land management is, therefore, required to enhance SOC sequestration and 
to realize the beneficial effects of SOC for the soil environment and for sus-
tainable crop production (Chenu et al., 2019).  

For arable soils, a large proportion of SOC (ca. 90%) is usually associated 
with silt- and clay-sized (SC) particle fractions (Gregorich et al., 2006; 
Matus, 2021). SOC stabilization is then thought to be governed by the con-
tent of clay-sized particles because they determine the specific surface area 
of soils that is available for chemical adsorption of SOC. Clay-sized particles 
are also key constituents of the soil aggregate structure that is thought to 
provide physical protection of SOC (Horn et al., 1994; Totsche et al., 2018). 
Therefore, clay content has been used for modelling organic-carbon dynam-
ics in soils (Rasmussen et al., 2018; Wiesmeier et al., 2019). However, recent 

1. Introduction 
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studies have shown that depending on soil pH and climate, reactive alumi-
num and iron phases can be more important for SOC stabilization than clay 
content (Rasmussen et al., 2018). Identification of key variables that better 
explain the spatial variation in SOC contents in arable soils is important for 
a better understanding of SOC stabilization mechanisms and their conse-
quences for soil quality including soil structure. 

Soil structure is defined as the three-dimensional arrangement of pores 
and solid phases. It reflects the physical status of the soil and, hence, influ-
ences water dynamics, biogeochemical cycling and crop production (Rabot 
et al., 2018). Soil structure has traditionally been studied from two con-
trasting perspectives, namely the soil aggregate perspective, where aggregate 
stability has been a central property, and from the pore perspective, where 
pore network properties have been central (Rabot et al., 2018). The effects 
of SOC and organic amendments on aggregate stability have been exten-
sively studied (Bronick and Lal, 2005). On the other hand, the relationship 
between SOC and soil pore architecture (e.g. the pore size distribution) has 
been much less studied and is still a controversial topic (e.g. Rawls et al., 
2003; Minasny and McBratney, 2018; Lal, 2020). Pore size distributions are 
often quantified from measurements of soil water retention. Additionally, the 
advent of X-ray tomography has enabled quantification not only of pore size 
distributions, but also other characteristics of pore networks (Lucas et al., 
2019). However, there is a limitation of resolution of pore sizes that can be 
quantified by X-ray tomography (e.g. ca. 300 µm resolution for a column 
with 12.5 cm diameter and 20 cm height). Combining X-ray tomography and 
soil water retention measurements would therefore enable quantification of 
a wide range of pore size classes and may potentially be useful to identify 
pore sizes and characteristics that are strongly associated with SOC.  

Soil pore structure determines water flow and solute transport in soils. In 
particular, a better understanding of how SOC influences water flow in 
macropores and preferential solute transport in arable soils is important, be-
cause these processes enhance the leaching of agrochemicals below the root 
zone and consequently decrease water quality in ditches and streams sur-
rounding arable fields (Jarvis, 2007; Sandin et al., 2018). In this respect, ex-
ploring relationships between SOC content, X-ray derived macropore char-
acteristics and preferential transport would be useful to identify key variables 
that govern water flow and solute transport (Jarvis et al. 2016). This would 
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enable an appreciation of the potential benefits and limitations of SOC se-
questration in arable soils for the regulation of water and solute dynamics. 
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The overall aim of this thesis was to investigate the interactions between 
SOC and soil mineral constituents and their consequences for the relation-
ships between SOC, soil structure, water flow and solute transport in arable 
topsoils. The specific objectives of this thesis were: 

• To examine factors determining spatial variations in SOC content 
for arable topsoils in humid continental climate and to examine in-
teractions between SOC and soil mineral constituents at the field 
scale (Paper I) 

• To examine relationships between SOC and pore size distributions 
quantified by X-ray tomography and soil water retention measure-
ments for an arable topsoil with large variations in soil properties 
(Paper II) 

• To examine relationships between soil pore structure and preferen-
tial solute transport for arable topsoil and assess the potential role of 
SOC in these flow processes (Paper III) 

 
This thesis focuses on the topsoil of a large (47 ha) arable field at Bjertorp in 
south-west Sweden that has large spatial variations in SOC and clay content. 
This approach minimizes the influence of confounding factors that may mask 
the effects of SOC and clay on soil structure and flow processes, as the cli-
mate is the same and the field has also been under similar management for 
most of the last 60 years. 
 
 
  

2. Aim and objectives 





19 

3.1 Soil organic carbon dynamics in arable soil          
The global store of soil carbon down to 1 m depth is 1505 Pg. This is more 
than the carbon stored in the atmosphere (867 Pg) and in vegetation (620 Pg) 
combined (Lal, 2018). However, an estimated 116 Pg C has been released 
into the atmosphere from the top 2 m of soil during the last 12,000 years due 
to intensive agriculture (Sanderman et al., 2017). This loss of SOC from ar-
able land has also caused soil degradation and reduced crop productivity. 
This is because SOC plays a vital role in maintaining soil fertility in arable 
soils (Lal, 2004). Therefore, agricultural land management that enhances 
SOC sequestration can be a win-win solution for achieving sustainable crop 
production and regulating the future climate. Accordingly, an initiative 
called “4per1000” was launched by the French Ministry of Agriculture in 
2015. The goal is to increase the SOC content in arable soils by 0.4% of the 
initial SOC stock annually in the uppermost 0.4 m (Chenu et al. 2019). 

To achieve agricultural land management that enhances SOC sequestra-
tion, it is pivotal to identify factors that determine spatial variations in SOC 
in arable soils and to understand the processes causing these variations. SOC 
content is determined by the balance between input and output of organic 
carbon. The input into the soil in agricultural systems is driven by organic 
amendments (e.g. manure) and the carbon supply from crops. The crop-de-
rived carbon supply can be further separated into above- and belowground 
sources, and it has been reported that the carbon input from belowground 
biomass (i.e. roots and their exudates) is more efficiently stabilized com-
pared to carbon originating from aboveground biomass (Kätterer et al., 2011, 
Figure 1). Since direct measurements of total crop biomass are tedious and 

3. Background 
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expensive, grain yield has often been used as a proxy for carbon input from 
crops (Bolinder et al., 2007) and it has been used to explain, for example, the 
difference in SOC content between tilled and no-tilled soils (Ogle et al., 
2012). A part of the carbon in plant residues is incorporated into microbial 
biomass through microbial metabolism and anabolism and when microbes 
die, their biomass becomes part of SOM. Miltner et al. (2012) suggested that 
a large fraction of SOM originated from microbial biomass. The output of 
SOC, i.e. microbial decomposition of SOM, is considered to be regulated by 
three factors, namely biochemical quality and chemical and physical protec-
tion (Figure 1). Biochemical quality refers to the biochemical composition 
of organic matter supplied by plants. For example, lignin is more slowly de-
composed by microbes compared to labile organic carbon such as glucose 
and amino acids (Six et al., 2002). Chemical protection refers to the chemical 
association between soil minerals and SOC. For example, SOC can be ad-
sorbed to mineral surfaces, which potentially reduces the availability of SOC 
to microbes (Schmidt et al., 2011).  Physical protection means that SOC can 
be entrapped within the soil aggregate structure, which regulates microbial 
and enzymatic accessibility to SOC (Sollins et al., 1996; Lützow et al., 2006). 
These chemical and physical stabilization mechanisms are suggested to be 
more important compared with biochemical quality, since even easily de-
composable SOM such as amino acids can be stored in soil for more than 
100 years (Schmidt et al., 2011; Dungait et al., 2012; Lehmann and Kleber, 
2015). Hence, in this thesis, I will focus on the mechanisms of physical and 
chemical stabilization of SOC. 

 

 
Figure 1. Schematic figure depicting SOM dynamics as affected by C input and three 
stabilization drivers. 
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3.2 Interaction between SOC and mineral constituents 

3.2.1 The role of minerals in SOC stabilization 
The chemical and physical stabilization of SOC is known to be driven by 
clay-sized particles (<2 µm diameter). This is because clay-sized particles 
have a large specific surface area, which can adsorb SOC and hence protect 
it chemically from microbial degradation (Sollins et al., 1996). Clay-sized 
particles are also a key component in the formation of an aggregated struc-
ture, which provides physical protection of SOC from microbial decomposi-
tion. Keiluweit et al. (2018) reported that the abundance of anoxic sites 
within soil aggregates for upland soils was positively correlated with clay 
content. These anoxic sites reduced the rate of microbial decomposition of 
SOM. Based on these well-known effects of clay-sized particles on microbial 
decomposition processes, clay content, and sometimes also silt content, have 
been used as input to models of SOC dynamics (Zimmermann et al., 2007; 
Rasmussen et al., 2018) and for estimating SOC saturation points, namely 
the maximum SOC content that can be stored in silt- and clay-sized fractions 
(Six et al., 2002). 

The importance of clay content for SOC stabilization is supported empir-
ically by the positive correlations between clay and SOC contents that have 
been reported at regional (e.g. Li et al., 2020) and national scales (e.g. 
Poeplau et al., 2020). On the other hand, several studies have reported no 
correlation between  clay and SOC contents (e.g. Thomsen et al., 2009; Beare 
et al., 2014; Augustin and Cihacek, 2016; Van De Vreken et al., 2016; 
McNally et al., 2017; Mayer et al., 2019). These studies indicate that there 
may also be other factors determining SOC stabilization, rather than clay 
content alone. Thus, based on an analysis of a continental scale dataset for 
over 5,500 soil profiles, Rasmussen et al. (2018) reported that for soils with 
a pH less than 6.5, the SOC content was more strongly correlated with oxa-
late-extractable aluminum (Alox) and iron (Feox) than with clay content. 
Alox and Feox are proxies for reactive mineral constituents in soil. The im-
portance of such reactive mineral phases for SOC stabilization is well estab-
lished for acidic forest soils (e.g. Mikutta et al., 2006) and Andisols (e.g. 
Matus et al., 2006, Percival et al., 2000). However, some recent studies from 
sub-Saharan Africa also reported strong correlations between SOC and the 
content of Alox and Feox (Ouédraogo et al., 2020; Traoré et al., 2020; von 
Fromm et al., 2021). Nevertheless, the relationships between SOC and the 
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reactive mineral phases have not been explored for arable soils in humid con-
tinental climates (Beck et al., 2018), such as in Sweden. 

Reactive mineral phases can be important for both physical and chemical 
protection of SOC. The reactive mineral phases can be associated with SOC 
by organo-mineral complexation and/or co-precipitation, which can reduce 
microbial and enzymatic accessibility to SOC (Kleber et al., 2015). Organo-
metal associations were also suggested, as a binding agent, to enhance the 
clay-sized aggregation in which SOC can be physically protected (Asano et 
al., 2018).  

3.2.2 SOM fractionation 
To examine how and where SOC is stored in soils, SOM fractionation is 
often conducted. It enables separation of SOM into fractions with different 
SOC stability. There are many different fractionation methods and the choice 
of method depends on the research questions and soil types (Poeplau et al., 
2018). However, it is now recognized that the separation of a particulate or-
ganic matter (POM) fraction from mineral-associated organic matter is par-
ticularly important, because these two fractions have distinct differences in 
their stability and function (Lavallee et al., 2020). SOC in the POM fraction 
is considered to be labile and hence to be a good indicator for short-term 
changes of SOC due to, for example, land use change. In contrast, SOC in 
the mineral-associated organic matter fraction is considered to be more re-
sistant to microbial decomposition and, thereby, to show larger long-term 
stability, which is important for SOC sequestration (Six et al., 2002). These 
two fractions can be quantified by wet-sieving and density fractionation 
(Poeplau et al., 2018), separating the sand-sized fraction (e.g. >63 µm), 
which mainly consists of plant-derived SOM, from the silt- and clay-sized 
fraction (e.g. <63 µm), which mainly consists of SOM derived from micro-
bial biomass. In addition, chemical fractionation through oxidation of SOM 
using peroxide and sodium hypochlorite can be used to isolate stable SOC 
from the bulk soil. For example, using 14C analysis, Mikutta et al. (2006) 
reported that the C age for SOC in the oxidation-resistant SOM fraction was 
older than that in the bulk soil.  

Poeplau et al. (2018) compared different SOC fractionation methods 
comprising particle, aggregate, density and chemical separations and demon-
strated that there was no method that could completely separate fresh organic 
carbon from old. However, they concluded that combining physical and 



23 

chemical fractionation methods can satisfactorily separate fresh from old 
SOC fractions, thereby isolating SOC pools with different stability.  

3.3 Soil structure in arable soils 

3.3.1 Methods to quantify soil pore structure 
The quantification of soil pore structure is useful to help understand soil C 
sequestration, since it influences physical processes such as aeration, water 
flow and solute transport that influence microbial activity (Vogel et al., 
2021). The pore size distribution exerts an important control on these pro-
cesses (Rabot et al., 2018). Pore size distributions have traditionally been 
estimated from measurements of either soil water retention or mercury po-
rosimetry. However, pore size distributions estimated by soil water retention 
does not contain information on the spatial distribution of pores and their 
connectivity within a given soil sample. Recent developments in X-ray to-
mography have allowed for direct quantification of soil pore structure, in-
cluding not only pore size distributions but also pore network characteristics 
(e.g. pore connectivity) and biopores (e.g. created by soil fauna and root de-
velopment) (Rabot et al., 2018; Lucas et al., 2019). 

3.3.2 Soil pore structure and SOC   
Soil pore structure influences SOC stability (Strong et al., 2004; Ruamps et 
al., 2011; Dugaint et al., 2012; Kravchenko and Guber, 2017). For example, 
Kravchenko et al. (2015) showed that a larger abundance of connected pores 
>13 µm in diameter was associated with a faster rate of decomposition of 
intra-aggregate POM. Lützow et al. (2006) suggested that micropores 
smaller than 0.2 µm in diameter regulate microbial accessibility to SOC. In 
turn, SOC also influences soil pore structure, although much less is known 
about this. There are many studies reporting negative correlations between 
SOC and bulk density at various scales (i.e. plot, field, regional and global, 
Nemes et al., 2005; Kätterer et al., 2006; Yang et al., 2014; Meurer et al., 
2020b), which indicate that a larger SOC content leads to a larger total po-
rosity. This can be attributed to soil aggregation enhanced by SOC (Meurer 
et al., 2020b) and the decrease of the mean particle density with larger SOC 
content (Rüehlmann et al., 2006). However, the effects of the reduction in 
particle density with larger SOC content is expected to be small in arable 
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soils (e.g. Li et al., 2007) because the typical SOC content for arable soils is 
small (e.g. <3%, Oldfield et al., 2019). Therefore, there is clearly a link be-
tween SOC and the development of soil pore structure. However, the role of 
SOC in the formation of pores of different sizes is not clear. For example, 
positive effects of SOC on plant available water content, corresponding to 
the porosity in the 0.2–10 µm diameter class, possibly through enhanced soil 
aggregation have been recognized (Hudson, 1994). However, Minasny and 
McBratney (2018) reported in their global meta-analysis that the effects of 
SOC on plant available water was limited to a volumetric increase of 1.4–1.9 
mm H2O per 100 mm soil depth with a 1% mass increase of SOC content, 
suggesting that a change in SOC content  would not have a significant impact 
on plant available water content. Instead, the authors suggested that the ef-
fects of SOC on pore size distribution is significant for pores larger than 10 
µm. Relations between soil macroporosity and SOC contents have been in-
vestigated in several studies, with relationships reported to be either positive 
(Larsbo et al., 2016; Xu et al., 2018) or statistically insignificant (Paradelo 
et al., 2016b; Jarvis et al., 2017), which shows that generalizations are diffi-
cult. 

Soil pore size distribution is also strongly influenced by soil texture 
(Rawls et al., 2003; Lal, 2020). It is, therefore, important to separate the roles 
of soil texture from SOC in pore structure formation. Additionally, reactive 
mineral phases (Al and Fe) are known to be key stabilizers for soil aggregate 
structure through their variable charges and large specific surface area (Six 
et al., 2004). However, only a few studies have investigated the relationships 
between reactive mineral phases and pore structure (e.g. Shoji et al., 1996; 
Regelink et al., 2015). 

3.4 Water flow and solute transport in arable soils 

3.4.1 Flow processes regulated by soil structure 
The prediction of saturated hydraulic conductivity and water flow in 
macropores is difficult compared to the prediction of soil matrix flow, be-
cause the development of macropore networks is more influenced by factors 
such as land use, biological activity and climate rather than basic soil prop-
erties such as texture and SOC (Jarvis et al., 2013). The direct quantification 
of macropore characteristics by X-ray tomography can potentially increse 
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our understanding of water flow in macropores. For example, Koestel et al. 
(2018) reported a positive correlation between the critical pore diameter (i.e. 
the smallest pore diameter of the largest macropore connecting the top and 
the bottom) and saturated hydraulic conductivity in a national scale dataset 
for Norway. They showed that percolation theory was useful for the predic-
tion of the saturated hydraulic conductivity. Some other studies have re-
ported significant correlations between (near-) saturated hydraulic conduc-
tivity and pore connection probability (Sandin et al., 2017) or bioporosity 
(Zhang et al., 2019). On the other hand, the activation of water flow in ma-
copores and preferential solute transport may be more dependent on the 
abundance of smaller macropores and mesopores (Jarvis et al., 2012; Larsbo 
et al., 2014; Nimmo et al., 2021), rather than the properties of the entire 
macropore network. However, only a limited number of studies (e.g. Larsbo 
et al., 2014, 2016; Paradelo et al., 2016b) has investigated relationships be-
tween the degree of preferential transport, X-ray derived pore characteristics 
and mesoporosity for the same soil samples. 

3.4.2 Potential role of SOC for flow processes in soils 
Considering the potential associations between SOC and soil pore structure, 
SOC should be expected to have significant effects on water flow and solute 
transport. However, the relationships between SOC and hydraulic conduc-
tivity are not clear: Studies from both field scale and global scale have 
showed negative correlations between SOC and saturated hydraulic conduc-
tivity (Nemes et al., 2005; Wang et al., 2009; Jarvis et al., 2013). This nega-
tive correlation may be attributed to the fact that a larger SOC content may 
be related to a larger degree of water repellency of soils (Nemes et al., 2005). 
On the other hand, Araya and Ghezzehei (2019) reported positive correla-
tions between SOC and saturated hydraulic conductivity for their continen-
tal-scale dataset grouped by soil texture. 

Studies that have investigated the effects of SOC on the degree of prefer-
ential transport indicated that a large variation in SOC contents is important 
to detect any effects. For example, Vendelboe et al. (2013) and Soares et al. 
(2015) reported no correlations between SOC and the degree of preferential 
transport for soils with SOC contents in the ranges 1.2–1.7% and 1.7–2.2%, 
respectively. On the other hand, Larsbo et al. (2016) and Paradelo et al. 
(2016b) reported that larger SOC contents reduced the risk of preferential 
transport among soils with large variations in SOC content (4–15% and 1.8–
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8.4%, respectively). Larsbo et al. (2016) further indicated that the larger SOC 
content was associated with larger abundance of small macropores (200–600 
µm in diameter) that can prevent the activation of preferential transport. In 
the perspective of Swedish arable soils, 75% of the soils have SOC content 
smaller than 3.5% (Eriksson et al., 2010). It is, therefore, required to evaluate 
if larger SOC content can reduce the risk of preferential transport and protect 
water resources in agricultural fields, for soils covering the typical range of 
SOC content in arable soils. 
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4.1 Field description 
The field (46.9 ha) is located in Bjertorp, Västergötland, in South-west Swe-
den (58°14'00"N 13°08'00"E) – one of the most productive agricultural re-
gions in Sweden (Lindahl et al., 2008). The field is located about 500 m from 
a long-term experimental field managed by the SLU. The field has been cul-
tivated for at least 60 years under similar soil management across the field 
except that (1) precision fertilization of nitrogen, phosphorus and potassium 
has been carried out for some years and (2) different types of crops have been 
grown in different parts of the field for some years. Soil profile classification 
was conducted at three locations within the field based on the World Refer-
ence Base (WRB, 2015) system, and the three soil profiles were classified as 
Stagnic Eutric Cambisol, Eutric Stagnosol and Haplic Phaeozem respec-
tively (Figure 2). Mean precipitation and temperature, which were taken 
from the nearby meteorological station at Hällum (Swedish Meteorological 
and Hydrological Institute), were 624 mm and 7.3 °C respectively. A previ-
ous soil sampling campaign conducted in 2000 showed that there were large 
variations in clay (ca. 9–45%) and SOC (ca. 0.6–2.7%) contents across the 
field (Lindahl et al., 2008). A digital elevation model of the field was im-
ported from Lantmäteriet (https://www.lantmateriet.se/sv/) to extract eleva-
tion data across the field. 

4. Material and Methods 
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Figure 2. Photos of soil profiles at three different locations. 

4.2 Soil sampling 
In late August 2017, after the harvest of oilseed rape but before tillage, soil 
samples were taken at 35 locations, which were determined using stratified 
sampling to cover the variations in SOC and clay contents measured in 2000 
(Figure 3 and 4). At each location, intact topsoil samples in polyvinyl chlo-
ride (PVC) cylinders (20 cm height, 12.5 cm diameter) and steel cylinders 
(10 cm height, 6.8 cm diameter, at a depth of ca. 3–13 cm) were taken using 
a tractor-mounted hydraulic press and a drop hammer, respectively. Addi-
tionally, loose topsoil from the same depth (ca. 3–13 cm) was also collected. 
The samples in the PVC columns were used for X-ray tomography scanning 
of soil structure, solute transport experiments and measurements of near-sat-
urated hydraulic conductivity. After these experiments, soils collected from 
within the columns at ca. 3–13 cm depth were air-dried at 38 °C, crushed and 
sieved to <2 mm. These soil samples were used for soil texture analysis, 
SOM fractionation and the oxalate extraction experiment and are referred to 
as bulk soils from now on. The soil samples in steel cylinders were used for 
measurements of soil water retention and bulk density. The loose soil sam-
ples were also air-dried at 38 °C, crushed, sieved to <2 mm and then used for 
measurements of soil pH and soil water retention at wilting point. 
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Figure 3. A field map of a digital elevation model (DEM) and soil sampling locations in 
2000 and 2017. The coordinate system used here is SWEREF99 TM (unit: m).  The DEM 
of raster data was downloaded from Lantmäteriet. The map was created using ArcGIS 
10.7.1 (ESRI). 

 

 
Figure 4. The relationship between SOC and clay contents in the Bjertorp field as re-
ported in Lindahl et al. (2008). The blue circles show soil sampling locations in 2000 
while the red crosses show soil sampling locations in 2017 selected using stratified sam-
pling. 
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4.3 Basic soil properties 
Soil texture was measured using wet-sieving and the pipette method. Soil 
organic matter was first removed by 10 mL peroxide (35%) and then the 
samples were dispersed by adding 25 mL of chemical dispersant (7 g L-1 
sodium carbonate, Na2CO3 + 33 g L-1 sodium metaphosphate, (NaPO3)n). As 
proxies for reactive aluminum and iron phases, the oxalate-extraction of alu-
minum and iron was conducted using 100 mL of oxalate extraction solution 
(0.2 mol/L oxalate: mixture of 4.8 L ammonium oxalate solution and 3.6 L 
oxalic acid solution, pH adjusted to 3.0) in the dark. Extracted aluminum and 
iron concentrations were then measured by inductively coupled plasma opti-
cal emission spectrometry (ICP-OES). 

4.4 SOM fractionation 
SOM fractionation was conducted according to the method proposed by 
Zimmermann et al. (2007) and modified by Poeplau et al. (2013). Briefly, a 
mixture of 30 g of bulk soil and 150 mL deionized water was dispersed by 
an ultrasonic probe with 22 J mL-1 energy having a constant power of 20 W. 
The dispersed samples were then wet-sieved using a 63 µm mesh and ca. 2 L 
of deionized water, which enabled separation of the sand-sized particle and 
aggregates and POM fraction (>63 µm) from the silt- and clay-sized (SC) 
fraction (<63 µm). After wet-sieving, these fractions were dried at 36–38 °C. 
The POM and sand-sized particle and aggregates fractions were then sepa-
rated into a POM fraction and a sand-sized particles and aggregates fraction 
by density fractionation using a sodium polytungstate solution with 1.8 g 
cm- 3 density. To isolate oxidation-resistant SOM, 1 g of soil from the SC 
fraction was treated with 50 mL of 7% NaOCl (adjusted to pH 8 by HCl 
addition) three times. This fractionation method gave five distinct SOM frac-
tions: POM, SOM associated with sand and aggregates (sand-OM), SOM 
associated with silt and clay (SC-OM), oxidation-resistant SOM in the SC 
fraction (rSOM) and non-oxidation resistant in the SC fraction (SC-OM – 
rSOM). The SOC in each fraction was then defined as POM-C, Sand-C, SC-
C, rSOC and SC-C – rSOC. Carbon and nitrogen contents in bulk soil and in 
these fractions were measured by dry-combustion on a TruMac CN (LECO 
Corp.). The inorganic carbon content was very small (<0.024 mg g-1 bulk 
soil, which corresponds to <0.2% of the total C). It was therefore assumed 
that SOC was equivalent to the total C content. SOC content in fractions are 
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reported on a basis of mg C g-1 bulk soil except for the results of silt-sized 
aggregate analysis where SC-C content is reported on a basis of mg C g-1 SC 
fraction.  

4.5 Silt-sized soil aggregates 
The SC fraction (particle size <63 µm) was used to quantify the presence of 
silt-sized aggregates. For this purpose, two treatments were prepared: me-
chanical dispersion (MD) and dispersion by SOM removal (DSR). For the 
MD treatment, 0.08 g of the SC fraction was placed in a beaker with 40 mL 
deionized water and mechanically dispersed with a magnetic stirrer over-
night (350 rpm). For the DSR treatment, SOM in the SC fraction (ca. 0.08 g) 
was removed by peroxide addition and boiling for at least 6 hours. Then, 1 
mL of chemical dispersant (7 g L-1 sodium carbonate, Na2CO3 + 33 g L-1 
sodium metaphosphate, (NaPO3)n) was added to the samples. Finally, the 
samples were filled with deionized water up to ca. 40 mL of total volume. 
The samples were then mechanically dispersed overnight as for the MD treat-
ment. The particle and aggregate size distributions were measured using a 
laser particle size analyzer (Partica LA-950 V2, Horiba). Here it was as-
sumed that the result for the MD treatment represented the particle- and ag-
gregate-size distribution whereas the result for the DSR treatment repre-
sented the particle size distribution. The difference in the size distributions 
between DSR and MD (defined as DSR – MD) treatments was also calcu-
lated. If DSR – MD <0, this was interpreted as the amount of silt-sized ag-
gregates consisting of clay-sized particles, while if DSR – MD >0, it was 
interpreted as the amount of clay-sized particles released upon destruction of 
silt-sized aggregates. These size distributions were divided into seven size 
classes (i.e. <0.5 μm, 0.5–1 μm, 1–2 μm, 2–6 μm, 6–20 μm, 20–60 μm and 
60–100 μm). 

4.6 Literature search on the relation of SOC to basic soil 
properties 

I searched the literature database for studies that reported SOC, soil texture, 
soil pH, Alox and Feox for arable topsoils in humid continental climates 
(Beck et al., 2018). Four studies were found: one from Sweden (Blombäck 
et al., 2021), one from Norway (Grønsten and Børresen, 2009), one from 
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Denmark (Paradelo et al., 2016a) and one from Canada (Beauchemin et al., 
2003). The results from Bjertorp and from these studies, except Paradelo et 
al. (2016a) for which the raw data were not available, were combined to in-
vestigate the extent to which the results for the Bjertorp field could be gen-
eralized to similar sites. From now on, I refer to this data as “the combined 
dataset”.  

4.7 Analysis of crop yield data using GIS 
Grain yield data across the field measured by a combine harvester were avail-
able from 1997, 1999–2004, 2007, 2010–2013, 2015 and 2016. The yield 
data in 2003, 2004 and 2011 were excluded, because data were missing for 
large parts of the field area (>30%) (see the details of calculation of the miss-
ing areas in Page S7, Paper І). As different crops (winter wheat, oats and 
oilseed rape) were grown in different years, relative yields were calculated 
by normalizing the measured yields by the mean yield for a given year (Kel-
ler et al., 2012). Interpolation of the relative yield data across the field was 
performed using the Inverse Distance Weighting (IDW) method in ArcGIS 
10.7.1 (ESRI, http://www.esri.com). The relative yield data at locations 
where soil properties were measured in 2000 and 2017 were extracted and 
the mean of relative yields (MRY) for the considered years were calculated 
at each soil sampling location (Keller et al., 2012). The MRY was used as a 
proxy for C input from crops (Bolinder et al., 2007). 

 

4.8 Soil water retention 
Soil water retention at pressure potentials (ψ) of -30 and -100 cm were meas-
ured using a sand box and at -300 and -600 cm using a suction plate. Soil 
water retention at -15,000 cm was measured using a pressure plate extractor 
with disturbed bulk samples (i.e. sieved to <2 mm). The pressure potentials 
were converted to equivalent pore diameters using the Young-Laplace equa-
tion: d (in cm) = -3000/ψ (in cm). Soil porosities in the pore diameter classes 
of <0.2, 0.2–5, 5–10, 10–30, 30–100 and >100 µm were then estimated by 
calculating differences in volumetric water content between pressure poten-
tials. Total porosity was also estimated from bulk density with an assumed 
particle density of 2.65 g cm-3. In this thesis, the porosities in the <10 µm 
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diameter classes and 10–100 µm diameter classes were defined as mi-
croporosity and mesoporosity respectively (Luxmoore, 1981). 

4.9 X-ray tomography 
Scanning of the soil samples in the PVC cylinders was performed using the 
GE Phoenix X-ray scanner (v|tome|x 240) available at the Department of Soil 
and Environment, SLU, which is equipped with a tungsten target, a 240-kV 
X-ray tube and a GE 16’’ flat panel detector. The samples with a clay content 
>30% were scanned at a voltage of 170 kV, a current of 740 µA and exposure 
time of 1000 µs, whereas the samples with clay content <30% were scanned 
at 180 kV, 630 µA and 333 µs. In total, 2000 radiographs were collected and 
a three-dimensional image was created using the GE image reconstruction 
software Datos|x. A cylindrical region of interest (ROI) of the samples (8.4 
cm diameter and 10 cm height at 3–13 cm depth) was defined. The length of 
each image voxel was approximately 120 µm in all directions and the mini-
mum pore diameter that can be quantified was 240 µm. In this thesis, X-ray 
derived porosities are defined as macroporosity. 

4.10 Image analysis 
Image analysis was carried out using the open-source software ImageJ and 
the plugins included in FIJI (Schindelin et al., 2012). First, noise in the im-
ages was reduced by applying a three-dimensional median filter with a radius 
of one. Using the plugin SoilJ (Koestel, 2018), illumination differences be-
tween images and within images in the vertical direction were then corrected 
using the grey values in the wall of the PVC cylinders and the air inside the 
columns as references. All the images were segmented into pore and solid 
phases using a single gray value threshold. The total visible porosity, pore 
size distribution and macropore characteristics were then calculated using 
SoilJ. The macropore characteristics analyzed here are critical pore diameter, 
the percolating fraction, surface fractal dimension, connection probability, 
average pore thickness and specific surface area of macropores. The critical 
pore diameter is the diameter of the largest sphere that could pass through 
the pore network from top to bottom in a given ROI. The percolating fraction 
is the fraction of the pore network that is connected between the top and the 
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bottom of a given ROI. The surface fractal dimension indicates the abun-
dance of smaller macropores and the homogeneity and roughness of 
macropores. The connection probability is the probability that two randomly 
selected pore voxels belong to the same pore cluster. Additionally, total vis-
ible bioporosity and its size distribution were quantified using a method 
based on that described by Lucas et al. (2019). More details are available in 
Paper ІІ. To facilitate this analysis, the image resolution was reduced by a 
factor of two to a voxel edge length of 240 µm, which corresponds to a min-
imum detectable pore diameter of 480 µm. Total visible porosity and biopo-
rosity were divided into the following pore diameter classes: 240–480, 480–
720, 720–1220, 1220–1920, 1920–3120 and >3120 µm. 

4.11 Solute transport experiments 
Solute transport experiments for the soil samples in the PVC cylinders were 
performed under steady-state water flow using an irrigation chamber at the 
Department of Soil and Environment, SLU. Details on the method are pre-
sented in Larsbo et al. (2014, 2016). Briefly, the bottom of the PVC cylinders 
were covered with polyamide cloth with a 50 µm mesh size to prevent soil 
loss during the irrigation experiment. Artificial rainwater was used to irrigate 
the soil samples at an intensity of 2 mm h-1. Effluent concentrations were 
measured at 5-minute resolution using Cond 3310 electrical conductivity me-
ters (WTW GmbH, Weilheim, Germany). When steady-state flow was 
achieved and the effluent concentration was stable, a pulse of 2 mL potas-
sium bromide (250 mg Br mL−1 distilled water) was applied to the soil sur-
face. This application was restricted to the central part (diameter ca. 10 cm) 
of the soil surface to limit effects of any artificial pores present close to the 
PVC walls on solute transport. From the measurements of effluent concen-
trations, a breakthrough curve was obtained for each sample. After the irri-
gation at 2 mm h-1 intensity, the intensity was increased to 5 mm h-1 and a 
second pulse of potassium bromide was applied. 

To determine the degree of preferential transport, the normalized 5% ar-
rival time was derived from the breakthrough curves. This is an indicator for 
early arrival of the applied solute (Knudby and Carrera, 2005; Koestel et al., 
2011). Details of the calculation of the 5% arrival time are given in Larsbo 
et al. (2014). A large value of the normalized 5% arrival time indicates a low 
degree of preferential transport. 
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4.12 Near-saturated hydraulic conductivity 
After the solute transport experiment, near-saturated hydraulic conductivity 
was measured at pressure potentials of -1.3 and -6 cm for the samples in the 
PVC cylinders under steady-state conditions using a tension disc infiltrome-
ter. The soil surface was carefully smoothed, and a layer of about 0.5 cm of 
fine sand was applied on top to ensure good contact between the soil and the 
infiltrometer.  

The diameter of the largest water-filled pores during the irrigation exper-
iments at both intensities were estimated by assuming a linear relationship 
between log-transformed pressure potentials and near-saturated hydraulic 
conductivities (Jarvis et al., 2013; Larsbo et al., 2014). Pressure potentials 
were then converted to effective pore diameters using the Young-Laplace 
equation as in section 4.6. The degree of saturation in macropores during the 
solute transport experiments was estimated from the diameters of largest wa-
ter-filled pores and macropore size distributions derived from the X-ray to-
mography. 

4.13 Statistical analysis 
Spearman rank correlation coefficients were calculated to investigate the re-
lationships between basic soil properties, field characteristics (i.e. topogra-
phy and yield), soil structure metrics, soil hydraulic properties and solute 
transport characteristics. This is because some of the variables were not nor-
mally distributed.  Also, ordinary, multiple and step-wise linear regression 
analyses were carried out to examine the extent to which predictor variables 
could explain the variations in dependent variables. For Paper ІІ, the results 
of multiple linear regression analysis were further analyzed to derive the rel-
ative contributions of SOC and clay to the total variances of the dependent 
variables (i.e. soil porosities) using the function “lmg” available in the R 
package “relaimpo”. Details of the statistical analyses are available in the 
respective papers. P < 0.05 was used as significance level. All the statistical 
analyses were performed using R (R core team, 2019). 
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5.1 Explanatory variables for the spatial variation in soil 
organic carbon: Field scale results and regional data 
comparison (Paper І) 

The measurements of soil texture and SOC contents from 2017 (Table 1) 
were very similar to the ones from 2000 (i.e. clay: 9–45%, SOC: 0.6–2.7%). 
There was a larger variation in Feox content compared to Alox content (Ta-
ble 1). The variation in mean relative yield (MRY) across the field ranged 
from 82% to 108% (Table 1). The elevation at the soil sampling locations 
varied between 87.4 m and 95.4 m. 
 
Table 1. Basic soil properties, MRY and elevation. 

 Mean S.D. Max. Min. 
Clay (%) 27.2 9.1 42.2 8.4 
Silt (%) 47.0 12.0 61.3 19.5 
Sand (%) 25.8 20.4 72.0 4.7 
Soil pH 6.02 0.25 6.57 5.63 
Alox (g kg-1) 1.61 0.25 2.13 1.08 
Feox (g kg-1) 5.64 1.91 8.81 2.53 
Elevation (m) 92.6 2.7 95.4 87.4 
MRY 1.00 0.07 1.08 0.82 
SOC (g kg-1) 17.0 4.5 27.2 11.2 

 
 
 

5. Results 
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There were strong correlations between soil texture, Feox and elevation 
(Figure 5). The MRY was positively correlated with elevation and negatively 
with clay (Figure 5). The SOC content was most strongly and positively cor-
related with Alox content compared to the other soil properties and elevation. 
SOC was also positively correlated with MRY and elevation and negatively 
with clay and soil pH. 
 

 
Figure 5. Spearman rank correlation coefficients for relationships between basic soil 
properties, MRY and elevation. Significant correlations (P < 0.05) were highlighted ei-
ther in red (negative) or in blue (positive). 

 
 From step-wise regression analysis, Alox, Feox, silt and MRY were se-

lected as explanatory variables and this best-fit model explained 77% of the 
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variation in SOC (Table 2). The multiple linear models using Alox with ei-
ther Feox or MRY also explained 70% of the variation in SOC. Finally, Alox 
content alone explained 48% of the SOC variation.  

A similar correlation analysis performed on the literature data sets 
showed that SOC was positively correlated with Alox, whereas it was not 
correlated with clay, soil pH and Feox, except that SOC was positively cor-
related with clay for samples with clay content >15% in Blombäck et al. 
(2021) (Table 5 in Paper I). The combined dataset also showed a positive 
correlation between Alox and SOC, while there were no correlations between 
SOC and the other soil properties (Figure 6). 

 
Table 2. The results of regression analysis. The units of variables are reported in Table 
1. 

 Regression model Adj. R2 
1 SOC = 10.1 Alox – 1.4 Feox+ 0.1 Silt + 12.8 MRY – 9.3 77.1 % 
2 SOC = 11.8 Alox – 1.1 Feox + 5.0 69.6 % 
3 SOC = 12.5 Alox + 30 MRY – 33.2 69.6 % 
4 SOC = 12.8 Alox – 3.6 48.4 % 
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Figure 6. The relationships between SOC (or total C) and basic soil properties for the 
combined dataset (this study + literature data).  

5.2 SOM fractionation and silt-sized aggregates (Papers I 
and II) 

 
Mechanical soil dispersion and wet-sieving completely destroyed aggregates 
>63 µm (i.e. the sand content measured by the texture analysis and the sand-
sized mass fraction fell on the 1:1 line, see Figure S3 in Paper І). Therefore, 
the Sand-OM fraction was regarded as being associated with sand-sized par-
ticles alone and not with aggregates. A statistical summary of the results of 
SOM fractionation is shown in Table 3 in Paper І. A large proportion of SOC 
was contained in the silt- and clay-sized (SC) fraction (ca. 80%) and SC-C 
and rSOC contents contributed to 67.5% and 14.2% of total SOC content 
(Table 3 in Paper І). The proportions of POM-C and Sand-C to total SOC 
were 5.0% and 5.6%, respectively (Table 3 in Paper І). The C:N ratios of the 
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Sand-OM and POM fractions (20.7 and 19.8) were much higher than in the 
bulk SOM (11.6) and SC-OM fraction (11.3). The C:N ratio for the rSOM in 
the SC fraction was the largest among the SOM fractions; however, this re-
sult may not be reliable because nitrogen contents in this fraction were close 
to the detection limit. 

The Sand-C content was negatively correlated with soil pH, clay and Feox 
(Figure 7). POM-C content was positively correlated with SOC content and 
negatively with soil pH (Figure 7). SC-C and rSOC were positively corre-
lated with Alox, SOC, MRY and elevation (Figure 7). 

 

 
Figure 7. Spearman rank correlation coefficients for relations between SOC fractions, 
basic soil properties, MRY and elevation). The unit for the SOC content in each fraction 
is mg C g-1 bulk soil. Significant correlations (P < 0.05) were highlighted either in red 
(negative) or in blue (positive). 
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The C:N ratios of bulk SOM and Sand-OM, SC-OM and rSOM in the SC 
fractions were negatively correlated with clay, soil pH and Feox, while they 
were positively correlated with the sand content (Table 3). The C:N ratios in 
the bulk SOM and SC-OM fractions were also positively correlated with 
Alox and with the total SOC content in bulk soil and SC-C content (Table 3). 
 

Table 3. Spearman rank correlation coefficients for the relationships between soil prop-
erties and C:N ratios of bulk SOM and SOM fractions. Values in bold indicates signifi-
cant correlations (P < 0.05).  

 Clay  Sand  Soil pH Alox Feox SOC 
Bulk SOM -0.81 0.78 -0.74 0.41 -0.81 0.661 
POM -0.28 0.27 -0.25 -0.28 -0.01 -0.142 
Sand-OM -0.58 0.63 -0.41 -0.01 -0.47 -0.063 
SC-OM -0.75 0.70 -0.69 0.47 -0.82 0.694 
rSOM in SC -0.80 0.74 -0.57 0.21 -0.70 0.655 
SOC content in bulk soil (total SOC)1 or each SOM fraction (POM-
C2, sand-C3, SC-C4 or rSOC5).   The unit is mg C g-1 bulk soil. 

 
Figure 8a shows an example of how the removal of SOM changed particle 

and aggregate size distributions in the MD treatment relative to the particle 
size distribution in the DSR treatment. Figure 8b shows that the removal of 
SOM increased the volume of particles in the diameter classes <0.5, 0.5–1 
and 1–2 µm, whereas it decreased volumes in the 2–6 and 6–20 µm diameter 
classes. Also, there was a positive correlation between SC-C content and the 
difference DSR – MD in the < 2 µm diameter range (Figure 8c). 
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Figure 8. (a) An example of particle and aggregate size distributions of volumes in MD 
and DSR and their differences (DSR – MD), (b) mean and standard deviation of volumes 
of particles and aggregates in the fractions of  <0.5, 0.5–1, 1–2, 2–6, 6–20, 20–60 and 
60–100 µm diameter classes for the MD and DSR treatments and their difference and (c) 
the relationship between SOC content in the SC fraction and volume of clay-sized parti-
cles (<2 µm) that was released upon SOM removal (i.e. DSR – MD). 
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5.3 Relations between SOC and the pore size distribution 
as affected by variations in soil properties (Paper II)  

In this section and in Paper ІІ, the POM-C and Sand-C contents were com-
bined and denoted POM-C. Both components were considered to represent 
labile SOC, with their high and similar C:N ratios (see section 5.2). 

Correlations between soil properties and macroporosity and bioporosity 
derived by X-ray tomography and the porosities derived by soil water reten-
tion are reported in Figures 3, 4 and 5 in Paper ІІ. With respect to the 
macropore size distributions, the porosities in the 720–3120 µm diameter 
classes were positively correlated with the clay content but not with SOC, 
while the porosities in the 240–720 µm diameter classes were positively cor-
related with SOC (Figure 3, Paper ІІ). The biopore size distribution was also 
mostly correlated with soil texture but not with SOC content (Figure 4, Paper 
ІІ). The porosities estimated from soil water retention were also more 
strongly correlated with the clay content than the SOC content, except for 
total porosity and porosities in the 0.2–5 and >100 µm classes (Figure 5, 
Paper ІІ). The porosities larger than 0.2 µm diameter were positively corre-
lated with SOC content.   

The soil porosities in all diameter classes were generally not correlated 
with Alox. Also, due to strong correlations of POM-C, Feox and the C:N 
ratio of SOM with clay content (Figure 2 in Paper ІІ), their importance for 
the pore size distribution are unclear. Finally, volumetric water contents at 
the applied pressure potential were strongly correlated with clay content, but 
not with SOC content except at -30 cm (Figure S4 in Paper ІІ). 

Multiple linear regression analysis using SOC and clay content as explan-
atory variables was performed to (1) quantify the responses of soil porosity 
in different diameter classes to increases in SOC and clay contents, and (2) 
examine the extent to which SOC and clay can explain the variations in these 
pore size classes as presently observed. Since in this thesis, the focus is on 
the relationship between SOC and pore size distribution, this analysis was 
performed for pore classes that were significantly correlated with SOC based 
on Spearman correlation coefficients. There were larger increases of the po-
rosities in the 0.2–5 and 480–720 µm diameter classes with a 1% mass in-
crease of SOC compared to the other pore diameter classes (Figure 9a). The 
multiple linear regression coefficients for SOC for the porosities in 10–30 
and 30–100 µm diameter classes were not significantly different from zero 
(Figure 9a), because these porosities were more strongly correlated with clay 
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content (Figure S5 and S6, Paper ІІ). There was a much larger increase in 
porosity in the <0.2 µm diameter class with an increase of clay content com-
pared to the porosities in the other pore diameter classes (Figure 9b). The 
analysis of the relative importance of SOC and clay in explaining the total 
variances in soil porosities indicated that the total porosity and the porosities 
in the 0.2–5 and 480–720 µm diameter classes were more strongly associated 
with SOC content compared to clay content (Figure 9c). 
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Figure 9. The results of multiple linear regression analysis with SOC (%) and Clay (%) 
as explanatory variables for the selected soil porosities. (a) Coefficients for SOC for each 
regression model, (b) coefficients for Clay for each regression model and (c) relative 
importance of SOC and Clay to total variance of each porosity explained by the models. 
Total porosity and the porosities <100 µm diameter classes were calculated from bulk 
density and soil water retention whereas the porosities in 240 – 720 µm diameter classes 
were derived from X-ray tomography. 
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5.4 Soil pore characteristics, water flow and solute 
transport (Paper III) 

A correlation analysis of relationships between X-ray derived pore size dis-
tribution and macropore characteristics showed that specific macropore sur-
face area and fractal dimension were strongly correlated with the abundance 
of smaller macropores (<720 µm in diameter) than larger macropores, 
whereas the opposite was true for connection probability, critical pore diam-
eter and percolating fraction (Figure 10). It should be noted that 34 out of 35 
samples were percolating (i.e. the pore network was connected from top to 
bottom of the ROI). 

 

 
Figure 10. Correlation matrix of X-ray derived pore size distributions and macropore 
network characteristics. Significant correlations (P < 0.05) were highlighted either in red 
(negative) or in blue (positive). SSA: specific surface area of macropores, Th: average 
macropore thickness, FD: surface fractal dimension, Gamma: connection probability, 
CPD: critical pore diameter, PF: percolating fraction. 

 
The normalized 5% arrival times were positively correlated with the near-

saturated hydraulic conductivities at both pressure potentials, while they 
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were negatively correlated with the estimates of the diameters of the largest 
water-filled pores and the degree of saturation in macropores (Figure 11).  

 

  
Figure 11. The relationships between (a) log-transformed near-saturated hydraulic con-
ductivity at -1.3 cm and normalized 5% arrival time, (b) log-transformed near-saturated 
hydraulic conductivity at -6 cm and normalized 5% arrival time, (c) the diameters of 
largest water-filled pores during the irrigation experiments and normalized 5% arrival 
time and (d) the degree of saturation in macropores during the irrigation experiments and 
normalized 5% arrival time. The linear regression lines with adjusted R2 values are dis-
played when the relationship was significant (P < 0.05). 
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With respect to macropore characteristics, normalized 5% arrival times 
were most strongly correlated with the surface fractal dimension, which ex-
plained 53% and 65% of the variation in the arrival times at the two irrigation 
rates (Figure 12). In contrast, arrival times were not correlated with any of 
the analyzed connectivity measures (i.e. connection probability, critical pore 
diameter and percolating fraction, Figure 5 in Paper ІІІ). 
 
 

  
Figure 12. The relationship between surface fractal dimension and normalized 5% arrival 
time. The linear regression lines with adjusted R2 values are displayed when the relation-
ship was significant (P < 0.05). 

 
Near-saturated hydraulic conductivities and normalized 5% arrival times 

were also positively correlated with the macroporosity in the 240–480 µm 
diameter class (Figure S2 in Paper ІІІ). The arrival time at an irrigation in-
tensity of 2 mm h-1 was also positively correlated with the porosity in the 
480–720 µm diameter class, whereas the arrival time at 5 mm h-1 intensity 
was negatively correlated with the porosities in the 1200–3120 µm diameter 
classes (Figure S2 in Paper ІІІ). The arrival times were positively correlated 
with bioporosity in the 240–480 µm diameter class, while they were nega-
tively correlated with the bioporosities in the 720–1920 µm diameter classes 
except that the arrival time under 5 mm h-1 intensity was not correlated with 
the bioporosity in the 720–1200 µm diameter class (Figure S3 in Paper ІІІ).  
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The linear regression analyses indicated that the macroporosity in the 
240–480 µm diameter class and the bioporosity in the 1200–1920 µm diam-
eter class explained 40% and 39% of the variation in the arrival times at 2 
mm h-1 and 5 mm h-1, respectively (Figure 13a and 13d), whereas the poros-
ities in the 480–720 µm diameter and in the 1200–1920 µm diameter classes 
only explained 15% of the variations in the arrival times at 2 mm h-1 and 5 
mm h- 1, respectively (Figure 13b and 13c). 
 

 
Figure 13. Relationships between normalized 5% arrival time and (a) the porosity in the 
240–480 µm diameter class, (b) the porosity in the 480–720 µm diameter class, (c) the 
porosity in the 1200–1920 µm diameter class and (d) the bioporosity in the 1200–1920 
µm diameter class. The linear regression lines with adjusted R2 values are displayed when 
the relationship was significant (P < 0.05). 
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For the soil water retention data, 5% arrival times were positively corre-
lated with the porosities in the 5–100 µm classes (Figure S4 in Paper ІІІ). In 
particular, the arrival times were strongly correlated with the porosity in the 
30–100 µm diameter class, which explained 67–70% of the variation (Figure 
14). 

 
 

 
Figure 14. The relationship between normalized 5% arrival times and porosities in (a) 
the 5–10 µm diameter class, (b) the 10–30 µm diameter class and (c) the 30–100 µm 
diameter class. The regression lines with adjusted R2 values are displayed when the rela-
tionship was significant (P < 0.05). 
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5.5 Soil properties and solute transport (Paper III) 
Normalized 5% arrival times and near-saturated hydraulic conductivities 
were negatively correlated with clay content and positively with sand con-
tent, while the diameters of the largest water-filled pore and the degree of 
saturation in macropores were positively correlated with clay contents (P < 
0.05, Figure 15). Arrival times, hydraulic conductivities and the diameters of 
the largest water-filled pores were not correlated with SOC content except 
for the conductivity at -6 cm (Figure 15). 

 

 
Figure 15. Spearman rank correlation coefficients for relations between basic soil prop-
erties, normalized 5% arrival times (Arrival), log-transformed near-saturated hydraulic 
conductivities (K1.3 cm and K6 cm), diameters of the largest water-filled pore (Diame-
ter) and the degree of saturation in macropores (Saturation). Significant correlations (P 
< 0.05) were highlighted either in red (negative) or in blue (positive). 
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6.1 Alox as a key predictor for SOC 
In the Bjertorp field, SOC content was most strongly correlated with Alox 

compared with the other measured soil properties, MRY and elevation. Since 
80% of SOC was retained in the SC fraction for the Bjertorp soils, and most 
Alox was also expected to be present in the SC fraction (Curtin et al., 2016), 
it is hypothesized that the association between Alox and SOC is a key driver 
for the physico-chemical stabilization of SOC in these soils. The positive 
correlation between rSOC and Alox also indicated that Alox may be im-
portant for the formation of the stable SOC fraction. These results are con-
sistent with previous studies (Mikutta et al., 2006; Wiaux et al., 2014). Sire-
gar et al. (2005) and Mikutta and Kaiser (2011) also reported that NaOCl 
treatment did not change Alox and Feox contents. Moreover, about 67% of 
total SOC was present as the non-oxidation resistant SOC (SC-C – rSOC) in 
the SC fraction. The fractionation method used in this study does not allow 
a distinct separation between physically and chemically protected SOM, be-
cause chemically adsorbed SOC could be desorbed at the pH (= 8) which 
was used for the NaOCl treatment (Mikutta et al., 2005). However, the rela-
tively large proportion of the non-oxidation resistant SOC content indicates 
that a large proportion of SOC was physically protected within silt-sized ag-
gregates as reported in Virto et al. (2008). The analysis of particle- and ag-
gregate-size distributions in the SC fraction showed that the removal of SOM 
by peroxide destroyed silt-sized aggregates (2–20 µm in diameter) and, con-
sequently, released clay-sized particles. This result was in line with previous 
studies reporting the importance of SOC for aggregation where SOC acts as 
a binding agent for clay-sized particles (Dexter et al., 2008; Jensen et al., 
2019). This result may also indicate that these silt-sized aggregates are a key 

6. Discussion 
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driver for the physical protection of SOC in the Bjertorp field. This interpre-
tation is supported by a positive correlation between the SC-C content and 
the C:N ratio of the SC-OM fraction, which indicates that a larger SC-C con-
tent is associated with fresh, less microbially-processed SC-OM possibly due 
to the physical protection of fine POM within the silt-sized aggregates 
(Shang and Tiessen, 1998; Steffens et al., 2017). As a binding agent, Alox 
may also play a key role in aggregation and associated physical protection 
(Shang and Tiessen, 1998; Asano et al., 2018). The strong correlation be-
tween SC-C and Alox found at Bjertorp suggests that Alox may have been 
important for the physical protection also in this study.  

The field-scale result was consistent with the results from the four studies 
found through the literature search and with the combined dataset, which 
showed positive correlations between Alox and SOC for arable topsoils in 
humid continental climates. However, it should be noted that the coefficients 
of determination from linear simple regression analyses ranged from 23.1 to 
74.5% in the respective studies, which indicated that other factors such as 
carbon input from crop production, land management and unexamined soil 
properties (e.g. exchangeable calcium) may also have been important (Moni 
et al., 2010; Ogle et al., 2012, Rasmussen et al., 2018). 

6.2 Soil properties, topography and crop productivity 
across the field 

Negative correlations were found between Feox and SOC, SC-C and rSOC 
in the Bjertorp field. These results suggest that the Feox may not be a key 
driver for SOC stabilization in the Bjertorp soil, which is in contrast to the 
commonly reported role of reactive Fe phases in SOC dynamics (Bailey et 
al., 2019; Rasmussen et al., 2018). Plausible reasons for these findings in the 
Bjertorp field are that (1) soil pH at Bjertorp may be too high for reactive Fe 
phases to effectively protect SOC (Wagai and Mayer, 2007; Bailey et al., 
2019) and (2) redox cycling occurred in the field, which reduced the reactive 
Fe phases and decreased their capacity to protect SOC (i.e. adsorbed SOC is 
desorbed; Hall et al., 2018). The first explanation is supported by a positive 
correlation between Feox and soil pH, which means that larger Feox contents 
were associated with smaller adsorption capacity per mass of Feox. The soil 
pH in the Bjertorp field (mean = 6.0) is also relatively high compared to 
acidic soils for which the importance of Feox for SOC stabilization is well 
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established (Kaiser and Guggenberger, 2000). Regarding the second possi-
bility, redox cycles in the field were not measured in the present study, but 
signs of redox cycling (oxidized and reduced soil colors, Figure 2) were 
noted in the soil survey and profile descriptions. The positive correlation be-
tween clay and Feox and the negative correlation between Feox and elevation 
imply that the larger clay content in the low-lying areas could induce par-
tially anaerobic conditions within soil aggregates (Keiluweit et al, 2018), 
which in turn would reduce the reactive Fe phases and prevent Feox from 
being effective for SOC stabilization (Hall et al., 2018; Inagaki et al., 2020). 
This hypothesis was also supported by the results presented in Papers ІІ and 
ІІІ, which indicated that larger clay contents may lead to waterlogging and 
anaerobic condition due to larger water holding capacity and smaller near-
saturated hydraulic conductivities.  

SOC content was negatively but weakly correlated with clay content in 
the Bjertorp field, which suggested that clay content itself was not a key 
driver for SOC stabilization. These results are in line with the results from 
the combined dataset presented in Figure 6 as well as the studies cited in 
section 3.2.1. Clay (and fine silt) content has been used for modelling SOC 
dynamics and for estimating the degree of SOC saturation; however, based 
on the results in this thesis, I suggest that measuring Alox and Feox content 
as proxies for reactive mineral phases, in addition to clay content, should be 
useful for these purposes for arable topsoils in humid continental climate.  

Finally, the multiple linear regression analysis indicated that carbon input 
from crop production, which was estimated from mean relative yield ac-
counting for 11 years of yield records, explained ca. 20% of the spatial vari-
ation in SOC content in the Bjertorp field. Positive relationships between 
SOC and yield have been reported in several studies at different scales (e.g. 
Kravchenko and Bullock, 2000, Oldfield et al., 2019). It should be noted that 
this positive correlation can also be caused by the positive effects of SOC on 
crop growth (Oldfield et al., 2020) and there should actually be interactive 
feedbacks between SOC content and crop production (Henryson et al., 2018). 
The MRY was also negatively correlated with clay content and positively 
correlated with elevation, which indicated that the lower lying areas may not 
be as suitable for crop production as the higher lying areas in the Bjertorp 
field possibly due to waterlogging, which may cause lower C inputs for soils 
with larger clay contents. This relationship may also explain why SOC was 



56 

negatively correlated with clay and Feox contents and positively with eleva-
tion, since these variables were highly correlated with one another. 

6.3 Pore size distribution quantified by X-ray tomography 
and soil water retention 

6.3.1 SOC and pore size distribution 
The relatively strong association between SOC and the abundance of smaller 
macropores (<720 µm in diameter) found in this study was also noted by 
Larsbo et al. (2016), Xu et al. (2018), Singh et al., (2020) and Wang et al. 
(2021). A plausible mechanism behind this correlation is that the aggregation 
of clay-sized particles enhanced by SOC as a binding agent (as discussed in 
section 6.1) may have contributed to the stabilization of these small 
macropores. It should be noted that this positive correlation can also be 
caused by fine roots which can create small macropores (Bodner et al., 2014; 
Meurer et al., 2020a; Lucas et al., 2021) and, at the same time, be an im-
portant source of carbon (Kätterer et al., 2011). However, bioporosities were 
not correlated with SOC except for the bioporosity in the 480–720 µm class, 
which constituted a minor fraction of the total X-ray visible porosity (<0.1% 
of total visible porosity) and hence may have little influence on soil processes 
(e.g. biogeochemical cycling and water dynamics).  

The porosity in diameter classes larger than 0.2 µm estimated from soil 
water retention data were positively correlated with SOC content. In partic-
ular, a relatively strong positive correlation between SOC and the porosity in 
the 0.2–5 µm dimeter class was observed. This relationship may be explained 
by the finding that SOC was the key binding agent for the silt-sized aggre-
gation as shown in Figure 8, which may also enhance the formation of pores 
in the 0.2–5 µm class between or within the silt-sized aggregates. Again, it 
should be noted that there is a two-way interaction between SOC and soil 
pore structure (Meurer et al., 2020b), which means that pores in this diameter 
class can also physically protect SOC from microbial decomposition 
(Dugaint et al., 2012; Kravchenko and Guber, 2017). Pore diameters of 0.2 
to 5 µm are too small for microbes to colonize and SOC may therefore not 
be accessible to them (Kravchenko et al., 2020). 

The results from the Bjertorp field are in line with the analysis of the data 
reported in Jensen et al. (2020) and Kirchmann et al. (1999), who showed 
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that the porosities in the 0.2–30 µm and 1–5 µm diameter classes were posi-
tively and most strongly correlated with SOC content (Table S2 and S3 in 
Paper II). Also, a very recent study by Fu et al. (2021) reported a strong pos-
itive correlation between SOC and porosity in the 0.2–7.5 µm diameter class 
compared with other pore size classes. Interestingly, the causes for variations 
in SOC content vary between these studies and the Bjertorp field. As dis-
cussed above, the variation in SOC in this thesis was most likely caused by 
variations in Alox content and the C input from crop production, whereas the 
variation in Jensen et al. (2020) was caused by land use changes (bare fallow, 
grassland and crop land). In Kirchmann et al. (1999), the variation was 
caused by different organic and inorganic amendments, while the variation 
in SOC in Fu et al. (2021) was likely caused by different land use and man-
agement (pasture and cropland with and without irrigation). On the other 
hand, Zhou et al. (2020) reported no correlation between SOC and the po-
rosity in the 0.2–10 µm diameter class for Vertisols under arable land use as 
water contents at both field capacity and wilting point were positively corre-
lated with SOC content. This discrepancy between the studies may indicate 
that the relationships between SOC and pore size distribution are dependent 
on soil type, particularly clay mineralogy, which can determine water ad-
sorption capacity in micropores (Libohova et al., 2018; Lehmann et al., 
2021). 

 

6.3.2 Texture effects 
Porosities in some of the macropore diameter classes were positively corre-
lated with clay content. This can be explained by the fact that a larger clay 
content enhances the formation of soil cracks on drying (Horn et al., 1994; 
Paradelo et al., 2016b; Colombi et al., 2021). The positive correlations be-
tween clay content and bioporosity may be associated with a larger macro-
faunal activity (e.g. earthworm) in loamy soils compared to sandy soils 
(Capowiez et al., 1998; Baker et al., 1998; Lindahl, et al., 2009). 

Soil water retention and pore-size distribution estimated from soil water 
retention measurements were generally more strongly correlated with clay 
content than with SOC content. The results of multiple linear regression anal-
yses also indicated that more SOC would be required to achieve a given soil 
porosity for samples with larger clay content compared with soils of smaller 
clay content. This is in line with previous findings that soils with larger clay 
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content will require larger SOC content to achieve a similar degree of aggre-
gate stability, soil structural quality and clay dispersibility (Feller and Beare, 
1997; Soinne et al., 2016; Johannes et al., 2017; Jones et al., 2020; Prout et 
al., 2021).  

 Also, I found that the importance of Feox, POM-C and the C:N ratio of 
SOM and POM (as indicators of SOM quality) for the pore size distribution 
was less clear. This is because they were correlated with the clay content, 
and their possible influence on pore sizes cannot be discerned. Nevertheless, 
in the Bjertorp soils, pore size distribution could be well explained by clay 
and SOC content rather than other soil properties. 

6.4 Preferential solute transport and soil pore structure  
Based on correlation analysis, macroporosity in the 240–720 µm diameter, 
mesoporosity and surface fractal dimension were identified as key explana-
tory variables for the variations in the strength of preferential transport. 
These results indicate that a larger abundance of small macropores (<720 
µm) and mesopores and their homogeneous distribution in soil may decrease 
the risk of macropore flow and preferential transport, by reducing the diam-
eter of the largest water-filled pore and the degree of saturation in 
macropores. This is in line with the findings of Larsbo et al. (2014, 2016). It 
should be noted that the degree of preferential transport was more strongly 
correlated with the soil water retention derived mesoporosity than the X-ray 
derived macroporosity. This may be because small macropores (240–480 
µm) themselves were not connected with one another and their connectivity 
may have been regulated by mesopores. It was confirmed, by analyzing the 
connectivity of small macropores (i.e. excluding macropores >480 µm diam-
eter) illustrated in Figure 10 in Paper ІІІ, that the connection probability was 
smaller than 0.01 for 34 out of 35 soil samples and that none of the samples 
were percolating. The mesopores may also enhance diffusion of solutes into 
micropores (<5 µm diameter) due to their large surface area in relation to 
volume compared to macropores. This will further reduce the degree of pref-
erential transport (Jarvis, 2007).  

On the other hand, measures of macropore connectivity were not corre-
lated with the degree of preferential transport. This is probably because only 
a small part of the macropore networks were active for water flow during the 
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solute transport experiments as also reported by Mori et al. (1999), Luo et al. 
(2008) and Sammartino et al. (2015). 

6.5 The potential role of SOC in water dynamics in an ar-
able field as affected by clay content  

An increase of SOC was associated with relatively large increases of the po-
rosities in the 0.2–5 µm and the 240–480 µm diameter classes. As discussed 
above, the causality of the observed correlations between SOC content and 
soil pore size distribution is complicated. However, the results indicate that 
SOC sequestration would potentially be beneficial for increasing plant avail-
able water content in the Bjertorp soils. The positive relationship between 
smaller macropores (240–720 µm diameter class) and SOC content also in-
dicates that the increased SOC content may be associated with an increase of 
the hydraulic conductivity of this pore diameter class. However, correlation 
analysis showed a limited effect of SOC content on hydraulic conductivity 
at -6 cm and, hence, on the prevention of preferential transport, possibly be-
cause the near-saturated hydraulic conductivities and the mesoporosities in 
the 30–100 µm diameter class were much more strongly correlated with clay 
content than SOC content. In other words, if there would have been no or 
small variations in clay content in the studied soils, positive effects of SOC 
on near-saturated hydraulic conductivity and the degree of preferential 
transport may have been detected. Thus, for sites where clay content was 
relatively constant among samples, Larsbo et al. (2016) and Paradelo et al. 
(2016b) reported that larger SOC content reduced the risk of preferential 
transport. It should, however, be noted that the variations in the SOC content 
in these studies (4–15% and 1.8–8.4% SOC, respectively) were much larger 
than in the Bjertorp field (1.1–2.7% SOC). 
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In this thesis, relationships between SOC, soil structure, water flow and so-
lute transport were investigated for an arable field with a topsoil that has 
large variations in soil properties, including texture and reactive mineral 
phases. The conclusions are summarized in Figure 16. In the Bjertorp field, 
the reactive Al phases, estimated from Alox content, were found to be a key 
driver for physico-chemical stabilization of SOC in the silt- and clay-sized 
fraction, based on the results from SOM fractionation and analysis of silt-
sized aggregate distributions. These results for one field were supported by 
data from the literature collected at sites with similar climates. This indicates 
the potential importance of Alox for SOC stabilization in arable topsoils in 
humid continental climates. On the other hand, clay and Feox were neither 
key predictors for SOC in the Bjertorp field, nor for the SOC data collected 
from the literature.  

The relationships found between SOC and the soil pore size distribution 
indicated that increased SOC sequestration in arable topsoils may lead to an 
increase in plant available water and water infiltration in smaller macropores. 
The activation of preferential transport was regulated by the abundance of 
small macropores and mesopores (5–100 and 240–720  µm), but not by the 
large diameter macroporores and their connectivity. Larger SOC contents 
may therefore potentially reduce the risk of preferential transport; however, 
correlation analysis indicated limited effects of SOC on the degree of pref-
erential transport at Bjertorp probably due to the large variations in clay con-
tent. 

 

7. Conclusions and future perspectives 
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Figure 16. Schematic illustration of the findings presented in the thesis. The graph at the 
top shows the relative importance of SOC and clay for explaining the total variance in 
soil porosities in various pore diameter classes (unit: µm). 

 
 
The results presented in this thesis were mainly based on correlation and 

regression analyses for data obtained at the field scale. This type of analysis 
is very useful for describing possible interactions in a system and for devel-
oping hypotheses. However, causalities cannot be determined from correla-
tions alone. I have tried to explain the observed correlations from available 
theory and, in some cases, by conducting additional experiments. Still, in 
many cases the causality remains an open question. For future studies I 
would suggest the following perspectives. 

To better clarify the role of Alox for the stabilization of SOC for arable 
soils under humid continental climates, the relation between Alox and SOC 
turnover rate needs to be examined by conducting, for example, incubations 
experiments using soil samples with large variations in SOC and Alox. 
Quantification of organo-metal associations will also be helpful. This could 
be achieved by (1) measuring dissolved reactive mineral phases (Al and Fe) 
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and dissolved organic carbon after extraction experiments (e.g. sodium-py-
rophosphate, Wagai et al., 2020) and examining relationships between dis-
solved metals and organic carbon and (2) mapping the spatial variations in 
carbon, Fe and Al on the surface of soil clay- and silt-sized particles (e.g. 
with NanoSIMS, Inagaki et al., 2020). If these kinds of studies provide fur-
ther evidence for the role of Alox for the protection of SOC, the Alox and 
SOC relationships should then be up-scaled to regional or national scale by 
conducting national soil inventory. For this purpose, carbon input and other 
soil properties should ideally also be considered.  

The complex dynamic interactions between soil macropores, SOC, root 
growth and faunal activity has not been extensively studied (Meurer et al., 
2020a). More work needs to be done to examine and clarify the causalities 
behind the observed correlations between SOC and smaller-diameter 
macropores. In particular, root growth can influence both macropore abun-
dance and SOC content. Also, compared to the effects of mesoporosity on 
POM-C turnover rate (Kravchenko et al., 2015), the direct evidence of phys-
ical protection of SOC within micropores (e.g. 0.2–5 µm) is not fully under-
stood. Combining different high resolution imaging techniques may allow us 
to determine the extent to which SOC is located within such small pores (e.g. 
Schlüter et al., 2019; Ost et al., 2021; Witzgall et al., 2021). 

The results from Paper ІІІ indicated that smaller macropores and meso-
pores, instead of larger macropores and their connectivity, may play a key 
role in preventing the activation of water flow even for well-connected 
macropore networks. Direct imaging of water flow and solute transport 
through soil macropores (e.g. Koestel and Larsbo, 2014; Sammartino et al., 
2015) may help to obtain useful parameters of macropore networks for mod-
elling purposes, as attempted by Lissy et al. (2020). Finally, to evaluate the 
role of SOC in regulating preferential transport, solute transport experiments 
should be carried out on samples with a more typical range of SOC contents 
for arable soils (e.g. in Sweden, SOC <3.5%, Eriksson et al., 2010), but with-
out large variations in soil texture.  
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Soil is a porous medium and has, like a sponge, a large variety of pore sizes. 
Depending on their size, soil pores have different functions. For example, 
water available to plants is mainly stored in small mesopores (0.2–10 µm 
diameter), whereas macropores (>300 µm diameter) are important for water 
infiltration and oxygen supply to plant roots. In agricultural systems, under-
standing of water dynamics in relation to soil structure (i.e. the spatial ar-
rangement of solids and pores) is important, because water carries with ag-
rochemicals, such as chemical fertilizers and pesticides. If these agrochemi-
cals are leached out of the crop root zone to, for example, groundwater and 
ditches around agricultural fields, they can be harmful to aquatic organisms 
and make groundwater unsuitable for human consumption. The leaching of 
these chemicals is often promoted through water flow in macropores where 
solutes can be quickly transported through the soil profile and reach ground-
water or drainage systems. We therefore need to know what a good soil pore 
structure is, both for crop production and for water quality management.  

The storage of carbon in soils is larger than the storage in plant biomass 
and in the atmosphere combined. Most carbon in soil is present as organic 
carbon. Large amounts of soil organic carbon (SOC) has been depleted from 
arable soils and released into the atmosphere as carbon dioxide due to histor-
ical intensive agriculture.  It is therefore important to know how to increase 
SOC content in arable soils, which can then help regulate our future climate. 
It is also important to evaluate how SOC is associated with soil pore structure 
and consequently water flow and solute transport. SOC often interacts with 
soil mineral constituents (clay-sized particle <2 µm and reactive mineral 
phases therein), which can determine how SOC is stored in soils and hence 
have implications for carbon sequestration. 

Popular science summary 
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In this thesis, I examined how SOC was stored (e.g in which particle size 
fractions it was stored and how much of the carbon that was resisitant to 
oxidation) and how it interacted with soil mineral constituents for arable top-
soils. I then investigated relationships between SOC and soil pore structure, 
water flow and solute transport. This thesis is mostly based on results from 
one field with large variations in clay and SOC contents located in Bjertorp 
in Västergötland; by doing so, the effects of other factors such as climate and 
land management were minimized. 

A large proportion of SOC (80%) was present in the silt- and clay-sized 
fraction (<63 µm), which indicated that most SOC was physico-chemically 
protected against microbial decomposition. This stabilization seemed to be 
governed by reactive aluminum. On the other hand, clay content and reactive 
iron, which are both known to be important for SOC stabilization, did not 
seem important for SOC stabilization in the Bjertorp field. In addition to 
these mineral constituents, there was a large variation in crop productivity 
across the field, which possibly caused a spatial variation in carbon input 
from crop roots. This variation partly explained the spatial variation in SOC 
content. 

Soil pore size distributions were quantified using X-ray tomography and 
soil water retention measurements. I found that soil texture (clay content) 
had a stronger impact than SOC content on pore structure. However, I also 
found a relatively large increase of soil pore abundance in the 0.2–5 (meso-
pore) and 480–720 µm (macropore) diameter ranges with an increase in SOC 
content. This suggested that SOC sequestration in arable topsoils is poten-
tially beneficial for the water supply to plants and for soil infiltration capac-
ity. 

Laboratory experiments were conducted to evaluate the risk of fast solute 
transport in soil macropores and its relationship with soil pore structure and 
soil properties. I found that the risk for fast transport was smaller with larger 
abundance of mesopores and small macropores (30–480 µm diameter 
ranges), whereas the abundances of large macropores (>720 µm diameter 
range) and their networks (i.e. how macropores were connected through the 
soil) had limited effects on the risk of preferential transport. I could not find 
any positive effects of SOC content on the risk of fast transport. This was 
possibly due to the much stronger effects of clay content. To assess the ef-
fects of SOC on preferential transport, further studies will be needed using 
soils with a smaller variation in clay content.  
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Jorden är ett poröst medium och har, precis som en tvättsvamp, många olika 
porstorlekar. Beroende på storleken har jordens porer olika funktion. Till ex-
empel lagras vatten som är tillgängligt för växter i små mesoporer (0,2-10 
µm i diameter), medan makroporer (>300 µm i diameter) är viktiga för vat-
teninfiltration och syretillförsel till växternas rötter. Det är viktigt att förstå 
vattendynamiken i förhållande till markens struktur (dvs. det rumsliga ar-
rangemanget av fasta partiklar och porer), eftersom vatten för med sig kemi-
kalier som används inom jordbruket (t.ex. konstgödsel och bekämpningsme-
del). Om dessa kemikalier lakas ut från grödans rotzon till, till exempel, 
grundvatten och dikesvatten runt jordbruksfält, kan de vara skadliga för vat-
tenlevande organismer och göra grundvattnet olämpligt för mänsklig kon-
sumtion. Läckaget av dessa ämnen blir ofta större när de transporteras genom 
makroporer där vattnets flödeshastighet kan vara hög och matjorden därför 
snabbt passeras. Vi måste därför veta hur en bra porstruktur i marken ser ut, 
både för växtproduktion och för att minimera risken för läckage.  

Mängden kol som finns lagrad i marken är nästan dubbelt så stor som 
mängden kol i vegetationen och atmosfären tillsammans. Den största delen 
av detta kolförråd är i formen av organiskt kol. Historiskt sett så har jordbruk 
lett till en minskning av mängden kol i marken vilket har bidragit till ökade 
koldioxidhalter i atmosfären. En förändring av markanvändning och sättet 
att bruka jorden för att öka inlagringen av organiskt kol kan därför bidra till 
att minska vår påverkan på framtida klimat. Det är viktigt att utvärdera hur 
förändringar i markens organiska kolhalt kommer att påverka markens por-
struktur och därmed vattenflöden och transporten av lösta ämnen ämnen ge-
nom marken. Eftersom organiskt kol ofta interagerar med markens fasta 
material (lerpartiklar < 2 µm och reaktiva mineral), är markens beståndsdelar 
avgörande för hur organiskt kol lagras i marken. 

Populärvetenskaplig sammanfattning 
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I den här avhandlingen undersökte jag hur organiskt kol lagras (t.ex. i 
vilka partikelstorleksfraktioner som det lagras och hur stor del av kolet som 
är stabilt mot oxidation) och hur det interagerar med markens fasta bestånds-
delar i åkerjordar. Därefter undersökte jag sambanden mellan halten orga-
niskt kol och markens porstruktur, vattenflöde och transport av lösta ämnen. 
Den här avhandlingen är huvudsakligen baserad på resultat från ett fält i Bjer-
torp i Västergötland. Markens lerhalt och halt av organiskt kol varierade 
inom fältet medan klimatet och brukningsmetoderna var desamma. 

En stor del av markens organiska kol (80%) fanns i silt- och ler-fraktion-
erna (<63 µm), vilket tyder på att det mesta av markens organiska kol var 
skyddat mot mikrobiell nedbrytning. Denna stabilisering verkade drivas av 
reaktivt aluminium. Å andra sidan tycktes lerhalt och reaktivt järn, som båda 
är kända för att vara viktiga för stabiliseringen av organiskt kol, inte ha någon 
betydelse i Bjertorpfältet. Förutom variationen i dessa mineralbeståndsdelar 
fanns det en stor variation i grödornas produktivitet inom fältet, vilket kan 
ha orsakat en rumslig variation i koltillförseln från grödornas rötter. Denna 
variation kunde i viss mån förklara den rumsliga variationen i markens halt 
av organiskt kol. 

Jordens porstorleksfördelning kvantifierades med hjälp av röntgentomo-
grafi och mätningar av markens vattenhållande förmåga. Jag fann att mar-
kens lerhalt hade en större inverkan på porstrukturen än markens halt av or-
ganiskt kol. Jag fann dock också att det sker en relativt stor ökning av antalet 
porer i diameterintervallen 0,2-5 (mesoporer) och 480-720 µm (makroporer) 
när halten organiskt kol ökar. Detta tyder på att en ökning av markens halt 
av organiskt kol potentiellt är fördelaktigt för att öka vattentillgången för 
växter och markens infiltrationsförmåga. 

Laboratorieexperiment genomfördes för att utvärdera risken för snabb 
transport av lösta ämnen i markens makroporer och dess samband med mar-
kens porstruktur och markegenskaper. Jag fann att risken för snabb transport 
var beroende av förekomsten av mesoporer och små makroporer (30-480 µm 
i diameter) snarare än förekomsten av stora makroporer (>720 µm i diame-
ter) och deras nätverk (dvs. hur makroporerna är sammankopplade genom 
jorden). Jag hittade inte några positiva effekter av halten av organiskt kol på 
risken för snabb transport. Det kan ha berott på de mycket starkare effekterna 
av lerhalten. Det behövs därför ytterligare studier med jordar med mindre 
variation i lerhalt för att bedöma effekterna av markens halt av organiskt kol 
på risken för snabb transport. 
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A B S T R A C T

The relative importance of various soil mineral constituents (e.g. clay-sized particles, aluminum- and iron- 
bearing mineral reactive phases) in protecting soil organic carbon (SOC) from decomposition is not yet fully 
understood in arable soils formed from quaternary deposits in humid continental climates. In this study, we 
investigated the relationships between soil physico-chemical properties (i.e. contents of oxalate-extractable 
aluminum (Alox) and iron (Feox) and clay size particle < 2 µm), grain yield (as a proxy for carbon input) and 
total SOC as well as SOC in different soil fractions for samples taken from the topsoil of an arable field at Bjertorp 
in south-west Sweden. We found a positive correlation between Alox and total SOC content, where Alox 
explained ca. 48% of the spatial variation in SOC. We also found that ca. 80% of SOC was stored in silt- and clay- 
sized (SC) fractions, where Al-bearing reactive mineral phases (estimated by Alox) may be important for organic- 
mineral associations and clay aggregation. Our results were supported by data collated from the literature for 
arable topsoil in similar climates, which also showed positive correlations between SOC and Alox contents (R2 =

23.1 – 74.5%). Multiple linear regression showed that including spatially-variable crop yields as a proxy for 
carbon inputs improved the prediction of SOC variation across the Bjertorp field. Other unquantified soil 
properties such as exchangeable calcium may account for the remaining unexplained variation in topsoil SOC. 
We conclude that Al-bearing reactive mineral phases are more important than clay content and Fe-bearing 
reactive mineral phases for SOC stabilization in arable topsoil in humid continental climates.   

1. Introduction

Enhancing carbon (C) sequestration in arable soils has received
attention for its potential to mitigate global warming and climate change 
as well as improving soil fertility (Lal, 2004; Chenu et al., 2019). To 
understand C cycling in agricultural soils, it is important to know how 
soil properties regulate the stabilization of soil organic carbon (SOC) 
against microbial decomposition. Today, it is widely acknowledged that 
the physico-chemical properties of soil rather than intrinsic biochemical 
recalcitrance of organic matter inputs determine the stability of SOC 

(Schmidt et al., 2011; Dungait et al., 2012; Lehmann and Kleber, 2015). 
Clay content (particle size fraction < 2 µm) has often been considered a 
key soil property for SOC stabilization because clay is a major compo-
nent in the formation of soil aggregates in which SOC can be occluded 
and thereby physically protected from microbial decomposition (Horn 
et al., 1994; Totsche et al., 2018). Clay particles also have a large specific 
surface area and therefore a large capacity to protect SOC chemically by 
adsorption (Sollins et al., 1996; Lützow et al., 2006). In addition, clay 
content has been reported to be positively correlated with the preva-
lence of anoxic sites, which limits aerobic microbial decomposition of 
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SOC (Keiluweit et al., 2018). As a result, clay content (and sometimes 
fine silt content) has been used to estimate SOC turnover in C cycling 
models and to calculate the degree of carbon saturation to estimate the 
carbon sequestration potential of soils (Hassink, 1997; Feng et al., 2013; 
Wiesmeier et al., 2015; Rasmussen et al., 2018). 

Indeed, many studies have reported positive correlations between 
clay and SOC contents at various scales (e.g. Arrouays et al., 2006; 
Homann et al., 2007; Li et al., 2020; Poeplau et al., 2020; Prout et al., 
2020). However, in many other arable and grassland soils, clay or silt 
and clay content was not correlated with SOC content (e.g. Thomsen 
et al., 2009; Beare et al., 2014; Augustin and Cihacek, 2016; Van De 
Vreken et al., 2016; McNally et al., 2017; Mayer et al., 2019), which 
indicates either that the clay fraction was not saturated with SOC and/or 
that clay content itself was not a major determinant of physico-chemical 
stabilization of soil organic matter (SOM) for these soils. Rasmussen 
et al. (2018) showed that SOC was more strongly correlated with short 
range order (SRO) phases and organo-metal complexes (i.e. the reactive 
mineral fraction estimated from chemically extractable aluminum (Al) 
and iron (Fe)) for acidic to neutral soils and with the content of 
exchangeable calcium ions for alkaline soils, than with clay content. 
Their study was based on an analysis of the U.S. Department of Agri-
culture’s National Cooperative Soil Survey. Positive correlations be-
tween SOC and chemically extractable Al and Fe have also previously 
been documented for acidic forest soils (e.g. Mikutta et al., 2006) and 
volcanic soils (i.e. Andisols, Percival et al., 2000; Matus et al., 2006; 
Asano and Wagai, 2014; Beare et al., 2014). In addition, recent studies 
have highlighted the importance of the reactive mineral fraction in the 
stabilization of SOC for soils of sub-Saharan Africa (Ouédraogo et al., 
2020; Traoré et al., 2020; von Fromm et al., 2020). Typical pH values for 
arable soils in Sweden are below 7 (ca. 90% of arable soils according to 
the national soil inventory of Sweden; Eriksson et al., 2010), which 
suggests that the Al- and Fe-bearing reactive mineral fraction should also 
be important for SOC stabilization in Swedish agricultural soils. How-
ever, to the best of our knowledge, the relationship between SOC content 
and the physico-chemical properties of soil has not been fully examined 
in Swedish and other regions’ arable soils formed from quaternary de-
posits with similar climatic conditions (i.e. humid continental climate; 
Beck et al., 2018). 

Al- and Fe-bearing reactive mineral phases are considered to asso-
ciate with SOC through organo-metal complexation and/or co- 
precipitation and thereby regulate microbial and enzymatic accessi-
bility to SOC (Kleber et al., 2015). Wagai and Mayer (2007) argued that 
there should be other mechanisms that influence the overall protection 
of SOC because the proportion of SOC that can be directly associated 
with Fe- and Al-bearing reactive mineral phases is often small compared 
to bulk SOC contents. Asano et al. (2018) suggested that organo-metal 
association can facilitate the formation of clay-sized micro-aggregates 
and thereby enhance the physical stabilization of SOC. Since SOC is 
mainly associated with the silt and clay fraction in arable topsoil (ca. 
90%; Gregorich et al., 2006; Matus, 2021), aggregation in silt- and / or 
clay-sizes may be more important than macro-aggregation for SOC sta-
bilization (Wiesmeier et al., 2014). The studies cited above indicate that 
Al- and Fe-bearing reactive mineral phases can play an important role in 
the protection of SOC by both physical and chemical mechanisms. 

SOM fractionation should be a useful method to investigate the 
relationship between the reactive mineral fraction, clay content and SOC 
contents, as it isolates SOM fractions with different stability against 
microbial decomposition. In particular, it is important to separate par-
ticulate organic matter (POM) from mineral-associated organic matter 
as these two fractions have been shown to differ in SOC stability and, 
hence, respond differently to environmental changes such as changes in 
land use (Lavallee et al., 2020). SOC in the mineral-associated organic 
matter fraction is considered to be more stable than POM and therefore 
important for long-term SOC stabilization, whereas the POM fraction is a 
useful indicator of short-term changes in SOC (Lavallee et al., 2020). 
Poeplau et al., (2018) studied SOC stability in different SOM fractions, 

applying 20 different fractionation methods to soils from fields where C3 
plants had been replaced by C4 plants. They reported that SOC in the 
mineral-associated organic matter fraction was more stable (i.e. had a 
higher enrichment of C3-derived SOC) than POM and SOM associated 
with sand-sized fractions. They also found that SOC that was resistant to 
oxidation (e.g. by NaOCl) was the most stable fraction (i.e. had the 
lowest enrichment in C4-derived SOC). The latter finding is consistent 
with results presented by Mikutta et al. (2006) based on 14C analysis, 
who found that oxidation-resistant SOC was older than the bulk SOC. 

Apart from stabilization mechanisms, the SOC content is also 
strongly driven by carbon input from crop production (e.g. Bolinder 
et al., 2007; Börjesson et al., 2018; Ogle et al., 2012). Moni et al. (2010) 
found no significant correlations between SOC and reactive mineral 
phases in the topsoil of a mixed area of grassland and arable fields, 
leading them to conclude that variations in C input may have masked 
such relationships. 

The objective of this study was to examine the relationships between 
physico-chemical properties (i.e. clay content and oxalate-extractable Al 
and Fe as a proxy for the reactive mineral phases), total SOC and SOC in 
different soil fractions in a Swedish arable topsoil. For this purpose, we 
chose a conventionally tilled field with large variations in soil texture 
and SOC content. By sampling soils at the field scale, we minimized the 
effects of variations in other factors such as management and climate 
that also influence SOC dynamics. Our field-scale relationships between 
physico-chemical properties and SOC were set in a wider context by 
comparison with available literature data from agricultural fields with 
similar climate and types of soils formed from quaternary deposit. 

2. Materials and methods 

2.1. Field description and soil sampling 

The selected field (46.9 ha) is located at Bjertorp (58◦14′00.0′′N 
13◦08′00.0′′E) in Västergötland in south-west Sweden (Lindahl et al., 
2008). Mean annual precipitation and temperature are 624 mm and 
7.3 ◦C, respectively (average for the period 2006 to 2019 taken from the 
nearby metrological station at Hällum, Swedish Meteorological and 
Hydrological Institute). The field has been used for conventional crop 
production for at least 60 years with winter wheat, barley, oats and 
oilseed rape as the dominant crops. Similar soil and crop management 
has been applied across the whole field with two exceptions: 1) different 
crops have occasionally been grown in different parts of the field, and 2) 
nitrogen, phosphorus and potassium fertilization has, since the late 
1990s, varied across the field. Nitrogen fertilization has been optimized 
using a tractor mounted sensor (Yara N sensor, on average 167 kg ha− 1 

year− 1) while phosphorus and potassium fertilization rates were based 
on measurements of ammonium lactate extractable phosphorus and 
potassium contents (on average 25 kg ha− 1 year− 1 and 10 kg ha− 1 

year− 1 respectively). The field has been mouldboard ploughed regularly 
down to 20 – 25 cm depth except during years when winter rape seed 
was grown, when the tillage depth was reduced. No farmyard manure 
has been applied since the 1960s. In September 2020, we carried out soil 
profile descriptions at three different locations following the FAO 
guidelines (FAO, 2006). According to the IUSS Working Group WRB 
(2015) classification system, these soil profiles were classified as Stagnic 
Eutric Cambisol, Eutric Stagnosol and Haplic Phaeozem respectively 
(Fig. 1). Further details of these soil profiles are available in Table S1. 
The parent material in this region is Quaternary silty clay, which was 
deposited during the Weichselian deglaciation (Stevens and Bayard, 
1994; Simonsson et al., 2014). Eriksson (2016) reported soil mineralogy 
data from a field located approximately 500 m from our field; the pro-
portion of quartz, plagioclase, K-feldspar, amphibole, iron oxides and 
clay minerals in bulk soil (<2 mm) were 33, 18, 16, 2.6, 2.7 and 15%, 
respectively. In the clay fraction (<2 µm), the proportions of kaolinite, 
mica and expandable minerals (e.g. smectite, vermiculite, hydroxy- 
interlayered minerals and mixed layer illite–smectite minerals) were 
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4, 27 and 69%, respectively. This field shows large variations in SOM 
and clay contents (Lindahl et al., 2008). SOM and clay contents were 
originally measured in topsoil samples (0 – 20 cm depth) in 2000. A 
weak negative correlation between clay content and bulk SOC (esti-
mated from SOM) content was found (Fig. 2, original data from Lindahl 
et al., 2008). The elevation varies across the field from 87 to 95 m above 
sea level. Some significant statistical relationships were found between 
soil properties and elevation. These are reported in the supplementary 
material (Fig. S1). We do not know the origin of the spatial variation in 
soil texture at Bjertorp. However, the negative correlation between clay 
content and elevation (Fig. S1) suggests that it might be a result of 
sedimentation processes during the formation of the soil in the post- 
glacial period (Greve et al., 2012). 

In late August 2017, after harvest of an oilseed rape crop, we sampled 
intact soil cores and loose soil at ca. 3 – 13 cm depth at 35 different 
locations in the field (Fig. S2). We used stratified sampling from the 
dataset collected in 2000 to get the best possible coverage of combina-
tions of bulk SOC and clay contents (Fig. 2). The intact soil cores were 
first used for non-reactive solute transport experiments (Methodological 
detail in Larsbo et al., 2016) that are not reported here. After these ex-
periments, the soil was dried at ca. 38 ◦C, crushed and sieved to < 2 mm 
(referred to as bulk soil). The dried bulk soil was used for soil texture 
analysis, SOM fractionation and analyses of oxalate-extractable Al 
(Alox) and Fe (Feox) contents. To assess potential effects of the irrigation 
experiment, we also measured bulk C and N contents and its ratio as well 
as Alox and Feox for a subset of the 35 sampling locations in soil samples 
that had not been irrigated. These properties were similar for irrigated 
and non-irrigated soil (R2 > 0.87). Based on these measurements of bulk 
soil chemical properties, we assume that the effects of the irrigation 
treatment on SOC fractions were also negligible. The loose soil was dried 
at ca. 38 ◦C, sieved to < 2 mm and used for soil pH measurement. A 
digital elevation model for the field was downloaded from Lantmäteriet 
(resolution: 2 m, https://www.lantmateriet.se/sv/). 

2.2. Basic soil properties 

Soil texture (sand: 60 – 2000 µm, silt: 2 – 60 µm, clay: < 2 µm) was 
determined by the pipette method after SOM removal using 10 mL 
peroxide (35%) and dispersion with a few drops of hydrochloric acid 
(HCl) and 25 mL chemical dispersant (7 g L-1 sodium carbonate, Na2CO3 
+ 33 g L-1 Sodium metaphosphate, (NaO3P)n). Soil pH was measured in 
ultrapure water at a soil:water mass ratio of 1:2.5. Alox and Feox con-
tents were determined in 1 g of soil after extraction with 100 mL of 
oxalate solution (mixture of 4.8 L ammonium oxalate solution (0.2 mol 
L-1) and 3.6 L oxalic acid solution (0.2 mol L-1) adjusted to pH 3.0) 
carried out in the dark. We considered Alox and Feox to represent hy-
droxides complexed with SOC and SRO mineral phases (Panichini et al., 
2012; Wagai et al., 2013; Rasmussen et al., 2018). 

2.3. Bulk SOC, bulk N and fractionation 

We first measured the inorganic carbon (C) content for five of the 35 
samples with varying soil pH (5.9 – 6.3) and clay content (16.5 – 41.7%) 

Fig. 1. Photos of soil profiles for three locations within the field. Elevation for Stagnic Eutric Cambisol, Eutric Stagnosol and Haplic Phaeozem are 90.6, 95.1 and 
95.7 m respectively. These locations are shown in Fig. S1. 

Fig. 2. A relationship between bulk soil organic carbon (SOC; estimated from 
soil organic matter) and clay content. Data from samples taken in 2000 (Lindahl 
et al., 2008). 
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after removing organic carbon by oven-drying at 550 ◦C. We found that 
the inorganic C content was<0.024 mg g− 1 which corresponds to<0.2% 
of the total C. Therefore, we assumed that the inorganic C content was 
negligible, such that organic C equaled total C content for the bulk soil 
and for all soil fractions. SOM fractionation was conducted according to 
Zimmermann et al. (2007b) and Poeplau et al. (2013). Briefly, 30 g of 
soil was placed in a glass beaker and 150 mL of deionized water was 
added. To disperse soil aggregates, 22 J mL− 1 energy with a constant 
power of 20 W was then applied to the soil samples using an ultrasonic 
probe (Poeplau et al., 2013). The dispersed soils were then wet-sieved 
(63 µm mesh size) with ca. 2 L deionized water. The fraction>63 µm 
was first dried at ca. 36 ◦C and density fractionation was then conducted 
to separate POM from the SOM associated with the sand and aggregate 
fraction. For this purpose, a sodium polytungstate solution with 1.8 g 
cm− 3 density was used. This density fractionation step was carried out 
twice. After the density fractionation, the sand and aggregate fraction 
and the POM fraction were gently washed with deionized water. The 
weight of each fraction was measured after drying at ca. 36 ◦C. The 
fraction smaller than 63 µm (silt and clay (SC) fraction) was also dried at 
ca. 36 ◦C and ground using a mortar and pestle. This fraction was further 
used for chemical oxidation experiments to isolate chemically resistant 
SOM (rSOM) in the SC fraction. For this, 1 g of the SC fraction was placed 
in a 50 mL centrifuge tube and 50 mL of 7% NaOCl (adjusted to pH 8 by 
HCl addition) was added. The samples were left for 16 h and then 
washed with deionized water. This oxidation step was carried out three 
times and the samples were then dried at ca. 36 ◦C. The fractionation 
resulted in five different SOM fractions, namely POM, SOM associated 
with sand-sized aggregates (sand-OM), SOM associated with silt and 
clay (SC-OM), oxidation resistant SOM in the SC fraction (rSOM) and 
non-oxidation resistant SOM in the SC faction (SC-OM–rSOM). Corre-
spondingly, the SOC content in each fraction is expressed as POM-C, 
Sand-C, SC-C, rSOC and SC-C–rSOC. SOC and N contents in bulk soil 
and all soil fractions were measured by dry-combustion on a TruMac CN 
(LECO Corp.). In addition, we report SOC contents in each fraction on a 
bulk soil basis (mg C g− 1 bulk) and as the proportion of SOC in each 
fraction in relation to total SOC (SOCtot) content. The recovery of soil 
mass, C and N after the fractionation experiment was estimated by 
calculating ratios of total recovered mass, C and N to initial soil mass, 
SOCtot and total N contents. We do not show data on total N and N 
contents in soil fractions since N contents were strongly positively 
correlated with the SOC content in each fraction. We used the carbon to 
nitrogen ratio (C:N ratio) as an indicator for the degree of microbial 
decomposition of SOM (Gregorich et al., 2006). 

2.4. Silt-sized soil aggregates 

We examined particle and aggregate size distributions in ca. 0.08 g of 
the SC fraction (particles size < 63 µm) using a laser particle size 
analyzer (Partica LA-950 V2, Horiba). The Mie Theory was used to 
obtain volume-based particle and aggregate size distributions. The dried 
SC fractions were either mechanically dispersed (MD) or dispersed by 
SOM removal (DSR). For the MD treatment, the samples were placed in 
ca. 40 mL deionized water and stirred overnight with a magnetic bar 
(350 rpm). For the DSR samples, 3 mL of hydrogen peroxide (35%) and 
one drop of HCl were added to the samples with ca. 15 mL of deionized 
water. The samples were then boiled for at least 6 h to enhance oxida-
tion. Then 1 mL of chemical dispersant (sodium carbonate, Na2CO3 7 g L- 

1 + Sodium metaphosphate, (NaO3P)n 33 g L-1) and distilled water were 
added, resulting in a final volume of ca. 40 mL. Finally, also the DSR 
samples were mechanically dispersed overnight (350 rpm). We assumed 
that the DSR treatment dispersed most of the soil aggregates formed via 
SOC and clay interactions and at least partly organo-mineral associa-
tions (Harada and Inoko, 1977; Poeplau et al., 2019), resulting in dis-
aggregated primary particles (Mikutta et al., 2005; Jensen et al., 2017), 
while water stable aggregates remained in the MD treatment. We 
calculated the difference in volumes between the MD and DSR 

treatments for different size classes (i.e. < 0.5 µm, 0.5 – 1 µm, 1 – 2 µm, 2 
– 6 µm, 6 – 20 µm, 20 – 60 µm and 60 – 100 µm size ranges). When MD 
was smaller than DSR, we interpreted the difference as the volume of 
primary particles that had been dispersed from silt-sized aggregates 
upon SOM removal. When MD was larger than DSR, the difference was 
interpreted as the volume of silt-sized aggregates contained in the MD 
samples. 

2.5. Grain yield data 

Grain yields across the Bjertorp field were measured using the yield 
monitoring system on a Claas combine harvester in 1997, 1999, 
2000–2004, 2007, 2010–2013, 2015 and 2016. The grain yield data 
were filtered to remove extreme values likely caused by machine dy-
namics such as abrupt velocity changes (Keller et al., 2012). The grain 
yield data were then converted to relative yield (RY) within each year to 
account for different crop types (Blackmore et al., 2003; Keller et al., 
2012) as: 

RYi =
Yi

Ymean  

where i is the individual location where grain yield was recorded, Ymean 
is the average grain yield for the respective year. The RY data were then 
imported to ArcGIS 10.7.1 (ESRI, http://www.esri.com) where inter-
polation was conducted using the Inverse Distance Weighting (IDW) 
method implemented in the Geostatistical Analyst extension. We 
excluded the data from 2003, 2004 and 2011 because yield data were 
missing for large parts of the field (i.e. > 30% of the area). Details of the 
interpolation procedure are provided in the supplementary material 
(page S7). The interpolated relative yield was extracted for soil sampling 
locations where soil properties were known based on Lindahl et al. 
(2008) and the present study (Fig. S2). The mean of the relative yields 
(MRY) for each soil sampling location was then calculated as: 

MRYSSL =
1
n
∑n

1
RYSSL  

where SSL is soil sampling location and n is the number of years. The n 
value differs between soil sampling locations because of missing RY data 
for some years. The MRY was used in the statistical analysis as described 
below. We used MRY instead of mean actual yield or mean C input 
estimated from actual yield (Bolinder et al., 2007), because the actual 
yields measured by the combine harvester might not be comparable 
between years due to uncertainties related to the measurement equip-
ment. Yield data within a given year were recorded with the same 
equipment and settings and should, hence, be reliable. 

2.6. Literature search on the relationship between SOC, clay, Alox and 
Feox in agricultural soils 

To set the results from our field-scale study in a wider context, we 
searched the literature for datasets containing clay, total SOC (or total 
C), Alox and Feox contents for arable topsoils (0 – 20 cm) under humid 
continental climates. We focused on these conditions, since positive 
correlations between SOC and oxalate-extractable Al and Fe are already 
well known for forest soils (e.g. Mikutta et al., 2006) and some other soil 
types such as Andisols and Oxisols (e.g. Kramer et al., 2012; Souza et al., 
2017b). We found one study from Sweden (Blombäck et al., 2020), one 
from Norway (Grønsten and Børresen 2009), one from Canada (Beau-
chemin et al., 2003) and one from Denmark (Paradelo et al., 2016). The 
dataset from Blombäck et al. (2020) covered agricultural fields mostly 
located in central and southern Sweden (n = 61) including different 
types of soils (i.e. texture) and under different management practices. 
Grønsten and Børresen (2009) sampled soils from different arable fields 
located in Akershus County in south-east Norway that covered various 
combinations of clay and SOM contents (n = 21). For this dataset, we 
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converted bulk SOM to bulk C content using a conversion factor of 0.58. 
Beauchemin et al. (2003) investigated soils sampled from tile-drained, 
cultivated areas in the Montreal Lowlands, Canada (n = 10). Paradelo 
et al. (2016) investigated soils taken from one agricultural field (1.26 
ha) with a large spatial variation in SOC contents. A statistical summary 
of these studies is given in Table S2. We combined the data from these 
studies into one dataset, except for the study by Paradelo et al. (2016), 
for which raw data were unavailable. From now on, we refer to this as 
the combined dataset. 

2.7. Data analysis and statistics 

Some of the soil properties were not normally distributed. Spearman 
rank correlation coefficients were therefore determined between basic 

soil properties, SOCtot, SOC in different soil fractions, elevation and 
MRY for the field scale study and also between SOC and soil properties 
for the individual and combined datasets from the literature. Spearman 
correlation coefficients were also calculated for the data obtained in the 
analysis of silt-sized aggregation. For the Bjertorp field, stepwise and 
multiple linear regression analyses were conducted to identify poten-
tially important variables for predicting variations in topsoil SOC. 
Additionally, we used simple linear regression to investigate relation-
ships between physico-chemical properties and SOC for the Bjertorp 
field as well as for the individual studies from the literature. For all 
regression analyses, assumptions such as normality and homoscedas-
ticity of the residuals were visually checked. All the statistical analyses 
were performed in R (R Core Team, 2019). P = 0.05 was used as the 
significance level. 

Fig. 3. Relationships between eleven-year mean relative yield and (a) estimated SOC, (b) clay, (c) sand and (d) elevation (n = 162).  

Table 1 
Mean, standard deviation (S.D.), maximum and minimum values of basic soil properties (n = 35) measured on samples taken in august 2017 and elevation and eleven- 
year mean relative yield (MRY) at respective soil sampling locations.   

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

Soil pH Alox 
(mg g− 1) 

Feox 
(mg g− 1) 

Elevation 
(m) 

MRY SOCtot 
(mg C g− 1) 

Mean  27.2  47.0  25.8  6.02  1.61  5.64  92.6  1.00  17.0 
S.D.  9.1  12.0  20.4  0.25  0.25  1.91  2.7  0.07  4.5 
Max.  42.2  61.3  72.0  6.57  2.13  8.81  95.4  1.08  27.2 
Min.  8.4  19.5  4.7  5.63  1.08  2.53  87.4  0.82  11.2  
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3. Results 

3.1. Soil properties, elevation and mean relative yield in the entire 
Bjertorp field 

For the sampling locations of Lindahl et al. (2008) which covered the 
entire field (Fig. S2), mean relative yield (MRY) was positively 

correlated with SOC (ρ = 0.66, P < 0.001; Fig. 3a), sand (ρ = 0.45, P <
0.001; Fig. 3c) and elevation (ρ = 0.60, P < 0.001; Fig. 3d), whereas it 
was negatively correlated with clay (ρ = -0.59, P < 0.001; Fig. 3b). 

3.2. Physio-chemical properties, elevation, MRY and SOCtot for soil 
sampling locations in 2017 

Clay and total SOC (SOCtot) contents of soils sampled in 2017 
(Table 1) were very similar to the properties measured in 2000 (clay: 9 – 
45%; total SOC: 0.6 – 2.7%). Alox contents (mean 1.61 g kg− 1) were 
much smaller than Feox contents (mean 5.64 g kg− 1). The MRY (based 
on eleven years of data) varied between 0.82 and 1.08 at the field lo-
cations sampled in 2017. 

The SOCtot content was positively correlated with Alox content (ρ =
0.70, P < 0.05), elevation (ρ = 0.57, P < 0.05) and MRY (ρ = 0.49, P <
0.05), whereas it was negatively correlated with clay (ρ = -0.37, P <
0.05), Feox (ρ = -0.65, P < 0.05), and soil pH (ρ = -0.55, P < 0.05) 
respectively (Fig. 4). Alox content was not correlated with any variables 
except SOCtot, while clay, Feox, MRY and elevation were significantly 
correlated with one another (Fig. 4). 

In the stepwise regression analysis (Table 2), Alox, Feox, Silt and 
MRY were selected as explanatory variables for SOCtot, where the co-
efficients of Alox and Feox were significantly different from zero (P <
0.005) while the coefficients of Silt and MRY were not (P = 0.08 and P =
0.09 respectively). This best-fit model explained 77% of the variation in 
SOCtot. Simple linear regression with Alox as an explanatory variable 
explained 48% of the variation in SOCtot (P < 0.001). Also, multiple 
linear regression analysis with combinations of Alox and either MRY or 
Feox explained about 70% of the variation in SOCtot and the slopes of 
these regressions were significantly different from zero (P < 0.001; 
Table 2). 

3.3. SOC in different soil fractions 

Recoveries of total mass, carbon and nitrogen after the SOM frac-
tionation were on average 98.2% (±0.4 S.D.), 92.3% (±2.2 S.D.) and 
90.3% (±2.3 S.D.) respectively. The mass proportion of the sand and 
aggregate fraction was similar to the sand content determined in the 
texture analysis for all samples (i.e. all data points fell on the 1:1 line, 
Fig. S3). This means that most aggregates>63 µm were destroyed by the 
ultrasonic treatment and wet-sieving procedures. Thus, in the following, 
we refer to the SOC in the sand-sized aggregate fraction as SOC associ-
ated with sand only (Sand-C). Most SOC (ca. 81 ± 4.4%) was contained 
in the SC fraction (Table 3). The oxidation-resistant SOC (rSOC) in the 
SC fraction constituted, on average, 14.2 (±3.9) % of SOCtot. POM-C 

Fig. 4. Spearman rank correlation coefficients (ρ) for relationships between soil 
physico-chemical properties, elevation and mean relative yield (n = 35). Sig-
nificant correlations (P < 0.05) were highlighted either in red (negative) or in 
blue (positive). MRY: mean relative yield; SOCtot: total SOC content. 

Table 2 
Simple and multiple regression analysis between bulk SOC, physico-chemical 
properties and mean relative yield (MRY). Model 1 is the result of stepwise 
regression analysis.   

Regression model Adj. R2 

1 SOCtot = 10.1 Alox − 1.4 Feox + 0.1 Silt + 12.8 MRY – 9.3  77.1% 
2 SOCtot = 11.8 Alox – 1.1 Feox + 5.0  69.6% 
3 SOCtot = 12.5 Alox + 30 MRY – 33.2  69.6% 
4 SOCtot = 12.8 Alox – 3.6  48.4%  

Table 3 
Mean, standard deviation (S.D.), maximum and minimum values of SOM fractions (n = 35).    

Bulk POM Sand-OM SC-OM rSOM in SC SC-OM–rSOM 

SOC content (mg C g− 1 bulk soil) Mean 17.0 0.83  0.92  14.0  2.56  11.4 
S.D. 4.5 0.29  0.38  4.2  1.36  2.9 
Max. 27.2 1.77  2.18  23.2  5.78  17.9 
Min. 11.2 0.39  0.46  9.0  1.06  7.4 

SOC content (mg C g− 1 fraction) Mean 17.0 320  1.64  21.7  4.10  17.6 
S.D. 4.5 16.8  1.63  10.9  3.05  8.0 
Max. 11.2 364  7.76  57.7  15.1  42.6 
Min. 17.0 295  0.56  10.1  1.24  8.37 

Proportion of SOC fractions to SOCtot (%) Mean 100 5.0  5.6  81.7  14.2  67.5 
S.D. – 1.8  2.3  4.4  3.9  4.5 
Max. – 10.8  11.8  90.6  23.8  75.2 
Min. – 2.7  1.9  70.9  8.0  55.7 

C:N ratio Mean 11. 6 19.8  20.7  11.3  49.2  9.7 
S.D. 1.2 1.8  5.0  1.2  18.6  0.60 
Max. 14.2 24.4  34.5  14.0  92.3  10.9 
Min. 10.1 15.4  14.9  10.0  21.8  8.3 

POM: particulate organic matter, sand-OM: SOM in the sand fraction, SC-OM: SOM in the silt + clay (SC) fraction, rSOM: oxidation resistant SOM in the SC fraction, SC- 
OM–rSOM: non-oxidation resistant SOM in the SC fraction, SOCtot: total SOC content. 
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and Sand-C were minor constituents, with average proportions of 5.0 
(±1.8) % and 5.6 (±2.3) % respectively (Table 3). C:N ratios were larger 
for the more labile fractions (POM and Sand-OM fractions) compared to 
the SC-OM fraction (Table 3). C:N ratios for the oxidation-resistant SOM 
(rSOM) in the SC fraction were even larger (Table 3), but this result 
should be interpreted with care, since N contents in the rSOM of the SC 
fraction were close to the detection limit. 

SC-C and rSOC contents in bulk soil were positively correlated with 
Alox, SOCtot, elevation and MRY (Fig. 5), whereas SC-C, Sand-C and 
rSOC contents were negatively correlated with clay, Feox and soil pH 
(Fig. 5). POM-C content was weakly but negatively correlated with soil 
pH and positively correlated with SOCtot (Fig. 5). Additionally, we 
found that the proportion of rSOC to SOCtot was positively correlated 
with SOCtot and Alox contents (Fig. 6). The C:N ratio for bulk SOM and 
SOM in the SC fraction was negatively correlated with clay, Feox and soil 
pH and positively correlated with Alox and SOCtot or SC-C (Table 4). For 
the labile fractions, the C:N ratio for POM fraction was not correlated 
with any soil variables, whereas the C:N ratio for the sand-OM fraction 
was negatively correlated with clay, Feox and soil pH (Table 4). 

3.4. Clay aggregation 

Fig. 7a shows that the dispersion by SOM removal (DSR) changed the 
particle and aggregate size distributions relative to mechanical disper-
sion (MD). There were some clear differences between the two disper-
sion treatments with a larger volume in the silt-sized (2 – 20 µm) range 
for the MD treatment relative to the DSR treatment, whereas the volume 
in the clay-sized (<2 µm) range was larger in the DSR treatment 
(Fig. 7b). The volume of the released clay-sized particles upon SOM 
removal (i.e. the volume of DSR–MD in the < 2 µm size range) was 
positively correlated with the SC-C content (Fig. 7c). 

3.5. Literature data 

We found positive correlations between Alox and total SOC (or total 
C) contents for all individual studies, whereas SOCtot was not correlated 
with clay, pH and Feox (Table 5). In addition, the adjusted coefficients of 
determination for linear regressions showed that Alox could explain 
40.5% of the variation in SOC in Grønsten and Børresen (2009), 74.5% 
in Beauchemin et al. (2003) and 23.1% in Blombäck et al. (2020). The 
coefficient of determination for samples in Blombäck et al. (2020) 
increased to 41.3%, when only samples with clay contents>15% were 
included. Total SOC was positively correlated with Alox content (ρ =
0.51, P < 0.001; Fig. 8a) for the combined dataset, whereas it was not 
correlated with clay, Feox and soil pH (Fig. 8b,c). 

4. Discussion 

About 80% of SOCtot was contained in the SC fraction and SC-C was 

Fig. 5. Spearman rank correlation coefficients (ρ) for relationships between soil 
physico-chemical properties, elevation, SOCtot and SOC content of each frac-
tion in bulk soil (mg C g− 1 bulk soil). Significant correlations (P < 0.05, n = 35) 
were highlighted either in red (negative) or in blue (positive). SC-C: SOC con-
tent in the silt and clay (SC) fraction; Sand-C: SOC content in the sand fraction; 
POM-C: SOC in the POM fraction; rSOC: oxidation resistant SOC content in the 
SC fraction. 

Fig. 6. Relationships between the proportion of rSOC content to SOCtot content and (a) Alox and (b) SOCtot.  

Table 4 
Spearman rank correlation coefficients between soil properties and C:N ratios for 
SOM of bulk soil and each SOM fraction. Significant correlations (P < 0.05) were 
indicated in bold.   

Clay Silt Sand Soil pH Alox Feox SOC* 

Bulk SOM ¡0.81 ¡0.52  0.78 ¡0.74  0.41 ¡0.81  0.661 

POM − 0.28 − 0.07  0.27 − 0.25  − 0.28 − 0.01  -0.142 

sand-OM ¡0.58 ¡0.35  0.63 ¡0.41  − 0.01 ¡0.47  -0.063 

SC-OM ¡0.75 ¡0.44  0.70 ¡0.69  0.47 ¡0.82  0.694 

rSOM in SC ¡0.80 ¡0.43  0.74 ¡0.57  0.21 ¡0.70  0.655 

*SOC content in bulk soil (SOCtot)1 or each SOM fraction (POM-C2, sand-C3, SC- 
C4 or rSOC5). The unit is mg C g− 1 bulk soil. 
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strongly positively correlated with SOCtot. These results are consistent 
with previous studies in Swedish arable soils (Simonsson et al., 2014) 
and internationally (e.g. Gregorich et al., 2006; Zimmermann et al., 
2007a; McNally et al., 2017; Matus, 2021). Even for the samples with 
sand contents>68%, about 70% of SOCtot was contained in the SC 
fraction, suggesting that carbon stabilization is mainly restricted to SC 
sized aggregates and particles. Sand-C was positively correlated with 
sand content, which is in line with results presented in Li et al. (2013). 
However, the C:N ratio of sand-OM was similar to that of POM (~20), 
indicating that sand-OM was also dominated by relatively fresh, un-
transformed plant-derived OM. The POM-C content was only weakly 
correlated with soil pH and SOCtot. This may be because the spatial 
variation in POM-C may have been large compared to the other fractions 
(Simonsson et al., 2014). 

The positive correlation between SOCtot and Alox suggests that Alox 
may be important for the protection of SOC against microbial decom-
position in the Bjertorp field. Here, we discuss possible mechanisms 
behind this correlation. We also assume that Alox measured in bulk soil 
was mainly present in the silt + clay fraction (Curtin et al., 2016). 
Firstly, the oxidation-resistant SOC (rSOC) content was positively 
correlated with Alox content (Fig. 5). Additionally, the proportion of 
rSOC to SOCtot increased with Alox contents (Fig. 6a). These results 
indicate that Alox may have mediated the formation of stable SOC. 
Indeed, several studies have reported similar relationships between 
Alox/Feox and rSOC content (Mikutta et al., 2006; Wiaux et al., 2014). 
Based on 14C analysis, Mikutta et al. (2006) also reported that oxidation- 
resistant SOC was older than SOCtot. Furthermore, Siregar et al. (2004) 
and Mikutta and Kaiser (2011) reported that NaOCl-resistant SOC 
seemed to be protected by associations with Al- and Fe-bearing reactive 
mineral phases since (1) the NaOCl treatment did not affect Alox and 
Feox contents and (2) larger amounts of these reactive phases resulted in 
larger rSOC contents. Secondly, Alox may also be important for physical 
protection of SOC. In this respect, we acknowledge that rSOC and non- 
oxidation resistant SOC (SC-C–rSOC) contents do not provide a clear 
division between physically and chemically protected SOC. For 
example, some chemically adsorbed SOC may be desorbed and oxidized 
at the pH value (=8) used in our oxidation experiment (Mikutta et al., 
2005). Nevertheless, since about 67% of the SOC was contained in the 
SC-C–rSOC fraction, our data indicate that a large proportion of SOC 
may have been physically protected in the SC fraction. Accordingly, we 
found that when SOM was removed by peroxide, silt-sized aggregates 
were destroyed and clay-sized particles were released (Fig. 7b). Addi-
tionally, the volume of released clay particles upon SOM removal was 
positively correlated with the SC-C content (Fig. 7c). These results are 
consistent with the results presented by Jensen et al. (2017), who also 
reported an increase in the clay-sized fraction upon SOM removal 

Fig. 7. (a) An example of particle and aggregate size distributions for the silt- 
and clay-sized (SC) fraction after mechanical dispersion (MD), after dispersion 
with SOM removal (DSR) and their difference (DSR–MD); (b) Mean of volumes 
for particle size intervals (>0.5 µm, 0.5 – 1 µm, 1 – 2 µm, 2 – 6 µm, 6 – 20 µm, 20 
– 60 µm and 60 – 100 µm) with MD and DSR treatments and their difference 
(DSR–MD). Error bars indicate standard deviation (n = 35); (c) The relationship 
between SOC in the SC fraction and the volume of DSR–MD for size classes < 2 
µm (i.e. particles < 2 µm released upon SOM removal, n = 35). 

Table 5 
Correlation coefficients for relationships between total C or SOC and physico- 
chemical properties in different studies on arable topsoils (0 – 20 cm) from 
four different studies. Significant correlations (P < 0.05) are indicated in bold.  

Reference (n: sample size)  clay Alox Feox Soil 
pH 

Grønsten and Børresen (2009) (n 
= 21)a 

Total 
C  

0.11  0.54  0.06  0.16 

Beauchemin et al., (2003) (n =
10)a 

SOC  0.31  0.90  0.61  − 0.36 

Blombäck et al., (2021) (n = 61)ac Total 
C  

0.02  0.48  0.03  − 0.19 

Blombäck et al., (2021) (n = 45, 
clay > 15%)ac 

Total 
C  

0.43  0.69  0.24  − 0.15 

Paradelo et al (2016) (n = 45)b SOC  − 0.18  0.97  − 0.15  0.25 

a Spearman rank correlation coefficients were determined from reported raw 
data. 
b Reported Pearson correlation coefficients were extracted from the paper since 
raw data were not available. 
c Dataset excluding one sample with total C content > 9%. 
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compared to samples without SOM removal. We hypothesize that the 
observed aggregation may also be important for the physical protection 
of SOC. In such aggregates, fine POM may be occluded and thereby 
physically protected from microbial decomposition (Shang and Tiessen, 
1998; Virto et al., 2008; Steffens et al., 2017). The C:N ratios of SC-OM 
were also positively correlated with SC-C content (Table 4), which in-
dicates that clay aggregation may have contributed to the protection of 
fresh, less decomposed SOM. Additionally, Alox was positively corre-
lated with the C:N ratio of SC-OM (Table 4). Since reactive mineral 
phases have been suggested as key binding agents for clay aggregation 
(Shang and Tiessen, 1998; Asano et al., 2018; Totsche et al., 2018), we 
suggest that Alox content may also have been important for the physical 
stabilization of SOC in the Bjertorp field. This interpretation is of course 
only based on correlation analysis; further studies of the mechanisms 
behind the effects of Al-bearing reactive mineral phases on SOC turnover 
are needed. 

Our field-scale results were supported by the analysis of individual 
studies in the literature (Table 5) and the combined dataset (Fig. 8a). 
The coefficients of determination for linear regressions showed that Alox 
could explain 23.1 – 74.5% of the variation in SOC in these studies. 
Other factors that may contribute to the unexplained variation in SOC, 
include (1) unquantified physico-chemical properties such as 

exchangeable calcium (Rasmussen et al., 2018) and crystalized iron 
(Hall et al., 2018) and (2) variations in carbon input (Moni et al., 2010; 
Ogle et al., 2012). The relatively small coefficient of determination 
(23.1%) for the data from Blombäck et al. (2020) may be due to the fact 
that this study covered a wide range of soil types and land management 
across Sweden. The coefficient of determination increased to 41.3% 
when samples with clay content smaller than 15% were excluded. This 
may be because clay particles are important as building blocks for silt- 
sized aggregates (Souza et al., 2017a), as discussed earlier. It should 
be noted that extractable aluminum concentrations are dependent on 
the extraction method. For example, Panichini et al. (2012, 2017) re-
ported a strong positive correlation between SOC and pyrophosphate- 
extractable Al in Andisols. In this study we used Alox as an explana-
tory variable for SOC since the pH in our soil samples was in the range of 
5.5 – 6.5, which indicated that not only organically-complexed SOC but 
also SRO phases would be important for SOC stabilization (Rasmussen 
et al., 2018) 

It is not clear why Feox content, which was much larger than Alox 
(Table 1), was not positively correlated with SOCtot (Fig. 4), SC-C and 
rSOC (Fig. 5) at Bjertorp and for the other arable topsoils listed in 
Table 5. However, our results are consistent with those of some earlier 
studies in different climates and soil types, such as Andisols (e.g. Beare 

Fig. 8. Relationships between SOCtot (or total C) and (a) Alox, (b) Clay, (c) Feox and (d) soil pH. One sample with total C content > 9% in Blombäck et al. (2021) 
was not included. Data from Paradelo et al. (2016) were not openly available and hence not included here. 
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et al. 2014) and Oxisols and Ultisols (Barthès et al., 2008; Souza et al., 
2017b). In contrast, other studies have suggested that Feox (or pedo-
genic Fe) may be more important than Alox in SOC stabilization, for 
example for an agroforestry field in North Carolina (Deiss et al., 2017), 
Swiss cropland soils (Zimmermann et al., 2007a) and European forest 
soils (Kaiser and Guggenberger 2000). There are two plausible reasons 
why Feox may not be effective in SOC protection in the Bjertorp field. 
First, soil pH in our field was relatively high (5.6 – 6.5) compared to 
studies on soils under other land uses, such as acidic forest soils. Addi-
tionally, there was a positive correlation between Feox content and soil 
pH in the Bjertorp field (Fig. 4). Lower soil pH may lead to stronger 
chemical association (e.g. complexation and precipitation) between Fe 
and SOM (Wagai and Mayer, 2007). Second, the SOC adsorption ca-
pacity of Fe-bearing reactive mineral phases is smaller under anoxic 
conditions, where SRO Fe may be reduced and adsorbed SOC may be 
released (Hall et al., 2018; Bailey et al., 2019; Huang et al., 2020). We do 
not know the redox conditions in the topsoil of the Bjertorp field. 
However, the Feox content was positively correlated with clay content 
and negatively with elevation, and hence sampling positions in low- 
lying areas with larger clay contents may have been more prone to 
anoxic conditions due to higher water contents (Manns et al., 2014; 
Keiluweit et al., 2018; Inagaki et al., 2020). We did observe signs of 
temporary anoxic conditions below the plough pan (28 – 43 cm; Fig. 1; 
Table S1) for one of the soil profiles (i.e. Eutric Stagnosol, Fig. 2). Thus, 
redox processes may also partly explain the lack of positive correlation 
between SOC and Feox at Bjertorp. 

A weak negative correlation between clay and SOCtot contents 
suggests that clay content itself did not play a major role in the pro-
tection of SOC in the topsoil of the Bjertorp field. However, a number of 
authors have reported positive correlations between SOC and clay 
contents in other regions and climates (e.g. Homann et al., 2007; 
Wiesmeier et al., 2019; Poeplau et al., 2020). One possible explanation 
for the often observed positive correlations between SOC and clay 
contents is that clay content may be positively correlated with the 
contents of Al- and/or Fe-bearing reactive minerals. Several studies 
show that clay, Alox, Feox and SOC are indeed often positively corre-
lated with each other (e.g. Zinn et al., 2007; Deiss et al., 2017). We 
suggest that, in addition to clay content, measurements of Alox and Feox 
may be useful for predicting the spatial variation of SOC in arable top-
soils in continental humid climates and hence for modelling C dynamics 
and estimating the potential for SOC sequestration (Rasmussen et al., 
2018; Basile-Doelsch et al., 2020; Wagai et al., 2020). 

C:N ratios of bulk SOM and SC-OM were negatively correlated with 
clay and Feox contents, suggesting that there may be a greater accu-
mulation of microbially-derived SOM with higher clay and Feox con-
tents. This may be because N-rich SOM (such as proteins) is 
preferentially absorbed on clay surfaces (Kleber et al., 2007; Lutfalla 
et al., 2019). Keiluweit et al., (2012) also reported that microbial N was 
preferentially associated with Fe-oxyhydroxides. However, the negative 
correlation between clay and the C:N ratio of bulk SOM and SC-OM can 
also be due to increased adsorption/fixation of inorganic nitrogen to 
clay particles (Jensen et al., 1989; Röing et al., 2006). 

We used the eleven-year mean relative yield (MRY) as a proxy for 
carbon inputs from roots and above-ground residues. The multiple linear 
regression analyses indicate that C input was also a significant predictor 
of the spatial variation of SOC in the Bjertorp field. Positive correlations 
between SOC content and crop (or grain) yield have also been reported 
globally (Oldfield et al., 2019) and at the field scale (e.g. Kravchenko 
and Bullock, 2000). It should be noted that the positive correlations 
between SOC and MRY can be due to the beneficial effects of SOC on 
crop production (Henryson et al., 2018; Oldfield et al., 2020). Further-
more, the ratio of below-ground biomass to above-ground biomass or 
grain yield may not be constant. For example, Poeplau and Kätterer 
(2017) reported lower root biomass and root-to-shoot ratio in soils with 
larger clay content. The spatial variation of clay content in the field may 
also result in different soil mechanical properties and availability of 

water and oxygen (Horn et al., 1994; Gregorich et al., 2011), which 
would affect root growth and crop production (e.g. Delin and Berglund, 
2005; Gregorich et al., 2011; Wood et al., 2016; Börjesson et al., 2018). 
Correspondingly, we found that the MRY was negatively correlated with 
clay content and positively with elevation (Fig. 3), which indicates that 
the low-lying areas of the field with larger clay content may be less 
suitable for crop production and thereby lead to lower C inputs. This 
may also explain why SOC was negatively correlated not only with clay 
but also with Feox, since clay and Feox are highly correlated with each 
other (Fig. 4). 

5. Conclusions 

We examined relationships between physico-chemical properties, 
eleven-year mean relative grain yield (as a proxy for C input) and total 
SOC and SOC in different soil fractions for a Swedish arable topsoil. We 
found that total SOC content was positively correlated with oxalate- 
extractable aluminum (Alox) and that Alox explained ca. 48% of the 
variability in SOC. The results of SOM fractionation and analysis of clay 
aggregation further indicated that Alox may be important for physico- 
chemical stabilization of SOC in silt + clay sized fraction in the Bjer-
torp field. Our field-scale findings were supported by other studies that 
showed positive correlations between SOC and Alox contents in agri-
cultural topsoils under climates compatible with our field. Simple linear 
regression analyses showed that Alox explained 23.1 – 74.5% of the SOC 
variations for these studies, highlighting the importance of other soil 
properties and variability in C input for better predictions of SOC vari-
ability. On the other hand, both clay (particle size < 2 µm) and oxalate- 
extractable Fe (Feox) contents seemed to be less important for SOC 
stabilization in the Bjertorp field. Additionally, a positive relationship 
between the mean relative yield and total SOC content indicated that C 
input from crop production could improve the predictions of SOC vari-
ability in the Bjertorp field. In future research, larger-scale studies (e.g. 
national soil inventories) exploring relationships between SOC and Alox 
and Feox contents may show if these variables are useful for estimating 
the potential for SOC sequestration and for modelling SOC dynamics in 
arable topsoils under humid continental climates. 
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Röing, K., Andrén, O., Mattsson, L., 2006. ‘Non-exchangeable’ ammonium in soils from 
Swedish long-term agricultural experiments: Mobilization and effects of fertilizer 
application. Acta Agric. Scand. Sect. B: Soil Plant Sci. 56, 197–205. 

Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I.A., 
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Microaggregates in soils. J. Plant Nutr. Soil Sci. 181, 104–136. 
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Tables 

Table S1. Summary of soil classification at three locations across the field 

Soil type Depth 
(cm) 

horizon Matrix 
color 

Mottles 
(%) 

structure consistency Gravel 
(%) 

pH Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

SOM 
(%)2 

Stagnic 
Eutric 
Cambisol 

0 – 30 Ap 
10 YR 
3/3 1% 

blocky 
subangular  firm 0 7.0 37.41 53.41 9.31 3.51 

30 - 
40 B 

10 YR 
4/2 < 5 % 

blocky 
angular  firm 0 7.1 45.4 49.3 5.3 2.1 

40 - 
60 Bw 

10 YR 
5/4 

20 % 7.5 
YR 5/8 

blocky 
subangular  fraiable 0 7.3 50.4 47 2.6 1.6 

60 – 
100+ Cg 

10 YR 
4/3 

20 % 7.5 
YR 5/8 + 
20 %  
bleached 
iron 10YR 
5/1 

blocky 
subangular  fraiable 0 7.6 46.3 50.3 3.4 1.4 

Soil type Depth 
(cm) 

horizon Matrix 
color Mottles (%) 

structure consistency Gravel 
(%) 

pH Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

SOM 
(%)2 

Eutric 
Stagnosol 0 - 28 Apg 

10 YR 
4/3 1% ( a few) 

blocky 
subangular  friable 8 6.0 24.61 45.51 301 3.41 

28 - 
43 Bg1 

10 YR 
6 /3 

7.5 YR 5/8; 
60 % 

blocky 
subangular  friable-firm 1 6.9 34.0 54.8 11.2 2.0 

43 - 
60 Bg2 

10 YR 
4 /3 

7.5 YR 5/8; 
60 % + 20 
% bleached 
7.5 YR 6/0 

blocky 
subangular  friable 0 6.9 46.7 49.2 4 2.1 

60 - 
100+ Cg 

10 YR 
5 /4 

7.5 YR 5/8; 
10 % + 30 - 
40 % 
bleached 
iron 7.5 YR 
6/0 

blocky 
subangular  friable 0 7.1 44.6 52.2 3.2 1.6 

Soil type Depth 
(cm) 

horizon Matrix 
color 

Mottles 
(%) 

structure consistency Gravel 
(%) 

pH Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

SOM 
(%)2 

Haplic 
Phaeozem3 0 - 33 Ahp 

10 YR 3 / 
2 0 

blocky 
subangular  fraiable 5 6.1 8.41 19.51 721 4.31 

33 - 
42 BC 

10 YR 4 
/6 0 single grain loose 5 6.3 3.5 6.4 90 1.5 

42 - 
48 C N.D. N.D. > 2 massive - 15 6.3 4.1 4.3 91.7 1.4 
48 - 
53 2Cg1 N.D. N.D. layered - 0 6.3 51 42.8 6.3 1.9 
53 - 
66 2Cg2 N.D. N.D. layered - 0 6.4 48 43 8.9 2.1 
66 – 
73+ 3Cg N.D. N.D. layered - 0 6.5 30.3 54.9 14.9 1.4 
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1soil texture and SOM content for top soils of the three profiles were taken from the data (3 – 13 cm) 
at locations closest to the three profiles.   

2SOM content was estimated from loss on ignition (LOI) and a pedotransfer function (SOM = LOI × (1 
– 0.5 × clay)) as proposed in Kätterer et al., (2007). 

3soils deeper than 42 cm was parent material; C: weathered granite stone + Saprolite, 2Cg1: clay 
layer, 2Cg1: red clay layer, 3Cg: silt layer 

Table S2 Statistical summary of studies used for correlation analysis in table 3.  References were cited 
in the main manuscript.  One sample with total C content > 9 % in Blombäck et al. (2021) was not 
included.   

Reference property Min. Median Mean Max 

Blombäck et 
al., (2020) 

N = 61

SOC 11 20 21 33 
Clay 4 23 25 57 
pH 5.3 6.4 6.5 7.7 
Alox 0.5 1.4 1.4 2.4 
Feox 1.1 3.1 3.6 10 

Grønsten and 
Børresen 

(2009) 
N = 21 

SOC 10 21 23 49 
Clay 6 23 25 68 
pH 5.4 6.4 6.3 7.1 
Alox 1.1 2.0 2.1 3.5 
Feox 2.8 5.7 5.9 16 

Beauchemin 
et al., (2003) 

N = 10 

SOC 9 20 20 34 
Clay 5.4 17 27 69 
pH 5.7 6.2 6.4 8.0 
Alox 0.6 1.4 2.0 4.1 
Feox 0.8 2.2 3.2 9.7 

Paradelo et 
al., (2016) 

N = 45 

SOC 18 26 32 84 
Clay 5.5 10.9 10.8 14.0 
pH 6.31 6.69 6.71 7.60 
Alox 0.51 0.78 0.93 2.08 
Feox 0.46 1.12 1.11 1.68 
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Figures 

Fig. S1 Relationships between elevation and (a) clay content and (b) estimated SOC content.  For 
these relations, Spearman rank correlation coefficients (ρ) were determined.  All three correlations 
were statistically significant (p < 0.05).  Data adapted from Lindahl et al. (2008) 
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Fig. S2 A digital elevation model (DEM) and soil sampling locations in 2000 (Lindahl et al. 2008; n = 
162) and locations in 2017 (This study; n = 35).  The locations of three soil profiles are denoted as 
triangles with 1 (Stagnic Eutric Camnisol), 2 (Eutric Stagnosol) and 3 (Haplic Phaeozem) respectively.
These locations are shown in Fig. S1.Coordinate system used here is SWEREF99 TM (unit: meter). 
The DEM of raster data was downloaded from Lantmäteriet.  The map was created using ArcGIS 
10.7.1 (ESRI). 



S6 

Fig. S3 Relationship between sand content determined by soil texture analysis and sand mass content 
determined by the fractionation with 1:1 line 
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Details of the interpolation of the grain yield 

The interpolation was conducted using the Inverse Distance Weighting (IDW) method with condition 
of 20 m search radius, the maximum number of measurements set to 12 and the size of the grid raster 
set to 2.5 m times 2.5 m.  If no grain data existed within the search radius, no interpolated data were 
assigned. The interpolated RY data were then extracted for soil sampling locations where soil 
properties were known based on Lindahl et al. (2008) and the present study (Fig. S2).  We then further 
identified the soil sampling locations where at least 6 measurements were available within the search 
radius thereby excluding locations where the interpolation results depended on only a few grain yield 
records.  For some years, grain yield data were missing in large parts of the field. We, therefore, 
calculated the proportion of the field where grain yield was available (PGYA, %) as: 

PGYA =
𝐿𝐿𝐿𝐿𝐿𝐿𝑌𝑌𝑌𝑌
162 

× 100    (1) 

where LocYA is number of locations where yield data were available  (i.e. >6 grain yield records within 
the search radius) and 162 is the number of soil sampling locations in Lindahl et al. (2008) whose soil 
sampling locations covered the entire field (Fig. S2).  Years with PGYA below 70% (2003, 2004 and 
2011) were excluded from the statistical analysis 

References for supplementary materials 

Kätterer, T., Andrén, O., Jansson, P.E., 2006. Pedotransfer functions for estimating plant available 
water and bulk density in Swedish agricultural soils. Acta Agriculturae Scandinavica, Section B — Soil 
& Plant Science 56, 263-276. 
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