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Soil carbon sequestration potential bounded by population growth, land
availability, food production, and climate change

Sonja G. Keela , Daniel Bretschera, Jens Leifelda , Albert von Owb and Chlo�e W€ust-Galleya

aClimate and Agriculture Group, Agroscope, Zurich, Switzerland; bEconomic Modelling and Policy Analysis Group, Agroscope,
Ettenhausen, Switzerland

ABSTRACT
Improving soil management to enhance soil carbon sequestration (SCS)—a cost-efficient car-
bon dioxide (CO2) removal approach—can result in co-benefits or trade-offs. Here we
address this issue by setting up a modeling framework for Switzerland that combines soil
carbon (C) storage, food production and agricultural greenhouse gas (GHG) emissions. The
link to food production is crucial because crop types and livestock numbers influence soil
organic C (SOC) stocks, through soil C inputs from plants and manure. We estimated SCS
rates for the years 2020–2050 for three scenarios, each with two variants for biochar: cover
cropping (0.30 t CO2 equivalents [CO2-eq] ha�1 yr�1), biochar addition (0.36–1.8 t CO2-eq
ha�1 yr�1) and agroforestry-biochar addition (2.2–2.3 t CO2-eq ha�1 yr�1). Different limiting
factors (land and biomass availability, population growth) affected SCS rates and indicated
that they cannot be sustained until 2100 under all scenarios (cover cropping: 0.10 t CO2-eq
ha�1 yr�1 [2051–2100]; biochar addition: 0.35–1.8 t CO2-eq ha�1 yr�1; agroforestry-biochar
addition: 1.0–1.7 t CO2-eq ha�1 yr�1). This information together with the associated GHG
emissions is critical for planning net zero strategies and highlights the importance of inte-
grated assessments that capture links between SCS and the food system.
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Introduction

More than 70 countries have announced net zero
emission targets (https://www.un.org/en/climate-
change/net-zero-coalition). To reach this goal,
most will rely on carbon dioxide removal (CDR) or
negative emissions to offset emissions that are
unavoidable or difficult to reduce [1]. Because
capacities for different approaches and emission
sources differ largely [2], it will be necessary to
develop country-specific strategies to reach net
zero that favor domestic compensation.
Policymakers therefore need realistic potentials for
different CDR approaches that account for local
conditions.

Soil carbon sequestration (SCS) is a cost-efficient
CDR method [3, 4] with many co-benefits [5]. It is
defined as a net uptake of atmospheric carbon
dioxide (CO2) that leads to an increase in soil
organic carbon (SOC) storage within the same
region from which CO2 was taken up by photosyn-
thesis [6]. Although carbon (C) is not permanently

stored, natural C sinks including afforestation and
reforestation have an atmospheric cooling effect
[7, 8]. Owing to their high technology readiness
level, they could make an important contribution
to rapid upscaling of CDR, which is critical to limit
peak temperatures [9].

In recent years, a wealth of studies has been
published related to SCS, especially after the
4p1000 initiative was launched (https://www.
4p1000.org/). The initiative highlighted that an
annual increase of 4‰ in SOC in the first 30 to
40 cm of soil would significantly reduce atmos-
pheric CO2 concentrations. This statement initiated
a debate on whether SCS could indeed make a sig-
nificant contribution to climate change mitigation.
Important concerns related to insufficient nitrogen
availability to form new soil organic matter [10–12],
potential trade-offs caused by enhanced nitrous
oxide (N2O) emissions [13, 14] or the reversibility of
C sinks were raised [11, 15]. Furthermore, assessing
potentials for SCS on agricultural land is especially
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challenging. In addition to environmental factors
such as soil conditions and climate, SOC stocks are
influenced by a wide array of effects linked to
management. These factors include the type of
land use (cropland or grassland [16]), which crop is
cultivated [17], the duration of soil cover, whether
crop residues are left on the field [18] and whether
organic fertilization (e.g. manure or slurry) is
applied [12], as these determine the amount of C
that is returned to the soil. In the case of organic
fertilization, the quality of C also matters [19]
because organic fertilizers are usually stored and
eventually processed (composted, digested) before
being applied. During these processes, C can be
lost and fractions more resistant to decomposition
may remain or form. This results in lower C turn-
over rates of these substrates when applied to
soils as compared with additions of plant material.
An extreme case is biochar. This C-rich material
produced through thermal conversion of biomass
can be applied as a soil amendment and has a
high intrinsic stability, minimizing C losses through
decomposition [20].

To determine how much additional C can be
stored in soils, the use of a valid baseline is crucial.
This baseline should include the current manage-
ment, so that SOC storage resulting from soil con-
servation practices that are already applied will not
be accounted for twice (i.e. the actual effect
should be additional). Furthermore, it is important
for realistic projections that the baseline accounts
for expected environmental and main societal
changes. While climate change effects have been
considered in earlier studies [21], population
growth and increasing food demand have received
little attention in this context. Additionally, limita-
tions in biomass availability due to its low produc-
tion or competing uses should be taken into
account [21, 22]. Together, the variability in these
factors within or across regions or countries also
underpins the need to provide country-specific
estimates and approaches.

To quantify SCS and account for these multiple
factors, we have set up a modeling framework
that links soil C simulations with a food supply
model that considers population growth (Figure
1). The food supply model simulates calorie pro-
duction, can optimize diets and considers future
demand on agricultural area and livestock.
Livestock numbers are used to estimate the
amount of farmyard manure as C input to soil,
methane (CH4) emissions from enteric fermenta-
tion and manure management as well as N2O

emissions resulting from the storage and applica-
tion of manure to soils by using a GHG model.
This model allows trade-offs or benefits of
changes in agricultural production and diets
related to GHG emissions to be estimated. This
framework is set up for Switzerland, a densely
populated country.

By the year 2100, the Swiss population is
expected to have grown by 43% (https://www.bfs.
admin.ch/bfs/en/home/statistics/population/popula-
tion-projections/national-projections.html). We first
estimate minimal changes in diets that would
allow sufficient food for a larger population to
be provided until the year 2100. Import and export
of food and feed are assumed to remain the same.
This forms the baseline scenario. Direct effects
of climate change projected by nine different
model chains and three emission scenarios on SOC
stocks are included in this baseline and all other
scenarios.

Next, we assess the SCS rates for three separate
scenarios (Figure 1) by comparing their SOC stocks
with those of the baseline scenario. The cover crop
scenario represents an increased use of a well-
known soil conservation practice. Cover crops, also
named inter-crops or catch crops, are planted
between two main crops when soils would other-
wise be bare. They contribute to higher C inputs
and can reduce C losses. Additionally, we quantify
SCS rates for biochar additions. We use national
estimates for sustainably available biomass (from
landscape maintenance or low-quality so-called
forest energy wood [23]) to calculate how much
biochar could be produced with domestic resour-
ces that are not from agricultural land (“biochar
scenarios”). Furthermore, we assess the potential
of growing additional biomass for biochar produc-
tion on agricultural land that is made available
through reductions in feed production as a
result of changes in diets (“agroforestry-biochar
scenarios”). On this “free cropland”, fast-growing
trees are planted alongside agricultural fields and
are harvested for biochar production. For these
scenarios we estimate annual and cumulative SCS
rates for the years 2020–2100.

Materials and methods

Description of national-scale soil organic carbon
inventory

To estimate changes in SOC stocks, we used a
model-based, national-scale SOC inventory for agri-
cultural, mineral topsoils (0–30 cm depth) that was
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developed for GHG reporting under the United
Nations Framework Convention on Climate
Change [24]. The system is based on the SOC
model RothC and incorporates the management of
the nineteen most important crop types grown in
Switzerland and six agricultural grassland catego-
ries of varying management intensity. We used the
function RothCModel in the R package SoilR [25],
modified by adding two biochar pools (see section
“Parameterization of biochar decomposition and
estimation of biochar yield”). The code will be
made available on Zenodo. Residue management,
cover crops and applications of organic amend-
ments are accounted for—the latter incorporating
livestock numbers as well as crop and grassland
types.

An allometric equation [26], adapted to meas-
urements made in Switzerland [27, 28], is used to
derive the amount of plant C inputs to the soil
based on measured annual yields. The clay content
of the soil is derived from a soil suitability map. To
calculate initial SOC stocks, an approach that
relates SOC stocks to clay content, elevation and
land use type is used [24, 29]. The initial sizes of
the different C pools in the RothC model are esti-
mated using a pedo-transfer function [30], which
proved to be a good alternative to spin-up estima-
tions [24]. Upscaling to the national level is done
by stratifying the country into 240 regions with
similar pedo-climatic conditions and agricultural
production types.

Monthly resolved, crop-specific application
rates of organic amendments (OrgAm) were cal-
culated as a function of annual OrgAm availabil-
ity and distribution among nineteen crop types
and six grassland categories [24]. OrgAm avail-
ability in Switzerland is a function of herd sizes,
animal-specific OrgAm excretion rates, animal
housing (determining the type of OrgAm), straw
addition (used in deep litter systems), net remov-
als to anaerobic digesters and OrgAm-C loss due
to storage. OrgAm application to different crops
or grassland types was calculated as a function
of farmer behavior, the movement of cattle,
horses, sheep, goats and pigs to summer pas-
tures, and the permissible fertilization rates of
the different crops and grasslands, the latter also
incorporating management intensity and eleva-
tion. OrgAm on grasslands also incorporates
legislation on the allowed fertilization of exten-
sive meadows and summer pastures. Crops
assumed to receive OrgAm are cereals, maize
(silage and grain), potatoes, beets, sunflowers
and rape seed (oil). For simulations for 2020
onwards, new OrgAm application rates were cal-
culated: These calculations used future herd
sizes, crop and grassland surfaces and straw
availability (as a function of cereal cultivation), as
projected by the food supply model DSS-ESSA
(see section “The DSS-ESSA food supply model”).
All other parameters (given above) were held
constant, using the 2019 values.

Figure 1. Modeling framework for assessment of SCS in agricultural soils including trade-offs and benefits related to
changes in food production.
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Climate change and emission scenarios

Simulations were run for the period 1990–2100.
Daily mean air temperature (at 2m aboveground)
and precipitation values for this entire period were
obtained from the CH2018 Climate Scenarios [31],
more specifically the DAILY-LOCAL data product,
which contains values for individual weather sta-
tions. The Climate Scenarios are based on regional
climate models (RCMs) from the European
Coordinated Regional Downscaling Experiment cli-
mate simulations [32]. The RCMs are themselves
derived from model chains comprising different glo-
bal climate models and RCMs. Downscaling to the
individual weather stations is done using quantile
mapping, using station observations as reference
observations (utilizing data from between 85 and
399 stations for temperature variables and precipita-
tion, respectively), and using the period 1981–2010
as a reference period. For this period, the statistical
distribution of the (simulated) daily values matches
that of the observed values, but there is no tem-
poral correspondence of the predictions with obser-
vations. This means, for example, that a drought as
strong as the 2003 drought is not necessarily pre-
dicted to occur in 2003.

Monthly mean temperature (Tmean) and monthly
precipitation sums (PPN) were derived from the
Climate Scenarios data product. Monthly evapo-
transpiration (ET) sums were calculated using the
Hargreaves function (ETH) [33], using daily tem-
perature minimum (Tmin) and maximum (Tmax) val-
ues also obtained from the Climate Scenarios data
product. The Hargreaves function is known to
result in biased values under certain meteoro-
logical conditions. We checked for biases, compar-
ing the ETH values with ET values as calculated
using the Priestley and Taylor function [34] (ETP-
T)—which has been shown to provide an unbiased
ET estimate in the Swiss plateau [35]—for the
period 1990–2019 (data required to calculate ETP-T
were available for this period but not beyond it)
for four agriculturally important regions in
Switzerland. A bias was indeed found and was cor-
rected as follows: For each station (see last para-
graph of this section) a linear regression of ETH
values against ETP-T values was performed, and
the resulting regression coefficients were used to
correct the ETH values.

The mean values from nine model chains were
used in this study (DMI-HIRHAM_ECEARTH_EUR11,
KNMI-RACMO_HADGEM_EUR44, MPICSC-REMO1_
MPIESM_EUR11, MPICSC-REMO2_MPIESM_EUR11,
SMHI-RCA_ECEARTH_EUR11, SMHI-RCA_HADGEM_

EUR44, SMHI-RCA_MPIESM_EUR44, SMHI-RCA_
MIROC_EUR44, SMHI-RCA_NORESM_EUR44), consid-
ering the representative concentration pathways
(RCPs) 2.6, 4.5 and 8.5.

The 24 regions of this study were represented
by one weather station each. Comparison of Tmean

and PPN parameters (1990–2019) between the
agriculturally most important six regions and indi-
vidual weather stations showed that this is an
appropriate strategy. In the Climate Scenarios data
product, temperature (Tmean, Tmin and Tmax) and
PPN have been predicted for 82 weather stations.
Stations representing the 24 regions were chosen
out of these 82 stations based on the following cri-
teria: Regions containing only one weather station
(fewer than 10 cases) were allocated that station;
where multiple weather stations occur in a region,
the station furthest away from the edges of that
region was chosen; weather stations with atypical
elevation (mostly mountain tops) were not chosen.

Parameterization of biochar decomposition and
estimation of biochar yield

To parameterize biochar decomposition, we fol-
lowed a concept that describes biochar as com-
posed of two C pools, a small labile and a large
stable pool, which both decompose following first-
order kinetics with a respective intrinsic rate con-
stant [36]. The size of the smaller, labile biochar
pool can be estimated from biochar properties
and CO2 release during shorter-term decompos-
ition studies. It was shown based on incubation
data [37] that the amount of C released during
one year is closely related to the thermal stability
of the biochar [38] (called “recalcitrance index” by
these authors; Supplementary information, Fig. S1).

According to federal regulations, biochar quality
must conform to the European Biochar Certificate
to be amendable to Swiss agriculture. Samples
from Fig. S2 (Supplementary information) with this
certification have molar ratios of hydrogen (H) to C
(H/C ratios) of 0.25 (±0.03 SE), which is slightly
above those reported for hardwood and conifer-
ous woodchip biochars [39]. We used this H/C ratio
for our calculations, which corresponds to a recal-
citrance index of 0.53. Using the equations pre-
sented in Figs. S1 and S2 (Supplementary
information), the size of the labile pool for a refer-
ence temperature of þ9.3 �C (corresponding to a
temperature rate modifying factor of 1 in RothC) is
0.2%. This pool fully decomposes within one year,
and its rate constant k1 per year at 9.3 �C is set to
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10.0, corresponding to the decay constant of the
decomposable plant material pool in RothC. The
size of the labile pool was smaller than the esti-
mate of 5–10% in a previous study [36]; however,
some of the studies from which these authors had
derived pool sizes utilized more labile biochars, i.e.
biochars produced at lower temperatures. The
approach followed here, instead, provides a uni-
versal analytical measure for estimating the labile
pool size.

Correspondingly, the size of the stable pool was
100% � 0.2% ¼ 99.8%. Its decomposition rate
constant was derived from a double exponential
decay model

CðtÞ ¼ C1�k1t þ C2�k2t (1)

with C1 and C2 being the sizes and k1 and k2 the
rate constants of the labile and the stable pool,
respectively. To get k2, the equation was fitted
using the data in the Intergovernmental Panel on
Climate Change guidelines for national GHG inven-
tories [40], where the amount of biochar-C remain-
ing after 100 years of decay is reported as a
function of pyrolysis temperature. Because in prac-
tice pyrolysis temperature is often not known, we
again followed an approach to derive this impor-
tant parameter from measurable biochar proper-
ties. We used data compiled in a previous study
that reports both pyrolysis temperature and the
biochar H/C ratio [41] (Supplementary information,
Fig. S3). More than 63% of the variability in pre-
dicted pyrolysis temperature could be explained
by the H/C ratio of the produced biochar. The H/C
ratio of 0.25 derived above corresponds to a pyr-
olysis temperature of about 660 �C, which trans-
lates into 90% of biochar-C remaining after
100 years. Fitting Equation 1 to these data gives a
rate constant k2 of 0.0009 per year for a decom-
position temperature of 20 �C, corresponding to a
k2 of 0.00047 when calculated for a temperature
of 9.3 �C (the temperature where the rate modifier
in RothC equals one). This parameter value, which
is the most relevant for simulating the fate of bio-
char in soil in the long term, is in the range of rate
constants reported in earlier studies [36, 37, 42–
44]. The advantage of our approach is that all rele-
vant parameters for simulating biochar decompos-
ition can be derived from just the molar H/C ratio,
allowing the parameters to be adjusted to the bio-
char at hand.

Biochar yields were estimated based on pyroly-
sis efficiencies and C contents of biochar. Pyrolysis
efficiencies (i.e. amount of biochar produced per
unit feedstock material, w/w) for woody materials

of 23.1% (±1.0% SE; n¼ 28) were found for proc-
esses >500 �C when produced at the laboratory
scale [41]. We omitted pyrolysis data from proc-
esses with lower temperatures because biochar
used in Swiss agriculture is processed at higher
temperatures. The yield of 23.1% is slightly below
pyrolysis efficiencies for wood in medium-scale
pyrolysis units [45] as the ones used in Switzerland
(26.4% ± 4%). The corresponding C contents of
the produced biochars from wood at the labora-
tory scale were 75.3% ± 1.7% [41], corresponding
to C-pyrolysis efficiencies of biochar production of
approx. 41%, assuming a C content of wood of
48%. For the medium-scale unit, the C- pyrolysis
efficiency was 44% ± 7% [45]. For our calculations,
we used the values highlighted in bold that are
typical for biochar production in Switzerland (C-
pyrolysis efficiency for biochar production is not
needed for the calculation).

The DSS-ESSA food supply model

We used the food supply model DSS-ESSA (“DSS”
stands for decision support system, while “ESSA” is
a German acronym for “Ern€ahrungs-Sicherungs-
Strategie Angebotslenkung”, which means food
security strategy supply management) to simulate
potential changes in crop shares and livestock
numbers associated with shifts in dietary compos-
ition [46]. These shifts occur as a consequence of
increasing food demand due to a growing popula-
tion and additionally due to replacement of feed
crops by agroforestry in case of the agroforestry-
biochar scenarios. DSS-ESSA is an optimization
model that simulates the Swiss food supply sector
including crop and livestock production, food
processing and storage, foreign trade and food
consumption (Supplementary information, Fig. S4).
It identifies the optimal allocation of the produc-
tion resources based on the available quantities of
resources including public and private sector food
stocks, simultaneously taking into account produc-
tion constraints and nutritional requirements.
Essential food production activities, including for-
eign trade, food processing and stock manage-
ment, are depicted in the model.

DSS-ESSA is a linear programming (LP) model.
An LP model maximizes or minimizes an objective
function whilst fulfilling a series of constraints
(Equations 2 and 3). In DSS-ESSA, these constraints
or restrictions include mainly interdependencies
within production processes, such as minimal feed-
ing requirements or maximal yields in food
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processing. When solving the optimization prob-
lem with an algorithm, a mathematical optimiza-
tion solver is needed to identify the variable values
of the optimal solution. DSS-ESSA uses the Gurobi
9.1 solver (https://www.gurobi.com/), in which the
variables are assigned to those real and non-nega-
tive numerical values that lead to the maximum
(or minimum) objective function value.

Objective function :
XJ

j¼1

cjxj ! max (2)

xj Variables (quantities)
cj Contribution to objective value (per unit xj)
J Number of variables

Constraints :
XJ

j¼1

anjxnj � bn ðfor n ¼ 1, . . . ,NÞ

(3)

anj Production coefficients (quantity of resource n
per unit of xj; e.g. labor needs per hectare of
wheat)

bn Capacities (quantities) or fixed factors
N Number of capacities or relationships

DSS-ESSA is a dynamic recursive LP model,
which means that the value of a model variable
(typically an annual value) is linked to its value in
the previous period. Thus, the model takes into
account development over time, e.g. considering
the rearing of young animal stock by means of
transferring the population from one age category
to the next. The main data sources of the model
are the official Swiss agricultural and foreign trade
statistics [47, 48]. Specific technical data have been
taken from agricultural and food industry reports
[49, 50]. Multi-annual averages are calculated in
the case of annually fluctuating data such as yields
and import quantities. Data that are unlikely to
change in the short term are only updated on
occasion (e.g. nutritional recommendations [51]);
most of these data are from 2015 [46].

The assumptions made for the simulations
(especially population growth, limited area and
constant import quantities) required a change in
domestic agricultural production and food con-
sumption until 2100 in order to meet the increas-
ing demand. The diet was also changed so that
the discrepancy between the current diet and the
national nutritional recommendations would be
reduced.

Description of baseline scenario

Simulations of SOC stocks were performed for the
years 1990–2100. The years 1990–2019 were used
as a warm-up phase, and only data for 2020–2100
are presented. Some basic input data were kept
constant for simulations of future years, including
total grassland and cropland areas (year 2017 was
used as a reference) and, except for the cover crop
scenario, C inputs to the soil from cover crops (up
to 0.71 t C ha�1 yr�1 with the amount depending
on the rotation [lowest value: 0.52 t C ha�1 yr�1];
only added after summer crops, distributed over
five months). Crop yields were calculated as the
average of yields from 2014 to 2018. Changes in
crop shares simulated with DSS-ESSA affect the
simulation of SOC stocks because different crops
are associated with different amounts of C inputs
from plants and from OrgAm, the latter according
to the common management in Switzerland (i.e.
some crops mostly receive organic fertilizer, while
others mainly receive mineral fertilizer that does
not contain any C). Additionally, C inputs to the
soil from organic fertilizer changed through time,
responding to variations in herd sizes and thus
amounts of excreta.

Description of C sequestration scenarios

For the SCS scenarios, we focus on cropland only
because potentials to store additional C in Central
Europe and globally are highest on cropland [52,
53] and some measures (e.g. cover crops) cannot
be applied to grassland. The SCS scenarios were
run as described for the baseline scenario (above)
except for changes described below, which were
applied from 2020 onwards. The amount of SOC
that could be sequestered during the years 2020–
2100 was calculated as difference between SOC
stocks of a specific scenario and the SOC stocks of
the baseline scenario (Supplementary information,
Fig. S5). Here, SCS represents the combined effect
of additional CO2 uptake and compensation of
potential SOC losses that occur over the simulated
period, which when defined in this way does not
follow the definition cited in the introduction [6].

Cover crop scenario

For the cover crop scenario, we assumed that the
abundance and biomass production of cover crops
could be increased. Cover crops can be ploughed
under as green manure before sowing the next
main crop or be harvested for feed. They enhance
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overall biomass input to the soil and reduce
decomposition and erosion because the soil
remains covered. We assumed C inputs could be
increased from 0.52–0.71 t C ha�1 yr�1 to 2.5 t C
ha�1 yr�1 through the use of more diverse and pro-
ductive seed mixtures and more frequent use of
cover crops. This value was estimated based on the
most frequently sold cover crop mixture in
Switzerland and biomass data for single cover
crops [54]. Compared with the baseline scenario, C
inputs to the soil from cover crops were 3.6- to 4.7-
fold higher, depending on their current abundance.

Biochar scenarios

For the two biochar scenarios, we estimated poten-
tial biochar production based on sustainable
potentials of domestic biomass use [23]. For the
biochar I scenario, we included only biomass from
the category “wood from landscape maintenance”
(wood from pruning in pastures and meadows, gar-
dens, parks, road and track sides). For the biochar II
scenario, we additionally included green waste
from households and landscape (0.2Mt yr�1), the
untreated fraction of waste wood (0.024Mt yr�1;
assuming 24% is untreated, Vanessa Burg, personal
communication) and forest energy wood (parts of
stem and branch wood, brushwood and bark;
0.6Mt yr�1). To estimate biochar production, a pyr-
olysis efficiency of 26.4% ± 4% and a C content of
the produced biochar of 75.3% was assumed. To
estimate biochar application rates (Supplementary
information, Table S1), the amount of biochar that
could be produced annually (constant for 2020–
2100) was divided by the annual cropland area
receiving OrgAm (between 376,290 and
379,750 ha). For SOC simulations, we applied bio-
char at annual rates. Although biochar can be used
on grassland, we focused on the application on
cropland only, because biochar can be ploughed
under to reduce losses by erosion. Potential effects
of biochar on GHG emissions (e.g. reduced N2O
emissions from soils [20]) were not accounted for.

Agroforestry-biochar scenarios

For the two agroforestry-biochar scenarios,
enhanced woody biomass production on agricul-
tural land was made possible through changes
towards more plant-based diets. We maintained
the current per person calorie supply and did not
allow food imports to increase. The objective func-
tion of the food supply model was set to maximize
the cropland area no longer needed for feed or

food production (“free cropland”). The “free
cropland” surface that became available as a result
of reduced feed production was assumed to be
used for agroforestry. We calculated two versions
of this scenario: For the agroforestry-biochar I scen-
ario, we assumed that a minimum share of 20%
grass–clover leys has to be maintained in the rota-
tion (current share is 31%). Leys are temporary
grasslands that are typical elements of Swiss crop
rotations and are important to prevent erosion. In
the agroforestry-biochar II scenario, no more leys
were present in crop rotations to minimize feed
production on cropland. The goals of both scen-
arios were to i) maximize the amount of wood that
can be allocated to processing biochar, and ii)
apply easily removable forms of agroforestry given
that the available area for wood production varies
over time. Short rotation coppice (SRC) was consid-
ered the best form of agroforestry in this context.
The annual aboveground increment has been esti-
mated at 3.2 ± 1.3 t C ha�1 yr�1 with yields slightly
increasing in the second and subsequent cycles
[40]. The increment was independent of species,
and the most suitable trees in the temperate zone
were willow (Salix spp.), poplar (Populus spp.) or
black locust (Robinia pseudoacacia), with typical
rotation lengths of five years [55]. A more recent
estimate for various SRC poplar varieties in
Germany [56] revealed aboveground wood yields
of up to 5.5 t C ha�1 yr�1 (based on a C content of
50% dry matter [d.m.]), with many varieties reach-
ing 4.0 t C ha�1 yr�1. For our calculation, we used
the latter value. We calculated the wood growth
per hectare, assuming trees planted as hedgerows
(e.g. narrow field strips with one to two rows of
trees) along agricultural fields rather than field-
wide monocultures. The same assumptions were
used for pyrolysis efficiency and the C content of
agroforestry-biochar as described above for the
biochar scenarios.

For simulations of SOC stocks, we additionally
estimated annual plant C inputs to the soil from
these agroforestry systems. Young poplar stands
were estimated to release 0.17 t C ha�1 yr�1 via
fine root turnover [57]. In addition, weeds, which
are abundant in SRC, released 0.45 t C ha�1 yr�1,
resulting in a total belowground input of 0.62 t C
ha�1 yr�1. The latter is close to the estimate of 0.56
t C ha�1 yr�1 for silvopasture systems in temperate
Europe [40]. Annual aboveground litter in poplar
SRC was 1.5 ± 0.3 t C ha�1 yr�1 in central Spain
[58], between 2.1 and 2.6 t C ha�1 yr�1 (based on a
litter C content of 40%) in central Italy [59] and

CARBON MANAGEMENT 7

https://doi.org/10.1080/17583004.2023.2244456
https://doi.org/10.1080/17583004.2023.2244456
https://doi.org/10.1080/17583004.2023.2244456


between 1.4 and 1.5 t C ha�1 yr�1 in central France
[60] (second year of cultivation). The latter study
also revealed strong differences in litter amounts
between the first and second year of production.
We considered an annual rate of 1.4 t C ha�1 yr�1

as conservative. In terms of decomposition rates,
residue inputs from SRC (above- and below-
ground) were treated the same as any other input
from regular annual or perennial agricultural crops.

Calculation of changes in methane and nitrous
oxide emissions

We estimated changes in the dominant sources of
CH4 and N2O for the baseline and the agroforestry-
biochar I and II scenarios, as these are strongly
affected by changes in animal numbers and diets.
For the cover crop and the biochar I and II scen-
arios, CH4 and N2O emissions are assumed to be
equal to the baseline as also diets are the same. To
estimate emissions, the model of the Swiss national
agricultural GHG inventory was used [61]. The emis-
sion estimates thus comprise all sources from agri-
cultural activities on farms as covered by the
respective system boundaries such as CH4 emis-
sions from enteric fermentation and N2O emissions
from agricultural soils [62]. For each scenario, live-
stock populations were adjusted according to the
respective outputs of the DSS-ESSA model. For rea-
sons of simplicity all other parameters were held
constant (e.g. emission factors). Emissions from
feed production abroad were not covered here.

Results

Projected changes until 2100 in the baseline
scenario

We first estimated least changes in diets and agri-
cultural production necessary to cover the food
demand of a larger population until the year 2100
without increasing imports of food and feed. This
estimate forms the baseline scenario. Under this
condition, the intake of energy-rich food commod-
ities (i.e. sugar, oil and alcoholic beverages), which
currently makes up about half of the calorie intake
(blue colors in Figure 2a), was reduced by 30%,
while potato and dairy product consumption
increased (Figure 2a, “Base” vs. “Curr”). This led to
an increase in the area used for bread grain and
potato cultivation and a reduction in the extent of
fodder cereals and rapeseed (Figure 2b). The exist-
ing grassland was used for an increase in dairy
farming at the expense of the husbandry of other

cattle (e.g. rearing of cattle, suckler cow husbandry).
Although feed imports remained unchanged, this
resulted in an increase in livestock numbers domi-
nated by dairy cows and other ruminants and a
smaller increase in pigs (Figure 2c, “Base” vs.
“Curr”). Accordingly, livestock emissions increased
by 25% in the case of CH4 and by 14% for N2O
(Figure 2f). The increase in livestock numbers also
led to 12% higher C inputs to soils through organic
matter additions (mainly farmyard manure, but also
straw from animal bedding) (Figure 3). Although
this is an important source of C for soils, the soil C
model predicted significant losses in SOC stocks for
the baseline scenario mainly in response to increas-
ing temperatures as also climate change is
accounted for (0.11 t C ha�1 yr�1 on permanent
grassland and 0.064 t C ha�1 yr�1 on cropland for
the emission pathway RCP8.5 for the years 2020–
2100; Supplementary information, Fig. S6).

Soil carbon sequestration rates on Swiss
cropland soils

For the cover crop scenario, we assumed cover
crops were planted more often and had higher
productivity than at present. All other conditions
such as land use, climate change and livestock
numbers remained as in the baseline scenario.
Hence, resulting GHG emissions are unchanged
(Figure 2f). SCS rates were rather small (Table 1;
Figure 4a) and were lowest for RCP8.5 (i.e. highest
temperature increase; Supplementary information,
Fig. S7) compared with RCP4.5 or RCP2.6. Values
are already above zero in 2020 because the model
has a monthly time step but we present SCS rates
as annual averages. Towards the year 2100, a new
steady state was reached and annual SCS rates
were around zero, even including negative rates in
some years (Figure 4b).

For the biochar scenarios, we quantified SCS
rates for the application of biochar produced with
domestic, non-agricultural biomass. All other con-
ditions (e.g. land use, diets, climate change) were
the same as in the baseline simulation. Compared
with the cover crop scenario, SCS rates were twice
as high for the biochar I scenario and 10 times
higher for biochar II (Table 1; Figure 4c), even tak-
ing account of losses during biochar manufacture.
These higher rates can be explained by enhanced
C inputs and the high stability of biochar.
Compared with the cover crop scenario, differen-
ces between different climate model chains were
minimal and SCS rates hardly changed over time
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(Figure 4d). We did not account for potential
reductions in SOC at the place of biomass origin,
i.e. system boundaries were not extended.
Therefore, the presented SCS rates for biochar-only
scenarios likely represent overestimates.

For the agroforestry-biochar scenarios, we first
estimated how much agricultural land could be
made available to grow additional woody biomass
through changes in diets. Currently, 60% of the

Swiss cropland is used for feed production
(Figure 2d, e). A moderate reduction in meat
consumption of less than 30% (see below) would
allow up to 36% of the Swiss cropland to be
replaced with agroforestry during the next deca-
des (Figure 2e) as feed production is reduced
(i.e. lower fraction of leys, silage maize and other
fodder cereals such as barley). Results are only
presented for agroforestry-biochar II, but are very

Figure 2. Diets (a), cropland use (b), livestock numbers (c), and agricultural land use (d) projected by the food supply
model for current conditions (curr), a baseline simulation for the year 2100 (base) and two variants of the agroforestry-
biochar scenario in the year 2100 (AgrForI and AgrForII). For the AgrForII scenario, we additionally show the temporal
change in cropland use (e). Agricultural GHG emissions (f) estimated based on livestock numbers, fertilizer use and SCS
rates (i.e. negative emissions) for the year 2100 of three additional soil management scenarios: cover crops (CovCr), bio-
char additions (BioChI, BioChII). For the latter three scenarios, CH4 and N2O emissions are the same as for the baseline
because no changes in diets are assumed. SCS rates of AgrFor scenarios account for changes in C inputs to the soil
affected by biochar additions, changes in cropland use and livestock numbers. Results in panels a–d for the cover crop
and biochar-only scenarios would be identical to the baseline scenario and are therefore not shown. Please note that
diets are presented in calories and not in portions (as is more common). This explains why the share of fruits and vegeta-
bles is very low.
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similar for agroforestry-biochar I. The results only
consider the surface where trees are planted, so
the total agroforestry area including cropland
would be about 10 times larger. Owing to
increasing land requirements for food production
in response to population growth, the agrofor-
estry area starts declining already after the year
2030; first at a slow, towards the year 2100 at a
fast rate (Figure 2e).

In both agroforestry-biochar scenarios, the pro-
duction and intake of meat projected for the year
2100 decreased compared with the baseline scen-
ario (�25% and �19% for scenario I and scenario
II, respectively; Figure 2a, “AgrFor” vs. “Base”),
resulting in a lower demand for feed production
on cropland (pink colors in Figure 2b). The extent
of dairy farming was also lower than in the base-
line scenario. Hence the number of dairy cows
decreased (Figure 2c) and the intake of dairy prod-
ucts was 4% and 19% lower for scenarios I and II,
respectively. In contrast, a larger part of cropland
was used for the production of food for human
consumption such as grains or potatoes (yellow
colors in Figure 2b). Compared with the current
situation, meat consumption decreased by 30%
and 24% for agroforestry-biochar scenarios I and II,

respectively (Figure 2a, “AgrFor” vs. “Curr”),
whereas dairy consumption increased (by 38% and
16% for agroforestry-biochar scenarios I and II,
respectively). Overall, diets were healthier (lower
intake of sugar, oil and fat, and alcoholic bever-
ages) and more starch-based (higher intake of
cereals and potatoes).

As a result of these changes, agricultural GHG
emissions were lower than in the baseline scen-
ario. Under the agroforestry-biochar I scenario,
reductions of 14% for CH4 and 10% for N2O were
achieved, and even stronger reductions were
found for scenario II (CH4: �23%, N2O: �14%).
However, owing to population growth, GHG emis-
sions slightly increased compared with the current
situation under the agroforestry-biochar I scenario
(CH4: þ8%, N2O: þ3%). With the agroforestry-bio-
char II scenario, it was possible to stabilize GHG
emissions over time (CH4: �3%, N2O: �3%).

To estimate potential biomass production of
agroforestry on this area, we assumed fast-growing
trees (i.e. SRC) would be planted in narrow rows
along agricultural fields (on cropland formerly
used for feed production). Annually, they could
provide up to 1.0Mt d.m. yr�1 (agroforestry-bio-
char I scenario) or 1.1Mt d.m. yr�1 (agroforestry-

Figure 3. Amount of organic amendments (mainly farmyard manure, but also straw from animal bedding or digestate
from biogas production) produced at national scale in response to changes in herd sizes associated with dietary changes
and growing food demand (baseline). For the agroforestry-biochar scenarios, we additionally assumed that feed produc-
tion and livestock numbers are reduced.

Table 1. SCS rates on Swiss cropland for different scenarios.

Scenario Annual SCS (t C ha�1 yr�1)a Relative SOC changes (&)b
Annual SCS for total cropland area

(Mt CO2-eq yr�1)

Cover crops 0.05 (�0.01 to 0.20) 1.0 0.075
Biochar I (only from landscape

maintenance)
0.10 (0.09–0.10) 1.9 0.14

Biochar II (additional biomass, e.g.
from low-quality forest wood)

0.50 (0.47–0.51) 9.8 0.73

Agroforestry-biochar I (frequency
of leys in crop rotations is
reduced from 31% to 20%)

0.43 (�0.30 to 0.75) 8.5 0.63

Agroforestry-biochar II (no more
leys)

0.53 (�0.18 to 0.88) 10.4 0.77

Notes: Mean annual SCS rates were calculated as differences in SOC stocks between the shown scenarios and the baseline for the years 2020–2100.
Average results for nine model chains and three emission pathways are shown.

aNumbers in parenthesis are the ranges across 80 years. Negative numbers indicate SOC losses relative to the baseline.
bChange compared with the average SOC stock of 51 t C ha�1 (for the year 2020 at 0–30 cm depth) for cropland soils.
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biochar II scenario) of biomass, which is about the
same amount used in the biochar II scenario
(1.0Mt d.m. yr�1). Technical assumptions regarding
biochar production and distribution on cropland
were the same as in the biochar-only scenarios.
For SOC simulations we accounted for changes in
plant-derived C inputs to the soil associated with
changes in crop areas (Figure 2b) because crops
differ largely regarding the amount of harvest resi-
dues. Owing to an expansion of rapeseed and
grain maize cultivation—two crops with high

amounts of residues—, the total amount of plant
C input increased. In contrast, changes in livestock
composition and slightly reduced herd sizes
(Figure 2c) led to a decrease in manure and
hence lower C inputs from organic fertilization
(Figure 3).

Resulting SCS rates of the agroforestry-biochar
scenarios were in the same range as the biochar II
scenario if averaged over the years 2020–2100
(Table 1; Figure 4c, e). However, due to the tem-
poral change in biochar production associated

Figure 4. Cumulative (left-hand side) and annual (right-hand side) SCS rates for three soil management scenarios: cover
crops (a, b), biochar addition (produced from non-agricultural biomass) (c, d), biochar addition from agroforestry biomass
(e, f). SCS rates are for mineral topsoils (0–30 cm) and were calculated against SOC stocks of a baseline scenario. Because
SOC stocks are predicted to decline under the baseline scenario, the net sequestration (i.e. net atmospheric CO2 removal)
would be lower. Predictions for nine different climate model chains (lines) and three different emission pathways (differ-
ent colors in a and b) are shown. Curves mostly overlay each other in the case of the biochar and agroforestry-biochar
scenarios. For the biochar I scenario, only biomass from landscape maintenance was used to produce biochar. For biochar
II, additionally forest energy wood (low-quality wood) and green waste from households were used. For the agroforestry-
biochar scenarios, cropland is made available to grow trees for biochar production through moderate reductions in meat
production and changes towards more plant-based diets. Please note the different scales on the y-axis.
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with the availability of land for agroforestry
(Figure 2e), the temporal dynamics of SCS were
different. Until about the year 2050, rates increased
under the agroforestry-biochar scenarios and were
mostly higher than in the biochar II scenario
(Figure 4d, f). After 2050, SCS rates started to
decrease owing to a conversion of agroforestry
land to cropland and lower biochar production
rates linked to less biomass.

Discussion

Our study provides quantitative and realistic
national-scale estimates of SCS in agricultural, min-
eral topsoils of Switzerland. By expanding the sys-
tem boundary to include the food supply system,
we identified population growth as a potentially
limiting factor in addition to biomass and land
availability. Still, our results suggest that SCS could
account for up to 13% of Switzerland’s negative
emission goal (Supplementary information, Table
S1) and thereby significantly contribute to achiev-
ing net zero emissions in the year 2050. Thereafter,
our results show that depending on which meas-
ure is chosen, SCS rates are predicted to
decrease—an important information for designing
sustained net zero emission strategies. While the
reduction of SCS rates driven by reaching a new
steady state of SOC for the cover crop scenario is a
well-documented and expected outcome [63],
potential reductions in response to population
growth have so far received little attention. This
knowledge gap suggests that comprehensive ana-
lysis—as the recent study by Sun et al. [64] that
assessed GHG mitigation potentials of dietary
changes for high-income countries—need to be
expanded to account for the potentially growing
food demand. Otherwise, such studies risk to over-
estimate the CDR potential of SCS. It is important
to add that the effects of population growth we
found are strongly driven by the assumption that
food imports do not increase with population size.
However, because of the war in the Ukraine and
its impact on food supply in Europe and beyond,
the topic of self-sufficiency has gained relevance
and supports our assumption.

Extending the system boundaries to the agricul-
tural sector allowed us to detect co-benefits for
GHG mitigation associated with changes in land
use and diets. While the intention of the agrofor-
estry-biochar scenario was to make cropland avail-
able to produce more biomass, it also resulted in
significant reductions in CH4 and N2O through

lower livestock numbers due to reduced meat con-
sumption. This result was not surprising, as it is
well known that plant-based food is associated
with lower GHG emissions [65–67]. However, so far
studies that included all GHGs mainly focused on
specific products or production systems [68, 69]
but rarely included the entire agricultural sector of
a country [70]. Quantifying SCS rates and agricul-
tural emissions can support decision making,
because comparisons as the one shown in Figure 2f
identify the most effective measures. In contrast,
studies that include additions of livestock for SCS
but only report soil C balances [71] clearly overesti-
mate the total climate benefit of such a manage-
ment change, which might in reality lead to
increases in total GHG emissions.

Though our results are specific to one coun-
try, a similar approach could be applied in other
countries. We highlight the critical importance of
including region-specific information and the
value of integrated assessments. Global-scale
approaches applied so far [64] likely use too
general assumptions to assess realistic SCS rates
for the following reasons: First, dietary changes
need to account for local production conditions
and food preferences. Owing to Switzerland’s
hilly topography, about 75% of the agricultural
land in Switzerland can only be used as perman-
ent grassland for grazing or fodder production.
This explains why the Swiss diet clearly differs
from the global, sustainable EAT-Lancet diet (e.g.
higher fraction of dairy products in Switzerland)
as applied in the study by Sun et al. [64] and
will affect SCS rates through different predictions
in land use. Second, our study emphasizes the
importance of current soil management condi-
tions (i.e. an appropriate baseline for estimating
SCS rates). The fact that cover cropping is
already partly used in Switzerland and is limited
by current crop rotations (Swiss crop rotations
are dominated by winter crops, which reduces
bare soil phases available for cover crops)
explains why our rates are six times lower than
the rate of 0.32 t C ha�1 yr�1 based on a global
meta-analysis [72], but are in line with a study
that applied a similar approach in Germany [73].

Average SCS rates of the biochar II and the two
agroforestry-biochar scenarios were similar, but
the underlying reasons were different and high-
light the importance of linking a soil C model to a
food system model. Whereas SCS in the biochar-
only scenario was exclusively explained by biochar
additions, the rates of the agroforestry-biochar

12 S. G. KEEL ET AL.

https://doi.org/10.1080/17583004.2023.2244456
https://doi.org/10.1080/17583004.2023.2244456
https://doi.org/10.1080/17583004.2023.2244456


scenarios were also the result of dietary changes
influenced by changing crop areas. Owing to an
expansion of grain maize (for human consump-
tion) and rapeseed surfaces, C inputs to the soil
increased because both crops produce large
amounts of harvest residues. This example illus-
trates that we would have underestimated the SCS
potential of the agroforestry-biochar scenarios, had
we not linked the soil C with the food supply
model. On the contrary, SCS rates would have
been overestimated if we had not accounted for
the lower C inputs from animal excreta (Figure 3)
in response to reduced livestock numbers.

Overall, SCS rates for the biochar II and the two
agroforestry-biochar scenarios are higher than
expectations for Europe [74], and also higher than
the goals of the 4p1000 initiative [75]. Biochar
amendment was so far not discussed as a wide-
spread measure, explaining this discrepancy.
Theoretically the three management options we
present are additive and even higher SCS rates
could be achieved, but adjustments in the design
of the scenarios would be needed to avoid even
higher application rates of biochar per land area
(e.g. expanding biochar additions to permanent
grassland). Compared with increasing plant bio-
mass additions, biochar amendments have several
advantages: Theoretically, there is no upper limit
in the resulting SOC stocks, the risk of C loss
through mineralization is minimal, and the risk of
priming is low. Indeed, negative priming has often
been observed (i.e. reduced decomposition of soil
organic matter), whereas positive priming has
mainly been documented for nutrient-poor soils
[76] (less applicable in Switzerland). However, a
few open questions remain because field experi-
ments or large-scale applications are scarce. This is
critical because biochar persists in the soil for cen-
turies. Although pyrogenic C occurs naturally in
most soils and makes up 14% of SOC on average
[77], studies are necessary to assess long-term
effects on nutrient cycling and effects on soil fauna
because negative results have been documented
[78]. It is also important to note that biochar can
contain toxic substances [79] and only quality-con-
trolled biochar should be applied. Finally, large
amounts of biomass are needed for biochar pro-
duction, resulting in competing interests. Studies
that compare C efficiencies of soil C storage
including losses during production of biochar are
urgently needed. Additionally, life cycle assess-
ments for different types of biomasses (e.g. forest
wood, urban waste) are required that consider

local conditions (e.g. to account for transport dis-
tances) and show which the most sustainable type
of use is.

Our findings potentially have important implica-
tions for the development of net zero strategies.
The results we present aim to guide researchers in
how to improve SCS estimates given local condi-
tions by illustrating how soil C storage is linked to
land use and food production. Thanks to a global
effort led by the Food and Agriculture
Organization of the United Nations, researchers
worldwide were recently trained to use the same
soil C model applied here, to estimate national-
scale SCS rates (https://www.fao.org/soils-portal/
data-hub/soil-maps-and-databases/global-soil-organic-
carbon-sequestration-potential-map-gsocseq/en/).
Furthermore, our results are intended to support
farmers, consumers and governments in reducing
GHG emissions in the agricultural sector.

Limitations of this study

This analysis considers SCS only on cropland,
neglecting potentials on permanent grassland for
which no suitable measures have been identified
yet in the Swiss context. Biochar could be applied
on grassland but, to minimize losses through ero-
sion, only when they are renewed (i.e. ploughed),
which is not a recommended practice.

A further limitation of our study is that simula-
tions with the soil C model RothC are restricted to
topsoil. Any potential measures that address SCS
in deeper soil layers (e.g. deep rooting crops)
could not be studied but might have a significant
SCS potential [80, 81]. Additionally, estimates on
biochar stability are prone to large uncertainties
because most data on biochar decomposability
rely on relatively short-term incubations of only a
few years [82]. Lastly, we only focus on the direct
climate change effect on SOC stocks and did not
account for potential changes in yields. Because
we express SCS rates as differences between spe-
cific scenarios and a baseline, both of which use
the same yields as input data, any yield change
would probably have minor effects. Furthermore,
for the most important crops in Switzerland below-
ground C inputs, which generally dominate plant
inputs to soil, are independent of yields [27, 28].

Conclusion

Rates of SCS relevant to reaching net zero emis-
sions in Switzerland by the year 2050 can be
achieved in Swiss agriculture, despite many
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limiting factors. Depending on the measure
chosen, SCS rates could decrease strongly there-
after. This calls for a rapid upscaling of other CDR
approaches and for stronger efforts to further miti-
gate agricultural GHG emissions in general. Our
results clearly show that emissions from livestock
in Switzerland are large compared with potential
SCS rates and changes in diets would be an effect-
ive mitigation strategy. Furthermore, we showed
that it is critical to consider both current (i.e. agri-
cultural practices) as well as future conditions
(population growth, climate change) for quantify-
ing realistic SCS rates. Additionally, applying a
multidimensional approach that accounts for the
links of soil C storage with food production and
GHG emissions is important to capture benefits or
trade-offs associated with changes in land use or
livestock numbers. The modeling framework we
propose is a first step in this direction and can be
complemented by additional dimensions such as
economic modeling in future studies.
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