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f International Centre for Tropical Agriculture (CIAT), 763537, Cali, Colombia   

A R T I C L E  I N F O   

Keywords: 
Soil organic matter 
Soil carbon stability 
Carbon indicators 
Rock-eval 
POX-C 
MAOM-POM 

A B S T R A C T   

Soil organic carbon (SOC) content is the most widely used soil health indicator, but many soil functions are also 
influenced by the quality of SOC. Yet, standardized SOC quality parameters that can be used in soil health as-
sessments in addition to SOC content are still in development. Here, we investigated the relationships between 
various SOC parameters (both quantity and quality) and soil functions. 

We collected 223 soil samples from arable fields in two contrasting Dutch soil types i.e., marine clay and sand. 
For each sample, we assessed three soil functions (i.e., biological population regulation, element cycling, and soil 
structure and water regulation) by measuring five indicators per function. We also analyzed SOC quality with 
four techniques (C:N-ratio, POX-C, Rock-Eval, POM-MAOM fractionation), resulting in 21 SOC quality param-
eters, and measured SOC content. We then determined for each soil type how much variation in each function 
indicator was explained by the SOC parameters and other measured intrinsic soil properties. 

We found that SOC parameters and intrinsic soil properties explained at most 30 ± 22% of the variation in soil 
function indicators. SOC content explained 9 ± 16% of the variation across functions and soil types. Including 
one single SOC quality parameter alongside SOC content never had significant added value in explaining soil 
functions. Only including multiple Rock-Eval parameters alongside SOC content significantly increased the 
explained variation compared to SOC content alone, as well as combining multiple parameters from the four 
different SOC quality techniques. 

We conclude that the relationships between the SOC quality parameters and soil functions are insufficiently 
straight-forward to add significant explanatory power to SOC content alone. We recommend that before 
including SOC quality parameters in soil health monitoring, more emphasis should be put on evaluating their 
relation to soil functions and their potential redundancy when used alongside SOC content.   

1. Introduction 

Soils play a key role in providing multiple ecosystem services to 
society, such as water regulation, carbon and nutrient cycling and the 
provision of food, fiber and fuel (Schulte et al., 2014; Bünemann et al., 
2018). These ecosystem services are underpinned by soil functions, that 
can be defined as bundles of soil processes that arise from the in-
teractions between physical, chemical, and biological properties of the 
soil (Creamer et al., 2022). Soil organic matter (SOM) plays a key role in 

many of these soil functions, especially those that are related to soil 
structure, soil biota, and element cycling (Hoffland et al., 2020; Kopittke 
et al., 2022b). Some soil functions mostly result from the decomposition 
of SOM, whereas others derive more from the retention of SOM (Janzen, 
2006). The decomposition of SOM provides energy and nutrients to soil 
organisms that are involved in at least 26 processes underlying soil 
functioning (Creamer et al., 2022; Zwetsloot et al., 2022). The retention 
of SOM improves habitat for plants and soil life, contributes to soil 
structure and water retention, enhances the reactive surface in soils and 
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thus the capacity to hold nutrients and contaminants, and underlies soil 
carbon sequestration (Hoffland et al., 2020). Often, soil functions result 
from both the decomposition and the retention of SOM, since for 
example biota need both fuel and a favorable habitat (Hoffland et al., 
2020). Trade-offs between different functions may also occur, for 
example management practices that inhibit microbial activity, such as 
no-tillage, may increase carbon sequestration but reduce nutrient pro-
visioning to plants (Janzen, 2006; Vrebos et al., 2021; Zwetsloot et al., 
2021). Optimizing all soil functions simultaneously is therefore difficult, 
if not impossible, and instead it has been recommended to target land 
management based on a selected set of prioritized soil functions (Vaz-
quez et al., 2021; Zwetsloot et al., 2021). A higher content of SOM is 
generally assumed to indicate a higher potential to perform multiple soil 
functions and hence to improve overall soil health (Reeves, 1997; Deb 
et al., 2015; Herrick and Wander, 2018; Kopittke et al., 2022a). Yet, the 
role of SOM characteristics, or in other words the SOM quality, in 
determining individual soil functions is not well understood (Hoffland 
et al., 2020). This understanding can support developing land man-
agement practices that target specific soil functions. Moreover, param-
eters that represent labile SOM fractions may serve as early indicators to 
evaluate impacts of management practices on soil health, since they 
respond faster to changes in management and land use than total soil 
organic carbon (TOC) content (Lefroy et al., 1993; Marriott and Wander, 
2006). The development of parameters that reflect the characteristics, or 
quality, of SOM and that can be included in soil health assessment has 
therefore received increasing attention in recent years (Duval et al., 
2018; Bongiorno et al., 2019; Ramírez et al., 2020; Pulleman et al., 
2021; Liptzin et al., 2022). 

The properties of SOM that are relevant to soil functioning are often 
related to biological degradation and therefore indirectly relate to the 
stability of SOM. Biological degradation depends on the chemical 
complexity, nutrient density and accessibility of SOM and prevailing 
environmental conditions, besides the metabolic characteristics and 
trophic interactions of the soil community (Schmidt et al., 2011; Raczka 
et al., 2021). Regarding SOM properties, the following considerations 
are relevant: 1) the chemical complexity of SOM influences the required 
energy and diversity of metabolic pathways that microbes employ to 
decompose SOM compounds, and the energy reward upon decomposi-
tion (Raczka et al., 2021), while this complexity can in case of pyrogenic 
carbon render biochemical stability (Six et al., 2002; Schmidt et al., 
2011); 2) the nutrient density derives from the content and stoichio-
metric ratio of the main nutrients present in SOM, i.e.: nitrogen (N), 
phosphorus (P), and sulfur (S) (Tipping et al., 2016); and 3) the acces-
sibility of SOM is influenced by the association of SOM with the soil 
mineral matrix into aggregates or organo-mineral complexes, providing 
physical and chemical stability, respectively (Six et al., 2002; Schmidt 
et al., 2011). The term “soil organic carbon”, abbreviated as “SOC”, is 
often used as synonym for SOM, which consists for 48–58% of carbon 
(Nelson and Sommers, 1983). In this study, we will focus on the carbon 
component, and we will therefore use the term “SOC quality” when 
referring to the three described properties of SOM that relate to soil 
functioning, i.e. the complexity, nutrient density, and accessibility of 
SOM. We will use “SOC” without further specification when referring to 
soil organic matter or carbon in general, and will use total SOC content 
(in g.kg− 1) as measure for the quantity of SOC. We will use “SOC pa-
rameters” when referring to the selected SOC quality and quantity pa-
rameters of this study. 

The techniques that are currently available to characterize SOC 
quality can be grouped into physical and chemical SOC fractionations, 
thermal analyses, and molecular characterizations (Hoffland et al., 
2020). SOC fractionations aim at isolating SOC pools with contrasting 
turnover times, based on physical (i.e., size/density) or chemical (i.e., 
extraction, hydrolysis, oxidation, destruction of mineral phase) meth-
odological principles (Haynes, 2005; Poeplau et al., 2018). Thermal 
analyses assess the energetic barriers experienced by the decomposer 
community by estimating the required activation energy to decompose 

SOC (related to thermal stability) and/or the energy release (Differential 
scanning calorimetry (DSC)) upon SOC decomposition (Barré et al., 
2016). Molecular characterizations encompass a wide variety of wet 
chemical, spectroscopic and chromatographic techniques that identify 
the molecular structure of SOC at varying levels of detail. Molecular 
features relevant for soil functioning include elemental ratio’s that 
proxy the nutrient density of SOC for biota, or functional groups and 
properties that define the reactivity of SOC towards the mineral matrix 
and other soil compounds among which nutrients and contaminants. 
Most of these characterization techniques provide operationally defined 
parameters that mainly assess the stability of SOC or assess “what sits 
where”, but these parameters do not necessarily directly relate to soil 
functioning (Hoffland et al., 2020). Moreover, it is not yet clear what is 
the added value of SOC quality beyond SOC content and soil intrinsic 
properties (e.g., texture, pH) that are commonly measured in soil health 
assessments. 

Unraveling what operational metrics for SOC quality relate to which 
soil functions can be highly useful to better support the assessment of, 
and advice for, farm practices that seek to strengthen specific soil 
functions by managing SOC quality. We therefore aimed to assess the 
relationship between SOC and soil functions related to SOC degradation 
and stabilization, i.e., 1) biological population regulation; 2) element 
cycling, 3) soil structure and water regulation. Soil functions cannot be 
measured directly and instead are assessed using indicators that are 
based on the mechanistic processes underlying soil functions (Büne-
mann et al., 2018). Therefore, we investigated how well those indicators 
for different soil functions were explained by SOC content and different 
SOC quality parameters in sandy and clay soils. We hypothesized that 
including SOC quality parameters in addition to SOC content is espe-
cially relevant for explaining soil functions that strongly depend on bi-
otic processes, i.e. element cycling and biological population regulation. 

2. Materials and Methods 

2.1. Site selection 

Soil samples were collected as described in (van Rijssel et al., 2022). 
In short, we collected soils from arable fields of organic farms that had 
been converted from conventional arable agriculture between 1 and 69 
years ago, and paired fields of neighboring conventional farms. All 
fields, irrespective whether they were conventionally or organically 
managed, had undergone inversion tillage at least once during the last 5 
years, were part of a wider crop rotation that included at least one tuber 
crop, and had a cereal, grass or legume crop at the moment of sampling. 
Fields were located on sandy and marine clay soils, classified in the 
Dutch soil system as Hn21/zEz21 and Mn25a/Mn35a, respectively. 
According to FAO World Reference Base WRB (WRB, 2022), sandy soils 
are classified as Anthrosols with ≤17.5% silt (<50 μm) and an A-horizon 
of at least 30 cm. Clay soils were Fluvisols that derive from clay depo-
sition in an originally marine environment, and had a clay content be-
tween 10 and 31%. We sampled 48 arable fields (of which 50% organic 
farms) on clay and 26 fields (50% organic) on sand in July 2017. Three 
subsamples were taken per field, resulting in a total of 222 soil samples. 

2.2. Sample collection, field measurements and storage 

At each sampling point, within an area of 1 × 1 m, we measured 4 
times penetration resistance and took two disturbed (one of ±1 kg, one 
of ±5 kg) and two undisturbed soil samples, and one bulk density ring 
(100 cm3) from the 5–15 cm mineral top soil. We collected the undis-
turbed soil samples for the analysis of water stable aggregates with a 
spade by cutting a ±15 × 15 × 10 cm cube at 5–15 cm depth, removing 
the cutting edges and crumbling the insides carefully into a flowerpot to 
protect the soils from compaction during transport. Both field moist, 
disturbed soil samples were stored cool, and passed within a week 
through a 10 mm mesh to remove coarse elements from the sample. The 
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±1 kg disturbed soil sample was air-dried and subsequently sent to the 
commercial laboratory Eurofins-Agro for analysis of soil texture and 
cation exchange capacity. The ± 5 kg disturbed soil sample was stored at 
4 ◦C, from which three subsamples were taken. A first subsample of 6 g 
was sieved over 4 mm, of which 1 g was stored in an Eppendorf tube at 
− 80 ◦C within a week, for soil microbial community characterization. A 
second subsample was used to measure pH-H2O and potential nitrogen 
mineralization within 2 months. A third subsample was used within 5 
months as soil inoculum for a laboratory incubation in which the 
decomposition of three different substrates was measured. The undis-
turbed soil samples were pooled within a week and crumbled gently 
through a 10 mm sieve, air-dried (±25 ◦C), and stored dark at 4 ◦C. From 
the undisturbed soil samples, a subsample was taken for the isolation of 
water stable aggregates, and another sub-sample was sieved over 2 mm 
for carbon characterizations and oxalate extractions. For elemental C:N 
analysis, samples were ground with a ball-mill for 1 min with frequency 
18.0 s− 1. The 2-mm sieved soils and ground soils were stored dark at 4 ◦C 
in between analyses. 

2.3. Definitions of soil functions, function indicators and intrinsic 
properties 

For the purpose of this study, we focused on three soil functions that 
are expected to be directly or indirectly influenced by SOC degradation 
or stabilization (based on (Bünemann et al., 2018; Hoffland et al., 2020; 
Creamer et al., 2022; Zwetsloot et al., 2022) and that are important for 
arable farming: 1) “biological population regulation”; 2) “element 
cycling”; and 3) “the regulation of soil structure and water”. We decided 
not to consider carbon sequestration as function, since we only 
measured SOC content at a single soil depth (i.e., 5–15 cm). 

We assessed soil functions with indicators that either measure the 
process itself (e.g., potential nitrogen mineralization), a characteristic of 
the actor(s) performing the process (e.g., fungal diversity), or the result 
of the process (e.g., water-stable aggregates). Some function indicators, 
especially those that represent actors, could represent processes that 
contribute to more than one of the selected soil functions. However, we 
wanted to have independent measures and an equal number of in-
dicators (n = 5) for each soil function for statistical analyses. We 
therefore used each indicator only once for the most representative soil 
function, similar to (Li et al., 2023) (for an explanation of this classifi-
cation: see Table 1). 

2.4. Measurements of soil function indicators 

2.4.1. Biological population regulation 
Disease suppression (DisS) was measured based on the number of 

cauliflower seedlings infected with the widespread soil-borne fungal 
pathogen Rhizoctonia solani AG 2-1, known to cause severe yield losses 
(Domsch et al., 2007). Cauliflower was chosen as crop species to exclude 
soil legacy effects as much as possible (Philippot et al., 2013; Hannula 
et al., 2021), as most agricultural fields of our study did not include 
cabbage species in the rotation. We followed a method modified from 
(Postma et al., 2010): For each soil sample two 203 × 54 × 28 mm trays 
were filled with 150 g dry soil, totaling 444 trays. Sixteen 
pre-germinated cauliflower seedlings (Brassica oleracea var. botrytis 
Flora Blanca) were transplanted into these trays. The seedlings were 
planted in two parallel 8-seedling rows with 2 cm space between seed-
lings and 2 cm space between rows. Trays were then placed in a 
greenhouse (21/16 ◦C day/night, no additional light provided) and 
watered every other day. After one week, half of the trays were inocu-
lated with R. solani by placing two R. solani AG 2-1 infested agar-plugs 1 
cm deep into the soil in contact with seedling roots at one end of the tray. 
The other half of the trays were not inoculated with R. solani, but instead 
had a sterile agar-plug placed on their roots as a control, resulting in 222 
trays with cauliflower + R. solani and 222 trays with only cauliflower as 

Table 1 
Overview of the selected indicators for each soil function that includes firstly a 
short explanation of each function indicator, followed by a motivation for the 
selection of the indicator for the corresponding soil function.  

Soil functions 

Biological Population 
regulation 

Element Cycling Soil structure and water 
regulation 

Disease suppression (DisS) 
The performed disease 
suppression test is a 
direct measure of the 
capability of the soil 
microbial community to 
suppress the infection of 
cauliflower plants by 
the pathogenic fungus 
Rhizoctonia solani. 

Potential nitrogen 
mineralization (PNM) 
PNM is a direct measure 
of the potential of the 
soil community to 
transform organic 
nitrogen (N) into 
inorganic N under 
aerobic conditions, as 
measured in a lab 
incubation of 4 weeks 
under optimal 
conditions (21 ◦C, 70% 
WHC). The PNM proxies 
the potential inorganic N 
release from organic N 
during a growing season. 

Bulk Density (BD) 
BD is the dry soil mass per 
unit volume, in which 
solids and pores are 
combined. BD is a 
measure for soil porosity 
in terms of volume, which 
affects the aeration of the 
soil, the capacity of the 
soil to store and transport 
water and the growth of 
roots. 

Richness bacteria (RB) 
A higher bacterial 
richness can support 
disease suppression via: 
1) Prevention of 
resistance to 
suppression by 
increased diversity of 
the means of disease 
suppression (Schlatter 
et al., 2017). 
2) Improved 
adaptability to 
changing 
environmental 
conditions and 
resilience to 
disturbances 

Decomposition manure 
(DM) 
The decomposition of 
organic matter is a 
primary source of plant 
nutrients (Sokol et al., 
2022), especially in 
organic farming where 
all nutrients derive from 
organic sources. The 
functional capacity to 
decompose substrates 
has been shown to differ 
between soil 
decomposer 
communities (Keiser 
et al., 2014), which 
drives variation in 
decomposition rate of 
the same organic 
substrate by different 
soil communities (Keiser 
et al., 2011; Veen et al., 
2018). A higher 
capability of microbes to 
decompose organic 
substrates of given 
chemical complexity 
indicates a faster 
cycling, hence faster 
nutrient release, of 
respective substrates. 
The applied solid 
farmyard manure is a 
relatively complex 
substrate with a 
moderate C:N-ratio 
(12.4) and high lignin 
content (17.8%). The 
manure decomposition 
is measured in a lab 
incubation of 64 days 
under optimal 
conditions (20 ◦C, 60% 
WHC), adding 0.5 g of 
soil to 1 ± 0.1 g of 
substrate (based on ( 
Keiser et al., 2011;  
Strickland et al., 2009)) 

Water Holding Capacity 
(WHC) 
WHC of < 2 mm disturbed 
soil. WHC is a measure of 
the capacity of the soil to 
retain water in < 2 mm 
particles, hence excluding 
water that is retained in 
the pore network as 
occurring in the field. This 
WHC measure is mainly 
defined by soil texture and 
organic carbon (Dane and 
Hopmans, 2002) and 
determines the capacity to 
supply water to plants. 

Richness fungi (RF) 
See explanation 
bacterial richness. 
Fungi are more 

Decomposition straw (DS) 
See explanation manure 
decomposition. The 
applied straw had a 

Easy root penetrable depth 
(D2) 
The depth until which 
plant roots can easily 

(continued on next page) 
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control. The disease suppression was quantified as the number of plants 
that were not damped-off after 21 days. In case both seedling rows had 
unequal disease spread, the lowest number was reported. 

The species richness of bacteria (RB) was measured with DNA 
sequencing as fully described in (van Rijssel et al., 2022). In short, 
bacterial community composition was determined by the V4-region of 
the16S rRNA gene using 515f and 806 rbc. The 16S rRNA gene amplicon 
reads were analyzed using the dada2 pipeline (version 1.18) (Callahan 
et al., 2016), and chimeric sequences were removed using the consensus 
method. The SILVA SSU database (version 138) was used to assign 
bacterial taxonomy to the sequences (Quast et al., 2012). 

The species richness of fungi (RF) was also measured with DNA 
sequencing according to (van Rijssel et al., 2022). In short, primers and 
the fungal community composition was determined by the ITS2-region 
using ITS4 (reverse) and fITS9 (forward) primers. The ITS sequences 
were analyzed using the PIPITS pipeline (version 2.4, standard settings) 
(Gweon et al., 2015), and chimeric sequences were removed by 
comparing UNITE with the UCHIME database (version 8.2) (Edgar et al., 
2011). Fungal taxonomy was assigned by aligning sequences to the 
UNITE fungal database (Kõljalg et al., 2013; Nilsson et al., 2018). 

The species richness of protists (RP) was measured with DNA 
sequencing similar to bacteria and fungi, followed by determining 
richness of amplicon sequence variants (ASVs) (fully described in Van 
Rijssel, n.d.). In short, the V4 region of the 18S rDNA was amplified 
using the universal eukaryotic primers 3NDf and 1132rmod (Cavalier--
Smith et al., 2009; Pawlowski et al., 2012; Geisen et al., 2018; Van 
Rijssel, n.d.). The 18S rRNA amplicon reads were analyzed using the 
dada2 pipeline (version 1.18) (Callahan et al., 2016) and chimeric se-
quences were removed with the consensus method. The PR2 database 
(version 4.12) was used to assign protist taxonomy to the sequences 
(Guillou et al., 2012). 

The relative abundance of non-pathogenic fungi (RANPF) in the 
community was determined based on information on identified patho-
gens in the Funguild database (Nguyen et al., 2016). The sum of the 
relative abundances of all non-pathogenic fungi was calculated per 
sample. 

2.4.2. Element cycling 
The potential nitrogen mineralization (PNM) was assessed as the 

difference between the concentration of nitrate (NO3) and exchangeable 
ammonium (NH4) before and after aerobic incubation. The equivalent of 
10 g of dry soil weight was incubated at 70% water holding capacity and 
a constant temperature of 21 ◦C during four weeks (Keeney and Nelson, 
1982; Griffin et al., 1995). NH4 and NO3 were subsequently extracted by 
suspending the incubated soil in a 1:5 d/w 1M KCl solution, which was 
shaken in a reciprocal shaker for 2 h at 250 rpm at room temperature, 
left to settle for 15–30 min, centrifuged for 10 min at 10,000 rpm, after 
which NH4 and NO3 were measured with a Skalar continuous flow 
analyser according to NEN-EN-ISO 11732:1997 (Keeney and Nelson, 
1983). 

The decomposition of farmyard manure (DF), straw (DS) and cover 
crop residues (DCC) was measured in a laboratory incubation that as-
sesses the functional capacity of microbial decomposer communities to 
decompose organic substrates of different quality, based on (Strickland 
et al., 2009a, 2009b; Keiser et al., 2011). The different organic substrates 
were cut into pieces of 0.5–1 cm and were dried at 40 ◦C for at least 72 h. 
We then weighed 1 ± 0.1 g substrate in 50 mL plastic centrifuge tubes, 
and we sterilized the tubes in an autoclave at 120 ◦C for 20 min to kill 
microbes native to the substrate. We then added a 0.5g dry weight 
equivalent of field-moist soil to each tube, serving as inoculum of the soil 
microbial community. In this way, we incubated 222 soil samples per 
substrate type, resulting in total 666 different microcosms, at 20 ◦C at 
60% water holding capacity for 64 days. At the end of the experiment, 
we determined the weight of the freeze-dried samples, from which the 
dry weights of the tubes and soil inocula were subtracted to obtain the 
weight loss of the substrates. We used this weight loss as measure for 
decomposition. The substrates differed in complexity with regards to 
lignin content (cover crop residues: 6.9%; straw: 8.8%; farmyard 
manure: 17.8%) and C:N ratio (cover crop residues: 13; straw: 86; 
farmyard manure: 12). C:N ratio was measured on a Flash EA 1112 
elemental C:N analyser. Lignin content was determined by an 
extraction-hydrolysis procedure that aims to remove all organic com-
pounds except lignin (Poorter, 1994): 0.25 g of dried substrate was 
extracted with 0.8 mL demineralized water, 2 mL of 99.9% methanol 
and 1 mL of to 99.8% chloroform, which was repeated for the residue 
after centrifugation for 10 min at 3800 rpm and discarding the super-
natant. After this double extraction, the residue was hydrolyzed for 1 h 
in 6 mL of 3 M HCl in a hot water bath at 100 ◦C. After cooling down, the 
sample was centrifuged again for 10 min at 2500 g, the supernatant was 
discarded, and the residue was washed with 5 mL demineralized water 
and centrifuged for 10 min at 2500 g. The residue was extracted twice 
with the same procedure but without adding the 0.8 mL demineralized 
water, after which the remaining lignin was dried at 70 ◦C and measured 
on a Flash EA 1112 elemental C:N analyser. 

Cation exchange capacity (CEC) was measured via Near-Infrared 
Spectrometry (NIRS) by Agro-laboratory Eurofins-Agro as extensively 
described in (Reijneveld et al., 2022). In short, the NIRS- absorbance of 
125 g soil was measured in a Q-interline FT-NIRS analyzer (http://www. 
q-interline.com (accessed on 28 November 2021)) in a 
climate-controlled room at 20◦. The spectral absorbance data were 
subsequently trimmed, to obtain wavelengths between 1000 and 2667 
nm with a resolution of 16 cm− 1. The trimmed spectra were then related 
to CEC measurements obtained by the reference method (ISO 23470 
(2018) and NEN 6966 (2005)), using a calibration model that is based 
on > 16000 reference samples (R2 = 0.97, RPD = 5.8) and that has been 
validated with >1900 soil samples (R2 = 0.97, RPD = 6.0). The cali-
bration was performed with statistical models based on a set of 4 filters 

Table 1 (continued ) 

Soil functions 

Biological Population 
regulation 

Element Cycling Soil structure and water 
regulation 

sensitive to disturbance 
than bacteria (Six et al., 
2006), and hence may 
serve as an earlier 
warning. 

much higher C:N-ratio 
(86) and a lower lignin 
content (8.8%) than the 
applied manure. 

enter the soil, defined 
here as the depth of the 
soil with a penetration 
resistance below 2 MPa 
(based on (Sinnett et al., 
2008)). 

Richness protists (RP) 
See explanation 
bacterial richness. 
Protists are more 
sensitive to disturbance 
than both fungi and 
bacteria and may 
therefore serve as an 
early warning (e.g. (Du 
et al., 2022; Zhao et al., 
2019)). 

Decomposition cover crop 
(DCC) 
See explanation manure 
decomposition. Cover 
crop residues are a 
relatively simple 
substrate with a 
comparable C:N ratio 
(13.2) and lower lignin 
content (6.9%) as the 
applied manure. 

Maximum root penetrable 
depth (D5) 
The depth till which plant 
roots can enter the soil, 
below a penetration 
resistance of 5 MPa. Only 
the more rigid plant roots 
will be able to reach this 
depth (Tracy et al., 2011). 

Relative abundance non- 
pathogenic fungi 
(RANPF) 
A higher relative 
abundance of non- 
pathogenic fungi 
indicates a higher 
proportion of fungal 
species that can 
suppress pathogens via 
competition, antibiosis, 
parasitism or predation 
(Hoitink and Boehm, 
1999). 

Cation Exchange Capacity 
(CEC) 
CEC is a measure for the 
capacity of soils to retain 
and exchange cations 
(all essential plant 
nutrients except P, N & 
S). 

Water stable aggregates 
(WSA) 
We measured the sand- 
free weight percentage of 
macro-aggregates of 
0.25–10 mm that remain 
stable when wetted. 
Larger water stable 
aggregates consist of 
smaller aggregates and 
soil particles (Six et al., 
2004), and reflect the 
capacity of the soil 
structure and pore 
network to resist slaking 
and compaction during 
drying-rewetting cycles.  
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(AMX-S2000, 2018): The Savitzky–Golay method and the partial least 
squares method were used to transform spectra into a new latent space, 
and the nearest neighbor method was subsequently subjected to 
Gaussian processes to obtain the final CEC data (Reijneveld et al., 2022). 

2.4.3. Soil structure and water regulation 
Bulk density (BD) was calculated after oven-drying (105 ◦C) of the 

collected soil in the bulk density ring (100 cm3) and can be considered as 
bulk density of fine earth as our soils hardly contained any gravel >2 
mm. 

The water holding capacity (WHC) was determined by a method 
based on (Boekel, 1965; Sumner, 1999). Small amounts of water were 
gradually added to <2 mm, 25 g dry weight equivalent of field-moist soil 
in a plastic container, and the soil was mixed thoroughly to homogenize 
the soil water. The soil was then brought to one side of the container, 
and a line was drawn through the soil to the bottom surface using a 
spoon. The water content required for water to flow from the soil into 
the opening of the line was marked as the maximum WHC. Moisture 
content of field-moist soils was determined by drying the soil overnight 
at 105 ◦C in the oven. The WHC was calculated by dividing the total 
water content (i.e., sum of the initial and added water content) by the 
105 ◦C soil dry weight. 

The penetration resistance was measured in the field with an elec-
tronic penetrologger of Eijkelkamp with a steel cone of 1.13 cm. We 
recorded the depth at which the penetration resistance reached 2 MPa, 
which is the maximum pressure at which plant roots can grow easily 
(D2) (Sinnett et al., 2008)), as well as the depth at which 5 MPa was 
reached, which is the maximum pressure at which more rigid plant roots 
can expand into the soil (D5) (Tracy et al., 2011). We averaged the 4 
penetration measurements at each sampling point. 

Water stable aggregates (WSA) were determined with a wet sieving 
apparatus inspired by (Yoder, 1936; Beare and Bruce, 1993). In short, 
the apparatus consists of a metal arm with two metal frames with a stack 
of 3 sieves in each frame, from top to bottom: 2 mm, 0.25 mm and 0.053 
mm. A subsample of 40 g (sandy soils) or 15 g (clay soils) of air-dried <1 
cm undisturbed soil was placed on top of the submerged 2 mm sieve to 
slake for 5 min. Then, the stack of sieves was moved vertically up and 
down inside a basin of demineralized water to distribute the aggregates 
over the different sieves at a sieving frequency of 13 min− 1 and an 
amplitude of 100 mm for 8 min. The resulting fractions (2–10 mm, 
0.25–2 mm, 0.053–0.25 mm, <0.053 mm) were rinsed into aluminum 
containers, dried at 105 ◦C overnight and subsequently weighed. We 
corrected for the sand that had the same size as the aggregate fraction for 
the 2–10 mm, 0.25–2 mm, 0.053–0.25 mm fractions according to (Six 
et al., 2000). We expressed water stable aggregate stability (WSA) as the 
weight percentage of sand-free 0.25–2 mm and 2–10 mm sized 
macro-aggregates relative to total soil weight (including sand), with the 
following equation: 

WSA(%)=
FDW2− 10mm − SDW2− 10mm

FDWrec
+

FDW0.25− 2mm − SDW0.25− 2mm

FDWrec

(Eq. 1a)  

With FDW2–10mm and FDW0.25–2mm as the Fraction Dry Weights of the 
2–10 mm and 0.25–2 mm fractions after sieving, respectively; 
SDW2–10mm and SDW0.25–2mm as the Sand Dry Weights of the 2–10 mm 
and 0.25–2 mm fractions after dispersion, respectively; and FDWrec =

Sum of the recovered Fraction Dry Weights of all aggregate fractions 
(2–10 mm, 0.25–2 mm, 0.053–0.25 mm, <0.053 mm) after sieving, 
including sand, and all dry weights expressed in gram. 

2.5. Measurements of SOC parameters 

We characterized SOC with four analytical techniques that have been 
included, or have been recommended to be included, in soil health 
monitoring programs (Soucémarianadin et al., 2018; Bongiorno et al., 

2019; Lavallee et al., 2020; Cécillon et al., 2021; Radočaj et al., 2021; 
Liptzin et al., 2022): 1) Oxidation with dilute potassium permanganate 
(POXC), assumed to represent a labile (or biologically active) SOC 
fraction (Culman et al., 2012); 2) Elemental C:N analysis of bulk soil to 
obtain the carbon-to-nitrogen (C:N) ratio of SOC reflecting nitrogen 
dynamics (i.e., immobilization/mineralization); 3) Physical size frac-
tionation into more labile (i.e., fast cycling) particulate organic matter 
(POM) and more stable (i.e., slow cycling) mineral-associated organic 
matter (MAOM) and subsequent analysis of organic carbon content and 
C:N ratio of the POM and MAOM fractions (Poeplau et al., 2018; Lav-
allee et al., 2020); and 4) Rock-Eval 6 (RE6) thermal analysis, resulting 
in thermograms from which thermal stability parameters were calcu-
lated as proxies for the activation energy of SOC (Barré et al., 2016; 
Cécillon et al., 2021). We also quantified the SOC released during RE6 
pyrolysis, sometimes seen as a proxy for more labile SOM, and 
approximated the C:H and C:O ratios of SOC that reflect the degree of 
degradation since biogeochemically stable SOC is more oxidized and 
H-depleted (Barré et al., 2016; Poeplau et al., 2019; Cécillon et al., 
2021). We furthermore applied the PARTYSOCv2.0EU -model with the 
RE6 data to predict centennially stable and active SOC pools (Cécillon 
et al., 2021) and calculated the I and R index that have been suggested to 
represent immature and refractory SOC fractions, respectively (Sebag 
et al., 2016). 

All techniques except that for elemental C:N analysis of bulk soil 
provided multiple SOC quality parameters based on different opera-
tional principles. Together, the different SOC quality parameters can be 
grouped into for 4 types: Element ratio’s (C:N, C:H, C:O), the size (g C 
kg− 1 soil) and proportion (g C g− 1 C) of different SOC fractions, and 
thermal stabilities (◦C). A summary with the description of the different 
SOC quality parameters, their classification into the different parameter 
types and their relationship with SOC stability is provided in Table 2. A 
full description of the indicators and the characterization techniques are 
provided in (Koorneef et al., submitted to Geoderma). 

2.6. Measurements of soil intrinsic property (IP) parameters 

We considered intrinsic soil properties as those soil properties that 
are mainly defined by the origin of the soil, and not by soil management. 
Soil pH was treated as an intrinsic property in this study since our ma-
rine clay soils have naturally a high pH (7–8) due to the presence of shell 
fragments, and because we could not find a correlation between the time 
since liming and pH (R2 = 0.01, p < α, Fig. S1) in our sandy soils that are 
naturally low in pH. 

The pH was measured after shaking 10 g soils in 25 mL demineral-
ized water for 2 h at 250 rpm. 

The content of nano-sized Fe (hydr)oxides and Al (hydr)oxides were 
measured in an ammonium oxalate extract (Hiemstra et al., 2010), 
derived from the NEN-5776 protocol (Borggaard, 1992; Schwertmann, 
1964). In short, 1.5 g soil was shaken for 2 h in the dark at 180 rpm in 30 
mL 0.2 M ammonium oxalate at pH 3. Subsequently, the extracts were 
centrifuged at 3000 rpm for 10 min, whereafter Fe and Al were 
measured in the supernatant with ICP-OES (Thermo iCAP 6C500 DV). 

The silt and clay contents were assessed via Near-Infrared Spec-
trometry (NIRS) in a similar manner as described for CEC by Agro- 
laboratory Eurofins-Agro according to (Reijneveld et al., 2022). Sand 
and clay weight percentages were measured with NIRS and related to 
sand and clay measurements obtained by the reference method (NEN 
5753 (2018)), using calibration models that were based on > 49000 
reference samples in case of clay (R2 = 0.96, RPD = 7) and >8000 
reference samples in case of sand (R2 = 0.98, RPD = 4.7). Clay models 
have been validated with >1900 soil samples (R2 = 0.99, RPD = 8.5), 
and sand models with >1800 soil samples (R2 = 0.97, RPD = 5.3). Silt 
content, expressed as weight percentage, was derived by subtracting the 
sand and clay weight percentages from 100%. 
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2.7. Statistical analysis 

We used multiple linear regression (forward stepwise selection) to 
determine how much of the variation in the indicator value for each soil 
function (Table 1) could be explained by the different SOC parameters 
(Table 2) and IP parameters (i.e., pH, silt content, clay content, Al (hydr) 
oxides content, Fe (hydr)oxides content). 

We performed the multiple regression separately for marine clay and 
sandy soils, because 1) all intrinsic soil property (IP) parameters, 10 out 
of 15 soil function indicators, and 19 out of 23 SOC parameters were 
significantly different between the soil types as determined by two-sided 
Welch Two Sample t-tests (p-value < Bonferroni-corrected α, Fig. S2, 
Fig. S3, Fig. S4); and 2) the number of observations was different per soil 
type (sand: n = 81, clay: n = 144). 

2.7.1. Preparing data for forward stepwise selection 
In case of our sandy soils, we combined the clay and silt content into 

one size fraction, because the clay content was always <3%, resulting in 
too little variation to perform linear regression. We also removed in total 
15 outliers present in function indicators that highly skewed the 
normality and were highly significant with a two-sided Grubbs test (p ≤
6.7e− 05). All outliers represented measurements of biological processes 
that can easily result in anomalous results (PNM, DM, DS, DCC), or 
biological measurements that can be highly influenced by the presence 
of infected crops during sampling (RANPF). We subsequently checked 
Pearson correlations among SOC parameters, and among IP parameters, 
and iteratively removed SOC and IP parameters until the correlation 
coefficients r among SOC and among IP parameters ranged between 
− 0.9 and 0.9. In the case of SOC parameters, total SOC content was 
correlated the most to other SOC parameters (Fig. S7, Fig. S8). Due to 
our study design that puts total SOC content central, we removed the 
SOC quality parameters that correlated too much (r > 0.9 or < − 0.9) 
with total SOC content instead, i.e., StableC_size, ActiveC_size, PyroC_-
size. This iterative autocorrelation test further led to the exclusion of R 
and I index (too highly correlated with each other and with T50_pyr_CH, 
Fig. S7, Fig. S8), and ActiveC_prop (too highly correlated with Sta-
bleC_prop, Fig. S7, Fig. S8). For the IP parameters, the auto-correlation 

Table 2 
Overview of all soil organic carbon (SOC) quality parameters, and their theo-
retical relation (positive or negative) with SOC stability. Negative (− ) means 
that a higher value for the SOC quality parameter indicates lower SOC stability, 
positive (+) means that a higher value for the parameter indicates a higher SOC 
stability. Table S1 provides an explanation for these theoretical relations. The 
different quality parameters are grouped in 5 different types: ER: Element ratio; 
SF: Size of a SOC fraction; PF: Proportion of a SOC fraction; TS: Thermal sta-
bility; NA/TS: A typical Rock-Eval index that does not belong to the other 4 SOC 
quality parameter types, but that was so highly correlated with T50_pyr_CH (R2 

in clay: ≥0.74; sand: >0.94) that the parameter could be considered as a proxy 
for TS (Koorneef et al., submitted to Geoderma).  

Abbreviation Description Unit Theoretical 
relation to 
SOC stability 
(- or +) 

Parameter 
type 

POMC_size SOC present as 
particulate organic 
matter (POM, >50 
μm), expressed in g C 
kg− 1 soil or as 
proportion relative 
to total SOC content 
(g C g− 1 C) 

g C 
kg− 1 

soil 

– SF 

POMC_prop g C g− 1 

C 
PF 

ActiveC_size Centennially active 
SOC, expressed in g 
C kg− 1 soil or as 
proportion relative 
to total SOC content 
(g C g− 1 C) 

g C 
kg− 1 

soil 

– SF 

ActiveC_prop g C g− 1 

C 
PF 

PyroC_size Total pyrolysable 
SOC, expressed in g 
C kg1 soil or as 
proportion relative 
to total SOC content 
(g C g− 1 C) 

g C 
kg− 1 

soil 

– SF 

PyroC_prop g C g− 1 

C 
PF 

POXC_size Permanganate 
oxidizable organic 
carbon, expressed g 
C kg− 1 soil or as 
proportion relative 
to total SOC content 
(g C g− 1 C) 

g C 
kg− 1 

soil 

– SF 

POXC_prop g C g− 1 

C 
PF 

MAOMC_size SOC present as 
mineral-associated 
organic matter 
(MAOM, <50 μm), 
expressed in g C kg− 1 

soil or as proportion 
relative to total SOC 
content (g C g− 1 C) 

g C 
kg− 1 

soil 

+ SF 

MAOMC_prop g C g− 1 

C 
PF 

StableC_size Centennially 
persistent SOC, 
expressed in g C kg− 1 

soil or as proportion 
relative to total SOC 
content (g C g− 1 C) 

g C 
kg− 1 

soil 

+ SF 

StableC_prop g C g− 1 

C 
PF 

Bulk_CN The carbon to 
nitrogen ratio (C:N) 
of the bulk soil 

g C g− 1 

N 
– ER 

POM_CN The carbon to 
nitrogen ratio (C:N) 
of coarse POM (>50 
μm), 

g C g− 1 

N 
+ ER 

MAOM_CN The carbon to 
nitrogen ratio (C:N) 
of fine MAOM (<50 
μm), 

g C g− 1 

N 
– ER 

HI The hydrogen-index 
is a proxy for the 
atomic hydrogen to 
carbon (H:C) ratio of 
SOC (Espitalie et al., 
1977). 

mg CH 
g− 1 C 

– ER 

OI The oxygen-index is 
a proxy for the 

mg O2 

g− 1 C 
+ ER  

Table 2 (continued ) 

Abbreviation Description Unit Theoretical 
relation to 
SOC stability 
(- or +) 

Parameter 
type 

atomic oxygen to 
carbon (O:C) ratio of 
SOC (Espitalie et al., 
1977) 

T50_pyr_CH The temperature at 
which 50% of SOC 
has converted to CH 
during pyrolysis. 

◦C + TS 

T50_pyr_CO2 The temperature at 
which 50% of SOC 
has converted to CO2 

during pyrolysis 

◦C + TS 

T50_ox_CO2 The temperature at 
which 50% of SOC 
has converted to CO2 

during oxidation 

◦C + TS 

I The I-index reflects 
the degree of 
decomposition of 
immature SOC 
fractions (Sebag 
et al., 2016). 

unitless – NA/TS 

R The R-index reflects 
the contribution of 
refractory SOC 
fractions (Sebag 
et al., 2016). 

unitless + NA/TS  
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test resulted in the exclusion of an additional parameter that combines 
Al oxide content and Fe oxide content (in mol oxide/kg soil) in both soil 
types, and of an additional parameter that combines clay and sand 
content in marine clay soils. We also confirmed that indicators 
describing the same soil function were not strongly correlated with each 
other (all correlation coefficients were <0.55; Fig. S4). We z-scaled all 
selected variables. 

2.7.2. Procedure forward stepwise selection 
To investigate how much variation in indicator values for soil func-

tions was explained by SOC parameters, we performed forward stepwise 
selection based on the AIC-criterium (Akaike, 1974). Five different sets 
of explanatory variables were explored, i.e. 1) All SOC parameters (i.e. 
SOC content and all SOC quality parameters), 2) all SOC quality pa-
rameters, but forcing the regression models to always include SOC 
content as the first explanatory parameter, 3) all IP parameters, 4) All IP 
parameters but forcing the regression models to always include SOC 
content as the first explanatory parameter, and 5) All SOC and IP pa-
rameters which was considered to benchmark the maximum explainable 
variation (MEV). We used the adjusted r-squared (R2

adj) as a measure for 
how much variation in each function indicator value was explained by 
each parameter set. 

2.7.3. Analyzing the effect of the type (SOC/IP) and number of 
explanatory variables 

We first explored the effect of the type (i.e., SOC and/or IP param-
eters) and number of explanatory variables on the explained variation in 

function indicator values with two-way analyses of variance (ANOVA). 
Different functions and soil types were considered separately. The 
number of explanatory variables consisted of 4 groups (i.e., 1, 2, 3 or > 3 
variables) in the ANOVA analysis, but some function indicators were 
explained by a maximum of 3 (or less) variables, because the AIC- 
criterium could not be further lowered. We wanted to keep the num-
ber of observations equal for each group (i.e., number of explanatory 
variables) in the ANOVA. We therefore used the value for R2

adj of the 
model with the maximum number of explanatory variables (e.g. a model 
with 2 explanatory variables) as a proxy for the R2

adj to represent the 
model(s) that should have contained a larger number of explanatory 
variables (e.g the models with 3 and >3 explanatory variables), but were 
not calculated as the result of the AIC-criterium procedure. This 
approach thus resulted in similar R2

adj-values for the models with 2, 3 
and > 3 variables, since in this example the function indicator was 
explained by at most 2 explanatory variables. Since increasing the 
number of explanatory variables did not significantly affect the 
explained variation in any of the cases (see Results, Fig. 1), we 
concluded that models with the maximum number of explanatory var-
iables were not highly overfitted and could be used for further analysis. 

We then tested how the explained variation in soil function indicator 
values differed between soil functions and soil types, for different sets of 
explanatory variables, i.e., SOC content alone, or SOC in combination 
with the maximum number of SOC quality and/or IP parameters (sets 1, 
2, 3, and 5). For each of these sets, we performed two-way ANOVAs with 
the explained variation (R2

adj) as response variable and soil type and soil 
function as explanatory variables. 

Fig. 1. Soil functions explained by different parameter types and number of parameters in clay and sand: Biological population regulation (a–b), element cycling 
(c–d), and soil structure and water regulation (e–f)) for each soil type. The explained variation is expressed as the mean adjusted R2 (y-axis) of the regression models 
of the five function indicators per soil function, based on forward stepwise regression. The x-axis indicates the number of parameters in the regression models. The 
different line types indicate the different types of explanatory variables in the regression models, i.e., SOC: SOC quality and quantity; IP: intrinsic soil properties; SOC 
+ IP: all SOC and IP parameters. These sets of variables are described in the Materials and Methods as sets 1, 3, and 5, respectively. The error bars indicate the 
standard error of the mean. Different letters next to the lines indicate significant differences between the explanatory power of the different types of parameters as 
assessed by a post-hoc Tukey test after ANOVA (Table S2). 
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2.7.4. Analyzing the explanatory power of individual SOC quality 
parameters 

To explore the performance of the individual SOC quality parame-
ters, we used Pearson correlations to explain soil function indicators by 
each SOC quality parameter and SOC content separately, per soil type. 
We then tested for each function separately whether the explained 
variation in indicator values differed between SOC parameters or soil 
types with two-way ANOVA, after combining the results of the regres-
sion outcomes of each soil type into one dataset. 

A comparable procedure was used to investigate the added value of 
measuring single SOC quality parameters in addition to SOC content. 
First, we explained variation in soil function indicators by SOC content 
in combination with each of the SOC quality parameters using Pearson 
correlations. Second, we calculated the effect size with the natural log 
response ratio as a measure for the added value via: 

Effect size= ln

(
R2

adj− OCQ

R2
adj− TOC

)

(eq. 1b)  

With R2
adj-OCQ as the adjusted R-squared of regression models explain-

ing soil function indicators by SOC content in combination with one of 
the SOC quality indicators, and R2

adj-TOC the adjusted R-squared of 
regression models explaining soil function indicators by SOC content 
only. To avoid taking a negative natural logarithm or dividing by 0, we 
changed all negative values for R2

adj-OCQ and R2
adj-TOC to zero values 

and subsequently added 0.001 to all values for R2
adj-OCQ and R2

adj-TOC. 
We then visually assessed whether the effect sizes of the different SOC 
quality parameters were significantly different from 0 using 95% con-
fidence intervals of the mean. We also assessed for each function sepa-
rately whether the effect sizes differed between SOC quality parameters 
or soil types with two-way ANOVA’s. 

We further assessed the relationship between the added value of the 
different SOC quality parameters and their redundancy if SOC content 
has already been measured, for each soil type separately. We first per-
formed Pearson correlations between SOC content and the individual 
SOC quality parameters per soil type and used the correlation strength 
(expressed in R2

adj) as measure for redundancy. We then assessed per soil 
function the relationship between the redundancy (i.e., correlation 
strength with SOC content) of each SOC quality parameter with its 
averaged added value for explaining variation in the soil function in-
dicators (i.e., effect size), using Pearson correlations. 

Considering that performing SOC characterization with one tech-
nique often generates multiple SOC parameters, we also tested the 
explanatory power when all parameters obtained by the same SOC 
characterization technique were allowed to enter the models in addition 
to SOC content. We performed forward stepwise selection as before, to 
explain variation in each soil function indicator value by multiple SOC 
quality parameters belonging to the same SOC characterization tech-
nique after including SOC content as first explanatory variable. We 
performed the regressions separately per soil type and combined the 
results into one dataset to perform a three-way ANOVA with the 
explained variation (R2

adj) as response variable and SOC characterization 
technique, soil function, and soil type as explanatory variables. 

2.7.5. Checking assumptions 
We checked for a normal distribution of the residuals of all models 

with quantile-quantile-plots and Shapiro Wilk tests, and we assessed the 
homogeneity of variance with residual plots and Scale-Location plots. 
We performed data transformations if necessary to meet the assump-
tions. We used the Bonferroni-correction to adjust significant level α, in 
case we performed multiple tests. 

We used the stats package for the ANOVA’s and forward stepwise 
selection. Tukey’s Honest Significant Difference test was done as a post- 
hoc tests after ANOVA, calculated by the stats and multcompView pack-
ages. We used R version 4.2.1. 

3. Results 

We will first provide a general overview of the relation between soil 
functioning and SOC vs. IP parameters by presenting results averaged 
across all soil types and soil functions. This general overview contex-
tualizes the more detailed relations for individual soil functions in each 
soil type separately, which we will present in the subsequent sections. 
We will then focus on SOC content only and will present the explanatory 
power of the different SOC quality parameters in addition to total SOC 
content, and the performance of the different SOC characterization 
techniques. 

3.1. Explaining soil functions by intrinsic soil properties and soil organic 
carbon parameters 

3.1.1. General overview 
The maximum variation in soil function indicators that could be 

explained by all IP and SOC (i.e., SOC content and SOC quality) pa-
rameters was 30 ± 22% (mean ± s.d.), averaged over all soil functions 
and soil types (Table 3). SOC content alone explained 9 ± 16%, and 
subsequently adding SOC quality parameters could explain up to 26 ±
21% variation, which was relatively 80 ± 25% of the maximum 
explainable variation (MEV). The high standard deviations indicate that 
the amount of variation that could be explained differed strongly be-
tween soil function indicators and/or soil type. 

3.1.2. Explaining individual soil functions by different types (IP vs. SOC) 
and numbers of variables 

In sandy soils, SOC parameters significantly explained more varia-
tion than IP parameters for biological population regulation and soil 
structure and water regulation (Fig. 1, two ANOVA’s: F > 21.07, p <
αBonferroni Table S2). Also element cycling tended to be better explained 
by SOC parameters than IP parameters in sandy soils (Fig. 1, ANOVA: F 
= 3.5, p < 0.05 but p > αbonferoni, Table S2). In clay soils, only element 
cycling was significantly better explained by SOC than by IP parameters, 
but SOC and IP parameters together explained most variation (Fig. 1, 
ANOVA: F = 3.69, p < αBonferroni, Table S2). Increasing the number of 
SOC and/or IP parameters in the regression models generally explained 
more variation in soil functioning (Fig. 1), but this was not significant for 
any of the soil functions (six ANOVA’s: F < 3.27, p > αBonferroni, 
Table S2). 

3.1.3. Explaining individual soil functions by different sets of SOC and IP 
parameters 

Focusing on the models with the maximum number of parameters, 
the absolute variation in function indicators that was explained by SOC 

Table 3 
The absolute (row 1) and relative (row 2) variation explained in soil function 
indicators by different sets of explanatory variables, averaged over all soil 
functions (i.e. biological population regulation, element cycling and soil struc-
ture and water regulation) and soil types (i.e. clay and sand). The different sets of 
explanatory variables of the regression models are: SOC: Total soil organic 
carbon content. IP: Intrinsic soil properties. SOC content + IP: All IP parameters, 
while forcing the regression models to always include SOC content as first 
explanatory parameter. SOC content + SOC quality: SOC content and all SOC 
quality parameters, while forcing the regression models to always include SOC 
content as first explanatory parameter. MEV: all SOC and IP parameters, 
benchmarking the maximum explainable variation (MEV). The errors are rep-
resented by the standard deviation.   

SOC 
content 

IP SOC content 
+ IP 

SOC content +
SOC quality 

MEV 

R2
adj (%) 9 ± 16 12 ±

18 
18 ± 23 26 ± 21 30 ±

22 
R2

adj/MEV 
(%) 

21 ± 24 32 ±
27 

50 ± 31 80 ± 25 100  
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content alone and in combination with SOC quality parameters did not 
significantly differ between clay and sand (Fig. 2a + b, ANOVA’s: F <
1.43, p > 0.05, Table S3). Soil functions in sand tended to be less 
explained by only IP parameters compared to clay (Fig. 2c, ANOVA: F =
5.58, p < 0.05 and > αBonferroni, Table S3), but this difference dis-
appeared when additional SOC parameters were included in the 
regression models (Fig. 2d + e, ANOVA’s: F < 1.59 and p > 0.05, 
Table S3). The explained variation did not significantly differ between 
soil functions for any of the sets of explanatory variables that included 
SOC parameters (four ANOVA’s: F < 2.38, p > 0.05, Table S3). However, 
among the element cycling indicators, much more of the variation in 
CEC was explained by IP and SOC indicators than for the other in-
dicators, in both sand and clay (outlier values with Radj

2 > 0.6 in Fig. 2 a - 
e). When we repeated the ANOVA and Tukey HSD tests after excluding 
CEC, this revealed that the function soil structure and water regulation 
tended to be better explained by IP parameters and SOC content com-
bined with SOC quality parameters than the other two soil functions 
(two ANOVA’s: F > 4.86, p < 0.05 but p > αbonferoni, Table S3), but not 
by SOC content only, or by SOC parameters combined with IP parame-
ters (three ANOVA’s: F < 3.44, p > 0.05, Table S3). The variation 
explained by SOC and IP parameters relative to the maximum explain-
able variation did never differ between soil functions in the soil types, 
nor when CEC was removed (Fig. 2 f-h, six ANOVA’s: F < 2.84, p > 0.05, 
Table S3). 

3.2. The explanatory power of single SOC quality parameters to explain 
soil functions 

SOC parameters did not significantly differ in their capacity to 
explain indicators for element cycling and biological population regu-
lation (two ANOVA’s: F < 0.88, p > 0.05, Table S4). Total SOC content 
had a significantly higher explanatory power than MAOMC_prop in 
explaining function indicators for soil structure and water regulation 
according to the post-hoc Tukey HSD test after ANOVA (ANOVA: F =
2.60, p < αBonferroni, Table S4), but the explanatory power of all other 
SOC parameters did neither differ from these SOC parameters, nor from 
each other. 

Regression models based on total SOC content in combination with 
one SOC quality parameter did not reveal significant differences in the 
added value (i.e., effect size) of the different SOC quality parameters to 
explain the indicators of any of the three soil functions (three ANOVA 
tests: F < 1.19; p > 0.05, Table S5). Moreover, all confidence intervals of 
the effect sizes overlapped with 0, except for 1 indicator in sand (i.e., 
POMC_size for soil structure and water regulation, Fig. S6) that could 
represent a type I error as 90 confidence intervals were tested. The effect 
size of the SOC quality parameters was neither significantly negatively 
influenced by their correlation strength with total SOC content (p >
0.05). 

Fig. 2. Absolute (a–e) and relative (f–h) explained variation in indicator values of soil functions by different types of parameters. Each soil function (i.e. biological 
population regulation, element cycling, and soil structure and water regulation) comprises 5 indicators that are visualized in the boxplots, with a different fill color 
per function. The different types of explanatory parameters are: SOC content: total soil organic carbon content (g.kg− 1). SOC content + quality: all SOC parameters, 
while forcing the regression models to always include SOC content as the first explanatory parameter. IP: intrinsic soil properties. SOC content + IP: All IP pa-
rameters, while forcing the regression models to always include SOC content as the first explanatory parameter. MEV: all SOC and IP parameters as a benchmark for 
the maximum explainable variation (MEV). The R2

adj of the MEV was the denominator to calculate the percentages of the relative amount of explained variation in soil 
functions (graph f-h). The letters above the boxplots in plot c indicate nearly (p < 0.05 and > αBonferroni) significant differences between the explained variation 
among different soil types as assessed by a post-hoc Tukey test after ANOVA (Table S3). 
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3.3. The added value of including multiple SOC quality parameters to 
explain soil functions: differences between SOC characterization 
techniques 

To assess the full potential explanatory power of the different SOC 
characterization techniques, function indicators were explained with 
regression models that were allowed to select from all SOQ quality pa-
rameters obtained by each technique separately as well as their com-
bination, after including total SOC content as first explanatory variable. 
RE6 was the only characterization technique that produced SOQ quality 
parameters that together could significantly explain more variation than 
SOC content alone (Fig. 3+RE6, ANOVA: F = 6.21, p < α, Table S6). 

The exact type and number of added RE6 parameters differed per soil 
function indicator and per soil type (Table 4). Most variation in soil 
function indicator values was explained when SOC content was com-
bined with multiple SOC quality parameters from different SOC char-
acterization techniques (Fig. 3 +All, ANOVA: F = 6.21, p < α, Table S6). 
The explanatory power of the different SOC characterization techniques 
was not influenced by soil type or soil function, although the absolute 
amount of explained variation differed per soil function (ANOVA: F =
12.21, p < α, Table S6) and soil type (ANOVA: F = 5.25, p < α, Table S6). 

4. Discussion 

The aim of our study was to investigate to what extent soil organic 
carbon parameters (i.e., SOC content and different types of SOC quality 
parameters) can be used to explain soil functions in clay and sandy soils 
under arable farming. We found that across all functions and soil types, 
SOC parameters could explain 26 ± 21% of the variation in function 
indicator values, and additionally including IP parameters increased this 
percentage to 30 ± 22 %. The explained variation was hence rather low 
compared to previous studies (Bongiorno et al., 2019; Lucas and Weil, 
2021) and varied strongly depending on the soil function indicator 
under consideration. In general, the function soil structure and water 
regulation tended to be better explained than element cycling and 

biological population regulation. Surprisingly, none of the SOC char-
acterization techniques (i.e. POX-C, POM-MAOM, RE6 and C:N-analysis 
methods) yielded a single parameter that added significant value in 
explaining the soil functions as additional parameter alongside total SOC 
content as compared to SOC content alone. When adding multiple pa-
rameters generated by the same characterization technique, only RE6 
parameters significantly explained more variation than SOC content 
alone. Combining SOC quality parameters obtained through different, 
complementary techniques explained most variation, irrespective of soil 
function and soil type. Below we discuss these unexpected findings in 
view of our objective and hypothesis provided in the introduction. 

4.1. Relationships between primarily biota-driven functions and soil 
organic carbon 

Based on our findings we have to reject our hypothesis that including 
SOC quality parameters in addition to SOC content would be particu-
larly relevant for element cycling and biological population regulation. 
In contrast, soil structure and water regulation tended to be the better 
explained by SOC parameters than element cycling and biological 
population regulation. SOC parameters explained more variation than 
intrinsic soil properties across all soil functions, especially in sand, 
highlighting the importance of SOC for all, and not only the primarily 
biota-driven, functions. 

The supposed relationship between soil life and bioavailable SOC as 
carbon food source has been a major reason to include a parameter for 
SOC quality that represents a labile SOC fraction in soil health assess-
ments (e.g. (Stott, 2019; de Haan et al., 2021)). However, we did not find 
that parameters describing the size or proportion of a labile SOC fraction 
performed better than parameters based on other SOC properties (i.e., 
size/proportion of stable SOC fractions, thermal stability and element 
ratio’s) in explaining element cycling and biological population regu-
lation, as the individual SOC quality parameters did not significantly 
differ in explanatory power for these functions when considered sepa-
rately or in addition to SOC content. Moreover, regression models for 

Fig. 3. Soil functions explained by the total soil organic carbon (SOC) content, or SOC complemented with multiple parameters from single SOC characterization 
techniques and their combination. Each soil function (i.e. biological population regulation, element cycling, and soil structure and water regulation) comprises 5 
indicators that are presented as boxplots of different colors. Different letters above the boxplots indicate significant differences between the explanatory power of the 
different techniques as assessed by a post-hoc Tukey test after ANOVA (Table S6): SOC content: total soil organic carbon content alone; +CN: SOC content and the 
additional parameter (i.e., bulk_CN) from Elemental C:N analysis; +POXC: SOC content and additional parameters from oxidation with potassium permanganate; +
POM-MAOM: SOC content and additional parameters from size fractionation into particulate (POM) and mineral-associated (MAOM) organic matter; + RE6: SOC 
content and additional parameters from thermal analysis by Rock-Eval 6. + All: SOC content and additional parameters from all the different SOC characterization 
techniques. The regression analyses were performed separately for sand and clay, but the explanatory power of the different techniques is visualized in one plot as soil 
type did not influence the explanatory power (Table S6). 
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element cycling and biological population regulation did not more often 
contain a size or proportion of a labile SOC fraction as the first or second 
SOC quality parameter after SOC content than models for soil structure 
and water (Table S7). 

Potentially, our selection of SOC quality parameters did not include 
sufficiently labile, fast cycling SOC fractions such as dissolved organic 
carbon (DOC) (Bongiorno et al., 2019) that more directly relate to mi-
crobial activity and corresponding functions, as microorganisms can 
only assimilate small and dissolved SOC compounds (Lehmann and 
Kleber, 2015). For instance, potential nitrogen mineralization (PNM), 
one of the applied soil function indicators in this study, is measured over 
a short time scale (i.e. 4 weeks) and may hence depend more on the SOC 
that is bioavailable within that time frame (e.g. DOC) than on the SOC 
that is relatively labile but is expected to decompose over a longer time, 
e.g. 7–15 years (Balesdent et al., 1998; Bol et al., 2009) in case of POM, 
or ca. 30 years in case of ActiveC (Cécillon et al., 2021; Kanari, 2022). 
Still, POXC has been suggested to represent the small portion of SOC that 
serves as easily available food source for soil microbes (Weil et al., 2003; 
Moebius-Clune et al., 2017; Stott, 2019), and has been found to show a 
small but significant positive correlation (R2 = 0.35) with nitrogen 
mineralization in the study of (Lucas and Weil, 2021). The low 
explanatory power of POXC that we found for these biota-driven soil 
functions does not support this finding and is in line with several pre-
vious indications that POXC may not be as labile as often assumed 
(Culman et al., 2012; Morrow et al., 2016; Woodings and Margenot, 
2023). 

Alternatively, a strong involvement of soil biota introduces multiple 
sources of variation that obscure the relationship between SOC and 
primarily biota-driven functions such as element cycling and biological 
population regulation in field context. The activity, diversity and 
abundance of soil organisms and their interactions are all influenced by 
various environmental (soil) conditions, of which SOC quality is only 
one aspect (Bardgett, 2002; Bokhorst et al., 2017; Raczka et al., 2021). 
Soil organisms also play an important role in the modification of SOC 
properties and the formation of aggregates (Six et al., 2004), the 

building blocks of soil structure, so that soil structure and water regu-
lation can also be more driven by biota than we initially expected, and 
was therefore better explained by SOC parameters. 

4.2. The added value of 1 single SOC quality measure besides SOC 
content 

Most published soil health assessments include only one SOC quality 
parameter besides total SOC content (Stott, 2019; de Haan et al., 2021). 
Considering that any additional measurement in soil health assessments 
increases costs and complexity, identifying one master SOC quality 
parameter would indeed be optimal. However, none of the SOC quality 
parameters of our study had significant added value in explaining soil 
functions if SOC content was already considered. Two SOC quality pa-
rameters of our study (i.e. the sizes of POXC and POMC fractions) have 
previously been found to significantly explain several function in-
dicators ((Bongiorno et al., 2019; Lucas and Weil, 2021). However, these 
SOC quality parameters were directly related to the function indicators 
and were not considered as additional measurements besides SOC con-
tent. Total SOC content alone was found to significantly, or marginally 
significantly (p < 0.05 and > αBonferonni), correlate with 7 out of 15 soil 
function indicators in our study (Table S8), with 3 out of 3 function 
indicators in (Lucas and Weil, 2021), and with 17 of 25 function in-
dicators in (Bongiorno et al., 2019). Total SOC content was also highly 
correlated with all parameters representing sizes of SOC fractions in our 
study (correlation coefficient r in clay >0.82 and in sand >0. 70 Fig. S7, 
Fig. S8), with the sizes of especially the POXC and POMC fractions in 
(Bongiorno et al., 2019), and with the size of POXC fraction in (Lucas 
and Weil, 2021). Hence, relationships between SOC quality parameters 
and soil function indicators may be confounded with total SOC content, 
if these parameters correlate strongly with SOC content. Expressing the 
size of SOC fractions as proportion to total SOC content (hence con-
verting the unit from g C kg− 1 soil to g C g− 1 C) would provide a more 
independent SOC quality parameter, also suggested by (Bongiorno et al., 
2019). However, parameters that represented such proportions (i.e., g C 

Table 4 
The complete regression models for explaining the 15 soil function indicators in clay and sand. The models were forced to always include total SOC content (SOC) as 
first parameter, and were then allowed to select freely from all Rock-Eval parameters. The first 5 function indicators belong to the function biological population 
regulation, the second 5 parameters to element cycling, and the last 5 parameters to soil structure and water regulation. P-values are marked bold if they were below 
Bonferoni-corrected significant level α = 0.002, and italic if p < 0.05 and > αBonferroni. See Table 1 for the description of the abbreviations of the function indicators, and 
Table 2 for the description of the different SOC quality parameters.  

Function Clay Sand 

Indicator Equation R2
adj P-Value Equation R2

adj P-Value 

DisS 0.05SOC - 0.31T50_pyr_CH 0.03 0.098 0.33SOC 0.10 0.006 
RF − 0.15SOC - 0.42OI - 0.39T50_pyr_CH 0.16 4.85E- 

04 
0.1SOC - 0.38T50_ox_CO2 - 0.26PyroC_prop 0.11 0.028 

RB 0.15SOC +0.37T50_ox_CO2 - 0.33T50_pyr_CH 0.16 3.00E- 
04 

− 0.01SOC − 0.02a 0.919 

RP − 0.24SOC - 0.23PyroC_prop - 0.19T50_pyr_CO2 + 0.26T50_pyr_CH 0.13 0.002 0.24SOC +0.22PyroC_prop 0.07 0.043 
RANPF 0.22SOC +0.39StableC_prop - 0.26T50_pyr_CH 0.07 0.034 0.01SOC +0.33T50_ox_CO2 0.04 0.114 

PNM 0.1SOC - 0.32T50_ox_CO2 - 0.2OI 0.09 0.009 0.11SOC - 0.33T50_pyr_CH + 0.32OI 0.14 0.004 
DM − 0.23SOC +0.2OI - 0.14PyroC_prop - 0.26T50_ox_CO2 0.15 4.51E- 

04 
0.33SOC - 0.26T50_pyr_CH + 0.22T50_ox_CO2 0.17 0.001 

DS 0.04SOC - 0.22T50_pyr_CH 0.01 0.267 0.11SOC 0.00 0.338 
DCC 0.14SOC - 0.35T50_pyr_CH - 0.16T50_ox_CO2 0.09 0.006 0.02SOC +0.33T50_pyr_CO2 - 0.26T50_pyr_CH 0.12 0.007 
CEC 0.75SOC +0.29T50_ox_CO2 + 0.42OI + 0.21T50_pyr_CH - 

0.39StableC_prop +0.1T50_pyr_CO2 
0.81 9.14E- 

34 
0.64SOC +0.33T50_pyr_CH + 0.22T50_pyr_CO2 - 
0.18PyroC_prop 

0.55 5.94E- 
13 

BD − 0.44SOC - 0.2T50_pyr_CO2 - 0.17PyroC_prop - 0.35T50_ox_CO2 - 
0.33T50_pyr_CH 

0.32 3.76E- 
08 

− 0.29SOC 0.07 0.009 

WHC 0.66SOC +0.16T50_ox_CO2 + 0.19OI - 0.41StableC_prop 
+0.13T50_pyr_CO2 

0.52 2.73E- 
15 

0.43SOC +0.72OI - 0.28T50_pyr_CH +
0.18PyroC_prop 

0.50 2.19E- 
11 

D2 0.03SOC +0.25T50_ox_CO2 + 0.26T50_pyr_CH 0.06 0.031 − 0.03SOC +0.19T50_pyr_CO2 - 0.34StableC_prop 0.03 0.147 
D5 0.18SOC +0.45T50_pyr_CH + 0.24T50_ox_CO2 + 0.27OI - 

0.21PyroC_prop 
0.19 7.50E- 

05 
− 0.01SOC +0.33T50_pyr_CH + 0.27OI 0.11 0.011 

WSA 0.66SOC +0.27OI - 0.2T50_pyr_CO2 0.54 2.81E- 
17 

0.37SOC +0.37OI + 0.22PyroC_prop 0.20 2.05E- 
04  

a Negative R2
adj-value caused by penalty term for adding model parameters. 
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g− 1 C), as well as the other more independent types of SOC quality pa-
rameters (i.e., thermal stability and element ratio parameters), did not 
have significantly larger added value in explaining function indicators 
than the absolute (g C kg− 1 soil) sizes of SOC fractions in our study. 
Moreover, the added value of the SOC quality parameters in explaining 
soil functions was not related with their correlation strength with SOC 
content. A low correlation between SOC content and a SOC quality 
parameter will therefore ensure a low redundancy of the respective SOC 
quality parameter, but may not necessarily increase its explanatory 
power for soil functions. 

4.3. Relation between SOC stability and SOC content 

We observed that the total SOC content (g C kg− 1 soil) was strongly 
positively correlated with the contents (i.e., “sizes”, in g C kg− 1 soil) of 
both labile and stable SOC fractions (Fig. S7, Fig. S8), and that the latter 
(i.e., the sizes of MAOM-C and StableC) were not yet leveling off at 
higher total SOC contents (Fig. S9) as can be expected in temperate 
arable soils (Begill et al., 2023). However, where relative proportions (g 
C g− 1 C) of labile size fractions were positively correlated with total SOC 
content, the proportions of the stable size fractions correlated negatively 
(StableC) or did not correlate (MAOMC) to total SOC content (Fig. S7, 
Fig. S8). Hence, the sizes of the labile SOC fractions increased more 
strongly with increasing total SOC content than the sizes of the stable 
SOC fractions, so that relatively the overall stability of SOC was reduced. 

This relatively lower stability at higher SOC contents is supported by 
other observations in the literature. For instance, SOC content in long- 
term bare fallow sites has been shown to decline to a constant mini-
mum after ±100 years, which implies that higher SOC contents at 
earlier time points derive from a larger size of the labile and not from the 
stable SOC fraction (Cécillon et al., 2018). Moreover, more steps are 
needed to transform fresh litter inputs to MAOM as compared to POM 
(Cotrufo and Lavallee, 2022), so that the size of the POM fraction tends 
to increase more rapidly with SOC content than the MAOM fraction 
(Cotrufo et al., 2019; Lugato et al., 2021). Where POM can simply in-
crease by fragmentation of fresh litter, the build-up of MAOM requires 
its association to the soil mineral matrix which is influenced by multiple 
factors (e.g. mineralogy, pH, competing and synergistic ions 
(Kögel-Knabner et al., 2008)) and requires more intensive microbial 
processing with associated needs (e.g., a higher nitrogen input (De 
Ruiter et al., 1993; Cotrufo and Lavallee, 2022)). 

Interestingly, the C:N-ratio of the MAOM fractions correlated posi-
tively, and O:C ratio (i.e., OI) of the bulk SOM negatively, with 
increasing SOC content (Fig. S7, Fig. S8). These result indicate that SOC 
is relatively less microbially processed at higher SOC contents since 
microbial processing generally increases the oxygen and nitrogen con-
tent of SOM (Lehmann and Kleber, 2015; Barré et al., 2016; Lavallee 
et al., 2020; Begill et al., 2023). In our arable soils, increasing MAOM 
contents at higher SOC levels might therefore have been limited by 
microbial processing, as carbon saturation is unlikely (Begill et al., 
2023). The positive correlation between the H:C ratio (i.e., HI) and the 
C:N ratio of our bulk soils and POM fractions with total SOC content 
(Fig. S7, Fig. S8), further suggests a relatively higher presence of 
plant-derived compounds (Sebag et al., 2016; Cotrufo and Lavallee, 
2022; Zander et al., 2023), hence relatively lower stability of SOC, at 
higher SOC contents. 

The POXC fraction as expressed relatively to SOC content (i.e., 
POXC_prop) was the only supposedly labile SOC fraction that was not 
positively correlated to SOC content in our study (Fig. S7, Fig. S8). Be-
sides the before-mentioned doubts about the lability of POXC (Culman 
et al., 2012; Morrow et al., 2016; Woodings and Margenot, 2023), the 
observed negative correlation can also be explained by an underesti-
mation of POXC at higher levels as the rate of the oxidation with per-
manganate was found to depend on SOC content (Pulleman et al., 2021). 

Most RE6 thermal stability parameters were not correlated with SOC 
content, except for T50_ox_CO2 that negatively correlated with SOC 

content in sand, supporting a decreased stability at higher SOC contents 
(Fig. S7, Fig. S8). In clay soils, SOC content was negatively correlated 
with the immaturity index (i.e., I) and positively correlated to the re-
fractory (i.e., R) index and T50_pyr_CH (Fig. S7, Fig. S8), which all 
would contradict our hypothesis that a higher SOC content indirectly 
indicates a decreased stability of SOC. However, T50_pyr_CH, I and R 
have previously been shown to correlate less strongly and less consis-
tently with the biochemical stability of SOC than other RE6 thermal 
stability parameters (Cécillon et al., 2021; Delahaie et al., 2023). 

The direction of all observed relationships between the SOC quality 
parameters and total SOC content was similar for both soil types. The 
convincing majority of these relationships indicated that the stability of 
SOC decreases with total SOC content, which highlights the need to 
further investigate the relationship between SOC content and stability, 
and to assess to what extent the quality of SOC can be considered 
separately from its quantity. 

4.4. Selecting the optimal SOC characterization technique for soil 
assessments of soil functioning 

None of the SOC characterization techniques yielded a single 
parameter that had significant added value in explaining soil functions if 
total SOC content was already considered. Still, total SOC content only 
explained 9 ± 16% of the variation in all soil function indicators across 
both soil types, although some function indicators were very well 
explained by total SOC content only (e.g. Radj

2 CEC >0.6 in Fig. 2 a). The 
explanatory power of total SOC content was lower than expected, 
considering the central role of SOC in soil functioning (e.g (Reeves, 
1997; Deb et al., 2015; Herrick and Wander, 2018; Hoffland et al., 2020; 
Kopittke et al., 2022a)) and that SOC or SOM content is the most 
frequently included parameter in soil health assessments (Bünemann 
et al., 2018). Including multiple SOC quality parameters from different 
characterization techniques besides total SOC content increased the 
explained variation up to 26 ± 21 %. The repeatedly rather low per-
centage may derive from our agricultural field context, where SOC pa-
rameters are just part of the multitude of factors influencing soil function 
indicators. The high standard deviation of the explained variation sug-
gests that the relative importance of SOC quality depends on the specific 
function indicator and environmental context (e.g. soil type, weather 
conditions). All in all, these findings indicate that the different opera-
tional principles of the different SOC characterization techniques led to 
complementary parameters, and that careful selection of these SOC 
quality parameters can help in developing a further understanding of the 
mechanistic processes underlying soil functioning. 

For the implementation in soil health assessments, it is practical to 
use only one SOC characterization technique. Rock-Eval 6 (RE6) was the 
only SOC characterization technique that resulted in parameters that 
together explained significantly more variation in soil function in-
dicators values than SOC content alone, although the difference in 
explanatory power compared to the other techniques was relatively 
small. The separate RE6 parameters did not differ in effect size 
compared to parameters from other SOC characterization techniques, so 
likely the RE6 parameters were more complementary to each other than 
the parameters derived from the other techniques. This complemen-
tarity is supported by the observation that RE6 was the only technique 
that provided in all types of SOC quality parameters (i.e. element ratio’s, 
thermal stability, and the sizes and proportions of SOC fractions). RE6 
also provided the highest number of SOC quality parameters, but after 
removing highly correlated parameters before multiple linear regres-
sion, this number was similar to the number of SOC quality parameters 
derived from POM-MAOM (n = 6). Moreover, using the Aikake- 
criterium for forward stepwise regression ensured that SOC quality pa-
rameters were only included in the regression models if they had suffi-
cient explanatory power, as the Aikake-criterium includes a penalty 
term that limits the number of model parameters (Cavanaugh and 
Neath, 2019). We therefore believe that the diversity (i.e., spanning a 
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range of different SOC properties) rather than the quantity of RE6 pa-
rameters underlies their greater explanatory power compared to models 
with multiple parameters obtained from the other SOC characterization 
techniques. 

5. Conclusions 

We evaluated 22 promising SOC parameters, i.e., SOC content and 21 
SOC quality parameters, for their capacity to explain different soil 
functions that are influenced by SOM degradation and that are relevant 
for arable farming. Soil structure and water regulation tended to be 
better explained than element cycling and biological population regu-
lation. SOC content alone explained 9 ± 16% of the variation across soil 
functions and soil types, and all SOC and intrinsic soil property pa-
rameters together 30 ± 22%. We found no evidence that including one 
single SOC quality parameter in addition to SOC content had significant 
added value in explaining any of the three selected soil functions. 
However, the use of multiple SOC quality parameters obtained by Rock- 
Eval analysis in addition to total SOC content did add significant 
explanatory value, as well as combining multiple parameters from the 
four different characterization techniques. 

Our results suggest that the relationship between soil functions and 
SOC quality is not straightforward, and cannot be fully disentangled 
from SOC content. However, these findings do not dismiss the potential 
of SOC quality parameters to further identify underlying mechanisms 
that control soil functioning, which can subsequently be targeted to 
improve farm management practices. We recommend that in future 
evaluations of SOC quality parameters for soil health assessments, more 
emphasis should be put on their (either mechanistic or empirical) rela-
tion to soil functions and their potential redundancy when used in 
addition to total organic carbon content. 
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Barré: Writing – review & editing. François Baudin: Writing – review & 
editing. Ron GM. de Goede: Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The entire dataset that is collected by the first and fourth author (S 
van Rijssel) will be made publicly available once she submitted her 
manuscripts of her PhD as well (expected coming year). 

Acknowledgements 

We gratefully acknowledge funding by the Dutch Research Council 
(NWO Project Groen, grant no. ALWGR.2015.5b). We are also grateful 
to Lauric Cécillon, Wim van der Putten, Ciska Veen, Kyle Mason-Jones, 
Rachel Creamer, Stefan Geisen and Maarten Schrama for their help in 
designing the study and insightful discussions during analysis; Gijs 
Koetenruijter, Carolin Weser for their help during sample selection; 
Odeke Koning, Willeke van Tintelen, Florence Savignac for helping with 
SOC characterizations; Piet Peters, Man Pu and Jake Midgley for help 
with the water stable aggregate analyses, and Lori Batsaktzian and Kees 
Meesters for biological lab incubations; and all involved farmers for 
allowing us to collect soil samples at their fields. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.soilbio.2024.109507. 

References 

Akaike, H., 1974. A new look at the statistical model identification. IEEE Transactions on 
Automatic Control 19, 716–723. 

Balesdent, J., Besnard, E., Arrouays, D., Chenu, C., 1998. The dynamics of carbon in 
particle-size fractions of soil in a forest-cultivation sequence. Plant and Soil 201, 
49–57. 

Bardgett, R.D., 2002. Causes and consequences of biological diversity in soil1. Zoology 
105, 367–375. 
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Kleber, M., Kögel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri, P., 
Rasse, D.P., Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic matter as an 
ecosystem property. Nature 478, 49–56. 

Schulte, R.P.O., Creamer, R.E., Donnellan, T., Farrelly, N., Fealy, R., O’Donoghue, C., 
O’hUallachain, D., 2014. Functional land management: a framework for managing 
soil-based ecosystem services for the sustainable intensification of agriculture. 
Environmental Science & Policy 38, 45–58. 

Sebag, D., Verrecchia, E.P., Cécillon, L., Adatte, T., Albrecht, R., Aubert, M., Bureau, F., 
Cailleau, G., Copard, Y., Decaens, T., Disnar, J.R., Hetényi, M., Nyilas, T., 
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Sieradzki, E.T., Dijkstra, P., Schwartz, E., Sachdeva, R., Banfield, J., Pett-Ridge, J., 
Consortium, L.S.M., 2022. Life and death in the soil microbiome: how ecological 
processes influence biogeochemistry. Nature Reviews Microbiology 20 (7), 415–430. 
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