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ARTICLE INFO ABSTRACT

Handling Editor: Dr Daniel Said-Pullicino Soil organic carbon (SOC) and its dynamics are sensitive to changes in land management while assessments of
SOC dynamics rely on different indicators of SOC stabilization and are often restricted to topsoil. Here, we
evaluated six indicators of SOC stabilization along a 70 cm soil profile under long-term land-use change. Using an
agronomic experiment including an unmanaged meadow and two cropland treatments, we quantified isotopic
signatures (*C and §'3C), size (mineral-associated OC; MaOC) and thermal (Rock-Eval® and PARTYgoc-derived
centennially stable C; Cg) fractions, and biochemical composition (amino sugar-derived microbial necromass C;
MNC, and glomalin-related soil proteins; GRSP). Isotopic signatures and thermal analysis indicated older SOC
(+~5000 years), a decreasing influence of fresh C (+0.7 %o 613C) and higher proportion of Cg (by 75 %) with
depth. In the cropland compared to the meadow, mean SOC age increased by ~ 250 years, 5!°C was enriched by
0.75 %o and Cg was 27 % higher. The proportion of MaOC reflected a slight increase in SOC stabilization with
depth (6 %) but decreased in the cropland compared to the meadow (—5%). The proportions of the two
biochemical indicators to total OC decreased with depth (—67 % for MNC and — 78 % for GRSP), following the
same trend as bulk SOC, while the proportion of MNC decreased (—15 %) and GRSP increased but with very high
uncertainties (37 + 20 %) in the cropland compared to the meadow. Our results suggest that different indicators
likely represent SOC stabilization at different scales, and their validity should be assessed across soil layers.
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1. Introduction

Soil organic carbon (SOC), the largest terrestrial organic C reservoir
(Friedlingstein et al., 2023), has a recognized major role for soil health
and climate regulation (FAO & ITPS, 2015; FAO, 2017). One fourth of
the global potential of nature-based solutions to mitigate climate change
lies in managing SOC by protecting current stocks and maximizing po-
tential sinks in degraded soils (Bossio et al., 2020). Depletion of SOC

stocks can result from conversion of land under native vegetation to
cropland, or after intensification of agriculture, especially when it in-
volves high biomass exports (Heikkinen et al., 2013; Kopittke et al.,
2022; Sanderman et al., 2017; Smith, 2008). Examples of practices with
positive impact on SOC stocks are also known e.g., use of cover crops and
improvement of soil quality after use of soil amendments (Kaspar and
Singer, 2015; Pellerin et al., 2020; Sanderman et al., 2017). While the
influence of land management on bulk topsoil OC is well documented
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(Guo and Gifford, 2002; Huang et al., 2024; Li et al., 2018; Poeplau
et al., 2011), studies focusing on SOC dynamics including entire depth
profiles have only recently become more abundant (Ding et al., 2025;
Hobley et al., 2017; Li et al., 2025; Poeplau and Don, 2013; Shi et al.,
2020; Styc et al., 2025). Meanwhile, the impacts of land management
vary above and below 30 cm (Emde et al., 2024; Tautges et al., 2019)
and both the concentration and dynamics of SOC are strongly controlled
by soil depth (Chirol et al., 2025; Hicks Pries et al., 2023; Lorenz and Lal,
2005).

The need to include subsoil when evaluating the C storage potential
of soils and the response of current SOC stocks to environmental and
climatic changes has been highlighted in recent years (Balesdent et al.,
2018; Gross and Harrison, 2019; Guan et al., 2016; Hicks Pries et al.,
2023; Hobley et al., 2017; Mathieu et al., 2015), as subsoil could have an
important C storage potential in the long term. This is due to the com-
bined effect of longer mean residence times, lower SOC concentrations
observed in deeper soil layers that can be seen as a SOC deficit, and the
important volume of the soil layer below 30 cm (Batjes, 1996; Jobbagy
and Jackson, 2000). Still, the great variation in SOC residence times
observed along soil profiles and in different locations (Elzein and
Balesdent, 1995; Jenkinson and Coleman, 2008; Mathieu et al., 2015;
Shi et al., 2020), makes SOC longevity a main concern considering
climate change mitigation (Chenu et al., 2019; Stockmann et al., 2013)
and a limiting uncertainty regarding SOC credits in carbon markets
(Dynarski et al., 2020).

Multiple stabilization processes have been proposed for reducing the
accessibility of SOC to the microbial decomposer community, with ad-
vances in their conceptualization in the last decades. Our understanding
has evolved from the oversimplified idea of chemical recalcitrance of
soil organic matter (SOM) due to its molecular structure, to a holistic
view as an ecosystem property influenced by biotic (e.g., plant inputs,
microbial community abundance and diversity) and abiotic factors (e.g.,
soil temperature, moisture, texture, and mineralogy; Marschner et al.,
2008; Schmidt et al., 2011).

Based on the above-mentioned processes, a variety of empirical in-
dicators focusing on the isotopic, physico-chemical and biochemical
characteristics of potentially stabilized SOC have been developed. As for
any other organic material, }*C radioactive decay has been used to es-
timate the mean age of SOC up to millennial time scales and model its
turnover time (Sierra et al., 2017; Torn et al., 2009, 1997; Trumbore
et al., 1989). A second indicator based on the isotopic signature of SOC
often used in studies of SOC dynamics on the multidecadal scale is the
abundance of the '3C stable isotope (Chen et al., 2005; Hobley et al.,
2017; Hou et al., 2019). In sites without vegetation shifts between C3
and C4 plants, dynamics of '3C are influenced by changes in fresh
organic matter inputs (as plant biomass tends to be 3C-depleted
compared to bulk SOC) and decay (associated to 13¢ enrichment due to
preferential lighter isotope utilization during microbial processing of
SOC; Balesdent & Mariotti, 1996; Kriiger et al., 2024).

One of the most widely used application-oriented SOC stabilization
indicators is the mineral associated organic carbon (MaOC), which can
be stabilized in soils mainly due to its close association with clay-sized
minerals (Cambardella and Elliott, 1992; Cotrufo and Lavallee, 2022;
Lavallee et al., 2020). Partly of microbial origin but also made up of
dissolved organic carbon and breakdown products, its stabilization de-
pends on physicochemical interactions with mineral surfaces, repre-
senting barriers to the decomposer community (Liang et al., 2017;
Manzoni and Cotrufo, 2024). Its mean residence time in soils, assessed
with the '*C method, has been shown to vary from decades to centuries
(Kleber et al., 2015; Lavallee et al., 2020), while studies using the 53¢
technique have shown that MaOC separated by size fractionation can
have longer turnover times than the coarser particulate OC (POC;
Balesdent, 1996).

Thermal analysis quantifies the energy required for thermal degra-
dation (i.e., pyrolysis or oxidation) of organic compounds. It was pro-
posed as a proxy for SOC stabilization after being empirically linked to in
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situ SOC biogeochemical persistence in long-term bare fallow experi-
ments (Barré et al., 2016), mean SOC age according to the 14C method
(Plante et al., 2013) and biological SOC stability (Gregorich et al., 2015;
Soucémarianadin et al., 2018). Based on Rock-Eval® thermal analysis
results and samples from long-term experiments with observed SOC
biogeochemical stability, a machine learning model, PARTYgoc, was
built, predicting the size of the centennially persistent SOC pool, here
referred to as Cg (Cécillon et al., 2021; Cécillon et al., 2018).

Following the observation that in well aerated mineral soils a sig-
nificant amount of SOC is microbially processed (Angst et al., 2021;
Liang et al., 2017) and measurements confirming that microbial residues
comprise a significant proportion of SOC (24-54 %; Wang et al., 2021),
the concentration of amino sugars in soils was proposed as a biochemical
indicator of SOC stabilization. As constituents of microbial necromass,
amino sugars indicate the efficiency of the microbial community in
turning plant-derived C into microbial residues, i.e., into compounds
with a greater adsorption potential (Liang et al., 2017; Liang et al.,
2019), that can be stabilized through association with soil minerals
(Sokol et al., 2022). Moreover, the argument that older subsoil C is more
intensively microbially processed supports the use of amino sugars as an
indicator of stabilized SOC (Ahrens et al., 2015).

Another potential biochemical indicator for SOC stabilization is the
concentration of glomalin-related soil proteins (GRSP). GRSP represents
an operationally defined fraction of SOM that is extracted by auto-
claving soil in a neutral or in an alkaline citrate solution (Wright and
Upadhyaya, 1996). It was thought to originate from arbuscular mycor-
rhiza that in turn have been associated with the ability of soil to form
aggregates, with a potential effect on carbon stabilization (Rillig, 2004).
Even though the origin and composition of GRSP are under debate
(Holatko et al., 2021; Staunton et al., 2020), its contribution to the
stabilized SOC fraction is still considered relevant because of the high
adsorption potential of proteins to mineral surfaces that can act as an
important protection mechanism and because of its relative chemical
recalcitrance compared to simpler amino acids (Carter et al., 2007; Kedi
et al., 2013).

In this work we investigated the evolution of the above-mentioned
SOC stabilization indicators (Fig. 1), along depth profiles (70 cm) of a
24-year long agronomic field experiment including two cropland treat-
ments and an adjacent natural meadow (more details provided in section
2.1). The aims of the study were to assess the effect of land management

meadow vs. cropland

Cinputs

SOC 813C fCs fMINC

14 fMaocC fGRSP

Physico- Bio-

Isotod chemical chemical
Fig. 1. Overview of the studied indicators of SOC stabilization. Triangles show
their expected evolution with depth and in the cropland compared to the
meadow. Soil organic carbon (SOC) in orange, isotopic indicators, mean SOC
age derived by '*C dating and 5'C natural abundance, in blue, physico-
chemical indicators, mineral associated fraction of SOC (fMaOC) and centen-
nially stable SOC (fCs) according to thermal analysis, in green, and biochemical
indicators, microbial necromass SOC (fMNC) derived from amino sugar ana-
lyses and glomalin-related soil proteins (fGRSP) as SOC weight percentage, in

yellow. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

soil depth
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on SOC dynamics along the soil profile and evaluate the relationships
amongst indicators and between indicators and soil properties. As SOC
in subsoil is more slowly cycling and less reactive to environmental
changes than topsoil SOC, we hypothesized that (H1) the stabilization of
SOC expressed by all indicators would vary with depth, with increas-
ingly stable SOC proportion in the deep soil layers. After conversion of
the grassland to cropland, a transition accompanied by a decrease in
fresh C inputs, we expected (H2) the contribution of old/stabilized SOC
to total SOC defined by isotopic and physico-chemical indicators to in-
crease. (H3) In contrast, we expected the increased disturbance in the
cropland compared to the meadow to have a decreasing effect on the
relative proportions of the two microbial-derived biochemical in-
dicators. As shown in previous studies and mentioned above, we ex-
pected (H4) clay content and the concentration of metal oxides to
correlate with SOC stabilization. Finally, we discuss similarities and
differences between the indicators with respect to the sizes of the
different SOC pools, their evolution with depth and their reaction to land
use change.

2. Materials and methods
2.1. Study site and soil sampling

The Yoni field experiment was established in Jokioinen, South-West
Finland (60°51'44.5'N 23°31'24.5"E) between 1990 and 1995 by MTT
Agrifood Research Finland and is maintained by the Natural Resources
Institute Finland (Luke). A detailed description of the site and the
cultivation history can be found in Salonen et al. (2023). The soil type
was classified as a Vertic Stagnosol (IUSS Working Group WRB, 2015;
Yli-Halla, 2000) and the whole field had a common land-use history
before the onset of the experiment. Deforestation occurred in the
beginning of the 20th century (Gylden, 1850, cited in Salonen et al.,
2023), followed by multiple decades of use as a managed grassland
(satellite image archive, 1956; Finnish land survey). The field was
artificially drained in 1989 to a depth of 1 m.

At the establishment of the agronomic experiment, the field was split
in 3 treatments: (i) an organic and (ii) a conventional cropping system,
each with 6 plots in a randomized blocks design, and (iii) a part of the
field was left to evolve as a natural meadow. The two cultivated systems
were similar regarding plants in rotation (spring barley, perennial
grasses, winter rye, oat, and pea), amount of residue returned to the soil,
and ploughing depth (20 cm) and frequency. The organic system
received cattle manure, whereas mineral fertilizer and herbicides were
used in the conventional system. Salonen et al. (2023) summarize the
average yearly nutrient inputs from fertilization to be 10 kg ha™'P, 50 kg
ha~!N, 620-730 kg ha~'C in the organic and 26 kg ha™'P, 95 kg ha!N
in the conventional system. No management operations (e.g., mowing,
grazing, or exogenous C inputs) were conducted in the natural meadow
other than removal of any emerging trees.

For this study, soil samples were taken from three replicate plots for
each of the two cropland treatments; one soil core per replicate plot,
collected in 2019. Soil cores from the adjacent meadow were also
available in triplicate. As described by Salonen et al. (2023), the soil
present in the cores was split in 10 cm increments from the surface down
to 40 cm depth. In the remaining 40-70 cm section, changes in SOC
concentration with depth were negligible and thus the remaining soil
material in each core was mixed to a homogenized sample. The labo-
ratory analyses described below were conducted on the available soil
cores resulting in 3 replicates per soil layer per treatment, except for
GRSP. GRSP and the data collected from the study by Salonen et al.
(2023) i.e., SOC fractions (POC and MaOC) and soil characteristics were
measured on three cores per plot resulting in 9 replicates per soil layer
per treatment.

In addition, archived SOC concentration data were processed to
illustrate the SOC concentration evolution at each treatment since the
onset of the experiment (Supplementary material, Fig. S1).
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2.2. Soil properties and SOC fractions

Basic soil properties including SOC content, pH, Al- and Fe-oxide
concentrations, root biomass, soil bulk density and soil texture, were
previously published in Salonen et al. (2023) and are provided in
Table S1. SOC concentration was similar in the two cropping systems
and higher in the meadow along the soil profile (Table S1; Fig. 2a). In all
three treatments SOC concentration decreased with depth from 33, 35
and 70 gkg soil~Lin the top (0-10 cm) layer of the conventional, organic
cropping system and meadow, respectively, to 3 g kg soil™! in the
deepest layer in all treatments. There was a statistically significant (p =
0.0495) higher SOC concentration in the meadow compared to the
cropping systems in the four topmost layers (0-40 cm). We note that
some differences in soil properties existed between the two land uses,
with meadow having a constant clay content along the depth profile
(700 g kg soil 1), while cropland showed lower clay concentration in the
topsoil (530 g kg soil 1), increasing with depth, and reaching the same
value as meadow in the deepest layer (Table S1). A similar trend was
evident for the concentration of aluminum oxides and iron oxides (both
higher in meadow than in cropland, with the concentration of Al-oxides
converging and the concentration of Fe-oxides diverging in the subsoil).
Meadow also had a slightly lower pH than the cropland below 30 cm and
a slightly higher C/N ratio (Table S1). From the same publication we
retrieved organic carbon present in the physical size fraction larger
(POC) and finer than 53 pm (MaOC), fractionated according to the
protocol by Cotrufo et al. (2019) with the exception that field moist soil
was used instead of air dried (to avoid aggregation of heavy clay soil).
We estimated that approximate yearly inputs in the meadow based on
average national values and the method described in Palosuo et al.
(2015), were 904 kg C ha™! in total, 411 kg C ha~! as aboveground and
493 kg C ha™! as belowground deposition. Annual above- and below-
ground C inputs in the cropping systems were on average 176 kg C ha™!
and 186 kg Cha~ in the organic and 182 kg Cha™! and 263 kg Cha~ ! in
the conventional system. Accounting for manure additions reported in
Salonen et al. (2023) brought the total C inputs to approximately 578
and 263 kg C ha™! for the organic and conventional system, respectively.
All reported values were corrected for humification using coefficients
from Mattila et al. (2022).

2.3. Radiocarbon dating

Analysis of the radioactive *C isotope was conducted at the Labo-
ratory of Chronology (Finnish Museum of Natural History, University of
Helsinki), following the experimental protocol described in Uusitalo
et al. (2022). Carbon was extracted from the soil sample through com-
bustion in an Elemental Analyzer (Thermo Scientific Flash 2000 NC).
Multiple combustions were performed in case of low C content to obtain
ca. 1 mg C needed for AMS analyses. The CO; released was cryogenically
captured, purified, and graphitized using zinc and iron catalysts (EA-
HASE method; Palonen, 2015). The amount of radiocarbon present in
the sample was measured using accelerator mass spectrometry (AMS,
University of Helsinki) with an accuracy of < 0.2 % (Palonen and Tik-
kanen, 2015; Tikkanen et al., 2004). Radiocarbon age was given in
radiocarbon years before 1950 (before present i.e. BP) and the associ-
ated uncertainty included statistical errors due to sample and reference
measurement errors. The 1*C ages were normalized for isotopic frac-
tionation to correspond to the value —25 %o using 8!°C measured by
AMS. The given ages were converted to calendar years using the Intcal20
correction curve (Reimer et al., 2020) and Oxcal 4.4.4. software (Bronk
Ramsey, 2009).

2.4. Isotopic signature s¥¢
Analysis of natural abundance of the stable isotope ratio '>C/2C was

conducted at the Stable Isotope Laboratory of the University of Eastern
Finland. During sample preparation soils were dried at 60 °C for 48 h,
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Fig. 2. a-c: Depth profiles of SOC concentration (data fromSalonen et al., 2023), SOC age and 8'3C at the three treatments of the Yoni field experiment. Points
represent mean values and error bars show the standard deviation (n = 3). Stars indicate statistically significant differences between the two land uses in each layer
(Kruskal Wallis test; p = 0.05). Significant changes with depth regardless of the treatment are indicated by different letters (Kruskal Wallis and Dunn’s test for

multiple comparisons; p-values adjusted with the Bonferroni method).

homogenized through ball-milling (250 pm) and weighed into tin cap-
sules. Measurement of 8'3C of SOC was performed using an elemental
analyzer coupled to an isotope ratio mass spectrometer (EA-IRMS),
which included a Thermo Finnigan DELTA XP Plus IRMS, Flash EA 1112
Series Elemental Analyzer, and a Conflow III open split interface
(Thermo Fisher Scientific, Bremen, Germany). During each analytical
run two reference materials were measured: (a) USGS-40, an interna-
tional reference material used for calibration of isotope values, and (b)
wheat flour with certified §'°C (IVA Analysetechnik; Meerbusch, Ger-
many) used for correction of sample amount effects, and for quality
control. All stable isotope ratios are reported in the delta notation (613C)
relative to the V-PDB standard (Coplen, 2011). The reproducibility of 10
standard runs by EA-IRMS was typically better than 0.1 %o (16, n = 10).
The long-term analytical precision of this analysis was £ 0.24 %o (1SD)
and accuracy was 0.07 %o.

2.5. Rock-Eval® thermal analysis and the PARTYsoc machine-learning
model

Soil samples were analyzed using a Rock-Eval 6® Turbo apparatus
(Vinci Technologies) at Institut des Sciences de la Terre (Sorbonne
University). Approximately 60 mg of each finely ground (<250 pm)
sample underwent pyrolysis under N» gas flow and thereafter oxidation
under dried and COy-free ambient air. The heating cycle applied during
pyrolysis started with a three-minute isotherm at 200 °C followed by a
temperature increase of 30 °C min~! to 650 °C (Barré et al., 2023).
During oxidation a one-minute isotherm was applied at 300 °C, followed
by a temperature increase of 20 °C min ! to 850 °C, followed by a five-
minute isotherm at 850 °C (Barré et al., 2023). The output of the analysis
consisted of five thermograms describing the thermal decomposition of
each sample, as detected by a flame ionization detector (HC pyrolysis)
and an infrared cell (CO and CO;, pyrolysis, and oxidation). Upper
temperature integration limits for Rock-Eval® temperature parameters

were set at 560 °C for the CO and CO; pyrolysis thermograms, and at
611 °C for the CO, oxidation thermograms (Cécillon et al., 2018). Based
on the five thermograms and using the R scripts published by Cécillon
(2021) available on the Zenodo platform 18 Rock-Eval® parameters
were calculated and used as input for the European version of the
PARTYsoc model (Cécillon et al., 2021). The model uses Rock-Eval®
thermal analysis parameters as predictors to estimate the centennially
stable SOC proportion (fCs) in a soil sample according to a trained non-
parametric random forest machine learning algorithm. In this study, the
obtained fCg of each sample was converted to centennially stable SOC
content (Cs) through multiplication by the total SOC content of the same
sample. According to this method, the remaining SOC is considered as
centennially active (Cp). The European version of the model PARTY-
socv2.0gy was used without any adaptation.

2.6. Amino sugar analysis

Soil samples were analyzed following the method developed by
Zhang & Amelung (1996), described in detail in Meyer et al. (2023). The
procedure involves breaking down of the microbial cell walls through
acid hydrolysis (IS1 myo-inositol) followed by an evaporation step and
pH-adjustment which allows metal ions and organic compounds to
precipitate. This experimental protocol was designed to measure the
concentration of four distinct amino sugars: glucosamine (GIcN),
galactosamine (GalN), mannosamine (ManN), and muramic acid
(MurN). Based on the concentration of MurN and using a conversion
factor of 45 the necromass carbon of bacterial origin was calculated
(Appuhn & Joergensen, 2006; Engelking et al., 2007; Equation (1).
Fungal necromass carbon was calculated in line with Appuhn and
Joergensen (2006) and Faust et al. (2017), using the molecular weight of
GlcN and MurN, and the assumption that muramic acid and glucosamine
occur at a 1:2M ratio in bacterial cells Equation (2). Finally, we calcu-
lated the total microbial necromass carbon (MNC) by adding the two



E. Kanari et al.

fractions Equation (3).

Bacterial necromass C(mg C g soil ') = MurN(mg C g soil ') » 45 (€]

Fungal necromass C(mg C g soil ") = (GlucN (mg Cgsoil ') /179.19 (gmol ") —

Microbial necromass C (mg C g soil ')

= Bacterial necromas C + Fungal necromass C 3)

2.7. Glomalin-related soil proteins analysis

The GRSP fraction was extracted in triplicate from all soil samples
(sieved at 200 pm) at the Viikki laboratory in the Natural Resources
Institute Finland (Luke). GRSP was extracted by autoclaving 250 mg of
soil in neutral sodium citrate solution (20 mM) at 121 °C for 30 min.
After cooling at room temperature, the supernatant solution was sepa-
rated by centrifugation at 15,000g for 10 min. A second centrifugation of
the supernatant for another 5 min was conducted to ensure complete
phase separation. The extract was diluted in microplates by combining
250 pL Bradford reagent (Bio-Rad Quick-Start™, Hercules, CA) with 20
pL aliquots of samples at various dilutions with sodium citrate (1:1, 2:3,
1:4). The mixtures were homogenized by shaking the microplates gently
on a rotary shaker and thereafter removing air bubbles by short spinning
at centrifuge. Absorbances were measured at 465 and 595 nm using a
microplate reader (BMG Labtech, Multimode CLARIOstar). Sample and
reagent blanks (diluted in 1 M HC]) were also measured at 465 nm and
the values were subtracted before calculation of the soil protein content.
The assay was calibrated using bovine serum albumin in the range
0-200 mg L — 1 and absorbance at 595 nm (Moragues-Saitua et al.,
2019).

2.8. Data analysis

For comparing the effect of management practices on bulk SOC and
on the stabilized SOC pools, the measured concentrations of SOC, MaOC,
Cs, MNC and GRSP were converted to stocks according to the Equivalent
Soil Mass (ESM) method (Ellert and Bettany, 1995; Lee et al., 2009;
Wendt and Hauser, 2013), using the R script by Ferchaud et al. (2023).
This was done to account for differences in soil bulk density, caused by
compaction after conversion of the grassland to cropland, and thus
erroneous comparisons of non-equivalent fixed sampled soil depths. To
stay as close as possible to the initial soil layers we used the treatment
with the lightest sampled soil cores, i.e., the average of three replicates
for meadow, to define a reference cumulative soil mass to be reached in
each layer. The following soil masses were used as the constant metric
defining the five layers in all the soil cores: 0-717, 717-1790,
1790-3130, 3130-4580, and 4580-7500 t ha™!, and they were reached
at soil depths of 8 + 2,17 + 3,26 + 3, 36 &+ 3, 56 + 3 cm.

We also summarized the difference in the ESM calculated stocks
cumulatively for the topsoil (0-3000 t ha™!; corresponding to 26 + 3 cm
soil depth), the whole soil profile (0-7500 t ha™!; corresponding to 56 +
3 cm soil depth) and the subsoil (calculated as the difference between
the two). To visualize the difference in SOC and SOC stabilization pa-
rameters between the two land-uses, we calculated the relative change
in their stocks as shown in Equation (4). We also calculated the relative
change per cm soil depth by dividing each estimate by the corresponding
soil layer thickness, similarly to Poeplau and Don (2013), to remove the
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influence of the different volumes of soil considered in each of the three
soil profile sections.

2eMurN (mgCgsoil ') /251.23(gmol ")) €179.19(gmol ') «9 (@)

Relative AX stock(%) = (X stock in cropland

— X stock in meadow) /X stock in meadow x 100

@

where X represents the studied parameters SOC, MaOC, Cs, MNC and
GRSP.

To evaluate changes in SOC stabilization with depth, we converted
concentrations of SOC pools to proportions (indicated as fMaOC, fCs and
fMNQ), by dividing the measured concentrations with the SOC content
of each sample Equation (5). In the same manner, for GRSP we calcu-
lated a weight proportion of total SOC instead (fGRSP), to avoid possible
errors due to the uncertainty associated with the C content of this
operationally defined and isolated fraction.

fX(% orwt.%) =X (g Ckgsoil ' or g GRSPkg soil ') /SOC(g Ckgsoil )
x 100
(5)

These conversions result in depth profiles of parameters presented in
two ways: (i) depth profiles with soil layers defined by fixed soil masses
regarding stocks, and (ii) depth profiles with soil layers defined by fixed
soil depths regarding concentrations or proportions.

We used the nonparametric Kruskal Wallis test to look for statistical
differences in parameters in individual soil layers between the organic
and conventional cropping systems, as some of the data did not follow
the normal distribution (compare_means function of the ggpubr package;
Kassambara, 2023). Using the same test, we investigated differences
between the two types of land use, cropland and meadow. For cropland
the average of conventional and organic neighboring plots was calcu-
lated as the mean per layer. To look for significant differences in con-
centrations or proportions between soil layers regardless of the
treatment we used the Kruskal Wallis test with Dunn’s test for multiple
comparisons and the Bonferroni p-value adjustment method (dunnTest
function of the FSA R package; Ogle et al., 2023). Different letters were
assigned to soil layers to express statistically significant differences
using the cldList function of the rcompanion package (Mangiafico, 2024).

Relationships between soil properties and indicators of SOC stabili-
zation along the soil profile and in individual soil layers were estimated
using the Spearman rank correlation. A principal component analysis
(PCA) was used to demonstrate relationships between SOC stabilization
indicators with projection of soil properties on the circle of correlations.
A scree plot and Kaiser’s criterion were used to choose the number of
principal components, and the data was centered and scaled before
performing the analysis (prcomp function of the stats package; R Core
Team, 2023).

Finally, we calculated a relative depth and a relative land-use effect
on SOC and the studied SOC stabilization indicators expressed as pro-
portions. The relative depth effect was calculated by comparing
parameter values measured in the topsoil (0-30 cm) and subsoil (30-70
cm) and the land-use effect by comparing parameter values in meadow
and in cropland in the topsoil (0-30 c¢cm), as shown in Equation (6).
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Relative Depth or Land — use effect

= (fX in subsoil or cropland

— fX in topsoil or meadow) /fX in topsoil or meadow
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PowerPoint (version 2408) was used.
3. Results

(6)
3.1. Bulk SOC and isotopic indicators of SOC stabilization

Similarly to Henneron et al. (2022), for isotopic indicators we calculated

absolute differences instead as these were considered more intuitive (e.
g., absolute depth effect for 51%C = 813CSUBSOIL - 613CT0PSOIL§ given in
%o, as the original measurements, instead of % change of permille con-
centration) and because the expected relative differences were orders of

magnitudes apart from the rest of the parameters.

Data processing, statistical analysis and figure preparation were
performed within the “R” programming environment (version 4.3.1;R
Core Team, 2023). For plotting, packages dplyr (Wickham et al., 2023),
ggpmisc (Aphalo, 2023), reshape2 (Wickham, 2007) and ggplot2
(Wickham, 2016) were used. For the preparation of Fig. 1 Microsoft

Conversion from SOC concentration (Fig. 2a) to SOC stock according
to the ESM method revealed that SOC stock was statistically significantly
higher in the meadow compared to the cropland in the two topmost
layers (Fig. 3a). The p-value associated with these, and all the statisti-
cally significant detected differences presented below was p = 0.0495.
The apparent lower values in the top layer, observed for SOC stock but
also for all the SOC pools presented below (Fig. 3a—e), were due to the
lower soil mass contained in this layer (717 t ha™ 1) compared to the two
layers that follow (1073-1450 t ha™1). This highlights why ESM stock
profiles are appropriate for comparing differences between treatments
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Fig. 3. a—e: Depth profiles of SOC, MaOC, Cs, MNC and GRSP as stocks according to the equivalent soil mass calculation method at the three treatments of the Yoni
field experiment. Points represent mean values and error bars show the standard deviation (n = 3). Stars indicate statistically significant differences between the two

land uses in each layer (p = 0.05).
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but not suitable for studying changes in stocks with depth. Cumula-
tively, cropland had on average 25 + 7 % lower SOC stock than the
meadow considering the whole soil profile (Fig. 4). In the topsoil and
subsoil (soil layers defined by soil mass 0-3000 t ha™! and 3000-7500 t
ha™!, respectively), we observed a 28 + 5 % decrease and a 3 + 1 %
increase, respectively, in the cropland compared to the meadow.
Removing the effect of the different soil volumes by dividing the three
soil layers by their height, showed that the relative difference between
the two land uses was higher (~2.5 fold) in the topsoil compared to the
whole soil profile.

SOC age defined by '*C dating increased with depth in all three
treatments (Fig. 2b). Depth profiles of mean SOC age were similar for the
meadow and the organic cropping system, ranging from ~ 300 and ~
600 years in the top (0-10 cm) layer to ~ 7,100 and ~ 7,800 years in the
deepest (40-70 cm) layer for the two treatments, respectively. In the top
layer in the conventional system, mean SOC age was similar to the
organic system, with ~ 540 years but it reached ~ 9,500 years in the
deepest layer, where the most pronounced and the only statistically
significant difference was found between the two cropping systems.
Differences in mean SOC age between the two land uses, cropland and
meadow, were found to be statistically significant in the top and deepest
layer.

The second isotopic indicator, 5!3C varied slightly along the soil
profile (0.5 %o) and showed similar trends in the conventional and
organic system. However, values in two of the soil layers, the top (0-10
cm) and fourth (30-40 cm) layer, were statistically significantly less
negative in the conventional cropping system (Fig. 2¢). 5'3C values were
more negative in the meadow in the surface layer reaching — 28.5 %o,
but they converged in all three treatments to — 27 %o in the deepest
layer. Differences between cropland and meadow were found to be
statistically significant in the four topmost soil layers (0-40 cm).

3.2. Physico-chemical indicators of SOC stabilization

Depth profiles of MaOC stock resembled the depth profiles of SOC
stock (Figs. 3a and b) and were nearly identical between the two crop-
ping systems, with no statistically significant differences in any of the
studied soil layers. MaOC stock was highest in the second layer with 43
and 34 t ha! in the meadow and cropland, respectively, and decreased
with depth reaching 4 and 5 t ha™! in the deepest layer. In the meadow,

MaOC stock was significantly higher than in the cropland in the two
topmost layers. MaOC stock in cropland was on average 28 + 8 % lower
compared to the meadow considering the whole soil profile (Fig. 4). In
the topsoil the difference was 32 + 8 % and in the subsoil we observed a
4 % increase in the cropland. Removing the effect of the different soil
volumes included in the three considered layers showed that the relative
difference in MaOC between the two land uses was highest in the topsoil.
The proportion of SOC present in the soil as MaOC was very high, with
fMaOC values 91 % and 83 % in the top (0-10 cm) layer, in the con-
ventional and organic cropping system, respectively. In the two crop-
land treatments fMaOC increased below 30 cm to 96 %. In the meadow,
fMaOC increased from 84 % in the top layer, also to 96 % in the deepest
(40-70 cm) layer. fMaOC in the meadow was significantly higher than in
the cropland in the 10-20 and 20-30 cm layers but not in the 0-10 cm
(Fig. 5a).

The Cg stock values were similar in the two cropping systems, with
no statistically significant differences in any of the studied soil layers. In
both cropland treatments, Cg stock was highest in the second layer with
19 t ha™! and decreased with depth, reaching 5 t ha~! in the deepest
layer. In the meadow Cg stock reached its highest value in the third layer
(20 t ha™!) and was 4 t ha™! in the deepest layer. Cg stock was signifi-
cantly higher in the meadow compared to cropland only in the top layer
(Fig. 3c). As a percentage difference, Cs stock was on average 10 + 6 %
lower in the cropland compared to the meadow, considering the whole
soil profile (Fig. 4). This parameter also experienced the strongest
change in the topsoil, with Cg stock 11 + 5 % lower in the cropland
compared to the meadow, while there was no change in the subsoil.
Expressed as a proportion of SOC, fCs strongly increased with depth in
all treatments; from 47 % to 83 % in the cropland and from 30 % also to
83 % in the meadow (Fig. 5b). Significantly higher fCs was found in the
cropland compared to the meadow in the two topmost layers (0-10 and
10-20 cm).

3.3. Biochemical indicators of SOC stabilization

The MNC stock values showed no significant differences between the
two cropping systems. In the cropland, the MNC stock was highest in the
second layer (12 t ha_l) and in the top layer in the meadow (15t ha_l).
MNC stock decreased with depth in all treatments reaching 1 t ha ! in
the cropland and 0 t ha™! in the meadow in the deepest layer (Fig. 3d).
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Fig. 5. a-d: Depth profiles of fMaOC, fCs, fMNC (all given as SOC %) and fGRSP (wt. %) at the three treatments of the Yoni field experiment. Points represent mean
values and error bars show the standard deviation (n = 3). Stars indicate statistically significant differences between the two land uses in each layer (Kruskal Wallis
test; p = 0.05). Significant changes with depth regardless of the treatment are indicated by different letters (Kruskal Wallis and Dunn’s test for multiple comparisons;

p-values adjusted with the Bonferroni method).

Statistically significant MNC stock was found in the meadow compared
to cropland in the two topmost layers. Amongst the studied parameters,
MNC stock showed the highest relative difference between the two land
uses, as it was on average 31 + 12 % lower in the cropland compared to
the meadow considering the whole soil profile, 33 + 11 % lower in the
topsoil and showed a slight increase of 2 + 1 % the subsoil (Fig. 4). As a
proportion of SOC, fMNC showed similar values and decreasing trend
with depth in all treatments; from 30 % in the 0-10 cm layer to 7 % in
the 40-70 cm layer in the two cropping systems and similarly from 34 %
to 9 % in the meadow (Fig. 5c¢).

The stock of GRSP represented a much smaller amount in soil
compared to the other fractions described above, reaching maximum
values of 0.4 t ha™! in the first and third layer in the meadow and 0.5 t
ha~! in the second layer in the cropland. GRSP stock decreased with

depthto Ot ha~! in all treatments (Fig. 3e). There were no statistically
significant differences between the two cropping systems while GRSP
stock was statistically significantly higher in the meadow compared to
the cropland in the top layer. The variability of the relative difference
between the two land uses associated with GRSP stock was much larger
than the observed means in all layers, with values of 7 + 36 %, 6 + 34 %
1 + 2 % in the whole soil profile, topsoil and subsoil, respectively
(Fig. 4). The calculated fGRSP was 1.2 wt% in the cropping systems and
0.9 wt% in the meadow 0-10 cm layer (Fig. 5d). fGRSP increased to 1.6
wt% in the organic system in the 20-30 cm layer and decreased to 0 in
all treatments in the deepest layer. In the two topmost layers, 0-10 and
10-20 cm fGRSP was significantly higher in the cropland compared to
the meadow.
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this figure legend, the reader is referred to the web version of this article.)

3.4. Similarity amongst SOC stabilization indicators and relationship to
soil properties

A principal component analysis (PCA), describing similarity amongst
the various SOC stabilization indicators and their relationship to soil
properties, showed that the first principal component (PC1) alone
explained 64.4 % and together with the second (PC2) 80.5 % of the total
variance (Fig. 6). PC1 separated soil samples mainly by soil depth and
SOC content, as highlighted by the horizontal distribution of the ellipses
and the strong association of SOC to negative values along PC1. Pa-
rameters increasing with depth had positive loadings along PC1 and
those decreasing with depth showed negative loadings along the same
component. Overlap of the ellipses representing the two topmost layers
and the ellipses representing the two deepmost layers was indicative of
similarity inside these two groupings. As they all increased with depth,
mean SOC age and 5'°C were strongly and positively correlated to fC;,
while mean SOC age and fCs were negatively correlated to the two
biochemical indicators, fMNC and fGRSP. There was a strong positive
correlation between the two biochemical indicators and strong negative
correlations between §'3C and fMNC and between MaOC and fGRSP.
Regarding soil properties, the two isotopic indicators and fCs were
negatively correlated to SOC content, C/N ratio and Fe-oxide concen-
tration (all decreasing with depth; Table S1), while the two biochemical
indicators showed positive correlations to the same properties, in
addition to the Al-oxide concentration (also decreased in the deepest
layer; Table S1). In contrast, 5'C and fC; were strongly negatively
correlated to the concentration of Al-oxides, and fGRSP correlated
strongly and positively to the C/N ratio. Mean SOC age, 5'3C and fC;
were positively correlated to pH (slight increase with depth, from 6 to
7.2; Table S1). In contrast, fMNC and fGRSP were strongly negatively
correlated to pH. No significant strong correlation was observed be-
tween soil characteristics and fMaOC, other than positive correlation to
clay content.

Because of the strong influence of depth on the SOC stabilization
indicators, we investigated their similarity and their correlations to soil

properties within each soil layer (Table 1).

We found a strong negative correlation between mean SOC age and
fMNC in the 20-30 and 30-40 cm layer. There was a positive correlation
between §'°C and fCs in the 0-10, 20-30 and 30-40 cm layer. 5!3C was
negatively correlated to f/MINC in the 10-20 cm layer and to fGRSP in the
30-40 cm layer. fGRSP was positively correlated to 8'°C in the 0-10 cm
layer.

A few correlations between indicators of SOC stabilization and soil
properties were repeatedly observed in all layers, such as the strong
negative correlation of 8'C and fC; to SOC content and the strong
negative correlation between 5!°C and Al-oxide concentration. In all
layers except the 30-40, 5'C was strongly negatively correlated to clay
content and to the concentration of Fe-oxides. In all layers except the
0-10, 8*3C was strongly negatively correlated to C/N ratio and fCg was
strongly positively correlated to pH. A strong negative correlation of fCg
to the C/N ratio and to the Al-oxide concentration was found in the
20-30 and 30-40 cm layers, and fCg was strongly negatively correlated
to clay content in the 0-10 and 30-40 cm layers. Some correlations were
occurring only in single layers, namely a strong positive correlation of
513C to pH in the 20-30 cm layer, and a strong positive correlation of
fMNC to the C/N ratio and to SOC content in the 10-20 and 20-30 cm
layer, respectively. The correlation of fGRSP to SOC, Al-oxide concen-
tration and clay content, changed from strong positive in the 0-10 layer
to strong negative in the 30-40 cm layer. Additionally, in the 30-40 cm
layer there was the only occurrence of a strong positive correlation of
fGRSP to C/N ratio and Fe-oxide concentration and a strong negative
correlation to pH.

4. Discussion

Biogeochemical stability of SOC has been shown to increase as SOC
content decreases following the conversion of grassland to cropland.
Furthermore, turnover and decomposition of SOC have been shown to
slow down with increasing depth (Hobley et al., 2017; Poeplau and Don,
2013). Indicators used to describe pools of SOC with higher potential for
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Correlations between soil properties and (amongst) stable SOC indicators in separate soil layers including all treatments. High (p > 0.6) and significant (p < 0.05)

correlations are marked in bold. The significance levels are indicated as: ***

for p < 0.001, ** for p < 0.01 and * for p < 0.05.

Layer 0-10 cm

mean SOC age 8'%c fCs fMaO0C fGRSP fMNC

(years BP) (%o0) (soil C %) (soil C %) (wt. %) (soil C %)
SOC (%) —0.544 —0.914%*** —0.967*** —0.33 —0.756* 0.504
C/N 0.206 —0.647 —0.516 -0.277 -0.171 0.491
pH 0.261 0.193 0.547 0.014 0.146 —0.642
Clay (%) —0.473 —0.956*** —0.810%* —0.078 —0.853** 0.422
Al-ox (mg kg soil 1) —0.098 —0.798%* —0.556 —0.28 —0.939%** 0.326
Fe-ox (ng kg soil ™) —0.054 —0.867%* —0.625 —0.245 —0.657 0.384
mean SOC age (years BP) 0.344 0.609 —0.242 0.35 —0.37
3"3C (%0) 0.851%* 0.276 0.770% -0.417
fCs (soil C %) 0.267 0.604 —0.593
MaOcC (soil C %) 0.224 0.033
GRSP:SOC (mg / mg C) -0.217
Layer 10-20 cm

mean SOC age 8'3C fCs fMaOcC fGRSP FMNC

(years BP) (%o) (soil C %) (soil C %) (wt. %) (soil C %)
SOC (%) —0.142 —0.786* —0.699* 0.522 —0.502 0.427
C/N —0.558 —0.715* —0.578 0.661 —0.321 0.827**
pH 0.537 0.096 0.739* -0.28 0.041 —-0.22
Clay (%) 0.016 —0.954%** —0.352 0.64 —0.724* 0.651
Al-ox (mg kg soil 1) —0.303 —0.786* —0.421 0.476 —0.665 0.574
Fe-ox (mg kg soil ) —0.033 —0.832%* —0.525 0.644 —0.611 0.481
mean SOC age (years BP) 0.059 0.351 -0.139 —0.313 —0.471
313C (%0) 0.345 —0.648 0.545 —0.715*
fCs (soil C %) —0.529 0.087 -0.29
MaOcC (soil C %) —0.231 0.52
GRSP:SOC (mg / mg C) —0.058
Layer 20-30 cm

mean SOC age 8'3c fCs fMaOC fGRSP fMNC

(years BP) (%o) (soil C %) (soil C %) (wt. %) (soil C %)
SOC (%) —0.463 —0.902%** —0.923%*** 0.378 0.206 0.667*
C/N 0.002 —0.684* —0.725* —0.046 0.294 0.196
pH 0.199 0.877** 0.789* —0.428 —0.036 —0.487
Clay (%) —0.245 —0.792* —0.339 0.536 —0.284 0.5
Al-ox (mg kg soil’l) —0.358 —0.930%** —0.670* 0.466 —-0.133 0.647
Fe-ox (mg kg soil 1) —0.07 —0.825%* —0.469 0.413 0.132 0.264
mean SOC age (years BP) 0.374 0.458 —0.315 —0.383 —0.796*
513C (%0) 0.756* —0.438 —0.147 —0.652
fCs (soil C %) —0.044 —0.483 —0.608
/MaOC (soil C %) —0.451 0.472
GRSP:SOC (mg / mg C) 0.199
Layer 30-40 cm

mean SOC age 8'%c fCs MaOcC fGRSP SMNC

(years BP) (%o0) (soil C %) (soil C %) (wt. %) (soil C %)
SOC (%) —0.126 —0.922%** —0.974*** 0.016 0.746* —0.028
C/N —0.188 —0.866** —0.937*** —0.059 0.713* 0.015
pH 0.077 0.621 0.790* —0.055 —0.844** —0.088
Clay (%) —0.068 —0.586 —0.713* 0.284 0.841** 0.256
Al-ox (mg kg soil 1) —0.063 —0.757* —0.817** 0.129 0.901 *** 0.021
Fe-ox (mg kg soil’l) 0.076 —-0.397 —0.346 0.486 0.92] *** 0.237
mean SOC age (years BP) 0.031 0.116 0.111 0.118 —0.797*
3"3C (%0) 0.887** -0.076 —0.668* 0.18
fCs (soil C %) 0.097 —0.642 0.134
MaOcC (soil C %) 0.405 0.169
GRSP (mg / mg C) 0.047

stabilization are based on different conceptual mechanisms (Lehmann
and Kleber, 2015; Schmidt et al., 2011; von Liitzow et al., 2006) and
information on their intercomparison is lacking. Here, we studied the
relationships between some of these indicators and their evolution after
disturbance at the multi-decadal scale. Our initial hypotheses were
partly confirmed, as (H1) the most influential factor controlling SOC
stabilization indicators was soil depth, and the expected increase in SOC
stabilization with depth was indeed reflected by the two isotopic in-
dicators and fCg and also slightly by fMaOC. However, this was not the
case for the amino sugar derived fMNC nor for fGRSP, whose contri-
bution to total OC decreased with depth instead (Fig. 7). As expected,
(H2) isotopic indicators and fCg indicated an increasing contribution of

10

old/stabilized C to total SOC in the cropland compared to the meadow,
associated with a decrease in fresh C inputs (Fig. 7). This was not the
case for fMaOC, which changed in the opposite direction (Fig. 5a).
Concerning the difference in biochemical indicators between the two
land uses, we did not observe the expected (H3) decrease in the relative
contribution of fMNC and fGRSP, comparing meadow to cropland.
Instead, fMNC was similar amongst the two land uses and fGRSP
changed in the opposite direction but with high uncertainties (Figs. 5c
and d). The expected (H4) correlations of SOC stabilization indicators to
clay content and metal oxides were observed but were mainly depth
driven (Fig. 6). In individual layers, mainly the concentration of
aluminum and iron oxides were consistently and strongly correlated to
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Fig. 7. Depth and land use effect on the different parameters. The depth effect
was calculated by comparing parameter values measured in the topsoil (0-30
cm) and subsoil (30-70 cm) and using topsoil as a reference value, and the land-
use effect by comparing parameter values in meadow and in cropland (average
for conventional and organic treatment) in the topsoil (0-30 c¢cm) and using
meadow as a reference value. Circles indicate mean values of relative change
(given in % for SOC, fMaOC, fCs, and fMNC, and fGRSP) and triangles indicate
mean values of absolute change (given in years for the mean SOC age and in %o
points for §'3C). Error bars show the standard deviation (n = 3). Notice the
secondary x- and y- axes used for mean SOC age.

SOC stabilization assessed by 8'°C and fCs.

4.1. Response of mean SOC age to changing land use and soil depth

Along the soil profile, SOC age increased by ~ 5,000 years on
average for all treatments (Fig. 7) as expected, showing the increasing
contribution of an older, more stable, soil organic matter fraction in
deeper layers (Trumbore, 1997). The increase in SOC age in the cropland
compared to the meadow (~ 250 years on average; Fig. 7) agreed with
previous studies (Guo and Gifford, 2002; Jenkinson et al., 2008; Mathieu
et al., 2015). In the conventional treatment, the loss of SOC along the
soil profile combined with the observed older mean SOC age, indicated
mineralization of younger, rather than older C, a trend already shown in
Hobley et al. (2017) comparing native vegetation to cropland sites. In
the meadow and in the organic system, the exact processes forming the
mean SOC age profiles are difficult to decipher definitively as SOC age is
strongly influenced not only by SOC mineralization but also by fresh C
inputs (Trumbore, 2009). As manure and fresh plant-derived C inputs
primarily affect the top 40 cm of soil (Skadell et al., 2023), these addi-
tions likely led to reduced SOC age within this depth. Deeper in the soil,
the younger SOC age observed in the meadow and organic systems may
reflect bioturbation-driven translocation (e.g., by earthworms) and
partial accumulation of fresh SOC (Lorenz and Lal, 2005). Additionally,
fresh OM inputs may trigger a priming effect, leading to the loss of older
C (Henneron et al., 2022; Shahzad et al., 2018). Moreover, the detected
difference in SOC age in the deepest layer between conventional crop-
ping system and meadow (~ 2,400 years; Fig. 2), despite the uniform
SOC concentration amongst treatments, supports the idea that the
drivers of bulk SOC and SOC age may differ (Hobley et al., 2017). E.g.,
Mathieu et al. (2015) suggested that along the depth profile, drivers of
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SOC age are changing from climate and land use in the topsoil to soil
texture and mineralogy in the subsoil. In our study, along the soil profile
mean SOC age increased with decreasing SOC content, C/N ratio, and
Fe-oxide concentration, and with increasing pH, but we did not find any
significant correlations to any of the tested soil properties in the per-
layer analysis. The steep increase in SOC age in the 40-70 cm layer
across all treatments aligns with findings from Ultuna (SE) by
(Menichetti et al., 2015), who reported a rise from ~ 1,800 + 300 years
(40-60 cm) to ~ 7,800 + 100 years below 60 cm, likely due to the pre-
terrestrial origin of SOC in the deepest layer. This would be a sound
assumption for our study site, since the age of this clay soil (deposited in
deep water) aligns well with deglaciation and sedimentation in this area
estimated between ~ 9,800 and ~ 8,300 years ago (Sauramo, 1923 and
Kankainen, 1993 cited in Salminen et al., 1997).

4.2. Response of §3C signature to changing land use and soil depth

The measured §'°C values were in the expected range for a pure C3
vegetation site. The shift caused in the §!°C signature by land use was on
average 0.75 %o in the topsoil and the increase with depth on average for
all treatments was 0.7 %o (Fig. 7). For reference, average values recorded
in German topsoils were —28.2 %o and —26.8 %o under grassland and
cropland, respectively (Schneider et al., 2021), and a similar increase, in
the order of 1.5-2.0 %o was observed by Hobley et al. (2017) in topsoil
(10 cm) in cropland compared to grassland. The expected enrichment of
13C with depth and thus increase in 5'3C signature was evident in all
treatments but most pronounced in the meadow. This was also in
agreement with previous studies, showing that the average increase to
80 cm depth was 1.5 %o in grassland and 0.7 %o in cropland (Kriiger et al.,
2024; Schneider et al., 2021). The steep 53¢ depth gradient observed in
the meadow (untilled soil) and mostly evident in the first 30 cm, could
be explained by the continuous fresh C inputs through the permanent
vegetation cover (13C—depleted relative to bulk SOC) and the Suess ef-
fect, the depletion of modern atmospheric CO5 in '3C that can be in the
order of 2 %o (Kriiger et al., 2024). The minimal gradient of 53¢ change
with depth in the cropping systems could be caused by the removal of
biomass through harvest (Smith et al., 2007). In all cases, enrichment of
the heavier !3C isotope, discriminated against during microbial pro-
cessing, could also be acting in parallel, increasing 8'>C signature with
depth in all treatments (Henneron et al., 2022; Hou et al., 2019; Kriiger
et al., 2024). The distribution of microbial necromass in the soil column
has also been proposed as a main driver of the 5'3C profile, due to its
higher '3C concentration compared to the plant biomass (Ehleringer
et al., 2000; Ni et al., 2020). In our site, this could be a relevant driver, in
line with the observed 8'3C enrichment with depth. Nonetheless, this
was not reflected by the relative contribution of fMNC to SOC, which
decreased with depth. Finally, Kohl et al. (2015) suggested that an in-
crease in bacterial relative to fungal biomass with depth is an important
driver of the vertical 8'3C gradient. However, in our study we found a
decrease in the ratio of bacterial to fungal necromass with depth
(Fig. S2) and an opposite (negative) correlation between the two in-
dicators, possibly due to the drastically different methods used to
quantify bacterial and fungal derived SOC (individual phospholipid
fatty acids in Kohl et al. (2015) vs. amino sugars in our study). In our
study, 5!3C was the indicator with the most correlations to soil proper-
ties in individual soil layers. In multiple soil layers, 5'°C was strongly
and negatively correlated to SOC, C/N ratio, clay content and Al- and Fe-
oxide content. These correlations can be explained by the strong land
use effect on this parameter and the somewhat different soil properties
of the meadow soil profile compared to the cropland (Table S1). The
significantly higher fresh C inputs observed in meadow compared to the
cropland were responsible for decreasing its 5'°C signature, while the
land use change (compaction) resulted in topsoil layers with e.g., a
higher clay and Al-oxide content in the meadow compared to the
cropland, explaining the strong negative correlations between §'C and
these soil properties.



E. Kanari et al.

4.3. Response of centennially persistent carbon to changing land use and
soil depth

Along the soil profile, the proportion of centennially stable SOC
derived by thermal analysis and the PARTYgoc model, fCg, increased
with depth as expected (by ~ 75 % on average independently of treat-
ment; Fig. 7) and as shown before (Kanari et al., 2021; Soucémarianadin
et al., 2018). More than just a reduced influence of fresh C inputs with
depth, processes linked to the increase in thermal stability with depth
reported in literature include slower respiration (Soucémarianadin
et al., 2018) and poor ‘return-on-energy-investment’ for decomposers
(defined as the difference between the activation energy of decompo-
sition and the energy density of a compound) in deeper soil layers
(Henneron et al., 2022). fCs measured under the two land uses followed
the expected trend as well (increase in cropland topsoil by ~ 27 %
compared to meadow; Fig. 7). This was also observed by Delahaie et al.
(2024) at the scale of France, with 38 % in grassland and 52 % fCg in
cropland topsoils. In our study, in the topsoil, the stock of Cg was 10 %
lower in cropland compared to the meadow (Fig. 4), although in theory
this content is expected to be an ecosystem property, affected more
strongly by pedoclimatic parameters and historical land use than current
land management (Barré et al., 2010; Cécillon et al., 2021). A similar
trend was observed by Schiedung et al. (2025) and Delahaie et al. (2024)
who reported lower Cg concentrations in cropland compared to grass-
land (accounting for approx. 15 and 25 g C kg soil ! in German cropland
and grassland, respectively and 8.4 and 11.5 g C kg soil™! in French
cropland and grassland). However, in both of those studies, the Cg
concentrations were not corrected to ESM stocks, which could explain at
least part of the difference. In addition, changes observed for the Cg
concentration after land use change from grassland to cropland were
shown to be indeed less important than for bulk SOC in the study by
Schiedung et al. (2025). Two possible explanations for the lower Cg
stocks in cropland in our study include: (i) the important uncertainty (6
%; in the same order of magnitude as the observed mean; Fig. 4) asso-
ciated with this difference and (ii) some possible uncertainty associated
with the predicted Cg concentrations due to the fact that our dataset
crosses the limits of the calibration set of the model used to predict the
size of this pool with respect to some soil characteristics (i.e., soil depth,
SOC range, clay content range, and predicted Cg content range; Cécillon
etal., 2021). Importantly, changes recorded along the soil profile for the
content of the centennially active SOC pool (Ca) quantified by the same
method (defined as Cp (g C kg soil 1) = SOC — Cg; Fig. S3) were indeed
of a much higher amplitude than for Cg, confirming the more stable
nature of this pool compared to bulk SOC.

The predicted values for the concentration of Cg were higher in our
study site than in French cropland and grassland. The higher overall
values could indicate a higher amount of stabilized SOC in the Nordic
pedoclimate but should be interpreted with caution for the reasons
stated above. Theoretically, the lower temperatures, very high clay
content and concentration of Al- and Fe-oxides could support the for-
mation of a larger pool of stabilized SOC. Here, correlations between fCg
and soil properties observed in individual soil layers showed that the
contribution of fCg indeed increased as 8'°C indicated fewer fresh in-
puts, with increasing pH and counter-intuitively, with decreasing clay
content. The negative correlation between the size of the clay fraction
and fCg is likely at least partly due to the lower clay content in the
cropland soil, which also has lower SOC and is enriched in fCs.

4.4. Response of mineral associated organic carbon to changing land use
and soil depth

The slight increase in fMAOC with depth aligns with Georgiou et al.
(2022) and Henneron et al. (2022), who predicted a similar vertical
enrichment of about 6 %. However, the expected enrichment of fMaOC
in the cropland compared to the meadow (Begill et al., 2023; Delahaie
et al., 2024; Georgiou et al., 2022; Schiedung et al., 2025) was not
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observed in our study. Typically, grasslands accumulate up to twice
more POC than croplands, due to higher amounts of plant litter entering
the soil and the absence of tillage that can increase decomposition of soil
organic matter (Grandy and Neff, 2008; Janzen et al., 2022; Sokol et al.,
2022). In theory, conversion of grassland to cropland is associated to
losses of labile carbon mainly through the POC pool, which leads to an
enrichment in the contribution of fMaOC. Instead, in our study fMaOC
was similar between the two land uses in the 0-10 cm layer (the only
layer with a significantly higher POC in meadow than cropland; Fig. S3)
and even decreased in the cropland compared to the meadow in the
10-30 cm soil layers. This decrease in fMaOC is explained by the similar
POC concentration in these soil layers and by the very large fraction (up
to 96 %) of SOC occurring as MaOC in this soil, meaning that SOC losses
in cropland compared to meadow were associated to a strong decrease in
the size of the MaOC pool. The strong sensitivity of a significant fraction
(~50 %) of MaOC to land use change is supported by recent studies
(Anuo et al., 2024; Schiedung et al, 2025). The higher MaOC stock in the
meadow could be expected and explained by the high C inputs in this
system as reported above, leading to higher microbial activity and soil
OM transformation and accumulation (Cotrufo et al., 2013; Liang et al.,
2017; Sokol et al., 2022). Our results show that changes in MAOC in
cropped systems closely mirrored changes in total SOC (Fig. 4), consis-
tent with findings by Schiedung et al. (2025) in German grassland-to-
cropland conversion sites. This supports the view that not all mineral
association protects SOC from decay. Begill et al. (2023) describe MaOC
accumulation in soil with a skyscraper or “piling up” analogy, supported
by findings based on nano-scale imaging techniques (Schweizer, 2022;
Vogel et al., 2014). Similarly, Kleber et al. (2007) stated that adsorbed
organic molecules on mineral surfaces could be divided in different
zones, resulting in various stabilization intensities. In our study, the
strongest correlation found between fMaOC and soil properties was to
clay content, but was depth driven. Otherwise, fMaOC was decoupled
from any mineralogical or textural differences in individual layers.

4.5. Response of microbial necromass carbon to changing land use and
soil depth

As a proportion of SOC, contrary to our initial hypothesis, f/MNC was
similar amongst the two land uses and accounted for 20-30 % of SOC in
topsoils. This was also observed by Khan et al. (2016) reporting some-
what higher (50 % of SOC) but similar contribution of microbial nec-
romass to SOC in cropland and grassland soils. Other studies found that
fMNC was higher in grassland compared to cropland (Appuhn et al.,
2006; Yang et al., 2022). This trend was indeed evident in our study
regarding the concentration of MNC in topsoil, but not its relative pro-
portion to SOC, suggesting that C inputs are the main driver for amino
sugar production, while drivers of their stabilization may be more
complex. Contrary to our initial hypothesis, we observed a decline in the
relative proportion of fMNC with depth in all treatments (Fig. 7). We
found conflicting evidence regarding the expected depth gradient of this
fraction in previous studies. In an evaluation of global amino sugar
distribution based on 131 soil profiles, Ni et al. (2020) observed a
decline regarding amino sugar C concentration but an increase with
depth when expressed as a proportion of SOC. Yet, this observation was
made comparing the litter layer and the O-horizon to mineral soil
(pooling forest, grassland and cropland soils). The same study presents
unchanged fMNC with depth amongst the four layers representing the
top 1 m of mineral soil. Also grouping together forest, grassland and
cropland soils, Joergensen and Meyer (1990) mention a very slight but
increasing trend in the proportion of amino sugar derived SOC with
depth in the subsoil (18-46 cm). Results from Ding et al. (2019) suggest
that depth (0-50 cm) has no influence on fMNC proportion, while
Appuhn et al. (2006) reported a decrease in fMNC with depth and
underlined that nevertheless the assessed mean residence time of SOC
was following the opposite trend (increasing with depth). Struecker &
Joergensen (2015), observing contrasting trends in the proportion of
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fMNC with depth in two arable sites with variable SOC content, have
suggested that other factors may be forming the amino sugar distribu-
tion profile, such as nutrient limitation (C, N) rather than long-term
preservation. Another possible reason hindering necromass accumula-
tion in the studied soil could be its very high clay content. In the above-
mentioned global analysis, Ni et al. (2020) observed that above the
threshold value of 40 % clay, both the concentration and proportion of
MNC were strongly reduced. They suggest that soils with finer texture
could be creating an oxygen-limited environment hindering microbial
anabolism and thus production and accumulation of microbial necro-
mass. The only strong significant (positive) correlations of fMNC to soil
properties observed in individual soil layers in our study were to SOC
and C/N and limited to topsoil. Correlations with other indicators in the
subsoil showed that SOC age increased with decreasing fMNC, and in the
topsoil, fMNC increased with decreasing 8'3C (i.e., with increasing in-
fluence of fresh C inputs), all supporting that fMNC increased with
additional inputs and not with SOC stabilization.

4.6. Response of glomalin-related soil proteins to changing land use and
soil depth

As a mass proportion of SOC, contrary to our initial hypothesis,
fGRSP was lower in the meadow than the cropland (Fig. 7) and
accounted for 0.7-1.5 wt% of SOC in the top 30 cm. We found con-
trasting evidence in literature regarding the influence of land use on
fGRSP, with studies reporting higher fGRSP under grassland compared
to cropland (Zhao et al., 2025), the opposite trend (Huang et al., 2021;
Staunton et al., 2020), or even similar contributions of fGRSP in the two
land uses (Nautiyal et al., 2019). Although the evidence is not conclusive
regarding the proportion of fGRSP, in theory, GRSP concentration in
native ecosystems is expected to be higher. This hypothesis assumes that
GRSP is mainly a product of arbuscular mycorrhizal fungi (AMF), which
should thrive in undisturbed environments, and are sensitive to agro-
nomical practices such as tillage and the use of fertilizers, herbicides and
pesticides (Oehl et al., 2003; Staunton et al., 2020). Staunton et al.
(2020) interpret the lack of sensitivity of GRSP content to land use as a
decoupling between this concentration and AMF activity, suggesting
there may be other sources for its origin. Similarly, Cissé et al. (2021)
argue that GRSP may be introduced in the soil from different sources of
organic matter, including manure, root exudates, or crop residues.
Considering the large uncertainty associated with the relative change
observed in this parameter between the two land uses (Fig. 4) and its
multiple drivers described above, the slight differences we observed
here are difficult to interpret. Regarding the evolution of fGRSP with
depth, in our study we observed a decline in all treatments (Fig. 7). We
found contrasting evidence in literature regarding the evolution of
fGRSP in deeper soils. Numerous studies showed either an increase in
fGRSP with depth (Cissé et al., 2023; Rillig et al., 2001; Wang et al.,
2017), or indicated the opposite trend (Rillig et al., 2003; Woignier
et al., 2014), while others even found an unchanged fGRSP with soil
depth (Nautiyal et al., 2019). One possible explanation could be the
large variation associated with this parameter (2-3 times the observed
mean) presented in Wang et al. (2017) for 72 cropland soils as well as in
our study. Alternatively, following the argument presented by Cissé
et al. (2021) lack of accumulation of GRSP could be caused, as discussed
above for MNC, by nutrient availability.

4.7. On the variety of SOC stabilization indicators, their limitations and
potential

As, due to the complexity of the system and the interaction of mul-
tiple biotic and abiotic factors forming SOC stabilization, it is impossible
to directly measure this attribute (Lehmann et al., 2020; Schmidt et al.,
2011), research relies on developed proxies. Even though cycling of SOC
is occurring on a wide spectrum of timescales, for the purpose of this
discussion we use the simplified view that defines SOC as belonging
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either to an “active” or a “stable” pool, with mean residence times
shorter or longer than 30 years, respectively. We consider this an
appropriate division as it reflects observations from long-term field ex-
periments (excluding the small and very fast cycling C pool with turn-
over time less than a year; Balesdent et al., 1987; Lavallee et al., 2020)
and is a relevant time scale for studying the impact of disturbance
(Poeplau and Don, 2013).

Radiocarbon dating is a powerful tool for assessing the age of SOC,
not equal but closely related to its stabilization (Six and Jastrow, 2002),
capturing changes occurring at time scales from decades to thousands of
years. Mean SOC age is the average of very young and very old SOC
present in the soil (Torn et al., 2009), while predicting changes in SOC
requires a separation into pools with different kinetics (Trumbore, 2000)
that is subject to equifinality if both the sizes of the pools and their
turnover times are unknown. Similarly, §!3C has great potential to infer
SOC dynamics when used as a tracer in laboratory or field labelling
experiments (Mary et al., 2020; Rasse et al., 2006), but without
manipulation (labelling or vegetation change chrono sequence) and
without consideration of kinetic pools, changes in this indicator are the
result of multiple fluxes (Kriiger et al., 2024). This was also the case in
our study, meaning that in this setup both isotopic indicators can
describe the relative composition of SOC (i.e., containing more, or less
fresh, or young SOC as opposed to older SOC) and are useful for
comparing land uses and depths layers, but they do not provide infor-
mation on absolute SOC kinetics.

Physico-chemical indicators are on the rise as cheap, high
throughput methods, important for modelling studies-since they are
used to separate SOC in kinetic pools. Thermal stability is a powerful
proxy of biogeochemical stability of SOC, and combined with the
PARTYsoc model, it has the advantage of estimating the size of the
centennially stable SOC pool (Cécillon et al., 2018, 2021). As this
method was calibrated on sites where the size of this pool could be
estimated (long term bare fallows; Barré et al., 2010), the quantified
pool is less susceptible to changes at the relevant time scale (confirmed
also in agronomic experiments including plants; Kanari et al., 2022).
This approach combined with operational SOC models is valuable for
predicting SOC changes at the scale of multiple decades and informing
policy makers (Kanari et al., 2022). This method has been criticized for
the lack of mechanistic understanding it provides, although recently
progress has been made in this respect (Henneron et al., 2022). The
validity of this approach is supported also by strong observed links to
other methods including '#C, differential scanning calorimetry and
infrared spectroscopy (Barré et al., 2016; Plante et al., 2013; Sanderman
and Grandy, 2020; Schiedung et al., 2025). A current limitation of this
method before it can be more extensively used, is that the PARTYsoc
model requires further calibration in other pedoclimates, land uses
(forest soils) and depths. In contrast, mineral-associated OC is probably
the most widely adopted indicator of SOC stabilization, with data
available from various environments, soil types and land uses, since it
has the important advantage of requiring little expertise or equipment to
obtain. Support for the validity of this method comes from the concept of
stabilization of organic matter through interaction with the mineral
matrix (von Liitzow et al., 2006), the observation that on a global scale
MaOC has older mean ages than the coarser POC fraction (Cotrufo and
Lavallee, 2022), a lower C/N ratio (Cotrufo et al., 2019) and a higher
s8¢ signature (Poirier et al., 2005). Increasing evidence however shows
that this separation is not sufficient to obtain a homogeneous pool
regarding SOC mean residence time and that part of MaOC is actively
cycling at the decadal scale (Balesdent, 1996; Balesdent et al., 1987;
Jilling et al., 2025; Poeplau et al., 2023; Schiedung et al., 2025; Stoner
et al., 2023; von Liitzow et al., 2007). One theory explaining the het-
erogeneity of this pool suggests that different formation pathways exist
leading to MaOC fractions with different transformation pasts and
different properties (Sokol et al., 2022), while even since the concep-
tualization of this fractionation method it has been underlined that this
dualistic separation is not selective enough to separate uniform fractions
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in terms of chemistry and turnover rates (Lavallee et al., 2020).

Certainly, biochemical indicators can help fill the knowledge gap
regarding the processes behind SOC formation and stabilization. Amino
sugars are suitable biomarkers for assessing the origin of soil organic
matter, and empirical observations showing that older SOC has under-
gone microbial transformation (Derrien et al., 2023; Dynarski et al.,
2020; Liang et al., 2019) are in support of the argument that these
compounds can become stabilized in soil, e.g., through adsorption on
mineral surfaces. To our knowledge, few studies have attempted to
assess specifically the residence time of these compounds in soil,
reporting variable estimations: from 4 years (Derrien and Amelung,
2011), to 6-90 years (Glaser et al., 2006), or 75-160 years (Liu et al.,
2016). This is well in line with the idea that although it is not always the
case, under specific conditions amino sugars can accumulate and persist.
Similarly, originally, GRSP was not used as a proxy for SOC stabilization
but as a potential tracer of AMF activity, that are considered important
for soil aggregate formation (Agnihotri et al., 2021). Currently, the
origin of this fraction is debated (Holatko et al., 2021; Staunton et al.,
2020), while evidence of its longer mean residence time in soil is scarce.
We found one study specifically assessing the residence time of this pool
according to its 14C content and a simple stock flow model, with esti-
mations ranging from 6 to 42 years (Rillig et al., 2001). In addition,
based on an incubation experiment, Rillig et al. (2003) support the idea
that GRSP is only by 50 % in the active fraction because half of it was lost
after 400 days. However, in the same experiment only 10 % of SOC was
mineralized, meaning that as a proportion of OC, GRSP was reduced, i.
e., it was lost faster than bulk OC. Moreover, the only study we could
find investigating in-situ persistence of GRSP on the multidecadal scale
concluded that there is no indication of preferential preservation of this
fraction (Cissé et al., 2021).

5. Conclusions

Our study underlines that mean SOC age according to *C dating,
513C signature of bulk SOC and the proportion of centennially persistent
OC derived from thermal analysis can capture changes in C inputs and
intensity of disturbance between types of land use (cropland and
meadow), as well as the expected depth effect on SOC stabilization in the
top 40 cm of soil. On the contrary, in the studied system and time scale,
the fraction of mineral-associated OC is as sensitive as bulk SOC to
disturbance and is only slightly responsive to the depth effect. Regarding
amino sugar derived microbial necromass C and glomalin-related soil
proteins, we conclude that drivers of their production and stabilization
are more complex than hypothesized, as they did not show any of the
expected responses. Our study supports the use of isotopic and thermal
indicators for the evaluation of SOC stabilization at the scale of multiple
decades and we suggest that more research is needed to elucidate the
interactions and processes defining the stabilization of the mineral
associated OC and the studied biochemical compounds. To this end,
carefully designed experiments combining multiple indicators hold
great power.
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