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A B S T R A C T   

Reliable estimations of soil organic carbon (SOC) deficits in agroecosystems are crucial in evaluating the at-
mospheric C sequestration potential of agricultural soils and supporting management decisions. Nonetheless, the 
co-benefit on soil quality resulting from SOC accrual is rarely considered. Here, we assessed SOC saturation and 
soil physical quality in permanent grasslands (PG) and croplands (CR) by applying the C-saturation concept and 
the SOC:clay ratio as an indicator of soil physical quality to a set of long-term monitoring sites in western 
Switzerland. For this goal, we produced a new relationship between the silt + clay (SC) particles and the C stored 
in the mineral-associated fraction (MAOMC) and we assessed the assumption that grasslands can be used as C- 
saturated reference sites. The saturation in PG was not coincidental as it depended on the C accrual history. 
Hence, PG with the lowest MAOMC have not reached their C-saturation level and present a potential SOC storage 
under optimal management. The MAOMC saturation in CR was low (62 ± 4%) and corresponded to a deficit of 
− 8.8 ± 1.2 mg C g− 1 soil as compared to the current level in PG. The saturation was mainly affected by the 
proportion of temporary grassland in the crop rotation. The relative distribution of C between MAOM (~80%) 
and the fine and coarse particulate organic matter (POM) was not affected by land-use types. The MAOMC 
saturation in this study (MAOMC = 0.372 × SC + 4.23) was similar to that reported in the litterature, but 
discrepancies appeared when the silt and clay contents were considered separately. SC was by far the main factor 
explaining MAOMC amount in PG (semi-partial R2: 0.66). In contrast to other studies, the C content of MAOM in 
PG (43 mg C g− 1 SC) was not related to the SC content, suggesting a fixed maximal value in C-saturated soils. 
Nonetheless, MAOMC saturation may be underestimated as the least saturated PG might still accumulate 
MAOMC. Finally, the SOC:clay ratio was correlated with MAOMC saturation level in CR, but not in PG suggesting 
that targeting SOC accrual in CR optimizes the benefits between soil C storage and soil quality.   

1. Introduction 

As most cropland soils are strongly depleted in soil organic carbon 
(SOC) (Sanderman et al., 2017), increasing SOC in these soils is espe-
cially relevant when addressing, simultaneously, several global chal-
lenges, such as climate change mitigation and adaptation as well as food 
security (Chenu et al., 2019). 

To estimate the carbon (C) storage potential of agricultural soils, it is 
necessary to determine the maximum attainable SOC level in these soils. 

The C-saturation concept defines an upper limit of SOC that is not sub-
ject to decomposition due to mineral protection (Schmidt et al., 2011), a 
limit that is not dependent on climate or land-use type, but only on soil 
physicochemical characteristics (Stewart et al., 2007). It is commonly 
accepted that once the mineral fraction is saturated, additional SOC 
accrual may occur only for poorly protected SOC fractions with a fast 
turnover rate (Six et al., 2002). It has been recently shown that the 
maximum levels of organic C in the mineral-associated organic matter 
fraction (MAOMC; < 50 µm) in grasslands and forests across Europe from 
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the Land Use and Coverage Area frame Survey (LUCAS) is about 50 mg C 
g− 1 soil, while the amount of organic C in the particulate organic matter 
fraction (POMC; 50–2000 µm) continues to increase with increasing bulk 
SOC content (Cotrufo et al., 2019). Nonetheless, achieving the theoret-
ical maximum MAOMC level (i.e. MAOMC saturation) is not realistic 
everywhere as climatic constraints are difficult to overcome and not all 
land-use types are interchangeable. Thus, an “effective” MAOMC-satu-
ration level can be determined for a specific pedoclimatic and land-use 
type combination that corresponds to the level at which an increase of 
soil C input does not lead additional MAOMC accrual (Stewart et al., 
2007). 

Grasslands have higher SOC contents than croplands (Guillaume 
et al., 2021) and both croplands and forests are depleted in MAOMC 
compared to grasslands (Cotrufo et al., 2019; Poeplau and Don, 2013; 
Wiesmeier et al., 2014b). As grasslands, which experience high soil C 
inputs and little soil disturbance, are expected to be saturated in 
MAOMC, soil measurements collected on this land-use type have been 
used as a reference in determining a relationship for MAOMC saturation 
as a function of the proportion of silt + clay (SC) particles < 20 µm 
(Hassink, 1997). This relationship has been widely adopted to estimate 
the impact of land-use type and management on SOC deficit (Carter 
et al., 2003; Gregorich et al., 2009; Liang et al., 2009; Sparrow et al., 
2006; Zhao et al., 2006) as well as the SOC storage potential in different 
countries (Angers et al., 2011; Chen et al., 2019; McNally et al., 2017; 
Wiesmeier et al., 2015, 2014a). The relationship between MAOMC and 
the mass proportion of silt + clay particles was initially established by 
linear regression on a wide range of soils from temperate and tropical 
climates (Hassink, 1997). However, Six et al. (2002) showed that this 
relationship was not universal and was influenced by the dominant clay 
type and the upper limit of the particle-size fraction (<20 vs. < 50 µm). 
More recently, few studies attempted to develop new relationships 
adapted to local conditions. For example, two studies were conducted in 
natural grasslands located in a dry and cold area in northern China to 
derive new equations that showed lower saturation capacity (Liang 
et al., 2009; Wiesmeier et al., 2015). Another study, which was con-
ducted in a cool and humid area of Canada, found a relationship similar 
to the one proposed by Hassink (1997) (Carter et al., 2003). Further-
more, it was argued that the use of least squares regression was under-
estimating the level at which MAOMC saturates as the methodology 
implies that about half of the data points that fall above the regression 
line are apparently oversaturated (i.e. positive residuals) while the other 
half below the regression line are apparently under-saturated (i.e. 
negative residuals) (Beare et al., 2014; Feng et al., 2013). Thus, a 
boundary line analysis using a top quantile of the data points (e.g. 10 %) 
was subsequently proposed and used in several studies to investigate the 
relationship between silt + clay and MAOMC fractions (Baldock et al., 
2019; Beare et al., 2014; Cai et al., 2021; Fujisaki et al., 2018). 

The maximum attainable SOC storage potential is, however, a target 
that is practically difficult to achieve (Amundson and Biardeau, 2018). 
Besides important socio-economic constraints, changing the steady-state 
status of SOC stocks for a specific land-use type requires either an in-
crease of C inputs to the soil or a decrease of SOC mineralization 
resulting from a change in management or land use (Chenu et al., 2019; 
Wiesmeier et al., 2020). Hence, the availability of organic amendments 
and the management of crop residues are major factors determining the 
maximum attainable SOC storage capacity for a cropping system 
(Blanchet et al., 2016; Koishi et al., 2020; Maltas et al., 2013). Similarly, 
the trade-offs between C sequestration and the resulting economic and 
environmental costs associated with nutrient sequestration may drive 
down the targeted SOC levels (Lugato et al., 2018; Van Groenigen et al., 
2017). 

The role of SOC on soil quality and functioning is unanimously 
acknowledged and used repeatedly along with C sequestration to justify 
research on soil organic C accrual (Baveye et al., 2020; Bossio et al., 
2020; Rumpel et al., 2020). While it is implicitly assumed that targets 
defined for C storage using, for example, the C-saturation concept are 

also adequate and applicable to reach optimum soil quality, no study to 
our knowledge has evaluated the relationships and trade-offs between 
both in order to address the question of whether simultaneously 
attaining SOC saturation and soil quality targets is realistic. In theory, 
the aim of sequestrating C in soil should first promote large SOC pools 
with slow turnover rates, such as the MOAMC fractions. Nevertheless, 
small labile SOC pools, such as POMC in croplands and grasslands, are 
also important in maintaining the quality of soil physical, chemical and 
biological characteristics (Duval et al., 2018; Haynes, 2005). It has been 
shown that some important soil properties related to soil physical 
quality (e.g. clay dispersability, matrix porosity and bulk density) were 
more related to the bulk SOC-to-clay ratio (SOC:clay) than to the bulk 
SOC alone (Dexter et al., 2008). A SOC:clay threshold of 1:10 was 
identified in several studies from different European countries and, 
based on independent methodologies, determined to be critical for 
maintaining soil physical quality (Dexter et al., 2008; Jensen et al., 
2019; Johannes et al., 2017a; Prout et al., 2020). One of these studies 
conducted on grasslands and croplands found that below the SOC:clay 
threshold of 1:10 the macroporosity (>150 µm) is likely strongly 
reduced and the risk of structure collapse increases due to a loss of 
hydrostructural stability, making the soil more prone to mechanical 
stress (Johannes et al., 2017a; Johannes et al., 2017b). 

Based on the above considerations, the main goals of this study were: 
(i) to assess the C deficit in the cropland-grassland system of western 
Switzerland using Hassink’s approach and determine the factors 
affecting the level of MAOMC saturation in croplands; (ii) to investigate 
the relationship between the level of MAOMC saturation and soil phys-
ical quality here indicated by the SOC:clay ratio; and (iii) to assess the 
potential limitations in Hassink’s approach to determine the maximum 
capacity of soil C storage. In particular, we investigated the assumption 
of MAOMC saturation in grasslands, the particle-size limit used in the 
methodology and the impact of factors related to site conditions, other 
than texture, on MAOMc levels in grasslands. 

2. Materials and methods 

2.1. Study sites 

The study was carried out in the Canton of Fribourg (Switzerland) 
using long-term soil monitoring sites of the FRIBO network established 
by the Agricultural Institute of the Fribourg Canton (Guillaume et al., 
2021; Levasseur et al., 2019). The Fribourg Canton (167,000 ha) is 
located north of the Alps in the western part of Switzerland (46◦ − 47◦N, 
7◦E). It lies on the Swiss Midland between the Jura Mountains’ piedmont 
(NW) and the Western Alps’ foothills (SE), representing a NW-SE 
gradient of soils, elevation and climate. The Midland elevation gradu-
ally increases from 429 m a.s.l. in the NW to about 900 m a.s.l, where 
steeper slopes occur in the Alps’foothills (<2389 m a.s.l.). The geology is 
composed of Tertiary molasse (sandstone, marl) partly covered by 
glacier moraine deposits. The lowest part of the NW area is mostly 
covered by lake and alluvial sediments. This part is relatively flat, while 
the rest of the Midland presents a smooth, hilly topography. Soils are 
dominantly Cambisols, Gleysols and Fluvisols (Frau et al., 2020). The 
climate is temperate continental (MAT: 8.9 ◦C; MAP: 1075 mm) in the 
Midland, but for every increase of 100 m elevation the amount of pre-
cipitation increases by about 80 mm and temperature decreases by 
about 0.5 ◦C (Dumas, 2013; Sevruk, 1997). Agricultural land (AL) oc-
cupies about 75,516 ha, with 67 % under permanent (PG) and tempo-
rary (TG) grasslands and 30 % under annual crops, half of which are 
cereals and the rest mostly maize, rapeseed, potatoes and sugar-beets 
(DIAF, 2019). Temporary grasslands, according to Swiss legislation 
(OTerm 910.91), are areas that are designated mainly for forage pro-
duction and occasionally for grazing for ≤ 6 years as part of crop 
rotations. 

The FRIBO network is composed of 250 sites, which were established 
in 1987 and based on a 2 × 2 km grid (Julien and Morand, 1995). The 
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number of sites is intentionally biased towards croplands since one of 
the major focuses of the network is to monitor soil degradation. Out of 
the 184 well-drained cropland and grassland sites (Guillaume et al., 
2021), SOC fraction analysis was conducted on 58 well-drained (Cam-
bisols or Fluvisols) sites that were purposely selected to represent the 
diversity of land-use trajectories and site conditions (Table S1). The 
current data set includes 24 sites under croplands (CR) and 24 sites 
under permanent grasslands (PG) during the whole 30-year monitoring 
period, as well as 10 sites that experienced one to several land-use 
changes (LUC) between CR and PG. One CR site with extreme cPOM 
value (13 mg C g− 1 soil representing 64% of bulk SOC) was kept only for 
analysis on MAOM. Over the 30-year monitoring period the main crop 
for each year was recorded at each site. Sites that have never been 
cropped for the last 30-year period were classified as PG. PG are used for 
grazing or forage production. The most intensive managed grasslands 
are cut up to five times per year to produce forage and are fertilized with 
manure and slurry (Huguenin-Elie et al., 2017). Sites that remained 
under crop rotation during the 30-year period were classified as CR. 
Most CR sites included TG in the crop rotation, and the proportion of 
years with TG (Grass) or with cereals (Cer) over the 30-year period 
varied between CR sites. Sites with TG > 6 consecutive years were 
considered to have experienced LUC, even if they were subsequently 
converted to croplands. Similarly, PG that were cultivated for at least 1 
year were considered as sites that experienced LUC. 

2.2. Soil analysis 

Each FRIBO site consists of a 10 × 10 m plot that is sampled every 5 
years since the beginning of the monitoring in 1987. Soil samples (0–20 
cm) were collected in 2016 (the 6th sampling cycle) according to the 
FRIBO methodology (Guillaume et al., 2021). Each sample is a com-
posite sample from 25 sampling points collected on a 2 × 2 m grid. 
Thirteen of the 24 PG sites and 3 of the 10 LUC sites were additionally 
sampled in 2020 using the same methodology to increase the number 
SOC size fraction measurement. Soil size fractions were isolated to 
standard procedures (NF ISO and NF X methods). More specifically, 
three size fractions of organic matter, namely the coarse particulate 
organic matter (cPOM, 2000–200 µm), the fine particulate organic 
matter (fPOM, 200–50 µm) and the mineral-associated organic matter 
(MAOM, < 50 µm), were separated by sieving after shaking 50 g of soil 
for 16 h in 180 ml of water with 20 glass beads to break the aggregates 
(NF X 31 516). Each isolated SOC size fraction as well as bulk soil were 
analyzed for organic C content (NF ISO 14235, sulfochromic oxydation) 
and total nitrogen (NF ISO 13878, elemental analyzer). The particle size- 
analysis was done using the pipette method and the proportions of clay, 
silt and sand are reported as mass proportion of total particules mass. 
The mass proportion of clay determined in the particule size-analysis 
was used along with the mass proportion of SOC in bulk soil to calcu-
late the SOC:clay ratio. The rate of SOC changes in the last 30 years and 
soil property data used for the multiple regression analysis [pH H2O, 
ammonium acetate EDTA exchangeable potassium (KAAE) and magne-
sium (MgAAE), available phosphorous (PNaHCO3)] correspond to a subset 
of the data previously published by Guillaume et al. (2021) and are 
presented in Table S1. 

2.3. Calculation of MAOMC saturation 

Mineral-associated organic matter C saturation was determined 
using Hassink (1997) methodology. Permanent grasslands (n = 24) were 
considered as saturated and used to establish the relationship between 
MAOMC at saturation and the proportion of silt + clay particles (sum of 
silt and clay proportions determined in the particule-size analysis) using 
a linear least squares regression. 

The level of MAOMC saturation at each site was calculated by 
dividing the measured MAOMC with the expected amount of MAOMC at 
saturation for similar silt + clay proportion (SC) determined for FRIBO 

using permanent grassland sites. The C deficit in croplands corresponds 
to the difference between the MAOMC expected at saturation with the 
current level of MAOMC. The same approach was used for nitrogen (N). 
When specified, the MAOMC saturation according to Hassink was 
calculated using the silt + clay content from the FRIBO sites and the 
parameters published in Hassink (1997); i.e. MAOMC saturated = 0.370 
× SC + 4.09 . Finally, we also tested the approach based on quantile 
regression on PG sites instead of least squares regression to determine 
MAOMC saturation (see Statistical analysis section). 

In order to compare the amount of MAOMC and the relation with silt 
+ clay found for PG in our study region with grasslands from a broader 
area, we used MAOMC data published by Cotrufo et al. (2019) for the 
Land Use/Cover Area frame Survey (LUCAS) across Europe. In their 
study, the MAOMC values for about 10′000 forest and grassland sites had 
been estimated from the prediction based on a random forest model 
fitted with MAOMC data measured from a subset of sites (n = 186). For 
the comparison, we selected grassland sites (land cover = E20) from 
LUCAS that were within the range of pedoclimatic conditions found in 
our study, i.e. mean annual temperature of 6.5–10 ◦C, annual precipi-
tation of 1000–1400 mm, and pH of 5.2 – 7.3. In total, 13 sites with 
measured MAOMC values and 285 sites with estimated MAOMC values 
from LUCAS met the criteria. 

2.4. Statistical analysis 

All statistical analyses were performed using R software 3.6.1 (R 
Core Team, 2020). Effects of land-use type and co-variables such as silt 
+ clay (% of mass) on SOM fractions were assessed by ANCOVA models 
(function lm). If the interaction between explanatory variables was 
significant, differences in the effects of silt + clay on SOM fractions 
between land-use types were assessed by the function emtrends (emmeans 
package). If not significant, the interaction terms were removed from the 
model and differences between the three lands uses were assessed by the 
function emmeans (emmeans package). Variance partitioning between 
land-use type and the co-variable silt + clay was assessed by partial eta- 
squared (η2) computed using the etasq function (heplots package). The 
effect of land-use type on MAOMC-saturation level (Fig. 2) was assessed 
by ANOVA (function aov). The performance of models including silt and 
clay separately or together was evaluated based on Akaike information 
criterion (AIC). Significance of AIC difference between models was 
determined with the function anova. ANCOVA and ANOVA model as-
sumptions were tested by the Shapiro and Bartlett tests, and data were 
log-transformed if necessary. A quantile regression was performed to 
determine the relationship between MAOMC and silt + clay for the top 
quartile in permanent grasslands with the function rq of the quantreg 
package (Koenker, 2017). 

The importance of pedoclimatic factors on the amount of MAOMC in 
PG and the saturation level in CR was determined by multiple linear 
regressions with stepwise selection (function stepAIC), and the semi- 
partial coefficient of determination was calculated with standardized 
variables (function r2beta). Only variables with a Pearson correlation 
coefficient < 0.70 were used in the multiple regression to limit collin-
earity effects. The model with data from LUCAS in 2009 (dataset ID 
35277), as well as the associated R script and data produced by Cotrufo 
et al. (2019), were provided by the European Soil Data Center. In order 
to compare the relationship between MAOMC and silt + clay for our 
study region with the one for similar grasslands across Europe, the 
average response of MAOMC to silt + clay content (Fig. S1) was 
computed from a partial dependence plot (PDP) of the random forest 
model developed by Cotrufo et al. (2019). This model computes MAOMC 
as a function of silt + clay content, pH, total SOC, total soil N, N 
deposition, MAT, land cover, and extractable K. The PDP reported in 
Fig. S1 describes the marginal effects of silt + clay content on the 
MAOMC values predicted by the random forest model. It is determined 
by averaging the model outputs over all model inputs except silt + clay 
content. If not specified, data are presented as mean ± standard error 
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(SE) and discussed differences are significant at p-value < 0.05. 

3. Results 

3.1. Land-use impact on C and N pools 

The proportion of silt + clay particles (SC) and the land-use types 
were good predictors (R2

adj: 0.81, n = 58) of the amount of organic C 
associated with silt + clay particles (MAOMC; mg C g− 1 soil) (Fig. 1a). 
The slope was steeper in PG [MAOMC = 0.372 (±0.087) × SC + 4.23 
(±3.89)] compared to CR [MAOMC = 0.199 (±0.054) × SC + 4.073 
(±2.48)], but the interaction between land use and silt + clay content 
was not significant (F = 1.99, p = 0.147). Based on the difference be-
tween intercepts and regardless of mineral particle content, CR and LUC 
were depleted by − 8.76 ± 1.22 and − 5.34 ± 1.40 mg C g− 1 soil, 
respectively. 

The average organic C content of silt + clay particles (MAOMC 
content; mg C g− 1 SC) was affected by land-use type (F = 29.4, eta2 =

0.53), but not by silt + clay content (F = 0.002, p = 0.96, eta2 < 0.01) 
and there was no interaction between land-use and silt + clay content 
variables (F = 0.28, p = 0.76, eta2 = 0.01) (Table 1). The mean MAOMC 
content for PG sites was 43 mg C g− 1 SC with a standard deviation (SD) 
of 7 mg C g− 1 SC and a maximum of 54 mg C g− 1 SC (Fig. 1b). C:N ratios 
of MAOM (MAOMCN mean = 8.1, SD = 0.7) were not affected either by 
silt + clay content (p = 0.21) or land-use type (p = 0.34) (Fig. 1b). 

Most SOC was concentrated in the MAOMC (<50 µm, 66–87 %), 
followed by the fine particulate organic matter fraction (fPOMC, 50–200 
µm, 8–26 %) and the coarse particulate organic matter fraction (cPOMC, 
200–2000 µm, 3–10 %) (Table 1). MAOMC (r = 0.98) and fPOMC (r =
0.84) were strongly correlated with bulk SOC and with each other (r =
0.73). The correlation between cPOMC and other fractions was weaker 
as correlation coefficients decreased to 0.64 for bulk SOC, 0.62 for 
fPOMC and 0.56 for MAOMC. 

The land-use type had no effect on the relative distribution of organic 
C in the three size-fractions (p > 0.24, Table 1), but the proportion of 
SOC in MAOM slightly increased with increasing proportion of silt +
clay particles (0.09 ± 0.04% per % SC) while the proportion of SOC in 
cPOM decreased (-0.09 ± 0.02% per % SC). In fact, cPOMC did not in-
crease with increasing silt + clay content as was the case for the other 
two finer fractions (Table 1). 

The C:N ratio decreased in the finer fractions (Table 1). Within each 
fraction, C:N ratios were not affected by land-use type nor by silt + clay 
content, except for the fPOM where the corresponding C:N ratio was 
higher in CR than in PG and LUC. Hence, C and N were similarly affected 
by land-use type and silt + clay content in all fractions. The only 
exception was that fPOM in CR was more depleted in N than other 
fractions. 

3.2. Mineral-associated organic C saturation 

The MAOMC levels in PG corresponded to the levels expected for 
saturated soil (101 ± 3%) according to Hassink (1997). Using the 
MAOMC observed in PG as reference for saturated soils, the level of 
MAOMC saturation in LUC (79 ± 4%) and CR (62 ± 4%) indicated a 
strong deficit in MAOMC (Fig. 2). 

The relationship between MAOMN and silt + clay content deter-
mined in PG [MAOMN (mg g− 1) = 0.037 (±0.006) × SC + 0.983 
(±0.387)] was slightly weaker (R2

adj = 0.60) than for MAOMC. Although 
the slope was similar to the one found by Hassink’s model (MAOMN =

0.037 × SC + 0.40), the intercept was higher, indicating an over-
saturation in MAOMN (123 ± 4 %) for PG. 

The model selected by multiple regression with stepwise selection 
explained 64% of the variation in saturation levels observed in CR 
(Table 2). Only two factors, namely the proportion of temporary grass-
lands in the crop rotation (Grass) and the exchangeable K (KAAE) had a 

Fig. 1. Effect of land-use type on the relationships between (a) mineral- 
associated organic C (MAOMC) and the mass proportion of silt + clay parti-
cles (<50 µm, SC) and between (b) the contents of organic C (MAOMC) and total 
N (MAOMN) in the silt + clay fraction. Solid lines represent the regression for 
permanent grasslands (PG), croplands (CR) and sites having experienced at 
least one land-use change in the last 30 years (LUC). The dashed line in (a) 
represents the relationship for permanent grassland found by Hassink (1997), 
whereas the dashed line in (b) represents the carbon to nitrogen (C:N) ratio =
10 of MAOC. 

Fig. 2. MAOMC saturation in croplands (CR) and land-use change sites (LUC) 
using MAOMC in permanent grasslands (PG) as reference level for saturated 
soils following the equation determined in this study: MAOMC saturated =
0.372 × % SC + 4.23 (Fig. 1). PG Hassink represents the saturation level of PG 
calculated using the silt + clay proportion of PG and the relationship between 
the proportion of silt + clay particles and MAOMC determined by Hassink 
(1997): MAOMC saturated = 0.370 × SC + 4.09. Letters represent significant 
differences at p < 0.05 modeled by ANOVA. 
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significant effect on the saturation levels in CR but Ptot and MgAAE were 
also kept in the model by the stepwise selection. Grass had the highest 
semi-partial R2 (0.55), i.e. almost doubled as compared to KAAE. Factors 
related to other site pedoclimatic conditions (clay, elevation, pH and 
slope) or history (Cer and ΔSOC) were not selected in the model. 

3.3. Influence of C-saturation level on soil physical quality 

The SOC:clay ratio was < 1:10 in 62 % of the CR sites, but only 2 sites 
in LUC and 3 in PG were below this threshold (Fig. 3). Twenty percent of 
CR sites were even < 1:13. The strength of the relationship between 
organic C saturation in the MAOM fraction and the SOC:clay ratio varied 
depending on the land-use type, and the interaction between the two 
variables was significant (Fig. 3). For this analysis the data were log- 
transformed to meet the normal distribution criteria for ANCOVA, and 
one PG site with high clay content (61 %) and low SOC:clay ratio 

(<0.05) was considered as an outlier and excluded. The slope for CR 
(0.011 ± 0.003) was higher compared to PG (0.001 ± 0.003), but not 
compared to LUC (0.002 ± 0.006). The confidence interval (CI) for the 
PG and LUC slopes included zero but the CR slope was significantly 
different from zero (F = 2.55, p < 0.04, CI: 0.005–0.017). The SOC:clay 
ratio was negatively correlated with MAOMC content for PG (Fig. 4). For 
the PG sites, the SOC:clay ratio was positively correlated only with the 
proportion of cPOMC in bulk SOC. By contrast, the apparent MAOMC 
saturation was negatively correlated with the proportion of cPOMC and 
positively correlated with the proportion of fPOMC (Fig. 4). 

The apparent MAOMC saturation in PG sites was not correlated with 
the SOC:clay ratio. One oversaturated site (>100 %) was below the 
optimum SOC:clay ratio (0.10), while several unsaturated sites were 
above this optimum. In CR sites, the relationship between saturation and 
SOC:clay ratio [SOC:clay = 0.0011 (±0.0002) × MAOMC saturation +
0.028 (±0.016)] indicated that a saturation of 65 % is required to reach 
a SOC:clay of 1:10. Nonetheless, a site with an apparente saturation as 
low as 52 % had already reached this level, i.e. the minimum threshold 
for good soil structure (Fig. 3). 

Table 1 
Effect of land-use type and mass proportion of silt + clay particles on SOM fractions in permanent grasslands (PG), croplands (CR) and land-use changes (LUC) sites.   

Land-use type (mean ± SE) Variables   

PG CR LUC Land use Silt + clay Interaction R2
adj 

SOC† 34.0 ± 1.8c 14.4 ± 0.8 a 25.0 ± 1.8b ***¥ + *** n.s. 0.78 
MAOMC content$ 42.5 ± 1.4c 26.5 ± 1.2 a 33.0 ± 1.7b *** n.s. n.s. 0.56 
MAOMC

† 26.6 ± 1.5c 13.3 ± 0.6 a 19.7 ± 1.1b *** + *** n.s. 0.81 
fPOMC

† 5.3 ± 0.6b 2.2 ± 0.2 a 3.5 ± 0.4 ab *** + m.s. n.s. 0.46 
cPOMC

† 2.2 ± 0.1b 1.2 ± 0.1 a 1.8 ± 0.2b *** - m.s. n.s. 0.42 
MAOMC rel‡ 78.3 ± 1.1 79.5 ± 0.7 78.8 ± 1.6 n.s. + ** n.s. 0.10 
fPOMC rel‡ 15.0 ± 1.1 13.3 ± 0.5 13.8 ± 1.3 n.s. n.s. n.s. − 0.05 
cPOMC rel‡ 6.7 ± 0.4 7.3 ± 0.4 7.3 ± 0.7 n.s. -*** n.s. 0.38 
MAOMCN 8.3 ± 0.1 8.1 ± 0.2 8.0 ± 0.1 n.s. n.s. n.s. − 0.02 
fPOMCN 11.4 ± 0.3 a 13.2 ± 0.3b 11.9 ± 0.4 a *** n.s. n.s. 0.29 
cPOMCN 17.6 ± 0.6 18.3 ± 0.5 18.0 ± 0.8 n.s. n.s. n.s. 0.01  

† mg C g− 1 soil. 
$ mg C g− 1 SC. 
‡ % of total C. 
¥ Significance levels (p-values): n.s. > 0.10, m.s. > 0.05, * < 0.05, ** < 0.01 and *** < 0.001. The direction of the relationship for silt + clay (mass proportion) is 

indicated by + and – signs. 

Table 2 
Variables influencing the saturation level of organic C in MAOM fraction in 
croplands (CR) and the amount of MAOMC in permanent grasslands (PG). 
Models selected by multiple regressions with stepwise selection of the following 
variables: ΔSOC: rate of SOC changes in the last 30 years, pH in water, KAAE: 
exchangeable K, MgAAE: exchangeable Mg, PNaHCO3: available P, Ptot: total P, 
elevation, slope, Grass and Cer: proportion of temporary grasslands or cereals in 
the crop rotation (only for CR), clay: clay particles content (only for CR), silt +
clay: Mass proportion of silt + clay particles (only for PG).  

Response variables Explanatory 
variables 

R2 Estimates† p-values 

Saturation level in CR (n 
= 24) 

Model  0.64 54 ± 26 <0.001 
Grass (%)  0.55 0.41 ±

0.09 
<0.001 

KAAE (g kg− 1)  0.30 75 ± 26 <0.05 
Ptot (g kg− 1)  0.23 28 ± 12 <0.05 
MgAAE (g kg− 1)  0.19 − 64 ± 31 <0.10 
- Elevation/slope/clay/ΔSOC/Cer/pHH2O/PNaHCO3: 
removed during the stepwise regression 

MAOMC in PG (n = 24) Model  0.80 − 47 ± 19 < 0.001 
Silt + clay (%)  0.66 0.36 ±

0.06 
< 0.001 

pHH2O  0.22 5.5 ± 2.4 < 0.05 
ΔSOC (mg g− 1 

yr− 1)  
0.21 11 ± 5 < 0.05 

Elevation (m a.s.l.)  0.18 0.02 ±
0.01 

< 0.10 

-PNaHCO3/PTOT/KAAE/MgAAE/slope: removed during the 
stepwise regression  

† Estimates (mean ± SE) correspond to the slope for variables and to the 
intercept for the model. 

Fig. 3. Relationship between soil physical quality defined as the SOC:clay ratio 
and organic C saturation in the MAOM fraction in permanent grassland (PG), 
land-use change (LUC) and cropland (CR) sites. The thresholds for good (ratio 
> 0.10) and poor (ratio < 0.077) soil physical quality as defined by Johannes 
et al. (2019) are indicated by horizontal dotted lines. The PG site with SOC:clay 
ratio < 0.05 and high clay content is represented in the figure, but it is excluded 
from the ANCOVA analysis (n = 57). 
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3.4. Mineral-associated organic C in grasslands 

The silt + clay content was by far the factor that explained the most 
variation of MAOMC amount in PG (Table 2). The semi-partial R2 for silt 
+ clay (0.66) was at least three times higher than the ones for the two 
other significant variables in the model, namely pHH2O (0.22) and ΔSOC 
(0.21). The factor Elevation was kept in the model but was not signifi-
cant. Together these variables were sufficient to explain 80 % of the 
variation on MAOMC in PG. The relationship between silt + clay and 
MAOMC in the multiple regression model that included site pedoclimatic 
condition and the variable related to the land-use history (slope = 0.36, 
semi-partial R2 = 0.55) was similar to the relationship that included only 
silt + clay (slope = 0.37, R2 = 0.59); i.e. corresponding to Hassink’s 
approach. 

Models using Hassink’s approach but relating MAOMC to different 
size particle fractions such as clay alone or silt and clay were compared. 
The relationship between MAOMC and silt and clay fractions included 
separately in the same model was: MAOMC = 0.440 (±0.073) × clay – 
0.131 (±0.158) × silt + 10.49 (±5.31). Nonetheless, only the coefficient 
for clay content was significant (p < 0.001) while the intercept was 
marginally significant (p = 0.06). Although the performance of the 
model was slightly higher (R2

adj = 0.62; AIC = 144) compared to the one 
using Hassink’s approach (R2

adj = 0.59; AIC = 145), the performance of 
both models did not improve significantly (F = 2.72, p = 0.11). Finally, 
the model with clay as unique explanatory variable [MAOMC = 0.451 
(±0.071) × clay + 14.51 (±2.11)] had a similar performance (R2

adj =

0.62; AIC = 143) to the model including clay and silt fractions separately 

(F = 0.68, p = 0.42). 
The range of clay content in PG was wider (16–61 %) than the range 

of silt content (23–44 %, Fig. 5, Table S1). When silt accounted for a high 
proportion of the silt + clay particles, Hassink’s equation tended to 
overestimate MAOMC for the FRIBO sites (Fig. 5a). When compared with 
data from Cotrufo et al. (2019) for LUCAS grasslands with pedoclimatic 
conditions similar to FRIBO, the measured values of MAOMC from 
LUCAS (LUCAS_measured) were close to the ones expected at FRIBO 
sites with similar silt and clay content. Nonetheless, at LUCAS sites with 
modeled values (LUCAS_estimated) of MAOMC, the MAOMC was much 
higher for low silt + clay content than what would be expected for 
similar soils in FRIBO. 

Similarly, MAOMC content (mg C g− 1 SC) for LUCAS_measured sites 
was higher at low silt + clay content compared to FRIBO (Fig. 5b). In 
FRIBO, the relationship between MAOMC content and the silt and clay 
fractions included separately followed the equation: MAOMC content =
0.15 (±0.11) × clay – 0.35 (±0.24) × silt + 5.00 (±0.81). None of the 
particle-size fractions tested separately in the same model (F = 1.65, p =
0.22), together as silt + clay (F = 0.19, p = 0.66), or with only clay (F =
1.14, p = 0.30) had significant effects on the MAOMC content. The 
highest MAOMC content in PG was 54 mg C g− 1 SC. 

Finally, the relationship between MAOMC (mg C g− 1 soil) and silt +
clay determined from a quantile regression on the quartile of PG sites 
having the highest MAOMC as a function of their silt + clay content 
[MAOMC = 0.441 (±0.114) × SC + 3.12 (±6.45)] showed a slope that 
was 19% steeper than the common approach using least squares 
regression including all PG sites. 

Fig. 4. Pearson correlations for permanent grasslands (PG) between SOC:clay ratio, apparent deviation of MAOMc from saturation (C-saturation) and different 
parameters (–CN––C:N mass ratio, -C_rel = proportion of bulk SOC in the fraction [%], -C = amount of SOC in the fraction [mg C g− 1 soil]) in the coarse (cPOM; >
200 µm) and fine (fPOM; < 200 and > 50 µm) POM fractions as well as in the MOAM fraction (<50 µm). Colored circles indicate significant correlations at p < 0.05. 
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4. Discussion 

4.1. Impact of land use on SOM fractions and C saturation 

The C storage potential of cropland soils was considerable, varying 
from 2 to 14 mg C g− 1 soil in the top 20 cm of the studied cropland sites, 
corresponding to a current average level of MAOMC saturation of 62%. 
The relative C deficit was not influenced by soil texture as indicated by 
the non-selection of clay in the multiple regression model (Table 2). This 
means that a larger absolute C amount could potentially be sequestered 
in soils with finer texture. 

The proportion of temporary grasslands within the crop rotation was 
the main factor affecting the level of MAOMC saturation in croplands, 
explaining 55% of the variation even after the inclusion of all other 
factors. The importance of including temporary grasslands in farm 
management to increase bulk SOC has previously been highlighted 
(Guillaume et al., 2021). It demonstrates that farmer’s choices about 
their crop rotation directly affect soil C storage (Table 2). The other 
factors explaining the saturation levels in croplands (KAAE and Ptot) were 
related to the nutrient status of the soil. Higher SOC at sites with higher 
chemical fertility may be a consequence of the positive effect of fertil-
ization on biomass production, resulting in higher soil C inputs that is 
not fully compensated by an increase of SOC mineralization (Rüegg 
et al., 2019). 

The importance of nutrient limitations on the level of MAOMC 
saturation in croplands may also be highlighted by the stronger deple-
tion of the N pool in the fPOM fraction of croplands, leading to a higher 
fPOMCN than in other land-use type (Table 1). Moreover, in permanent 
grasslands, high N contents in the fPOM fraction (i.e. low fPOMCN) were 
associated with high MAOMC (Fig. 4). This fraction, and especially its 
heavy component (>1.7 g cm− 3 following a density fractionation), has 
already been identified by Samson et al. (2020) as the most responsive 
fraction to agronomic pratices and it is expected to represent a crucial 
step during the SOC stabilization process. Our findings suggest that this 
pool might serve as N mining source for soil microorganisms in N- 
limited condition. The fPOM isolated with the fractionation scheme of 
our study is likely composed of fragmented organic residues free or 
coated with fine mineral particles because micro-aggregates were dis-
rupted with glass beads (Maillard et al., 2015). Nonetheless, a detailed 
characterization of this fraction is necessary to further investigate the 
mechanisms and the consequences of higher N depletion in that pool. 

Overall, the findings of the present study, in line with Jilling et al. 
(2020), show that the type of rotation does not only affect organic 
matter pools with rapid turnover such as cPOM and fPOM, but it has also 
a rapid and extensive impact on MAOMC: a C pool with an allegedly slow 
turnover rate due to mineral protection (Lavallee et al., 2019). 

Finally, contrary to other studies (Barré et al., 2017; Cotrufo et al., 
2019), the proportion of organic C in different fractions was relatively 
similar for all land-use types. A similar observation was made in allo-
phanic and non-allophanic soils in New Zeland (McNally et al., 2017). 
This indicates that, within one land-use type or one system with frequent 
conversion (cropland-grassland), the POM fraction was also constrained 
to a maximum level. This challenges the concept that substantial addi-
tional C sequestration can be achieved via POM fractions, once MAOMC 
saturation is reached, without a drastic change in land-use type (e.g. a 
change from agricultural land to forest) (Cotrufo et al., 2019). 
Furthermore, the relatively fixed ratio between MAOMC and POMC 
means that the C-saturation concept of MAOMC is adequate to estimate 
the “whole-soil OC” storage potential (Barré et al., 2017). In our study, 
about 20% of the C accrual in MAOM could potentially be added in POM 
fractions (Table 1). Even if POM are labile fractions with faster turnover 
rates (Meyer et al., 2017), and thus more sensitive to climate change, 
this additional organic C storage in POM would represent a net gain of C 
storage, as long as land-use type and management remain constant 
(Chenu et al., 2019). Nonethless, all greenhouse gas emissions generated 
in order to increase SOC storage should be accounted to determine the 
net atmospheric C sequestration (Chenu et al., 2019). 

4.2. SOC accrual for C sequestration and soil physical quality 

The relationship between SOC:clay ratio (as indicator of soil physical 
quality) and the degree of saturation was clear in croplands because an 
increase of the level of MAOMC saturation was associated with a gain in 
soil physical quality as indicated by the increase in SOC:clay ratio 
(Fig. 3). One possible mechanism explaining the direct effect of MAOMC 
saturation on soil physical quality is that the dispersability of clay is 
reduced when the particles are coated with organic matter (Dexter et al., 
2008; Schjønning et al., 2012). The majority of cropland sites were 
below the 1:10 threshold (Fig. 3), as already observed in other regions of 
Switzerland (Dupla et al., 2021) and in the UK (Prout et al., 2020). This 
indicates that the increase of C storage in those soils would also be 
highly beneficial for their resistance to mechanical stress from field 

Fig. 5. Three-dimensional plots showing (a) MAOMC and (b) MAOMC content in permanent grasslands from various sources as a function of silt and clay contents. 
Data comes from the FRIBO monitoring network (n = 24), from comparable grasslands in LUCAS with measured (n = 13) or estimated (n = 285, only in Fig. 5a) 
values, and, for (a), from saturation levels expected in FRIBO sites as calculated using Hassink’s equation. The grid represents the regression plan for the respective 
data sources. Note that Hassink’s regression plan in Fig. 5a appears as a line because of the orientation of the 3D view. 
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machinery operations or extreme climatic events such as long droughts 
along with the overall soil quality (Jensen et al., 2019; Johannes et al., 
2017a; Kuzyakov et al., 2020). 

By contrast, SOC:clay ratio in permanent grasslands, which was 
above the 1:10 threshold in almost all sites, was not related to apparent 
MAOMC-saturation level. As permanent grasslands are supposed to be 
close to MAOMC saturation, the POM fraction is likely playing a more 
important role in the variation of the SOC:clay ratio under this land-use 
type than the apparent deviation from saturation, as indicated by its 
positive correlation with the proportion of cPOMC (Fig. 4). While this 
result may suggest that promoting management practices that enhance 
coarse SOC fractions is a way to increase soil quality, it may also high-
light a limitation of using the SOC:clay ratio as an indicator of soil 
physical quality in C-saturated soils. By contrast to MAOMC, the amount 
of cPOMC did not increase proportionally with silt + clay in permanent 
grasslands (Table 1, Fig. 4). Consequently, the upper limit of SOC:clay 
ratio in saturated soils might be dependent on the clay content. It should 
be further investigated whether a fixed SOC:clay threshold is valid over 
the entire range of clay content or if it should be adapted for soils with 
very high sand or clay content. 

Management practices favoring SOC accrual, such as organic 
amendments application, are not expected to result in a substantial 
improvement of SOC storage or soil physical quality in permanent 
grasslands. Indeed, C inputs are less efficient in increasing SOC in soils 
close to saturation because the organic C-retention rate decreases 
approaching the saturation level (Castellano et al., 2015; Stewart et al., 
2007). Furthermore, the gain of soil physical quality per unit of 
sequestered C and nutrients is the highest in soils with low clay content 
because less SOC is necessary to increase the SOC:clay ratio and to reach 
the clay surface-saturation. Consequently, prioritizing the application of 
organic amendments in the form of plant residue or animal manure in 
the least saturated croplands (<65%) with the coarser soil texture seems 
the most effective strategy to simultaneously address climate change 
mitigation/adaptation as well as food security. 

4.3. Challenging the C-saturation concept 

Hassink’s approach to determine the maximum capacity of soils to 
store SOC, using silt + clay content as unique factor, may be seen as an 
oversimplification because a multitude of other soil characteristics (e.g. 
mineralogy, pH and Ca content) and climatic factors are known to affect 
SOC dynamics (Beare et al., 2014; Six et al., 2002; Wiesmeier et al., 
2014a). Yet the relationship between MAOMC in permanent grasslands 
and the silt + clay content found in our study was almost identical to the 
one found by Hassink (1997) for a mix of temperate and tropical 
grasslands. 

Within the relatively large range of pedoclimatic conditions in our 
study region (Table S1), silt + clay remained by far the variable 
explaining most of the MAOMC variation (55%) in grasslands (Table 2). 
With only four variables, the model explained as much as 80 % of the 
variation, leaving little explanatory power to other variables not 
measured in this study. The three other variables had a similarly small 
explanatory power. The effect of soil pH likely reflects an effect of parent 
material and possibly calcium on SOC stabilization as soils with and 
without carbonates (pH up to 7.3) were included in the study (Rowley 
et al., 2018). In the study region, differences in climate (MAT and pre-
cipitation) between sites are driven by differences in elevation. The in-
clusion of elevation in the model thus suggests an effect of climate on the 
amount of MAOMC at saturation. Nonetheless, within the 500 m 
elevation range of the study, corresponding to differences of about 2.5C◦

and 400 mm rain (Dumas, 2013; Sevruk, 1997), the influence of climate 
was not significant (Table 2). 

The C-saturation concept relating the maximum SOC storage ca-
pacity to a particle-size fraction is supported by no effect of clay or silt 
content on the MAOMC content in permanent grasslands (Fig. 5b). This 
suggest that the saturation of silt + clay fraction occurs at a fixed C 

content of this particle-size fraction independent of the proportion of silt 
+ clay particles: around 43 mg C g− 1 SC according to the average in 
permanent grasslands. This C content corresponds to the inflexion point 
where the relationship between MAOMC and SOC from Cotrufo et al. 
(2019) is no longer related to SOC but reaches a plateau (Fig. S1a). The 
plateau’s level also corresponds to the MAOMC amount expected for soil 
with 100 % silt + clay saturated in MAOMC. The hypothesis that 
MAOMC saturates at a fixed organic C content is further supported by the 
near zero intercept of the relationship between MAOMC and silt + clay 
determined by Hassink (1997), in FRIBO or observed in the measured 
data of LUCAS (Fig. 5a). 

Nonetheless, the Pan-European data from LUCAS shows that there 
are limitations on the applicability of the same model to large areas. 
Some LUCAS sites with low silt + clay content had very high measured 
MAOMC contents (Fig. 5b and Fig. S1d) and the response of MAOMC to 
silt + clay as extracted from the random forest model from Cotrufo et al. 
(2019) was not linear (Fig. S1c). Thus, the model determined in our 
study is not expected to be applicable in conditions where specific SOC 
stabilization mechanisms occur and are not correlated to the silt +
fraction. This may be the case for instance where the role of Fe-/Al- 
oxides and hydroxides becomes prominent as in allophanic soils (Beare 
et al., 2014), in sandy acidic soils under former heathland vegetation 
(Wiesmeier et al., 2014a), in poorly drained soils (Vos et al., 2018) or 
riparian areas (Hennings et al., 2021), which were not included in our 
study. Hence, models developed using sites where the mechanisms of 
SOC stabilization are very different might not be sufficiently accurate. 
Nonetheless, boundary conditions still need further investigation. 

The particle-size upper limit for fractions chosen by studies using 
Hassink’s approach has varied between 20 µm vs. 53 µm (Gregorich 
et al., 2009; Liang et al., 2009; Six et al., 2002). Including coarse silt 
particles should have a diluting effect because larger soil particles have 
lower C content (Arrouays et al., 2006; Lutfalla et al., 2019). This is 
supported by the tendency for lower MAOMC content to be associated 
with higher silt content in the FRIBO network (Fig. 5b). However, the 
fact that models explaining MAOMC content or amount were not 
improved by including silt separately or together with clay as compared 
to clay alone, suggests that the silt fraction and its size limit play only a 
marginal role in the MOAMC fraction. Further investigations on the role 
of silt fraction are needed because the range of silt content in the FRIBO 
grasslands (23–44 %) was smaller than that of LUCAS sites with 
measured MAOMC values (30–69 %), where a stronger negative effect of 
silt content on MAOMC content could be observed (Fig. 5b). Nonethe-
less, the 50 µm limit necessitates separating only the sand fraction from 
the bulk soil. This greatly simplifies the soil texture and SOC fraction 
measurements, facilitating the determination of MAOMC on a large 
number of soil samples. In addition, the contrasted responses of fPOM 
and cPOM to land use and silt + clay proportion (Table 1 and Fig. 4) 
suggest that conceptualizing SOM as a three-pool system (MAOM, fPOM 
and cPOM) instead of a two-pool system (MAOM and POM), as is 
currently advocated (Cotrufo et al., 2019; Haddix et al., 2020; Lavallee 
et al., 2019), might offer better insights into the current SOC storage 
mechanisms and dynamics. 

The second aspect of Hassink’s approach, namely the assumption 
that grasslands are saturated and thus are an appropriate reference to 
determine the maximum SOC storage, has not yet been tested to our 
knowledge. The similarity found between Hassink’s relationship and the 
one from our study suggests that permanent grasslands in our study were 
indeed saturated. However, this assumption does not fully hold given 
the factors affecting the MAOMC amounts in permanent grasslands 
(Table 2). When all factors were included, the rate of SOC accrual in the 
last 30 years, as estimated by Guillaume et al. (2021), still influenced the 
MAOMC amount. In addition, the effect of soil pH, besides being related 
to soil type, might also indicate that permanent grassland management 
has affected MAOMC because intensively managed grasslands tend to 
experience acidification (Huguenin-Elie et al., 2017; Malhi et al., 1998). 
Even if we cannot assess whether permanent grasslands with apparent 
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oversaturation are still currently gaining SOC, permanent grasslands 
may still not represent the maximum attainable SOC levels for the 
respective pedoclimatic conditions. This would justify using an 
approach based on quantile regression instead of least square regression 
(Beare et al., 2014; Feng et al., 2013; McNally et al., 2017). 

In conclusion, the soil C-saturation concept based on the silt + clay 
size fraction showed some limitations for determining the maximum C 
storage potential due to the difficulties in identifying the maximum SOC 
storage attainable in grasslands. Even if known, a target for SOC level 
defined on maximal attainable SOC storage may not have a practical 
value for land managers given that plant C inputs to the soil and the 
availability of organic amendments are limited under current agronomic 
practices. Consequently, the current SOC level as observed in permanent 
grasslands represents a realistic benchmark for estimating the potential 
of agricultural soil to sequester atmospheric C and for setting agronomic 
management priorities for agricultural soils. Furthermore, the approach 
of using the silt + clay content as a unique factor to determine the 
saturation level of soils is efficient in capturing most of the heterogeneity 
within a large landscape but may be inadequate for marginal pedocli-
matic conditions. 
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