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ARTICLE INFO ABSTRACT

Handling Editor: Cornelia Rumpel Atmospheric C sequestration in agricultural soils is viewed as one of the most promising negative emission

technologies currently available. Nonetheless, it remains unclear how strongly soil organic carbon (SOC) stocks

Keywords: respond to agricultural practices, especially for subsoil. Here, we assess the SOC storage potential in croplands
Agroecosystems ) and how the presence of temporary grasslands (TG) in the crop rotation affects SOC stocks. We developed a new
gzra;b;);n:lequestratlon approach to correct for bias in bulk density (BD) induced by sampling conditions and land-use effects with a data-
Sub[s’oil carbon stocks driven model to predict the BD of fine soil (<2 mm) for reference condition. Using 54 permanent grassland and
Ley cropland sites with various proportions of TG from a monitoring network in Switzerland, we showed that SOC
Switzerland stock differences down to 50-cm depth between cropland and permanent grasslands (maximum: 3.0 + 0.8 kg C

m~?) depend on the TG proportion in the crop rotation, regardless of clay content and pH. An increase of the TG
proportion by 10% would induce a SOC gain of 0.40 + 0.13 kg C m~2. The responses of topsoil (0-20 cm) and
subsoil (20-50 ¢cm) SOC stocks to TG proportion were linear and equivalent. The effect of TG on SOC storage
would have been underestimated by 58% without accounting for subsoil stocks response and by 16% without BD
corrections. The conversion of all croplands to permanent grasslands in the study region would potentially store a
quantity of SOC equivalent to the anthropogenic greenhouse gas emissions generated by the same region during
one year. Although the potential of agricultural soils as negative emission technology is relatively modest
compared to former expectations, the findings demonstrate the potential to manage SOC and its associated
ecosystem services at large scales and down to deep soil layers.

Bulk density correction

1. Introduction

To mitigate climate change and limit global warming to less than
2 °C, it is not only necessary to decrease greenhouse gas (GHG) emis-
sions, but also to remove CO, from the atmosphere through negative
emission technologies (NET) (Minx et al., 2018). Soil carbon seques-
tration in agroecosystems is a promising NET offering considerable
mitigation potential (Bossio et al., 2020; Fuss et al., 2018) due to the
important C-deficit of agricultural soils (Sanderman et al., 2017).
Practices designed to increase soil organic carbon (SOC) are readily
applicable at large scales by land managers because they do not require
any new technological breakthrough (EASAC, 2018; Fuss et al., 2018;
Minx et al., 2018).

Agricultural soils under croplands exhibit, in comparison to grass-
lands, a large deficit in SOC that has largely increased in the last 30 years
(Guillaume et al., 2021, 2022; Launay et al., 2021), even though signs of
recovery have been identified in areas where agri-environmental pro-
grams are in place (Dupla et al., 2021). Various agricultural practices in
croplands, such as cover crops, optimum crop associations (e.g. legumes,
perennial crop), soil C amendments (e.g. organic amendments, biochar),
minimum soil tillage or improved crop rotations, can potentially
improve SOC storage and result in net atmospheric GHG removal if the
SOC accumulation surpass any potential GHG emissions induced by the
practice (Bai et al., 2019; Chenu et al., 2019; De Stefano & Jacobson,
2018; Haddaway et al., 2017; Koishi et al., 2020; lard and Angers, 2014;
Poeplau & Don, 2015). According to several modelling studies, the
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inclusion of temporary (ley) grasslands (TG) or the increase of their
duration within the crop rotation shows the highest SOC accrual rate
and GHG emission mitigation potential among those practices (Launay
et al., 2021; Lugato et al., 2015).

The inclusion of TG within crop rotations has been a common
practice in integrated crop-livestock farming systems, but it slowly dis-
appeared in large areas of the world due to the specialization of agri-
cultural systems (Franzluebbers et al., 2014; Lemaire et al., 2015). In the
European Union, only 10% of the farms integrated crops and livestock in
2016, while two third were crop specialists (Schut et al., 2021). In
parallel, temporary grasslands decreased the most since the 70’s in the
regions that had already the lowest proportion (Schott et al., 2018).
Temporary grasslands provide a large range of ecosystem services (e.g.
soil conservation, nutrient provision, water regulation) whose benefits
are also transferred directly to the subsequent crops of the rotation
(Hoeffner et al., 2021; Martin et al., 2020; Panettieri et al., 2017). The
positive effect of TG on cropland SOC stocks has been reported in long-
term field experiments (Chan et al., 2011; Creme et al., 2018; Fran-
zluebbers et al., 2014; Johnston et al., 2017; Martin et al., 2020; van
Eekeren et al., 2008). However, agricultural management in these ex-
periments and the resulting SOC dynamics do not always align with
actual agricultural practice. More importantly, no relationship has been
established yet between the proportion of temporary grasslands in the
crop rotation and new equilibrium SOC stocks reached after TG inclu-
sion. For example, it is unknown whether croplands with a TG propor-
tion approaching 100% lead to SOC levels that are comparable with
permanent grasslands (PG). Conflicting results indicate that SOC stocks
could potentially be higher in croplands with high TG proportion
compared to PG (Conant et al., 2017), or lower due to incomplete re-
covery of the agroecosystem after cropping perturbation (Mayer et al.,
2019).

The potential of cropland subsoils to store additional C remains an
open question as most studies focus on the top 20-30 cm-deep layer of
the soil. The impact of agricultural practices on subsoil SOC stocks is so
rarely documented. Subsoil SOC stocks are often absent in global soil C
budgets (Crowther et al., 2019; van Gestel et al., 2018) despite the fact
that they store a substantial proportion of the SOC (Balesdent et al.,
2018; Poeplau et al., 2020). Studies have shown that the influence of
land-use and management factors on SOC stocks decreases with soil
depth while factors related to the nature of parent material and topog-
raphy become more prominent (Funes et al., 2019; Mayer et al., 2019;
Vos et al., 2019). Although SOC turnover is slower in subsoil than in
topsoil, a substantial proportion of recently incorporated C in agricul-
tural soil occurs below 20-cm depth, indicating that subsoil pools are not
passive at decadal timescale (Balesdent et al., 2018; Quezada et al.,
2019).

The impact of land-use type on subsoil SOC is not fully elucidated. A
recent meta-analysis did not find significant effect of grassland conver-
sion to cropland on subsoil SOC (Li et al., 2020) while some national
scale monitoring surveys found differences in subsoil SOC stocks for
these two land-use types (Gregory et al., 2014; Poeplau et al., 2020). The
introduction of temporary grasslands in the crop rotation provides high
belowground C inputs that favor SOC accrual (Panettieri et al., 2020;
Riiegg et al., 2019). Also, the long grassland duration enables the rooting
system to penetrate deeper into the soil, which may increase SOC stor-
age in subsoil (Martin et al., 2020). However, this effect was not
consistently observed in all studies (Borjesson et al., 2018; Jarvis et al.,
2017; Johnston et al., 2017).

Identifying land-use type and management effects on SOC is further
compounded by the small differences in SOC changes compared to the
large and highly variable SOC stocks (Paustian et al., 2019) and by the
methodological bias related to soil bulk density measurements. As SOC
accrual tends to decrease bulk density, the effects of land-use type and
management are systematically underestimated when SOC stocks are
compared at fixed depths (Nye and Greenland, 1964). To overcome this
limitation the comparison of stocks by equivalent soil mass is advocated
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(Ellert & Bettany, 1995; von Haden et al., 2020). This method reduces
bias in experiments where land-use type and management effects for the
same soil are compared. However, different soils under similar man-
agement do not have the same mass density due to texture or mineralogy
differences (Martin et al., 2017). Hence, the equivalent soil mass
approach may also introduce new bias especially when the effect of
management is assessed across a soil monitoring network encompassing
a variety of soils. A second, often overlooked bias, comes from sampling
conditions under different soil moisture content due to soil swelling and
shrinkage which, in turns, affect the soil bulk density (Fox, 1964). A
third bias relates to the presence of coarse fragments (>2 mm). Ac-
counting for differences in coarse fragments between soils is important
for SOC stock calculation and comparison, since the SOC content is
measured on fine soil < 2 mm (Poeplau et al., 2017).

The overall objective of this study was to determine the potential of
croplands to store additional atmospheric C by increasing the proportion
of TG in crop rotations and to assess whether subsoils represent a sub-
stantial contribution to the additional SOC storage under field condi-
tions using a soil monitoring network in Switzerland. The conversion
from croplands to grasslands and vice versa is a common practice in the
study region where a diversity of crop rotations is characterized by a
large variation of the proportion of TG in the crop rotation in terms of
frequency and number of consecutive years (Guillaume et al., 2021).
The agricultural system in the study region can be viewed as a cropland-
grassland continuum where permanent grasslands represent the upper
technical limit of SOC storage that can be achieved in croplands by
increasing the proportion of TG in the crop rotation (Guillaume et al.,
2022). Hence, the specific goals of this study were to: i) quantify SOC
stocks in the topsoil (0-20 ¢cm) and subsoil (20-50 cm) of croplands and
grasslands; ii) establish the relationships between the proportion of TG
within the crop rotation and the SOC stocks in the topsoil and subsoil;
iii) compare the SOC storage potential in relation to the anthropic GHG
emissions reported for the study region; and iv) determine the effect of
bias of bulk density measurement on the estimation of SOC stocks.

2. Materials and methods
2.1. Study sites

The study was conducted in Western Switzerland on long-term soil
monitoring sites from the network established in 1987 by the Agricul-
tural Institute of the Fribourg Canton and called FRIBO (Guillaume et al.,
2021; Levasseur et al., 2019). The Fribourg Canton (1670 km?) is located
north of the Alps (46° — 47°N, 7°E) and lies on the Swiss Midland be-
tween the Jura Mountains’ piedmont (NW) and the Western Alps’
foothills (SE). It presents a NW-SE gradient of soils, elevation and
climate. The Midland elevation gradually increases from 429 m a.s.l. in
the NW to 800-900 m a.s.] on the Alps’ foothills. The geology is
composed of Tertiary molasse (sandstone, marl) partly covered by
moraine deposits. The lowest part of the NW area consists mostly of lake
and alluvial sediments. This part is relatively flat, while the rest of the
Midland presents a smooth, hilly topography. Soils are dominated by
Cambisols, Gleysols and Fluvisols (Frau et al., 2020). The climate is
temperate continental (Mean Annual Temperature (MAT): 8.9 °C; Mean
Annual Precipitation (MAP): 1075 mm) with cold winters and mild
summers. For every increase of 100 m in elevation, the MAP increases by
about 80 mm and the MAT decreases by about 0.5 °C (Dumas, 2013;
Sevruk, 1997). Agricultural land occupies 755 km?. Of this, 67% is under
permanent (PG) and temporary (TG) grasslands and 30 % is under
annual crops, half of which are cereals (DIAF, 2019).

The FRIBO network is composed of 250 sites established on a 2 x 2
km grid (Julien and Morand, 1995). Out of the 184 well-drained crop-
land and grassland sites (Guillaume et al., 2021), 66 sites (Cambisols or
Fluvisols) were purposely selected to represent the diversity of land-use
and site conditions of well-drained soils. Since 1987, the beginning of
the monitoring period, the main annual crops have been recorded for
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each site. Most croplands (CR) sites include temporary grasslands (TG),
which are grasslands sown as part of the crop rotation for forage pro-
duction and occasionally for grazing. Temporary grasslands last typi-
cally for 1 or 3 consecutive years, but this duration varies between
farmers (Guillaume et al., 2021). The proportion of years with TG over
the monitoring period (TG proportion) varies between CR sites (0-73%).
The most intensive managed PG and TG are cut up to five times per year
to produce forage and are fertilized with manure and slurry following
the Swiss recommendations (Huguenin-Elie et al., 2017). Twenty-four
sites under permanent grasslands (PG) and 30 sites under CR have
remained under the same land-use type since the beginning of the
monitoring in 1987. Only 12 sites have experienced one to several land-
use changes (LUC) from CR to PG or vice versa. LUC sites were only
included to develop bulk density models. According to Swiss legislation
(OTerm 910.91), if TG at a site occurs for >6 consecutive years, the site
is classified as PG. Thus, CR sites with TG > 6 consecutive years were
considered to have experienced land-use change (LUC), even if they
were subsequently converted back to croplands. Similarly, PG that were
cultivated for at least 1 year were considered as sites that experienced
LUC.

2.2. Soil sampling and analysis

Soil samples were collected in 2020. Permanent and temporary
grasslands were sampled in May-June. Cereal (wheat, barley, and triti-
cale) and rapeseed sites were sampled after harvest, i.e., in July-August,
before any subsequent field operation (tillage, stubble ploughing, etc.)
to minimize the effect of agricultural machinery on soil bulk density.
Finally, sugar beet sites were sampled before harvest in October in be-
tween planting rows. Out of the 54 sampled sites, subsoil samples for 4
PG and 2 CR could not be collected because of the presence of bedrock or
high stone content.

For each selected FRIBO site (10 x 10 m), topsoil (0-20 cm) and
subsoil (20-50 cm) samples were collected separately at 4 sampling
points that were 2 m apart from the center of the plot. The soil was
sampled using a Humax drilling core sampler (5.3-cm diameter) with
25-cm plastic HumaxTube® (GreenGround AG, Burgdorf, Switzerland).
This method enables the extraction of consecutive soil cores of known
volume at fixed depth intervals from the same hole. A drilling tube is
inserted down to the first desired depth. A 25-cm plastic tube within the
drill metal sleeve retrieves the core from the drilling tube without
removing the tube. To collect the subsequent core, the drilling tube is
inserted down to the next desired depth with a new plastic tube. Topsoil
samples were collected by inserting the drilling tube down to 20 cm.
Subsequently, subsoil samples were collected using two consecutive
cores of about 15 cm each to reach 50 cm depth and the two cores were
mixed in a plastic bag. Soil samples were kept in closed plastic bags to
retain soil water content at sampling time (SWC).

In the laboratory, samples were weighed before air-drying to deter-
mine SWC. Before sieving at 2 mm, samples were weighed again to
determine total dry mass (Mt). Coarse fragments (>2 mm) were washed
and weighted to determine their mass (Mc) and volume (Vc) assuming a
density factor of 2.4 g em 3 (Schwab & Gubler, 2016). Residual hu-
midity (Rh) of fine soil (<2 mm) was determined based on dryinga 10 g
soil sample at 105 °C for 24 h. Dry, fine soil mass (Mf) was calculated as
the difference between Mt and Mc corrected for Rh. The bulk density (g
cm’B) of fine soil (FD; excluding coarse fragment volume and mass) and
the soil bulk density (BD, including coarse fragment volume, but not
fragment mass) were calculated as follows:

_ M
D=y, - (Mc*2.4) @
B0 =" _ ppe1 - Y5 @

7 v

where Mf is the dry fine soil mass (<2mm in g), Vt is the total volume of
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the sample (cm3), Mc is the mass of the coarse fragments (g) and Vc is the
volume of coarse fragments (cm®).

After FD and BD determination, the four cores per site were com-
bined to form one composite sample per site and per depth for SOC
measurements. Soil organic C content (Corg) was determined by stan-
dard procedure using sulfochromic oxidation (NF ISO 14235).

2.3. Carbon stock corrections

Soil organic C stocks were calculated as follow:

Cs = FD*(1 — fVc)*Corg*thickness 3)

where Cs is the SOC stocks of a specific soil depth interval (kg C m~2), FD
is fine soil bulk density (g cm~3), fVc is the fraction of the total volume
occupied by coarse fragments (i.e., the stone content), Corg is the SOC
content (mg C g’1 soil), and thickness is the soil thickness (m).

In order to compare the effect of land use on Cs, we developed an
original method using corrections for three types of bias in bulk density
measurement between sites, specifically bias due to: (i) different stone
content (fVc); (ii) different soil water content (SWC) at sampling time
and its influence on FD; and (iii) effect of land-use type on FD, especially
due to changes in Corg.

For (i), Cs was adjusted by a constant value of coarse fragments
volume (fVc value in eq. (3)) using the median value (0.03 for topsoil
and 0.05 for subsoil) measured across all sites (stone correction). To
correct for (ii) and (iii), a set of models were fitted and evaluated (see
statistical analysis section) on all sampled sites (including LUC sites) to
predict FD for each depth as a function of the main soil characteristics
that affect soil density (i.e., SWC, Corg, clay content and land use at
sampling time). Land use at sampling time was divided between CR
(excluding TG) and grasslands (PG and TG) for topsoil models and be-
tween CR (including TG) and PG for subsoil models. To correct for the
effect of SWC (ii), FD at each site was adjusted based on the median SWC
values observed across all sampling sites (22% for topsoil and 17% for
subsoil). The corrected FD were used in eq. (3) with fixed fVc to calculate
SOC stocks corrected for coarse elements and sampling condition
(sampling correction). Finally, to correct for land use (iii), and especially
for Corg changes, PG sites were used as reference land-use type for bulk
density. This approach is justified by the fact that, theoretically, PG has a
maximum SOC storage, thus it can be used as reference for comparing
SOC accrual and storage potential in CR and TG (Guillaume et al., 2021).
Hence, SOC storage was compared on the basis of the FD that would
have occurred after the conversion of CR sites and when they reached
the new steady-state corresponding to PG conditions. For this purpose, a
PG land-use type was considered for all sites. As maximum Corg in PG
depends on soil texture (Guillaume et al., 2022), topsoil Corg was set to
the level that would occur in PG depending on the clay content at each
site. The Corg level was determined from the linear regression between
Corg (%) and clay content (%) established from the data collected at PG
sites: Corg = 1.90 x log(clay) — 2.44; Rgdj = 0.77. As the regression was
not significant for subsoil, the average Corg (1.2%) from all PG sites was
used for subsoil. Finally, SOC stocks corrected for coarse elements,
sampling condition and land-use type were computed with eq. (3) using
FD values predicted with median SWC values, PG as land-use category,
Corg estimated for all sites from the above regression, and median fVc
value (land-use correction).

2.4. Regional estimation

Land-use data for each category of agricultural land of the Canton of
Fribourg in 2020 were obtained from the Swiss Federal Office of Agri-
culture. The potential surface area where temporary grassland could be
implemented in the crop rotation was estimated from the surface area of
TG plus the surface area of open land minus the surface area of crops
typically not under rotation with TG (e.g., legumes, rice, berries,
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aromatic plants, etc.). The maximum additional SOC storage was esti-
mated as the difference between the SOC stocks predicted at maximum
theoretical TG proportion (i.e., 100%) and the SOC stocks predicted at
the current regional proportion of CR under TG, multiplied by the po-
tential surface area of CR that can include TG.

2.5. Statistical analysis

All statistical analyses were performed using R software 4.0.3 (R
Core Team, 2020). Five models were fitted to predict FD as a function of
SWC, Corg, clay and land-use type (grassland or cropland): i) multiple
linear regression (function Im); ii) multiple linear regression with step-
wise backward selection (function stepAIC); iii) least absolute shrinkage
and selection operator (LASSO) penalized regression (function glmnet;
alpha = 1); iv) partial least squares (PLS) regression (function plsr); and
v) random forest (function randomForest). With stepwise and LASSO
regressions, the most relevant explanatory variables are selected using
the Akaike Information Criterion (with stepwise) or using a penalty
parameter optimized by cross validation (with LASSO) (Tibshirani,
1996). PLS was used to deal with multicollinearity in the explanatory
variables (Sharif et al., 2017). Finally, random forest models (imple-
mented here with 500 trees) was used to handle possible nonlinear re-
lationships between the predicted output and the inputs and complex
interactions (Breiman, 2001). Accuracy (RMSE) and bias of each model
were assessed by leave-one-out cross validation. The fitted models were
then used to predict FD for each site with the R function predict, and the
predicted values were used to calculate corrected SOC stocks (see sub-
section Carbon stocks corrections).

The effect of land-use type and the proportion of TG along with site
characteristics (clay content, pH and elevation) on SOC stocks down to
50 cm depth in CR and PG (n = 48) were tested by linear multiple
regression with stepwise backward selection (LRS) and the following R
syntax: SOC stock 0-50 cm ~ land use + TG proportion:dummy + log-
Clay20 + logClay50 + pH20 + pH50 + elevation + land use:logClay20 +
land use:pH20 + land use: logClay50 + land use:pH50. As the relationship
between clay and SOC was not linear (Guillaume et al., 2021), clay
contents were logio-transformed for topsoils (logClay20) and subsoils
(logClay50). The variable dummy is a numerical variable with 1 for CR
and 0 for PG set to limit TG proportion effect to CR. The interaction be-
tween land-use type and soil parameters (clay content and pH) were also
included in the model with the syntax land use:soil parameter. To
determine the relative importance of TG proportion on SOC stocks in the
topsoil and the subsoil of CR, one model was developed for each layer
using only CR sites, excluding the variable land use and its interactions
with soil parameters, as well as the clay content and pH of the layer that
was not the one of interest. Deviation from normality of residuals was
assessed by Shapiro Test. Semi-partial R? were determined by the R
function r2beta. Data used in the partial regression plots were predicted
using the coefficients of the respective LRS models and fixing the vari-
ables other than the one of interest to a constant reference value, i.e., the
average found in all sites for logClay50, logClay20, pH50 and pH20 and to
the absence of TG in CR (TG proportion = 0 %). To determine the po-
tential additional SOC storage due to TG in Fig. 2, the intercept of the
model was subtracted from the SOC stocks. Data prediction (estimate
and standard error) for specific values of model variables (e.g., for
regional estimate) were done with the R function predict. If not specified,
all discussed differences are significant at least at p-value < 0.05 and
values are presented as mean + standard error (SE).

3. Results
3.1. Soil organic carbon stocks
Soil organic C stock measured from surface to 50-cm depth without

correction was higher in permanent grasslands (11.27 kg C m~%; stan-
dard deviation (SD) = 1.71 kg C m’z) than in croplands (7.84; SD =
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1.54kgC m~2) (Table 1). The amounts of SOC stock in topsoil (0-20 cm)
and subsoil (20-50 cm) were similar (49 + 7%) in croplands (CR), but
slightly less SOC was stored in permanent grasslands (PG subsoil (41 +
5%) than in topsoil.

Besides SOC stocks, other soil characteristics affecting soil bulk
density, namely fine soil density (FD), soil water content at sampling
time (SWC), coarse fragments (>2mm), carbon content (Corg) and clay
content, differed between CR and PG (Table 1). On average, CR topsoils
and subsoils had higher FD but were also drier at the sampling time and
exhibited lower clay and Corg. The five models built to correct for bias in
FD due to sampling conditions affecting SWC and land-use effects had
similar predicting performance for FD (RMSE < 0.117 g em™d) (Fig. S1,
Table S1). Soil water content had no effect on FD for any soil layer ac-
cording to the linear multiple regression models (LR) and the linear
multiple regression with stepwise selection models (LRS) (Table S2). As
the performances of all models were equivalent (Fig. 1), the LRS model
was used to predict FD in the following calculations of corrected SOC
stocks because of its parsimony and its good interpretability (Table S2).

While the model type had negligible effects on the calculation of SOC
stocks, the correction type notably affected the effect size of land-use
type on soil SOC stocks (Fig. 1, Table 2). The average SOC stocks
down to 50 cm across all sites did not differ by >2% after corrections,
but the difference in SOC stocks between PG and CR increased by 8%
when the three corrections were applied (Table 2). Within CR sites, the
slope between the proportion of temporary grasslands (TG) and the SOC
stocks increased by 19% with the correction including land-use effects as
compared to the absence of any correction (Table 2). From here on, only
the SOC stocks corrected for all three biases on FD will be considered.

3.2. Factors affecting corrected SOC stocks in agricultural soils

The LRS model developed to explain the variation of SOC stock in the
0-to-50-cm soil layer of CR and PG (Rgdj of 0.74) selected only four
significant variables, namely logClay50, land-use type, pH50 and TG
proportion. The other variable, namely elevation, logClay20, pH20 and the
interactions between land-use type and soil properties were not selected
in the model (Table 3). When in the model the pH and clay content
values of the subsoil were replaced with the topsoil values, the Rgdj
(0.72) slightly decreased.

According to the model with the highest Rf,dj (0.74), SOC stock in the
0-to-50-cm layer of CR and PG was mostly explained by logClay50 (semi-
partial R% 0.41) followed by land-use type (semi-partial R% 0.26), pH50
(semi-partial R2 0.16) and TG proportion in CR (semi-partial R% 0.14)
(Table 3). SOC stocks increased with clay content but decreased with soil
pH (Fig. 2). The SOC stocks down to 50-cm depth were lower by 2.96 +

Table 1
Soil characteristics (mean + SD) measured in topsoils and subsoils of croplands
(CR) and permanent grasslands (PG).

Topsoil (0-20 cm) Subsoil (20-50 cm)

CR(n= PG(n= CR(n= PG(n=
30) 24) 28) 20)
SOC stocks (kg C m~2) 4.0+ 0.8 6.7 + 0.9 3.8+1.0 46+1.1
Corrected SOC stocks * (kg 3.9+1.0 7.0+ 1.1 3.6 £1.2 49+ 1.4
Cm™?
Fine soil density (g cm™%) 1.25 + 1.03 + 1.52 + 1.35 +
0.17 0.15 0.14 0.14
Coarse fragments (%) 3.7+25 3.6 £3.1 5.5+ 3.9 6.0 + 3.7
Soil water content (%) 18+ 4 28 +3 15+ 3 20+ 3
Corg (mg Cg ™Y 17.1 + 34.7 + 91432 125+
5.3 9.0 3.4
Clay content (%) 15+5 25+ 13 15+5 20+ 6
pH H;O 6.9 +£ 0.6 6.1 £0.5 7.1+0.7 6.1 £ 0.6
Elevation (m a.s.l.) 608 + 802 + - -
106 109

% SOC stocks corrected for the stone, sampling condition and land-use effects by
linear multiple regression with stepwise selection model.
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Fig. 1. Effect of soil bulk density corrections on SOC stocks for the topsoil and
subsoil of permanent grasslands (PG) and croplands (CR). First, measured SOC
stocks were corrected for differences in the volume of coarse fragments between
sites (stones). Subsequently, additional corrections were made to account for
differences in the bulk density of fine soil (FD) due to soil water content at
sampling time (sampling) and land-use effects (land use) using five models to
predict FD: linear multiple regression (LR), linear multiple regression with
stepwise selection (LRS), partial least squares regression (PLS), least absolute
shrinkage and selection operator regression (LASSO), and random forest (RF).
Error bars represent the standard errors (topsoil PG: n = 24, CR: n = 30; subsoil
PG: n = 20, CR: n = 28).

0.77 kg C m~2 for CR without TG in the rotation compared to PG. This
difference between land-use type was not affected by the clay content
and the pH because of the absence of the interactions selected in the LRS
model. Regardless of clay content and the pH, an increase by 10% of the
TG proportion within the crop rotation would result in a SOC stock in-
crease of 0.37 +£ 0.14 kg C m~2 (Fig. 2).

Within the CR sites, the proportion of TG in the crop rotation for each
site since the beginning of the monitoring was on average 24% (i.e.,
about one year out of four); with a minimum of 0% in four sites and a
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Fig. 2. Partial regression plots of SOC stocks (0-50 cm) in croplands (CR, dots)
and permanent grasslands (PG, triangles) of the three numerical variables
selected in the LRS model, i.e., (a) the proportion of temporary grasslands in the
crop rotation (TG proportion), (b) the log;o-transfromed clay content in the
subsoil (logClay50), and (c) the pH H,O in the subsoil (pH50). For each panel,
the two variables other than the one of interest are fixed to a reference value, i.
e., the average found in all sites for logClay50 (1.21) and pH50 (6.67), and to
the absence of TG in CR (0%). The effects of land-use type (solid lines) and its
95% confidence interval (shaded area) as illustrated in the figure corresponds to
the linear regression of SOC stocks with the variable of interest separately for
CR and PG. In (a), PG (boxplot) were set at 100% for TG proportion for illus-
trative purpose. In each panel, the coefficient (+ standard error) and the semi-
partial R? from the LRS model for the variable of interest are included with stars
indicating the level of significance.
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Table 2

Effect of fine soil bulk density corrections on the average SOC stocks at all sites,
on the difference between permanent grasslands and croplands, and on the effect
of increasing the proportion of temporary grasslands in cropland rotation over
the whole soil profile SOC stock (0-50 cm). Significance levels are represented
by stars and were estimated by two-way ANOVA with the logarithm of clay
content in the topsoil as co-variable for land-use and grassland effects.

Corrections Mean C stock Land-use effect Grassland effect (kg C
(kg Cm~?) (kg Cm~?) m~2 %7 TG)
Measured 9.27 £ 0.30 —2.74 £+ 0.65%** 0.031 + 0.012*
Stones 9.34 + 0.30 —2.45 + 0.63***  0.028 £ 0.011*
Sampling 9.45 + 0.33 —2.43 £ 0.63***  0.034 £ 0.011**
conditions
Land-use type 9.21 £ 0.39 —2.96 £ 0.77%** 0.037 + 0.014*

maximum of 73% (Fig. 2). The TG proportion within each CR site
remained constant during the whole monitoring period with a difference
of —2% on average between the first and second half of the monitoring
period.

The TG proportion influenced SOC stocks for both topsoil and subsoil
in CR (p-values < 0.05), along with the log;o-transformed clay content
(p-values < 0.001) and the pH (p-values < 0.05) in the respective layer
while elevation was not selected (Table 3). The effect of TG proportion
was 39% higher in the subsoil than in the topsoil (Fig. 3). Regardless of
clay content or the pH, an increase by 100% of the TG proportion within
the crop rotation would result in a SOC stock increase of 1.32 + 0.62 kg
C m 2 for the topsoil and 1.83 + 0.81 kg C m 2 for the subsoil. The sum
of the estimated SOC gain for topsoil and subsoil is 14 % lower than the
estimation from the full soil profile (3.67 + 1.38 kg C m~2) but is 6 %
higher than the SOC stock difference between CR and PG (2.96 + 0.77
kg Cm™2).

3.3. Regional estimates

The potential surface area for the proportion of TG to be extended in
2020 in the Canton of Fribourg (35.3% of the area is already under TG)
was 35,690 ha out of 75’657 ha. For each percent increase in the pro-
portion of TG, an additional 0.013 + 0.005 Mt of C would be stored in
the top 50 cm of cropland soils in the Fribourg Canton. The maximum
additional C storage in the study region, if all croplands were to be
converted into grasslands, was calculated based on the difference be-
tween SOC stocks for CR with 35.3% of TG and the predicted theoretical
maximum (i.e., 100%) of TG proportion. At the maximum SOC stocks in
the system, the additional C storage in agricultural soil of the Fribourg
Canton would reach 0.85 £ 0.38 Mt of C with a 95% confident interval
(CI) between 0.11 and 1.59 Mt of C.

4. Discussion
4.1. Impacts of temporary grasslands on SOC storage
The current SOC stock difference between croplands and grasslands

for the top 50 cm (i.e., 2.96 £ 0.77 kg C m~?) represents the potential of
croplands without TG (crop-only) to store additional SOC. This value is

Table 3
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comparable to the 3.16 kg C m~2 difference between grasslands and
croplands for the same soil depth across Germany (Poeplau et al., 2020).
This similar difference between the two land use types over large regions
like Germany or across a large range of site conditions like in our study is
consistent with the negligible contribution of clay and pH variability to
SOC stocks difference between land-use types (Fig. 2). The effects of clay
and pH on SOC stocks has been already documented (Guillaume et al.,
2021) and reflect the role of parent material on soil C-saturation (Six
et al., 2002). This is supported by the fact that the condition of the
subsoil, which is less prone to management effect and thus more
representative of the site conditions (Vos et al., 2019), was selected in
the LRS model instead of the topsoil pH and clay content. Nonetheless, a
negative impact of pH on SOC stocks was unexpected because Corg has
been shown to increase with soil pH favored by the stabilization
mechanisms of SOC mediated by calcium (Rowley et al., 2018). It is
possible that the impact of pH also reflects an effect of elevation, with
cooler temperature affecting plant productivity, as both variables were
correlated (r = 0.71).

The potential of subsoil to additional C was important (Fig. 1, Fig. 3).
The increase of SOC stocks induced by TG tended to be even higher in
the subsoil than in the topsoil even if the uncertainties are high (Fig. 3).
Excluding the 20-to-50-cm layer from C accounting would have resulted
in an underestimation by 58% of the potential of croplands to store
additional SOC by introducing TG, an underestimation value that is
higher than that reported by a Swedish study (27-39%) (Borjesson et al.,
2018). The time necessary for achieving the new SOC equilibrium by
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Fig. 3. Partial regression plot of the SOC storage potential induced by the
introduction of temporary grasslands (TG) in the crop rotation in topsoil (0-20
cm, dots) and subsoil (20-50 cm, triangles) of croplands (CR) determined by
LRS models. The coefficient (+ standard error) and the semi-partial R? from the
LRS models are included in the legend with stars indicating the level of sig-
nificance. The effect of TG (solid lines) and its 95% confidence interval (shaded
area) as illustrated in the figure corresponds to the linear regression of SOC
stocks with TG proportion in topsoil (dot-dash) or subsoil (dashed). The level 0
kg C m~2 corresponds to the SOC stock for CR without TG having the average
clay content and pH for the respective layer.

Factors affecting SOC stocks (kg C m~2) in all sites down to 50-cm depth, in cropland topsoil (0-20 cm) and subsoil (20-50 cm) separately as determined by linear

multiple regression with stepwise selection (LRS).

All sites 0-50 cm depth

Cropland topsoil

Cropland subsoil

Estimates R p-values Estimate R? p-values Estimate R? p-value
intercep'f 7.47 £ 0.51 0.74 < 0.001 4.19 £ 0.27 0.59 < 0.001 3.67 £ 0.32 0.50 < 0.001
land use 2.96 + 0.77 0.26 < 0.001 NA NA NA NA NA NA
TG proportion 0.037 + 0.014 0.14 < 0.05 0.013 + 0.006 0.15 < 0.05 0.018 + 0.008 0.17 < 0.05
L0g10613y¥ 10.9 +1.99 0.41 < 0.001 541 +£1.11 0.47 < 0.001 7.08 £ 1.56 0.46 < 0.001
pH¥ —1.03 £ 0.35 0.16 < 0.01 —0.57 £ 0.22 0.20 < 0.05 —0.53 £ 0.26 0.15 < 0.05




T. Guillaume et al.

increasing TG frequency remains an open question because our study
compares stocks at equilibrium and not the rate of SOC accumulation.
For croplands converted to grasslands it may take over a century to
reach a new equilibrium, but the highest accumulation rates are ex-
pected to occur during the first decades (Poeplau et al., 2011; Smith,
2014). For example, by using the SOC accumulation rate determined by
Launay et al. (2021) with a modelling approach (i.e., +0.0466 kg C m 2
on average over 30 years after the introduction of TG in the rotation),
the additional SOC storage induced by a 50% increase of the proportion
of TG in the rotation would be achieved in 39 years.

The hypothesis that permanent grasslands are the reference condi-
tion for maximal soil C storage in the current agricultural system is
questioned by the fact that the expected SOC stocks under the 100% TG
scenario appears to be higher than those currently present in permanent
grasslands (Fig. 2a). The uncertainty of the model and the absence of
sites with more than 73% of TG preclude the assessment of whether
croplands can reach SOC stock levels similar to PG at TG proportion
below 100% or that TG induces higher SOC stocks than permanent
grasslands. Nonetheless, within the range of our study (0-73% TG), the
relationships between SOC stocks and TG proportion in topsoil and
subsoil appeared linear (Fig. 2a, Fig. 3). This is corroborated by an
Australian experiment that found a doubling of SOC accrual rates with a
doubling of TG proportion (Chan et al., 2011). Furthermore, the
magnitude of the difference in SOC storage between crop-only sites
(with no TG) and PG has increased in the last decades because about half
of the permanent grasslands showed significant SOC gains in the last 30
years (Guillaume et al., 2021). Thus, the potential of croplands to store
additional SOC may be slightly underestimated if the SOC dynamics
observed in the last 3 decades will continue in the future.

In summary, despite the uncertainty in evaluating the maximal SOC
storage for croplands with high proportion of TG, the study supports the
concept that the agricultural system of the Fribourg Canton represents a
cropland-grassland continuum, in which land-manager decisions to shift
the land use in the direction of a crop-only or grass-only system by,
respectively, reducing or extending TG will likely induce a proportional
change of SOC storage.

4.2. Application of bulk density corrections

The effect of land use and TG on SOC stock changes were strong
enough to be detected without applying corrections, even if the
magnitude would have been underestimated by 7% and 16%, respec-
tively (Table 2). The correction for stone content on SOC stocks within
each land use was small (1%) and in line with another study that found
little or no bias on SOC stock calculation with stone content below
5-10% (Poeplau et al., 2017). Nonetheless, when comparing PG and CR,
the correction factor decreased the effects of land use and TG proportion
on SOC stocks by 11% because the stone content was higher in PG than
in CR (Table 1).

To avoid strong bias in cropland bulk density due to soil tillage, not
all crop types can be sampled at the same period of the year, making
almost impossible to avoid variations in sampling conditions, especially
soil moisture content. Fortunately, soil moisture content had little pre-
dictive power for bulk density of fine soil when clay content and Corg
were included in the model (Table S2). This supports the finding that
while swelling and shrinkage may substantially affect bulk density for
soils with high Corg or with a thick organic horizon like in forests, the
soil bulk density of croplands and grasslands may not be affected sub-
stantially by variation in soil water content (Gubler et al., 2016). By
contrast, the effect of land use, especially of Corg changes, on bulk
density cannot be ignored, otherwise an important underestimation of
the land-use effect on SOC will be obtained (von Haden et al., 2020;
Wendt & Hauser, 2013).

Finally, it is important to highlight that the subsoil bulk densities
were predicted with a mean average error of 5% using very few pa-
rameters, namely Corg and land use (Table S1). The application of the
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pedotransfer function may be an interesting alternative to estimate
subsoil SOC stocks without investing substantial efforts into measuring
fine soil density for the subsoil.

4.3. Relevance of SOC storage in climate mitigation

The technical C storage potential of agricultural soils in the cropland-
grassland system of the study region (3.1 + 1.4 Mt CO5) corresponds
roughly to one year of the total direct anthropogenic GHG emissions
generated inside the region boundary and the indirect ones generated
outside the region boundary (4.1 Mt CO»-eq.), or to about 4 years of
GHG emissions generated from the agricultural production inside the
region (SEn, 2020). Such a comparison, however, remains uncertain
given the dependency of the climatic effect of the different GHG’s on the
chosen time horizon (Lynch et al., 2021). Such technical potential cor-
responds to an upper boundary of C storage of agricultural soils in the
region and thus provides an optimistic view of the potential for off-
setting GHG emissions by soil C sequestration. However, all GHG
emissions resulting from the efforts implemented to utilize the storage
potential should also be accounted for in order to accurately determine
the overall GHG balance. A study in France showed that area-related
GHG emissions were actually reduced when temporary grasslands
replaced croplands, mainly because of the decreased application of
mineral fertilizers (Launay et al., 2021). On the other hand, the increase
of cattle and the related GHG emissions that would be associated with a
massive expansion of grasslands would likely offset a substantial part of
the C sequestration (Hong et al., 2021). To avoid an increase of cattle,
Launay et al. (2021) applied a much stricter scenario for France, in
which TG only replaced maize for silage and, in sites already including
TG in the rotation, the proportion was extended on average by +10%. As
a result, the sequestration potential at national scale was lower for TG
than for cover crops because of the smaller area that will be affected.

The linearity of the relationship of SOC stocks with TG proportion
across the whole TG range means that soil C storage can be achieved
anywhere with the same efficiency. Hence, the implementation of new
TG or their spatial redistribution should be encouraged, especially
where the level of organic matter is so low that soil functioning is
impaired and soils are prone to degradation (Kuzyakov et al., 2020).
Agricultural planning at landscape level could maximize the benefits of
TG without affecting the overall agricultural production. Finally,
because the proportion of temporary grasslands in the crop rotations is
already high in the study region (one third on average), it can be fore-
seen that the potential of TG as negative C emission technology is much
higher in areas where this practice is not yet as common (Schut et al.,
2021).

5. Conclusions

We evaluated the potential for soil C storage in agricultural soils as a
negative emission technology and found that soil C storage potential
corresponds, roughly, to the total direct and indirect anthropogenic
GHG emissions of the study region during one year only. The potential is
far below the aspirational goal advocated by the “4 per mille” initiative.
Nonetheless, at the field scale, SOC accrual can be much higher than 4 %o
under some specific conditions, illustrating that agricultural systems still
represent a potentially large C sink when agricultural practices are
optimized. The estimation of the potential C sink by increasing the share
of TG is affected by the soil bulk density. While bias resulting from
different stone content and sampling conditions could be neglected, the
correction of soil bulk density for land use, and especially for the in-
crease of Corg, was necessary to avoid substantial underestimation of
the C sink. Furthermore, the subsoils exhibit a substantial storage ca-
pacity that can be leveraged by managing the proportion of TG in the
crop rotation. Reaching the upper limits of SOC storage implies a 100%
shift from croplands to grasslands, which is neither realistic nor a
desirable scenario. Hence, the increase of SOC storage would depend on
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the trade-offs between dietary needs and the environmental and eco-
nomic constraints, most likely addressed at political level. Although the
findings from this study seem to undermine some of the over-optimistic
predictions about the role of agricultural soils to mitigate climate
change, they highlight, at the same time, the importance of agricultural
diversification to maintain or enhance the climate change adaptation
capabilities and the ecosystem services of agroecosystems.

Declaration of Competing Interest

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

Acknowledgements

The research was funded by Agroscope. We thank the Institut agricole
de UEtat de Fribourg for giving access to the data of the FRIBO network
and the Swiss Federal Office of Agriculture for sharing the land-use data of
the Canton of Fribourg. Finally, we are grateful to the farmers of the
FRIBO network for granting access to their fields. DM was partly funded
by the CLAND project (ANR 16-CONV-0003).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geoderma.2022.115937.

References

Bai, X., Huang, Y., Ren, W., Coyne, M., Jacinthe, P.A., Tao, B., Hui, D., Yang, J.,
Matocha, C., 2019. Responses of soil carbon sequestration to climate-smart
agriculture practices: a meta-analysis. Global Change Biol. 25 (8), 2591-2606.
https://doi.org/10.1111/gcb.14658.

Balesdent, J., Basile-Doelsch, 1., Chadoeuf, J., Cornu, S., Derrien, D., Fekiacova, Z.,
Hatté, C., 2018. Atmosphere-soil carbon transfer as a function of soil depth. Nature
559 (7715). https://doi.org/10.1038/s41586-018-0328-3.

Borjesson, G., Bolinder, M.A., Kirchmann, H., Katterer, T., 2018. Organic carbon stocks
in topsoil and subsoil in long-term ley and cereal monoculture rotations. Biol. Fertil.
Soils 54 (4), 549-558. https://doi.org/10.1007/s00374-018-1281-x.

Bossio, D.A., Cook-Patton, S.C., Ellis, P.W., Fargione, J., Sanderman, J., Smith, P.,
Wood, S., Zomer, R.J., von Unger, M., Emmer, I.M., Griscom, B.W., 2020. The role of
soil carbon in natural climate solutions. Nat. Sustainability 3 (5), 391-398. https://
doi.org/10.1038/541893-020-0491-z.

Breiman, L., 2001. Random forests. Machine Learning 45, 5-32. https://doi.org/
10.1023/A:1010933404324.

Chan, K.Y., Conyers, M.K., Li, G.D., Helyar, K.R., Poile, G., Oates, A., Barchia, .M., 2011.
Soil carbon dynamics under different cropping and pasture management in
temperate Australia: Results of three long-term experiments. Soil Res. 49 (4),
320-328. https://doi.org/10.1071/SR10185.

Chenu, C., Angers, D.A., Barré, P., Derrien, D., Arrouays, D., Balesdent, J., 2019.
Increasing organic stocks in agricultural soils: Knowledge gaps and potential
innovations. Soil Tillage Res. https://doi.org/10.1016/j.5till.2018.04.011.

Conant, R.T., Cerri, C.E.P., Osborne, B.B., Paustian, K., 2017. Grassland management
impacts on soil carbon stocks: a new synthesis. Ecol. Appl. 27 (2), 662-668. https://
doi.org/10.1002/eap.1473.

Creme, A., Rumpel, C., Le Roux, X., Romian, A., Lan, T., Chabbi, A., 2018. Ley grassland
under temperate climate had a legacy effect on soil organic matter quantity,
biogeochemical signature and microbial activities. Soil Biol. Biochem., 122(October
2017), 203-210. doi: 10.1016/j.s0ilbio.2018.04.018.

Crowther, T.W., Riggs, C., Lind, E.M., Borer, E.T., Seabloom, E.W., Hobbie, S.E.,

Wubs, J., Adler, P.B., Firn, J., Gherardi, L., Hagenah, N., Hofmockel, K.S., Knops, J.
M.H., McCulley, R.L., MacDougall, A.S., Peri, P.L., Prober, S.M., Stevens, C.J.,
Routh, D., 2019. Sensitivity of global soil carbon stocks to combined nutrient
enrichment. Ecol. Lett. 22 (6), 936-945. https://doi.org/10.1111/ele.13258.

De Stefano, A., Jacobson, M.G., 2018. Soil carbon sequestration in agroforestry systems:
a meta-analysis. Agrofor. Syst. 92 (2), 285-299. https://doi.org/10.1007/s10457-
017-0147-9.

DIAF, 2019. Rapport agricole. https://doi.org/10.1017/CB09781107415324.004.

Dumas, M.D., 2013. Changes in temperature and temperature gradients in the French
Northern Alps during the last century. Theor. Appl. Climatol. 111 (1-2), 223-233.
https://doi.org/10.1007/s00704-012-0659-1.

Dupla, X., Gondret, K., Sauzet, O., Verrecchia, E., Boivin, P., 2021. Changes in topsoil
organic carbon content in the Swiss leman region cropland from 1993 to present.
Insights from large scale on-farm study. Geoderma 400, 115125. https://doi.org/
10.1016/j.geoderma.2021.115125.

Geoderma 422 (2022) 115937

EASAC, 2018. Negative emission technologies: What role in meeting Paris Agreement
targets? In EASAC Policy Report (Issue 35). https://easac.eu/fileadmin/PDF s/
reports_statements/Negative_Carbon/EASAC_Report_on_Negative_Emission_
Technologies.pdf.

Ellert, B.H., Bettany, J.R., 1995. Calculation of organic matter and nutrients stored in
soils under contrasting management regimes. Can. J. Soil Sci. 75, 529-538. https://
doi.org/10.4141/cjss95-075.

Fox, W.E., 1964. A study of bulk density and water in a swelling soil. Soil Sci. 98 (5),
307-316. https://doi.org/10.1097,/00010694-196411000-00006.

Franzluebbers, A.J., Sawchik, J., Taboada, M.A., 2014. Agronomic and environmental
impacts of pasture-crop rotations in temperate North and South America. Agric.
Ecosyst. Environ. 190, 18-26. https://doi.org/10.1016/j.agee.2013.09.017.

Frau, L.J., Libohova, Z., Joost, S., Levasseur, C., Jeangros, B., Bragazza, L., Sinaj, S.,
2020. Regional investigation of spatial-temporal variability of soil magnesium - a
case study from Switzerland. Geoderma Regional 21, e00278.

Funes, L., Savé, R., Rovira, P., Molowny-Horas, R., Alcaniz, J.M., Ascaso, E., Herms, L.,
Herrero, C., Boixadera, J., Vayreda, J., 2019. Agricultural soil organic carbon stocks
in the north-eastern Iberian Peninsula: drivers and spatial variability. Sci. Total
Environ. 668, 283-294. https://doi.org/10.1016/j.scitotenv.2019.02.317.

Fuss, S., Lamb, W.F., Callaghan, M.W., Hilaire, J., Creutzig, F., Amann, T., Beringer, T.,
De Oliveira Garcia, W., Hartmann, J., Khanna, T., Luderer, G., Nemet, G.F.,
Rogelj, J., Smith, P., Vicente, J.V., Wilcox, J., Del Mar Zamora Dominguez, M.,
Minx, J.C., 2018. Negative emissions — Part 2: Costs, potentials and side effects.
Environ. Res. Lett. 13 (6) https://doi.org/10.1088/1748-9326/aabfof.

Gregory, A.S., Kirk, G.J.D., Keay, C.A., Rawlins, B.G., Wallace, P., Whitmore, A.P., 2014.
An assessment of subsoil organic carbon stocks in England and Wales. Soil Use
Manag. 30 (1), 10-22. https://doi.org/10.1111/sum.12085.

Gubler, A., Schwab, P., Wachter, D., Meuli, R.G., Keller, A., 2016. Influence of soil water
status on collected soil samples. Agroscope Sci. 34.

Guillaume, T., Bragazza, L., Levasseur, C., Libohova, Z., Sinaj, S., 2021. Long-term soil
organic carbon dynamics in temperate cropland-grassland systems. Agric. Ecosyst.
Environ. 305 https://doi.org/10.1016/j.agee.2020.107184.

Guillaume, T., Makowski, D., Libohova, Z., Bragazza, L., Sallaku, F., Sinaj, S., 2022. Soil
organic carbon saturation in cropland-grassland systems: storage potential and soil
quality. Geoderma 406, 115529. https://doi.org/10.1016/j.geoderma.2021.115529.

Haddaway, N.R., Hedlund, K., Jackson, L.E., Katterer, T., Lugato, E., Thomsen, LK.,
Jgrgensen, H.B., Isberg, P.E., 2017. How does tillage intensity affect soil organic
carbon? A systematic review. Environ. Evidence 6 (1), 1-48. https://doi.org/
10.1186/513750-017-0108-9.

Hoeffner, K., Beylich, A., Chabbi, A., Cluzeau, D., Dascalu, D., Graefe, U., Guzman, G.,
Hallaire, V., Hanisch, J., Landa, B.B., Linsler, D., Menasseri, S., Opik, M.,

Potthoff, M., Sandor, M., Scheu, S., Schmelz, R.M., Engell, L., Schrader, S., Péres, G.,
2021. Legacy effects of temporary grassland in annual crop rotation on soil
ecosystem services. Sci. Total Environ. 780 (February) https://doi.org/10.1016/j.
scitotenv.2021.146140.

Hong, C., Burney, J.A., Pongratz, J., Nabel, J.E.M.S., Mueller, N.D., Jackson, R.B.,
Davis, S.J., 2021. Global and regional drivers of land-use emissions in 1961-2017.
Nature 589 (7843), 554-561. https://doi.org/10.1038/541586-020-03138-y.

Jarvis, N., Forkman, J., Koestel, J., Kétterer, T., Larsbo, M., Taylor, A., 2017. Long-term
effects of grass-clover leys on the structure of a silt loam soil in a cold climate. Agric.
Ecosyst. Environ. 247 (July), 319-328. https://doi.org/10.1016/j.
agee.2017.06.042.

Johnston, A.E., Poulton, P.R., Coleman, K., Macdonald, A.J., White, R.P., 2017. Changes
in soil organic matter over 70 years in continuous arable and ley-arable rotations on
a sandy loam soil in England. Eur. J. Soil Sci. 68 (3), 305-316. https://doi.org/
10.1111/ejss.12415.

Julien, P., Morand, D., 1995. FRIBO: Réseau fribourgeois d’observation des sols 1987-
1994.

Koishi, A., Bragazza, L., Maltas, A., Guillaume, T., Sinaj, S., 2020. Long-term effects of
organic amendments on soil organic matter quantity and quality in conventional
cropping systems in Switzerland. Agronomy 10 (12). https://doi.org/10.3390/
agronomy10121977.

Kuzyakov, Y., Gunina, A., Zamanian, K., Tian, J., Luo, Y., Xu, X., Yudina, A., Aponte, H.,
Alharbi, H., Ovsepyan, L., Kurganova, 1., Ge, T., Guillaume, T., 2020. New
approaches to evaluate soil health, sensitivity and resistance to degradation.
Frontiers of Agricultural Science and Engineering, In press. doi: 10.15302/J-FASE-
2020338.

Launay, C., Constantin, J., Chlebowski, F., Houot, S., Katja, A. G., Raphaél, K., Bruno, M.,
Pellerin, S., & Therond, O. (2021). Estimating the carbon storage potential and
greenhouse gas emissions of French arable cropland using high-resolution modeling.
Global Change Biology, January, 1-17. doi: 10.1111/gcb.15512.

Lemaire, G., Gastal, F., Franzluebbers, A., Chabbi, A., 2015. Grassland-cropping
rotations: an avenue for agricultural diversification to reconcile high production
with environmental quality. Environ. Manage. 56 (5), 1065-1077. https://doi.org/
10.1007/s00267-015-0561-6.

Levasseur, C., Favreliére, E., von Niederhausern, A., Briilhart, J., Rossier, N., 2019.
FRIBO: Réseau fribourgeois d’observation des sols 1987-2016. https://www.fr.ch/
sites/default/files/2019-05/fr_RAP_fribo_2019.pdf.

Li, S., Xu, J., Tang, S., Zhan, Q., Gao, Q., Ren, L., Shao, Q., Chen, L., Du, J., Hao, B., 2020.
A meta-analysis of carbon, nitrogen and phosphorus change in response to
conversion of grassland to agricultural land. Geoderma, 363(October 2019), 114149.
doi: 10.1016/j.geoderma.2019.114149.

Lugato, E., Bampa, F., Panagos, P., Montanarella, L., Jones, A., 2015. Potential carbon
sequestration of European arable soils estimated by modelling a comprehensive set
of management practices. Glob. Change Biol. 20 (11), 3557-3567. https://doi.org/
10.1111/gcb.12551.


https://doi.org/10.1016/j.geoderma.2022.115937
https://doi.org/10.1016/j.geoderma.2022.115937
https://doi.org/10.1111/gcb.14658
https://doi.org/10.1038/s41586-018-0328-3
https://doi.org/10.1007/s00374-018-1281-x
https://doi.org/10.1038/s41893-020-0491-z
https://doi.org/10.1038/s41893-020-0491-z
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1071/SR10185
https://doi.org/10.1016/j.still.2018.04.011
https://doi.org/10.1002/eap.1473
https://doi.org/10.1002/eap.1473
https://doi.org/10.1111/ele.13258
https://doi.org/10.1007/s10457-017-0147-9
https://doi.org/10.1007/s10457-017-0147-9
https://doi.org/10.1007/s00704-012-0659-1
https://doi.org/10.1016/j.geoderma.2021.115125
https://doi.org/10.1016/j.geoderma.2021.115125
https://doi.org/10.4141/cjss95-075
https://doi.org/10.4141/cjss95-075
https://doi.org/10.1097/00010694-196411000-00006
https://doi.org/10.1016/j.agee.2013.09.017
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0095
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0095
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0095
https://doi.org/10.1016/j.scitotenv.2019.02.317
https://doi.org/10.1088/1748-9326/aabf9f
https://doi.org/10.1111/sum.12085
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0115
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0115
https://doi.org/10.1016/j.agee.2020.107184
https://doi.org/10.1016/j.geoderma.2021.115529
https://doi.org/10.1186/s13750-017-0108-9
https://doi.org/10.1186/s13750-017-0108-9
https://doi.org/10.1016/j.scitotenv.2021.146140
https://doi.org/10.1016/j.scitotenv.2021.146140
https://doi.org/10.1038/s41586-020-03138-y
https://doi.org/10.1016/j.agee.2017.06.042
https://doi.org/10.1016/j.agee.2017.06.042
https://doi.org/10.1111/ejss.12415
https://doi.org/10.1111/ejss.12415
https://doi.org/10.3390/agronomy10121977
https://doi.org/10.3390/agronomy10121977
https://doi.org/10.1007/s00267-015-0561-6
https://doi.org/10.1007/s00267-015-0561-6
https://doi.org/10.1111/gcb.12551
https://doi.org/10.1111/gcb.12551

T. Guillaume et al.

Lynch, J., Cain, M., Frame, D., Pierrehumbert, R., 2021. Agriculture’s contribution to
climate change and role in itigation is distinct from predominantly fossil CO2-
emitting sectors. Front. Sustainable Food Systems 4 (February), 1-9. https://doi.org/
10.3389/fsufs.2020.518039.

lard, E., & Angers, D. A. (2014). Animal manure application and soil organic carbon
stocks: a meta-analysis. Global Change Biol., 20(2), 666-679. doi: 10.1111/
gcb.12438.

Martin, G., Durand, J.L., Duru, M., Gastal, F., Julier, B., Litrico, I., Louarn, G.,
Médiene, S., Moreau, D., Valentin-Morison, M., Novak, S., Parnaudeau, V.,
Paschalidou, F., Vertes, F., Voisin, A.S., Cellier, P., Jeuffroy, M.H., 2020. Role of ley
pastures in tomorrow’s cropping systems. A review. Agron. Sustainable Dev. 40 (3)
https://doi.org/10.1007/513593-020-00620-9.

Martin, M.A., Reyes, M., Taguas, F.J., 2017. Estimating soil bulk density with
information metrics of soil texture. Geoderma 287, 66-70. https://doi.org/10.1016/
j-geoderma.2016.09.008.

Mayer, S., Kiihnel, A., Burmeister, J., Kogel-Knabner, 1., Wiesmeier, M., 2019.
Controlling factors of organic carbon stocks in agricultural topsoils and subsoils of
Bavaria. Soil Tillage Res. 192 (May), 22-32. https://doi.org/10.1016/j.
still.2019.04.021.

Minx, J.C., Lamb, W.F., Callaghan, M.W., Fuss, S., Hilaire, J., Creutzig, F., Amann, T.,
Beringer, T., De Oliveira Garcia, W., Hartmann, J., Khanna, T., Lenzi, D., Luderer, G.,
Nemet, G.F., Rogelj, J., Smith, P., Vicente Vicente, J.L., Wilcox, J., Del Mar Zamora
Dominguez, M., 2018. Negative emissions — Part 1: Research landscape and
synthesis. Environ. Res. Lett. 13 (6) https://doi.org/10.1088/1748-9326/aabf9b.

Nye, P.H., Greenland, D.J., 1964. Changes in the soil after clearing tropical forest. Plant
and Soil, 21(1), 101-112. doi: 10.1007/BF013 73877.

Panettieri, M., Courtier-Murias, D., Rumpel, C., Dignac, M.F., Almendros, G., Chabbi, A.,
2020. Land-use perturbations in ley grassland decouple the degradation of ancient
soil organic matter from the storage of newly derived carbon inputs. Soil 6 (2),
435-451. https://doi.org/10.5194/s0il-6-435-2020.

Panettieri, M., Rumpel, C., Dignac, M.F., Chabbi, A., 2017. Does grassland introduction
into cropping cycles affect carbon dynamics through changes of allocation of soil
organic matter within aggregate fractions? Sci. Total Environ. 576, 251-263.
https://doi.org/10.1016/j.scitotenv.2016.10.073.

Paustian, K., Collier, S., Baldock, J., Burgess, R., Creque, J., DeLonge, M., Dungait, J.,
Ellert, B., Frank, S., Goddard, T., Govaerts, B., Grundy, M., Henning, M.,
Izaurralde, R.C., Madaras, M., McConkey, B., Porzig, E., Rice, C., Searle, R., Jahn, M.,
2019. Quantifying carbon for agricultural soil management: from the current status
toward a global soil information system. Carbon Manage. 10 (6), 567-587. https://
doi.org/10.1080/17583004.2019.1633231.

Poeplau, C., Don, A., 2015. Carbon sequestration in agricultural soils via cultivation of
cover crops — a meta-analysis. Agric. Ecosyst. Environ. 200, 33-41. https://doi.org/
10.1016/j.agee.2014.10.024.

Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., Van Wesemael, B., Schumacher, J.,
Gensior, A., 2011. Temporal dynamics of soil organic carbon after land-use change in
the temperate zone — carbon response functions as a model approach. Glob. Change
Biol. 17 (7), 2415-2427. https://doi.org/10.1111/j.1365-2486.2011.02408.x.

Poeplau, C., Jacobs, A., Don, A., Vos, C., Schneider, F., Wittnebel, M., Tiemeyer, B.,
Heidkamp, A., Prietz, R., Flessa, H., 2020. Stocks of organic carbon in German
agricultural soils—key results of the first comprehensive inventory. J. Plant Nutr.
Soil Sci. 183 (6), 665-681. https://doi.org/10.1002/jpln.202000113.

Poeplau, C., Vos, C., Don, A., 2017. Soil organic carbon stocks are systematically
overestimated by misuse of the parameters bulk density and rock fragment content.
Soil 3 (1), 61-66. https://doi.org/10.5194/50il-3-61-2017.

Quezada, J.C., Etter, A., Ghazoul, J., Buttler, A., Guillaume, T., 2019. Carbon neutral
expansion of oil palm plantations in the Neotropics. Sci. Adv. 5 (11), 1-12. https://
doi.org/10.1126/sciadv.aaw4418.

Geoderma 422 (2022) 115937

R Core Team, 2020. R: a language and environment for statistical computing. R
fundation for statistical computing, Vienna, Austria. R fundation for statistical
computing, Vienna, Austria.

Rowley, M.C., Grand, S., Verrecchia, E.P., 2018. Calcium-mediated stabilisation of soil
organic carbon. Biogeochemistry 137 (1-2), 27-49. https://doi.org/10.1007/
510533-017-0410-1.

Riiegg, J., Quezada, J.C., Santonja, M., Ghazoul, J., Kuzyakov, Y., Buttler, A.,
Guillaume, T., 2019. Drivers of soil carbon stabilization in oil palm plantations. Land
Degrad. Dev. 1-12. https://doi.org/10.1002/1dr.3380.

Sanderman, J., Hengl, T., Fiske, G.J., 2017. Soil carbon debt of 12,000 years of human
land use. PNAS 114 (36), 9575-9580. https://doi.org/10.1073/pnas.1706103114.

Schott, C., Thomas, P., Mignolet, C., 2018. Dynamiques passées des systemes agricoles en
France : une spécialisation des exploitations et des territoires depuis les années 1970.
Fourrages 235, 153-161.

Schut, A.G.T., Cooledge, E.C., Moraine, M., De Ven, G.W.J.V., Jones, D.L., Chadwick, D.
R., 2021. Reintegration Of Crop-Livestock Systems In Europe: An Overview. Front.
Agric. Sci. Eng. 8 (1), 111-129. https://doi.org/10.15302/J-FASE-2020373.

Schwab, P., Gubler, A., 2016. Methoden zur Bestimmung physikalischer
Begleitparameter an Bodenproben. Agroscope Sci. 40, Issue 40).

Sen, 2020. Plan Climat Cantonal — Stratégie et plan de mesure. https://www.fr.ch/sites/
default/files/2020-10/fr_PLA_plan_climat_consultation_2020.pdf.

Sevruk, B., 1997. Regional dependency of precipitation-altitude relationship in the Swiss
Alps. Clim. Change 36 (3-4), 355-369. https://doi.org/10.1007/978-94-015-8905-
57.

Sharif, B., Makowski, D., Plauborg, F., Olesen, J.E., 2017. Comparison of regression
techniques to predict response of oilseed rape yield to variation in climatic
conditions in Denmark. Eur. J. Agron. 82, 11-20. https://doi.org/10.1016/j.
€ja.2016.09.015.

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of soil
organic matter: implications for C-saturation of soils. Plant Soil 241 (2), 155-176.
https://doi.org/10.1023/a:1016125726789.

Smith, P., 2014. Do grasslands act as a perpetual sink for carbon? Glob. Change Biol. 20
(9), 2708-2711. https://doi.org/10.1111/gcb.12561.

Tibshirani, R., 1996. Regression shrinkage and selection via the lasso. J. Roy. Stat. Soc.:
Ser. B (Methodol.) 58 (1), 267-288. https://doi.org/10.1111/j.2517-6161.1996.
tb02080.x.

van Eekeren, N., Bommelé, L., Bloem, J., Schouten, T., Rutgers, M., de Goede, R.,
Reheul, D., Brussaard, L., 2008. Soil biological quality after 36 years of ley-arable
cropping, permanent grassland and permanent arable cropping. Appl. Soil Ecol. 40
(3), 432-446. https://doi.org/10.1016/j.aps0il.2008.06.010.

van Gestel, N., Shi, Z., van Groenigen, K.J., Osenberg, C.W., Andresen, L.C., Dukes, J.S.,
Hovenden, M.J., Luo, Y., Michelsen, A., Pendall, E., Reich, P.B., Schuur, E.A.G.,
Hungate, B.A., 2018. Predicting soil carbon loss with warming. Nature 554 (7693),
E4-ES5. https://doi.org/10.1038/nature25745.

von Haden, A.C., Yang, W.H., DeLucia, E.H., 2020. Soils’ dirty little secret: Depth-based
comparisons can be inadequate for quantifying changes in soil organic carbon and
other mineral soil properties. Glob. Change Biol. 26 (7), 3759-3770. https://doi.org/
10.1111/gcb.15124.

Vos, C., Don, A., Hobley, E.U., Prietz, R., Heidkamp, A., Freibauer, A., 2019. Factors
controlling the variation in organic carbon stocks in agricultural soils of Germany.
Eur. J. Soil Sci. 70 (3), 550-564. https://doi.org/10.1111/ejss.12787.

Wendt, J.W., Hauser, S., 2013. An equivalent soil mass procedure for monitoring soil
organic carbon in multiple soil layers. Eur. J. Soil Sci. 64 (1), 58-65. https://doi.org/
10.1111/ejss.12002.


https://doi.org/10.3389/fsufs.2020.518039
https://doi.org/10.3389/fsufs.2020.518039
https://doi.org/10.1007/s13593-020-00620-9
https://doi.org/10.1016/j.geoderma.2016.09.008
https://doi.org/10.1016/j.geoderma.2016.09.008
https://doi.org/10.1016/j.still.2019.04.021
https://doi.org/10.1016/j.still.2019.04.021
https://doi.org/10.1088/1748-9326/aabf9b
https://doi.org/10.5194/soil-6-435-2020
https://doi.org/10.1016/j.scitotenv.2016.10.073
https://doi.org/10.1080/17583004.2019.1633231
https://doi.org/10.1080/17583004.2019.1633231
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1111/j.1365-2486.2011.02408.x
https://doi.org/10.1002/jpln.202000113
https://doi.org/10.5194/soil-3-61-2017
https://doi.org/10.1126/sciadv.aaw4418
https://doi.org/10.1126/sciadv.aaw4418
https://doi.org/10.1007/s10533-017-0410-1
https://doi.org/10.1007/s10533-017-0410-1
https://doi.org/10.1002/ldr.3380
https://doi.org/10.1073/pnas.1706103114
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0290
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0290
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0290
https://doi.org/10.15302/J-FASE-2020373
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0300
http://refhub.elsevier.com/S0016-7061(22)00244-0/h0300
https://doi.org/10.1007/978-94-015-8905-5_7
https://doi.org/10.1007/978-94-015-8905-5_7
https://doi.org/10.1016/j.eja.2016.09.015
https://doi.org/10.1016/j.eja.2016.09.015
https://doi.org/10.1023/a:1016125726789
https://doi.org/10.1111/gcb.12561
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1016/j.apsoil.2008.06.010
https://doi.org/10.1038/nature25745
https://doi.org/10.1111/gcb.15124
https://doi.org/10.1111/gcb.15124
https://doi.org/10.1111/ejss.12787
https://doi.org/10.1111/ejss.12002
https://doi.org/10.1111/ejss.12002

	Carbon storage in agricultural topsoils and subsoils is promoted by including temporary grasslands into the crop rotation
	1 Introduction
	2 Materials and methods
	2.1 Study sites
	2.2 Soil sampling and analysis
	2.3 Carbon stock corrections
	2.4 Regional estimation
	2.5 Statistical analysis

	3 Results
	3.1 Soil organic carbon stocks
	3.2 Factors affecting corrected SOC stocks in agricultural soils
	3.3 Regional estimates

	4 Discussion
	4.1 Impacts of temporary grasslands on SOC storage
	4.2 Application of bulk density corrections
	4.3 Relevance of SOC storage in climate mitigation

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


