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ABSTRACT

CONTEXT: Agriculture plays a central role as a feedstock provider for the bioeconomy. However, utilization
competing with food production and associated land use change have previously been a matter of debate.
Nonetheless, strengthening the productivity of agroecosystems through sustainable intensification can prevent
the depletion of natural resources, enhance food security, and facilitate adaptation to and mitigation of climate
change.

OBJECTIVE: This study explores the effects of combining crop residue removal for use as biomass feedstock with
the establishment of intermediate crops to compensate for organic carbon depletion in arable land in Sweden.
METHODS: The analysis relied on Swedish national agricultural statistics at the highest available spatial reso-
lution (yield survey district). Crop residue calculations factored in crop:residue ratios, and harvestable and
recoverable potentials. A model was devised to estimate land availability for cultivating intermediate crops based
on generalized crop rotation sequences, and a spatial interpolation was employed to determine oilseed radish
yields as a model intermediate crop. Estimates of long-term soil carbon inputs hinged on biomass carbon content
and humification coefficients dependent on soil clay content.
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RESULTS AND CONCLUSION: The total annual residual biomass availability in the country stands at approxi-
mately 2139 kt per year. The potential harvestable biomass production from intermediate crops was estimated at
383 kt per year. However, spatial differences were evident in total biomass production and effects on soil organic
carbon inputs. For the majority of districts, the inclusion of intermediate crops could offset the negative effect of
a complete removal of crop residues on soil organic carbon inputs. In other cases, establishing intermediate crops
could not compensate for these negative effects, but some differences were observed when comparing the har-
vesting and the incorporation of the intermediate crops’ biomass. Spatial disparities originated from variations in
soil texture, intermediate crop yield, and rotation sequences.

SIGNIFICANCE: This research is an attempt to address the challenge of maintaining and increasing the soil carbon
stocks under the context of a growing biomass demand in a developing biobased economy. It highlights the
divergent effects of combining crop residue removal with the inclusion of intermediate crops under distinct
agroecological conditions in the Northern European context. By giving estimates on biomass availability and
effects on soil organic carbon inputs, we provide information that can support decision making for bioeconomy
planning and sustainable resource utilization. This also has long-term implications for preservation of soil
fertility, agricultural productivity and climate change mitigation.

1. Introduction

For most of the societal challenges outlined in the Agenda 2030 for
Sustainable Development (UN General Assembly, 2015), the agricul-
tural sector plays a major role as a driver of several goals and targets.
Agriculture is the foremost source of several goods and services,
including the provisioning of non-food biomass as a renewable resource
for the growing bioeconomy. Transition to a biomass-based economy
has been proposed as a sustainable alternative that can reduce our de-
pendency on fossil-derived resources and reduce the environmental
impact of human activity (Kludze et al., 2013; Bennich et al., 2018;
Sharma and Malaviya, 2023). Moreover, fostering the bioeconomy in
Europe can aid in realizing the ambitious package of goals, initiatives,
and measures of the Green Deal, which aims to make Europe climate
neutral by 2050 (European Commission, 2019). In sight of this, the
implementation of sustainable agricultural practices that promote
adequate soil management and the production of non-food biomass can
aid in the fulfilment of global and regional targets and environmental
policies (Montanarella and Panagos, 2021).

Despite the benefits of a biobased circular economy (Kludze et al.,
2013; Sharma and Malaviya, 2023), the utilization of agricultural
biomass has been a subject of continuous debate, especially regarding
the initial approach to modern bioenergy production. Issues concerning
the displacement of food crops (“food versus fuel”) and indirect land use
change (iLUC) arising from first-generation biofuels have been previ-
ously discussed (Tomei and Helliwell, 2016). However, second-
generation biofuels produced from residual biomass offer an alterna-
tive that prevents greenhouse gas (GHG) emissions associated with iLUC
(Prade et al., 2017; Lantz et al., 2018). In fact, crop residues constitute
an abundant and renewable resource that can be used in several appli-
cations; not only for the production of energy and biofuels (Prade et al.,
2017; Lantz et al., 2018; Brunner et al., 2021; Olofsson, 2021; Shams
Esfandabadi et al., 2022), but also for biocompound extraction (Prade
et al., 2021; Maravic et al., 2022; Soltaninejad et al., 2022), and mate-
rials production (Pinto et al., 2019; Chen et al., 2022). Residual crop
biomass has been acknowledged as an attractive bioeconomy feedstock
that has gained attention in the European context (Hamelin et al., 2019),
where biomass estimations for 2050 in EU28 account for a bioenergy
potential ranging from about 5000 to 10,000 PJ (Ruiz et al., 2019).

However, agricultural residue plays a relevant role in long-term soil
quality, which is strongly linked to its organic carbon content (Kludze
et al., 2013; Hamelin et al., 2019). Incorporating crop residues into the
soil can reduce erosion, enhance nutrient cycling, improve soil structure,
and promote plant growth through their contribution to the SOC pools
(Liu et al., 2014; Poeplau et al., 2015). Besides, it has been estimated
that the global amount of carbon stored in soils (about 1415 Gt) greatly
surpasses the carbon found in the aboveground terrestrial ecosystem
biomass (FAO and ITPS, 2015). Given the significant role of soil as a
carbon sink, preserving and increasing SOC stocks are current priorities

on the global agenda. The European Commission has suggested
increasing focus on carbon farming initiatives to contribute to the land
carbon sink that is required to meet the 2030 climate target of the net
removal of 310Mt CO; from the atmosphere (European Commission,
2021). Moreover, the 4 per 1000 program has set the ambitious goal of
increasing soil carbon stocks by 0.4% a year as a way to offset the global
emissions of GHG and mitigate climate change (Minasny et al., 2017).
Therefore, it has been suggested that estimations of crop residue avail-
ability should account for certain removal restrictions that prevent
detrimental effects on soil organic carbon (SOC), aiming for “sustainable
removal potentials” (Kludze et al., 2013; Liu et al., 2014; Poeplau et al.,
2015; Bjornsson and Prade, 2021).

While the incorporation of crop residues in soil has been encouraged
as a way of sequestering carbon and preserving SOC, soil quality, and
ecological function (Kludze et al., 2013; Liu et al., 2014; Kluts et al.,
2017), other agricultural practices have shown larger contributions to
carbon storage in topsoil. These include the establishment of perennial
crops, the application of manure, nitrogen fertilization, and the inclu-
sion of cover crops in rotation sequences (Katterer and Bolinder, 2022).
In addition, roots often contribute more to SOC due to a higher degree of
carbon stabilization than that of aboveground biomass; in fact, above-
ground plant tissues and straw have the lowest carbon stabilization
among different organic inputs (Katterer et al., 2011; Poeplau et al.,
2015). Therefore, adopting residue removal restrictions for crop resi-
dues has been questioned as an approach that limits the availability of a
renewable resource (Poeplau et al., 2015; Bjornsson and Prade, 2021;
Andrade Diaz et al., 2023). Instead, a suitable approach that can provide
alternative solutions for soil preservation is that of sustainable intensi-
fication: enhancing natural capital and the flow of environmental ser-
vices to increase productivity and limit negative environmental impact
(Tittonell, 2014; Wezel et al., 2015).

A combination of the use of intermediate crops (ICs) and unrestricted
removal of wheat straw has been proposed as a sustainable intensifica-
tion strategy resulting in overall reductions in GHG emissions. Even
though the establishment of ICs can lead to increased GHG emissions
from field operations, a reduction in total emissions due to the contri-
bution of increased SOC stocks has been observed (Bjornsson and Prade,
2021). Intermediate crops, which here encompass the terms ‘catch
crops’ and ‘cover crops’ (Bjornsson and Prade, 2021), provide multiple
benefits for the productivity of agroecosystems by preventing nutrient
losses and soil erosion, and improving resource use efficiency (Basche
et al., 2014; Aronsson et al., 2016; Abdalla et al., 2019). Their inclusion
in rotation sequences also has positive environmental effects, including
an initial reduction in nitrous oxide emissions from residual soil nutri-
ents, lowered eutrophication effects, and increased agrobiodiversity
(Dabney et al., 2010; Aronsson et al., 2016; Abdalla et al., 2019). In
conservation and organic agriculture, ICs can also increase yields, pro-
vide weed control (Nichols et al., 2020), and have positive effects on soil
physical, chemical, and biological properties (Hao et al., 2023),
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facilitating the ecological intensification of these systems (Wittwer et al.,
2017). A commonly used IC in Northern Europe is oilseed radish, due to
its ability to reduce nitrogen and phosphorus losses from arable land
(Aronsson et al., 2016), render high yields (Munkholm and Hansen,
2012), and have a sanitizing effect against nematodes (Gruver et al.,
2010). The role of cover crops for CO, removal and carbon storage in the
soil has proven to be substantial, with mean values varying between 270
and 560 kg C ha™! yr’1 (Poeplau and Don, 2015; Bolinder et al., 2020;
Jian et al., 2020). They, thereby, play a significant role in climate
mitigation strategies within the EU, where carbon farming business
models for C removal trading are suggested (European Commission,
2022).

Although the benefits of establishing ICs are widely acknowledged
and there is a continuous development of this research field, their ca-
pacity to offset negative impacts derived from crop residue removal is
largely unknown. Long-term experiments in Denmark have shown the
potential of ryegrass as an intermediate crop to compensate for carbon
loss in the soil due to the removal of large amounts of straw (Jensen
et al., 2022). In Sweden, the effects on SOC of wheat straw removal in
combination with the establishment of oilseed radish as IC have been
evaluated for large areas, assuming general values for IC yields and
frequencies within rotations (Bjornsson and Prade, 2021). However,
there are no estimations on residue availability of wheat and other crops
at a higher spatial resolution, nor estimations of potential land avail-
ability for intermediate crop production defined by rotation sequences.

This study investigates a strategy for sustainable intensification in
the Northern European context, where the removal of crop residue is
combined with the establishment of ICs. We aim to quantify the effect on
potentially-stabilized soil carbon inputs if this practice is widely
implemented in crop rotations in Sweden. This involves: (1) estimating
the total amount of harvestable main crop residue per yield survey
district, (2) identifying the potential production of ICs per yield survey
district, and (3) determining the potential of ICs to compensate for SOC
loss due to crop residue removal in different districts. Here we examine
residue availability at the highest spatial resolution according to data
availability for a variety of agricultural crops, designing individually
generalized model crop rotations in order to determine spatially rele-
vant intermediate crop frequencies. Ultimately, the goal is to provide
guidance on the conditions under which residual biomass can be
removed from arable land without causing negative impacts on soil
organic carbon. The scope of this study is limited to the comparison of
potentially stabilized carbon input and does not include a full carbon
balance nor a full life cycle assessment, which requires considering
factors such as the total residual biomass from all crops in a rotation,
underlying carbon mineralization values, addition of organic materials
such as manure or digestate, cultivation operations and related green-
house gas emissions. These aspects are part of an undergoing broader
project.

2. Methods

Quantifying the effects of residue biomass removal in combination
with the inclusion of intermediate crops (ICs) in rotations required the
estimation of biomass availability from crop residues and the potential
biomass production from intermediate crops. As a rule, the estimation of
biomass availability was based on standard yields and corresponding
cropping areas for each of the 106 Swedish yield survey districts (SKO,
in Swedish skordeomrdde). Standard yield calculations by Swedish offi-
cial statistics show the yield that can be expected under normal growing
and weather conditions providing a first forecast of the year’s total
harvests. The yield survey districts (SKO) constitute the highest spatial
resolution area units for reporting statistics utilized by Statistics Sweden
(SCB) and the Swedish Board of Agriculture (Jordbruksverket). How-
ever, the approaches for estimating available total dry biomass are
different for crop residues and ICs, and are described below. Mean
values for the 2017-2021 period were used for all estimations
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(Jordbruksverket, 2022). This study does not consider potential positive
or negative effects on main crop yields from the inclusion of interme-
diate crops in the crop rotation.

2.1. Estimation of residue biomass availability

The 17 most important main crops in Sweden in terms of land use
were analyzed for residue calculation (Table 1), covering 77% of the
total cropping area (excluding grazing and mowing areas). The total
theoretical, harvestable, and recoverable potentials of residue dry
biomass in tonnes (t) normalized by total SKO area (t dry weight (DW)
km~2) were calculated. Estimation of the theoretical residue potential
was based on annual standard crop yields and total dry residue:crop
ratios. Nilsson and Bernesson (2009) provide information about straw:
grain ratios for cereal crops and rapeseed, while the values for legumes,
flax, sugar beets, and potatoes were calculated as average values that
considered either residue:product ratios or harvest indices taken from
literature (Li et al., 1999; Hogy and Fangmeier, 2009; Yang et al., 2010;
Kreuger et al., 2014; Yetimwork et al. 2014; Pellicano et al. 2015;
Ramirez-Cando et al., 2017; Wegi et al. 2018; Dudarev 2020; Locker
2021). When required, residue:product ratios where recalculated on a
dry matter basis. The harvestable potential was defined considering the
technical limitations of residue harvesting, which, for the majority of
crops, was assumed would leave a stubble of 20 cm in the fields (40 cm
for rapeseed and no stubble considered for sugar beet and potato) in
accordance with Nilsson and Bernesson (2009). Moreover, de Toro et al.
(2021) suggested the use of recovery coefficients that consider the
limitations posed by weather conditions in calculating the proportion of
residue that can be recovered. Therefore, a recoverable coefficient (RC)
for all crops was defined at 80% of harvestable biomass as a conservative
value, considering the findings of de Toro et al. (2021) for cereal crops in
different regions of Sweden, and of Kreuger et al. (2014) for sugar beets.

The results of the residue yield calculation were then contrasted with
the cropping area of each crop in each SKO to obtain total values of
biomass availability.

2.2. Intermediate crop biomass potential

Estimating the potential biomass production for intermediate crops
required both the estimation of yields and the area available for IC
cultivation. This analysis was limited to 84 SKOs located within the
areas approved by the Swedish Board of Agriculture for environmental
compensation for intermediate crops for carbon storage and reduced
nitrogen leakage, which also marks the area where ICs can be cultivated.
At higher latitudes in Sweden, climate and crop rotations restrict the
possibility to use ICs in a meaningful way.

2.2.1. Estimating IC yields

Oilseed radish (OR), sown after harvest of the main crop (aftersown),
was selected as the model IC species for two reasons. Firstly, many
farmers in southern Sweden prefer to use ICs sown after harvest of the
main crop, rather than ICs sown together with the preceeding main crop
(undersown). Secondly, species from the Brassicaceae family are suitable
as ICs in this climate where the number of possible species to sow in
autumn are few due to climate constraints. Oilseed radish, which pro-
vides fast growth, is quite frost tolerant and does not constitute a high
risk to cause pathogen infection of the main crops, is one of the most
commonly used ICs today (Aronsson et al., 2016). It is also the one with
the best availability of information resulting from more extensive
research compared to other IC species sown after harvest. An alternative
strategy for farmers is to use an undersown IC, e.g. grass or grass in
mixture with clover, which is more common for farms in the more
northern districts included in this study. A Swedish study that compiled
data from cover crop studies showed that the amount of aboveground
biomass produced during autumn by undersown grasses was largely
comparable with that produced by OR, but with less variability between
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Table 1
Information used to calculate crops residue biomass.
Crop Moisture content Residue:product ratio (Dry Harvestable residues (% of Source
(%) weight) theoretical)
Product  Residue
Spring barley 14 18 0.72 48.68 Nilsson and Bernesson (2009)
Winter barley 14 18 0.90 60.64 Nilsson and Bernesson (2009)
QOats 14 18 0.87 57.14 Nilsson and Bernesson (2009)
Rye 14 18 1.03 72.22 Nilsson and Bernesson (2009)
Triticale 14 18 0.92 67.71 Nilsson and Bernesson (2009)
Spring wheat 14 18 1.02 61.68 Nilsson and Bernesson (2009)
Winter wheat 14 18 0.90 63.83 Nilsson and Bernesson (2009)
Mixed grain 14 18 0.70 61.64 Nilsson and Bernesson (2009)
Peas* 15 B 1.30 60.00 Yang et al. (2010); Yetimwork et al. (2014); Pellicano et al.
(2015)
Canned peas” 75 _ 210 60.00 Yang et al. (2010); thimW(l)rk et al. (2014); Pellicano et al.
(2015)
Fava beans* 15 — 1.10 79.80 Li et al. (1999); Wegi et al. (2018)
Flax 9 60 2.23 70.15 Ramirez-Cando et al. (2017); Dudarev (2020)
Spring rapeseed 9 18 0.85 47.24 Nilsson and Bernesson (2009)
Winter rapeseed 9 18 0.92 66.23 Nilsson and Bernesson (2009)
Sugar beet 87.6 87.3 0.53 100.00 Kreuger et al. (2014); Locker (2021)
Table potatoes 79 79 0.13 100.00 Hogy & Fangmeier (2009); Locker (2021)
Starch potatoes 79 79 0.13 100.00 Hogy & Fangmeier (2009); Locker (2021)

" Residue:product ratios for legumes calculated from harvest indices.

regions (Aronsson et al., 2023). Therefore, it was considered appropriate
to include the analysis of a grass-clover mixture as one of the scenarios in
the sensitivity analysis described in section 2.4.

The estimation of the yields of OR for each of the 84 harvest yield
districts was performed by a spatial analysis that encompassed results
from several field experiments conducted in Sweden. The general
assumption was that yields are not homogeneous in the landscape but
follow a spatial distribution affected by factors such as latitude, climate,
growing period, and light. It was therefore deemed necessary to use a
model that could reflect the spatial variability of yields based on indi-
vidual data. Information about yields was collected from a report with
data compiled from Swedish field studies of cover crops over the
1983-2021 period (Aronsson et al., 2023).

A total of 118 yield measurements of OR in 22 different locations in
Sweden were entered as data (Appendix A). This dataset contained
different fertilization levels, with the most frequently specified value
(modal value) being 40 kg N ha~!. Although selecting a single fertil-
ization rate was preferable, the exclusion of data points based on this
criterion would lead to a notable reduction of the already limited spatial
dataset. Also, increasing fertilization values from 40 kg N ha™! has not
shown significant differences in yield results (Aronsson et al., 2023). In
view of the number of data points and their spatial distribution, inverse
distance weighting (IDW) was selected as a suitable interpolation
method. Employing ArcMap 10.8.1, a raster surface reflecting a spatial
continuum of OR yields was generated using the IDW spatial analyst
interpolation tool. To capture spatial variation into individual SKOs, the
dataset raster was further processed by running the Zonal Statistics as
Table Tool, which allowed to summarize the information within the
boundaries defined by the harvest yield districts and calculate the
average as a reference yield value for each of them.

2.2.2. Estimating area available for IC cultivation

Openings for establishing intermediate crop cultivation in a rotation
sequence depend on the types of crops that are grown in a particular
agricultural system. Hence, we considered that an appropriate approach
to estimate the available area for IC cultivation was to determine po-
tential crop rotation sequences. Accordingly, we assumed that an
aftersown IC must be sown no later than in August in order to produce a
satisfactory amount of biomass by late autumn (October-November).
Also, ICs cannot be placed after main crops harvested later than that; e.
g., certain types of potatoes and sugar beets. Openings for IC cultivation
in the crop rotation always occurred before spring-sown crops.

Moreover, to apply this approach to the SKOs, arable land potentially
under rotation was defined as the total arable land excluding the areas
occupied by ley crops dedicated to grazing, which are not typically part
of crop rotations in Sweden. For this purpose, the information available
on the proportion of ley grass was obtained at the county level (Jord-
bruksverket, 2022) and was further processed as a weighted average
using the relative areas of each county in each SKO as weighing factor.

Given the high diversity of cropping systems reflected in the number
of SKOs and the varying composition of crops within each of them, it was
necessary to aggregate this diversity in order to obtain a general over-
view of the cropping systems. This was done by running a hierarchical
cluster analysis using the Euclidian distance as similarity index and a
paired group algorithm in the free software for Windows PAST 4.03.
This analysis used the relative areas of all different crops within the
SKOs, i.e., the cropping areas for each crop standardized by the total
land under rotation. After an initial visual inspection of the resulting
dendrogram, a cut level at a dendrogram distance of 0.2 was selected.
This distance corresponds to the point where the first cluster with a
single SKO appeared. Therefore, the SKOs were grouped into 10 clusters
that exhibited similar cultivation patterns.

Subsequently, the average relative area of crops within each cluster
were taken as reference values that reflected the relative frequency
within rotation sequences to generate crop rotation models representa-
tive of each cluster. The criteria for designing the models were taken
from Johnsson et al. (2022), who defined restrictions for crop combi-
nations in crop sequences and combinations where intermediate crops
are possible. However, to simplify the analysis and maximize the area
covered by the rotations, crop groups showing similar characteristics
and restrictions relative to the crop sequence were defined (Table 2).

Table 2
Groups of crops defined to create crop rotation models.
Crop group Crops
Spring crop Spring barley, oats, spring wheat, legumes.

Winter cereal
Sugar beet and
potato

Winter rapeseed Winter rapeseed

Grass Ley grass, grass for seed production

Fallow Fallow
Horticultural crops, maize, green fodder, spring rapeseed, flax,

mixed grain

Winter wheat, winter barley, rye, triticale

Sugar beet, potato

Excluded
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There were also a few crops excluded from the analysis, mainly due to
their very low representation in the total area (<5%) and because they
didn’t fit in any of the other groups (Table 2).

For each of the 10 clusters, an iterative process was employed to
create between 2 and 3 rotation models spanning 4 to 8 years, resulting
in a total of 28 rotation models. This allowed for calculation of relative
areas covered by each rotation and a general potential IC frequency for
the entire cluster. Nonetheless, it was observed that within single clus-
ters the variability in cropping areas was considerable, and the calcu-
lated IC frequency could be an under- or overestimation if applied
directly to individual SKOs. Moreover, an initial observation indicated
that the prevalence of certain crop groups potentially affected the fre-
quency of IC. Therefore, this was tested using a multiple regression
analysis that considered the calculated IC frequency as the dependent
variable and the crop groups as independent variables, resulting in an
initial mathematical model.

To enhance the accuracy and reliability of the model, eleven sup-
plementary scenarios extracted from the main clusters were incorpo-
rated. The additional scenarios included four subgroups within the main
clusters that showed variations in respect to the main clusters and seven
individual SKOs, which were the most dissimilar members within each
group according to the hierarchical analysis. For these cases, the same
process for creating rotation models was applied, resulting in additional
28 rotation sequences. This augmentation increased the number of ob-
servations, strengthening the overall robustness of the regression anal-
ysis (see Appendix B for more details). The generated regression model
was finally used to estimate the share of land available for IC cultivation
in each individual SKO, which was then used to calculate the total IC
cultivation area.

2.2.3. Estimation of IC biomass

The aboveground (shoot) biomass potential of oilseed radish was
calculated directly using the OR yields and the estimated available area.
Belowground (root), stubble, and harvestable fractions of total biomass
were also estimated. A constant average shoot:root ratio of 8.36 (Prade
et al., 2022) was used to calculate the belowground biomass. It is worth
noting that factors such as the establishment date, growing days, and
fertilization can significantly affect shoot:root ratios as evidenced by
Prade et al. (2022). Given the considerable variation in shoot:root ratios,
this became one of the selected variables considered in the sensitivity
analysis detailed below. The harvestable fractions dependent on yields
were calculated based on the observations of Prade et al. (2022), falling
somewhere between 0.68 for the lowest yield (498 kg ha_l) and 0.81 for
the highest (3449 kg ha™'). Additionally, to maintain consistency with
the previous assumptions for residual crop biomass, a recoverable po-
tential of 80% was assumed.

2.3. Contributions to soil organic carbon

Based on the total biomass obtained from different fractions of
oilseed radish and their carbon content, we estimated potentially sta-
bilized soil carbon from intermediate crops in arable land. This was then
contrasted with the potential loss of stabilized soil carbon resulting from
the complete removal of recoverable crop residues. The carbon content
in dry biomass for crop residues (consisting mainly of cereal straw) and
intermediate crops was assumed to be 42.3% and 43.6%, respectively
(Ma et al., 2018). A humification coefficient (h-value) of 0.35 for IC root
biomass was used for a simplified estimation of carbon contribution as
the fraction of C that can be potentially stabilized (Katterer et al., 2011).
Exudates were assumed to have an additional contribution of 65%
respective to the roots (Bolinder et al., 2007). The humification coeffi-
cient for aboveground biomass was calculated for each SKO as a function
of clay content (Poeplau et al., 2015). Average clay content values for
each district were calculated by extracting the information from a digital
soil map (Piikki and Soderstrom, 2019) and using the Zonal Statistics at
Table tool from ArcMap 10.8.1 (Appendix C). The analysis of potential
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compensation for stable carbon loss from residue removal due to the
inclusion of intermediate crops considered two scenarios: one in which
the IC was incorporated into the soil and one in which the IC above-
ground biomass was harvested.

The C/N ratio was on average 18 for OR, 22 for perennial ryegrass,
and 20 for grass in mixture with clover, at sampling in late autumn.
Different C/N ratios will affect mainly mineral N dynamics in the soil
after incorporation (Constantin et al., 2023), while the amount of
biomass will be most important for C sequestration, which was the main
focus of this study. As these C/N ratios were similar between the ICs,
using the same humification coefficient for the OR and grass-clover in
the sensitivity analysis was deemed appropriate.

2.4. Sensitivity analysis

The sensitivity of the results was tested for variables that showed
high variation and/or uncertainty. Using residue removal and IC
biomass harvesting as base scenario, the effects on SOC inputs of varying
humification coefficient for IC biomass, clay content, shoot:root ratio,
and a different IC species were evaluated in one or two alternative
scenarios per variable (Table 3). The humification coefficient function
for litter developed by Poeplau et al. (2015) was based on experimental
stabilization values for incorporated aboveground residues (mainly
cereal straw but also oilseed, sugar beet, tomato, potato, and soybean
residues). However, humification coefficients are also affected by the
source of carbon input, as is evidenced by Katterer et al. (2011).
Therefore, the tested alternative scenario to the humification coefficient
dependent on clay content was a constant value of 0.12 for aboveground
biomass (Katterer et al., 2011).

The clay content in agricultural land can vary significantly across the
landscapes of a single yield survey district (Piikki and Soderstrom,
2019). Similarly, the shoot:root ratios for oilseed radish show a high
variability (Prade et al., 2022). Therefore, for these two latter variables,
alternative scenarios plus and minus one standard deviation were
developed (Table 3). Additionally, a final scenario considering an
undersown grass—clover mixture as IC was included as part of the
sensitivity analysis. This last scenario makes generalized assumptions
about a hypothetical undersown IC mixture based on the data from
Prade et al. (2022) and Aronsson et al. (2023), to offer some insights on
how a different crop species could affect the outcome (Table 3). Since
there were no significant differences between different regions in grass-
clover mixtures yields (Aronsson et al., 2023), a constant value of 917
kg ha~! was assumed, using the same area allocated for the production
of OR.

Table 3
Description of variables selected for sensitivity analysis and alternative scenarios
(SD = standard deviation).

Input variable Base scenario Sensitivity analysis

Alternative 1 Alternative 2

h-value of IC
shoot biomass

h = -0.044 + Constant: h =
0.0036*Clay(%) 0.12
Average per yield

survey district

Average+1
SD
12.52 (+1
SD)

B Clay content Average-1 SD

C Shoot:root ratio 8.36 4.20 (-1 SD)

Clover-grass
mixture
Yield: 917 kg
Oilseed radish ha! _
Shoot:root =4
Harvestable
=73%

D IC species
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3. Results
3.1. Residual biomass availability

The annual recoverable amount of residual crop biomass for Sweden
was estimated at 2139 kt DW, meaning an average yield of 837 kg DW
ha~?! on arable land or a normalized value of 4.9 t DW km 2 of total land
area. Also, 84% of total residues corresponded to cereal straw. However,
as shown in Fig. 1, the amounts across the yield survey districts vary
greatly, both in total residual biomass and crop origin. Although the
contribution from cereal straw dominates the residual biomass in the
whole country, there are important amounts of residue left over from
sugar beets and other crops (mainly rapeseed) in the southernmost re-
gions (Fig. 1a). Moreover, residue composition affects the percentage of
recoverable biomass, with the highest values being associated with
higher shares of cereal straw. Among all SKOs, the recoverable residual
biomass of the main crops constituted between 38.9% and 48.7% of the
total theoretical potential, with an average of 46.4%. Also, the highest
amounts of recoverable residual biomass per unit of total area were
registered in the southernmost region with values up to 158 t DW km 2
(Fig. 1b). This is in contrast to the results obtained in more than half of
the districts (52%), where the recoverable biomass is <5 t DW km ™2,
while only 26% of districts show values higher than 30 t DW km™2, and
only 13% show a recoverable biomass >55 t DW km 2,

Recoverable (t) / i
| 0-4500 AN
[ 4500—9500 g N
[ 9500—17000 7
I 17000—27000 g
I 27000—42500
I 42500—73000 N AN
I >73000

@ Cereal straw
O Other residues
Sugar beet tops
@Legume residues |
@ Potato haulm

! Norm. Recoverable (t DW km-2)
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3.2. IC biomass

3.2.1. Oilseed radish yields

Oilseed radish yields exhibit a latitudinal gradient with the highest
values in the southernmost part of the country, which is associated with
earlier sowing dates, warmer conditions, and later potential harvest
dates. The values range from <500 kg ha™! up to nearly 3500 kg ha™?.
However, values over 1800 kg ha™! are only found in <20% of the
districts, >2300 kg ha™! in only 7%, while for the majority (>70%) the
average yields are below 1500 kg ha™!. More detailed information can
be found in Appendix A.

3.2.2. Area available for intermediate crops and biomass production

The hierarchical cluster analysis resulted in 10 clusters following a
spatial distribution that aggregates neighboring districts. However, in
some cases, distant districts were grouped together, reflecting similar
cultivation patterns across distant regions of the country. The generated
clusters are presented in Appendix B.

The design of alternative crop rotations for each cluster is exempli-
fied in Fig. 2. This example illustrates the restricting effect that some
crops, such as ley, have on opportunities to include IC in crop rotations.
Moreover, the relative area covered by each rotation and the established
frequency of intermediate crops allowed for calculation of the area
available for IC cultivation. The information on the average relative
cultivation areas for various crop groups within each cluster, along with
the estimated area available for IC establishment can be consulted in
Appendix B. The mathematical model formulated to calculate the IC
area at each individual SKO is found in Appendix D. Among the variables

0 40 80 160 240
e Kilometers

Fig. 1. Recoverable residual biomass potential of main crop groups per yield survey district in Sweden: (a) total biomass [t] and the relative regional amounts of
different types of crop residues (circle diagrams) and (b) values normalized by total area of each yield survey district [t DM km~2].
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Fig. 2. Rotation alternatives designed for cluster 2 and cluster 5 with respective
area coverage and estimated IC frequency within each rotation sequence
(classification of crops as presented in Table 2).

considered in the analysis, the proportions of land allocated for spring
crops and winter cereals were the two factors that exhibited a significant
effect (p-value <0.05) on area availability for intermediate crops. These
variables accounted for 94% of the observed variability (Rz), indicating
a strong influence of the two factors in IC area estimation.

The total available area calculated for each yield survey district is
presented in Fig. 3 along with the total estimated recoverable biomass
potential from oilseed radish harvesting. There is a great variability in
these results throughout the country: on average, the area available for
IC in the selected SKOs is 21% of arable land, with a maximum of 50% in
SKOs with prevalence of spring crops and no land available when the
system is dominated by ley grass. The total annual area estimated for IC
cultivation in the country is 542,852 ha. More than half of this land is
located in 19 SKOs, which comprise only about 32% of total arable land
of the country.

Total recoverable biomass production from oilseed radish was esti-
mated at 383 kt with an average normalized amount of 4.6 t km ™2, This,
to some extent, reflects the area available for IC cultivation; however,
the total biomass production from oilseed radish is also influenced by
OR yields. The OR biomass production per unit area is still highest on
Sweden’s southern coast, reaching a maximum of 27.6 t km 2. The
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spatial variability of potential OR production is evidenced in the fact
that only 11 SKOs have production values over 10 t km~2, accounting for
32% of the total production (121 kt). When considering arable land,
about 30% of the area can produce as much IC biomass as the remaining
70% of arable land considered in this study.

3.3. Effects on organic carbon contribution

When considering incorporation into the soil, the total input of
organic carbon from the cultivation of oilseed radish was estimated at
344 kt for the area analyzed. The results of potentially stabilized carbon
in the soil were 30.5 kt, meaning that the average fraction of potentially
stabilized carbon is 9% (Fig. 4). Nevertheless, there is a degree of vari-
ability which is strongly affected by the value of the humification co-
efficient for the shoot biomass, dependent on clay content. Up to 16% of
total carbon is potentially stabilized in soils with >40% clay content
(Appendix B).

The carbon inputs from IC reflect, to some extent, the results pre-
sented in Fig. 3. However, the carbon contribution from stubble and root
biomass modifies the overall results. The total carbon inputs from in-
termediate crops seem to be especially significant in the southernmost
SKOs. A slightly different pattern was observed when only considering
the carbon that can be stabilized in the soil through humification. Peak
values are reached in the northern parts of the study region, where
higher clay content in the soil results in higher C stabilization of
aboveground biomass. Due to variations in clay content, the contribu-
tion from shoot and root biomass varies and affects total stabilized
carbon, showing an uneven distribution throughout the country
(Fig. 4b).

In contrast, the total carbon contribution of recoverable crop resi-
dues (calculated for the same area as IC cultivation) was estimated at
897 kt, of which 4% or 36.6 kt are potentially stabilized. This is a
relatively low fraction of stabilized carbon, which is mainly affected by
the calculated clay-content-dependent h-values. The top 8 SKOs
contributing to total residual biomass (32% of total carbon inputs) show
humification coefficients between 0.01 and 0.06 due to lower clay
content. Only six SKOs showed h-values over 0.10, and they contributed
<1% of total carbon inputs. Moreover, there is a significant area where
the average values of clay content are under 10%, meaning that there is
virtually no stabilization of the carbon inputs from recoverable residues
in nearly 27% of the total arable land.

By subtracting the values of the potential organic carbon contribu-
tion loss due to the complete removal of recoverable crop residues, we
obtained the results presented in Fig. 5. The overall balance of poten-
tially stabilized carbon in both cases—whether the IC is incorporated in
the soil or harvested—are negative, with values of —6.1 kt and — 12.4 kt,
respectively, resulting in a net emission of carbon into the atmosphere.
However, for the majority of yield survey districts, the inclusion of in-
termediate crops resulted in a positive carbon input balance when
combined with the removal of residual biomass. Although there is
reduced carbon contribution when harvesting the OR, only a few dis-
tricts experience a shift from a positive to a negative carbon balance
(Figs. 5). For areas with predominantly low-clay soils (<10%), the stable
carbon contribution from both aboveground IC biomass and residual
crop biomass is negligible, due to the low stabilization of carbon.
Therefore, the resulting balance is positive due mainly to the contribu-
tion of IC root biomass. In contrast, for soils with higher clay content
(>35%), the carbon contribution from both IC aboveground biomass
and residual biomass takes on more relevance. Since the contribution to
potentially stabilized carbon from crop residues is higher in these types
of soils, the required compensation from IC when considering a total
removal of residues is also higher. Due to this effect, although the carbon
contribution from IC shoot biomass is also higher in clay soils (Fig. 5b),
the overall balance in districts with higher clay contents is negative.

Based on the previous results, Fig. 6 shows recommended actions
when combining residue removal and cultivation of oilseed radish as an
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Fig. 3. Potential for intermediate crop cultivation in Sweden: (a) estimated area available for IC [ha] and (b) estimated OR recoverable biomass [t DW km 2] for

oilseed radish.

intermediate crop. The only criterion for this analysis is a positive bal-
ance in carbon contribution when combining the cultivation of IC and
complete removal of the recoverable fraction of crop residue. When
considering the incorporation of IC in the soil, it is possible to
completely remove recoverable crop residue biomass for 55% of the
total arable land. Considering harvest of OR biomass, 51% of the total
arable land still allows for complete residue removal. For the remaining
area, removal restrictions of crop residue harvest are recommended.
However, these results are derived from large spatial units, and a final
assessment should be performed for each individual field. Moreover, this
analysis does not intend to offer definitive recommendations but rather
to provide an initial understanding of the implications of combining
residues removal and intermediate crop cultivation.

3.4. Sensitivity analysis

The results of the sensitivity analysis with removal of residues and
harvest of OR biomass as a base-line scenario are depicted in Fig. 7. The
figure shows the resulting values of potentially stabilized carbon for
each of the 84 SKOs, ordered according to total stable carbon input in
the base-line scenario (from highest to lowest). They are also compared
with the alternative scenarios described in Table 3.

A constant humification coefficient (h-value) for the IC aboveground
biomass increases the estimations of total stable carbon input in the
majority of cases by a median value of 74%, although only in a few
districts (7) the value changes from a negative to a positive balance
(Fig. 7a). A higher shoot:root ratio of OR decreases the carbon contri-
bution by a median of 33%, while a lower shoot:root increases the
balance by 100%, which reflects the importance of roots in contributing

to organic soil carbon (Fig. 7c). When the shoot:root ratio is reduced, 10
districts switched from a negative to a positive carbon input balance,
while the opposite happened in 5 districts when increasing the shoot:
root value.

The variability in soil clay content showed the greatest impact on the
results. With a median reduction of 79% in carbon inputs, higher values
of clay shifted the balance from positive to negative in 19 districts
(Fig. 7b). With lower clay content values, a median increase of 44% was
obtained and the carbon inputs changed from negative to positive in 15
districts. This accounts for the relevance and impact of the natural soil
type variability within each yield survey district on the potential to
stabilize organic carbon.

Finally, the selection of a grass—clover mixture instead of OR resulted
in an overall increase in the contribution to stable carbon for the ma-
jority of districts (Fig. 7d). This phenomenon is related with a lower
shoot:root ratio, meaning a higher contribution of root biomass in
contrast to OR, despite the higher yields of the latter. There was a shift
from a negative carbon balance to a positive one in 9 districts.

4. Discussion

This study examined the removal of crop residues in combination
with a widespread cultivation of intermediate crops as a sustainable
intensification strategy that enhances the provisioning of feedstock for
the bioeconomy in the Northern European context. By harnessing car-
bon sequestration as an ecosystem service derived from temporal
diversification (Tittonell, 2014; Poeplau and Don, 2015; Jian et al.,
2020; Aronsson et al., 2023), the establishment of ICs in crop rotation
sequences can improve the overall sustainability and resilience of
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Fig. 4. Estimated carbon inputs derived from incorporated intermediate crop biomass in arable land [kg ha=']: (a) total carbon input and (b) potentially stabilized
carbon illustrating relative shoot and root contributions. (Note the difference in scale between maps).

agroecosystems (Aronsson et al., 2016; Abdalla et al., 2019; Jensen
et al., 2022; Hao et al., 2023). By boosting biobased production, this
sustainable intensification strategy aligns with the EU bioeconomy
strategy (European Commission, 2018) and, therefore, the agricultural
practice proposed in this study harmonizes with European Green Deal
initiatives which aim to reach climate neutrality by 2050, and in the
implementation of the United Nations’ 2030 Agenda (UN General As-
sembly, 2015; European Commission, 2019).

However, counteracting effects and conflicting targets have previ-
ously been identified between several Sustainable Development Goals,
especially in the food-energy—climate nexus (Pham-Truffert et al.,
2020). Competition over water and land has resulted in trade-offs be-
tween food production and the availability of biomass, while potentially
increasing emissions due to indirect land use change (Prade et al., 2017;
Lantz et al., 2018; Pham-Truffert et al., 2020). In this context, the sug-
gested use of IC has the potential to address multiple targets while
avoiding constraining, counteracting, or cancelling effects between
goals (Pham-Truffert et al., 2020; Jensen et al., 2022). This practice also
aligns with the package of policy initiatives of the European Green Deal
and the ‘Fit for 55’ proposals that deal with the reduction of GHG
emissions (European Commission, 2019; European Council, 2023). The
results presented here show how the inclusion of IC cultivation in crop
rotation sequences is a means of offsetting detrimental effects on SOC
stocks due to the large-scale removal of residue, which can lead to an
overall reduction in carbon emissions.

Several studies have highlighted the importance of residual agri-
cultural biomass as a bioeconomy feedstock in Northern Europe (Nilsson
and Bernesson, 2009; Hamelin et al., 2019; Bjornsson and Prade, 2021;
de Toro et al., 2021; Broberg et al., 2022; Jensen et al., 2022). Previous
estimates have suggested that the potential energy derived from total

residual streams could account for 20-30% of Sweden’s total energy
consumption (Hamelin et al., 2019). A regional study on the south-
western coast of the country acknowledged the role of crop residues as
potential substrates for the production of biogas, the largest contributor
among different potential substrates (Broberg et al., 2022). Moreover,
straw comes in second in total theoretical residual biomass potential
(after residues from forestry), as the primary source of non-food biomass
in Sweden’s southernmost region (Hamelin et al., 2019). Consequently,
accurate and reliable quantification of available biomass and an analysis
of environmental effects are both required.

It has been suggested that the use of functional multipliers or algo-
rithms for the calculation of residual biomass offers good estimations
that reflect the effect of yield on straw biomass production (Bentsen
et al.,, 2014; Hamelin et al., 2019). However, functions developed for
Europe have been considered inadequate for Swedish conditions
(Bjornsson and Prade, 2021), where the use of constant values for straw:
grain ratios are deemed a better alternative (Bentsen et al., 2014).
Following IPCC guidelines for good practice (IPCC, 2019), we used
specific straw:grain ratios that have been developed for several crops of
major importance in the country, simplifying the calculation of
harvestable potentials (Nilsson and Bernesson, 2009). The results pre-
sented here are consistent with recent estimations for some regions in
Southern Sweden (Broberg et al., 2022). Residue:product ratios used in
this study were also somewhat more conservative for most crop types
analyzed in comparison to the factors used in the Swedish national GHG
inventory (Naturvardsverket, 2023). Furthermore, our results for
available crop residues show slightly lower values, due to the use of
recovery coefficients as suggested by de Toro et al. (2021). They
emphazised the importance of considering the technical limitations
imposed by climatic conditions in specific regions of Sweden and
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Fig. 5. Estimated change in potentially stabilized carbon inputs when removing the recoverable fraction of residual biomass and including oilseed radish as in-
termediate crop: (a) incorporation of OR in soil, and (b) removing the recoverable OR fraction.

proposed recovery coefficients to estimate technical potentials. This
approach was deemed to result in more accurate estimations.

Although major attention has been paid to straw as a principal
contributor of crop residue, other crop residues, from crops such as sugar
beets (Kreuger et al., 2014), rapeseed (Maravic et al., 2022), and po-
tatoes (Kaplan et al., 2018), have the potential to provide important
volumes of biomass, especially in the southern regions of Sweden. Here
we stress the relevance of sugar beet and rapeseed residues along the
southern coast of Sweden. Such crop residues have also been recognized
as a valuable resource for multiple applications within the bioeconomy
(Kreuger et al., 2014; Torma et al., 2018), from the production of biogas
(Kreuger et al., 2014) to the extraction of compounds of interest, such as
proteins and phenolic compounds (Tamayo Tenorio et al., 2018;
Maravic et al., 2022). Furthermore, there is a growing interest in the use
of horticultural crops that typically leave fresh residue at harvest that
can be used for different applications (Prade et al., 2021). Although a
more detailed assessment of these crops was outside the scope of this
study, the analysis of potential biomass provisioning and their role in IC
rotation sequences could contribute to current research on bioeconomy
feedstock.

In our estimation of potential IC production, a simplified multiple
regression model was developed to estimate IC area availability related
to IC frequency within a rotation system. The results were consistent
with previous findings from Johnsson et al. (2022), who simulated the
possibility of growing catch crops for larger catchment areas to calculate
nutrient leakage. For the analysis of IC yields, we used oilseed radish
(OR) sown after harvest of the main crop as a model IC to simplify and
generalize the system. The main reason was that OR is commonly used
as a cover crop in south Sweden, and there is a larger data availability
from different sites in the country than for other crops. We included the
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geographical aspect in the estimation of biomass production of ICs
(Fig. 3), but did not directly consider the effect of sowing time, partly
due to insufficient data. Both climate and sowing time will affect the
number of days with sufficient temperature for growth, which is a factor
that determines biomass production of both OR and other IC (Lehrke,
2000). In this study, we indirectly included the time of sowing, since we
restricted the inclusion of ICs in crop rotations to only after main crops
were harvested in August or earlier, with the assumption that ICs were
sown no later than August.

In practice, there would be a diversity of ICs used in the different
crop rotations and regions. For example, OR is not recommended for use
in crop rotations with other Brassica species due to the risk of propa-
gation of the club root disease (Plasmodiophora brassicae) (Wallenham-
mar et al.,, 2012). Other ICs currently in use in Sweden, sown after
harvest of the main crop, include, for example, different clovers (Trifo-
lium spp.), hairy vetch (Vicia villosa), phacelia (Phacelia tanacetifolia),
winter rye (Secale cereale), as well as grasses (e.g., Lolium spp., Festuca
rubra and Phleum pratense). Mixtures of two species, or even multi-
species mixtures, are commonly used according to practitioners, but
this is not captured by agricultural statistics. In the more northern dis-
tricts included in our study, ICs of grasses or grass-clover mixtures,
under-sown in the main crop in spring, would likely comprise the main
practice. These ICs are robust and have long been used under Nordic
conditions, where the climate constrains the timeframe for cover crops
and ICs (Aronsson et al., 2016). Different IC species and mixtures will
produce different amounts of shoot and root biomass, as well as be be of
different quality. For biomass production, which is of most concern for
effects on SOC, the time available for growth, i.e. time of sowing, will be
the most important factor. The quality of the IC shoots and roots, as C/N
ratio, will affect degradation processes in the soil, N release and
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Fig. 6. Recommendation based on potential of IC to compensate for the effect of residue removal on potentially stabilized organic carbon inputs.

stabilization of C. Especially N mineralization and fertilizer effect on the
following crop will be affected by the C/N ratio of the IC, where legume
species in general result in larger N mineralization than species from
Brassicaceae, Hydrophyllaceae and Poaceae (Constantin et al., 2023).
However, there is still a knowledge gap about the effect of C/N ratio on C
stabilization in the soil (Poirier et al., 2018; Kallenbach et al., 2019).
Further development of tools for IC strategies in the Nordic countries
would preferably include growth models for different types of ICs, which
in turn require better regional field data.

The above-proposed sustainable intensification practice for the
increased production of biomass does not negatively alter the current
level of food production resulting from competition for land. However,
in this study, we did not consider the effects of the IC on nitrogen
availability for the following crop, which can be either slightly negative
or slightly positive (green manure effect), depending on factors like the
time of incorporation of IC material, plant C/N ratio, N uptake, and
climate (Thorup-Kristensen et al., 2003). Residual effects of cover crops
on crop yield are often zero or slightly negative for non-legume cover
crops, according to a meta-study by Tonitto et al. (2006). Efficient soil N
depletion in combination with slow remineralization seemed to be the
explanation. Adding legumes to cover crop mixtures generally improves
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N dynamics and results in more reliable green manure effects of the
cover crops (Wallgren and Linden, 1994; Dabney et al., 2010).
Conversely, under certain circumstances, the establishment of ICs can
pose a risk of decreasing yields for the main crop due to phenomena
related to pre-emptive competition (Thorup-Kristensen et al., 2003;
Dabney et al., 2010) and the potential of the IC to become a weed in
subsequent seasons (Aronsson et al., 2016; Abdalla et al., 2019). These
effects were not accounted for in this study, and could be a matter of
investigation in future research.

Our results suggest that there is a net carbon emission from the
combination of residue removal and IC for the area of study, indepen-
dent of the IC being incorporated in the soil or being harvested.
Nevertheless, there is a spatial differentiation showing a net carbon
sequestration in the majority of yield survey districts analyzed, meaning
that for a large share of the territory the inclusion of OR as intermediate
crop can offset the negative effects of residue removal on SOC stocks. In
contrast, the locations where the overall balance was negative are
related to higher clay content and lower yields of OR, indicating that the
combined effects of crop yields and soil texture result in different out-
comes depending on the location. Low stabilization of C in soils with low
clay content resulted in negligible contribution of OR aboveground
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Fig. 7. Sensitivity analysis comparing base scenario (harvest of IC) to alternative scenarios with results from 84 SKOs ordered from left to right according to total
stable carbon input in the base-line scenario: (a) change in humification coefficient, (b) change in clay content, (c) change in shoot:root ratio, and (d) use of grass-
clover mixture as IC. Bars represent base SKO carbon input values ordered from highest to lowest.

biomass to SOC in these soils. This confirms other observations indi-
cating that the long-term maintenance of soil carbon stocks by the
incorporation of crop residues is spatially differentiated (Andrade Diaz
et al.,, 2023). Our results also illustrate how soil texture plays an
important role when analyzing the effect of incorporation of litter
biomass, as was previously indicated by Poeplau et al. (2015), and that
the variation in the clay content within single spatial units can lead to
notable differences in the resulting stable carbon inputs. This study also
supports the claims of other studies that challenge the vision of fixed
sustainable harvesting restrictions for crop residues as a measure for
SOC preservation (Poeplau and Don, 2015; Bjornsson and Prade, 2021;
Andrade Diaz et al., 2023).

This research shows how the use of intermediate crops can be an
effective measure to preserve and increase soil carbon stocks, and a way
to promote sustainable or ecological intensification of agricultural sys-
tems, as has been suggested in previous studies (Aronsson et al., 2016;
Wittwer et al., 2017; Abdalla et al., 2019; Herbstritt et al., 2022).
Adequate land use, soil management, and a set of agricultural practices
that preserve SOC are not only desirable from the perspective of soil
quality maintenance and enhancement but can be a key strategy in
regulating greenhouse gas emissions at the global scale (FAO and ITPS,
2015; Prade et al., 2017; Lantz et al., 2018; Bjornsson and Prade, 2021;
Olofsson, 2021). Furthermore, it is important to note that this study does
not consider the bioeconomy pathway for which the harvesting of straw

and IC is intended or the return of any type of product to the soil. As
indicated by Andrade Diaz et al. (2023), when removing residues as
feedstock for the bioeconomy, the effects on maintaining long-term SOC
stock are dependent on the conversion pathway. Different co-products
returning to the soil exhibit various degrees of recalcitrance, which
would affect the long-term effects on SOC, total carbon sequestration,
and estimations of the availability of sustainable straw. Among different
biomass utilization scenarios—including pyrolysis, gasification, hydro-
thermal liquefaction, and lignocellulosic fermentation (Andrade Diaz
et al., 2023)—a process that has gained special attention in Sweden is
anaerobic digestion (AD) for biogas production (Kreuger et al., 2014;
Lantz et al., 2018; Broberg et al., 2022; Gustafsson and Anderberg,
2023). The resulting digestate from the AD process is not only inter-
esting due to its potential contribution to SOC, but also for its value as
organic fertilizer (Andrade Diaz et al., 2023; Gustafsson and Anderberg,
2023). This study therefore offers insights into the effects of the inclu-
sion of IC and removal of crop residues and points out the opportunity to
develop further research in modelling SOC dynamics when coupling
transformation pathways within the bioeconomy. This can lead to a
more comprehensive evaluation of sustainable intensification strategies
considering the 4 per 1000 program objectives (Minasny et al., 2017)
and the fulfilment of Fit for 55 carbon sequestration targets (European
Council, 2023).
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5. Conclusion

This study examined how the cultivation of intermediate crops in
crop rotation sequences could offset detrimental effects of crop residue
removal on soil organic carbon stocks in Sweden. Although the overall
potentially stabilized carbon input balance was negative when consid-
ering the entire country, on 54% of arable land the inclusion of inter-
mediate crops can offset the negative effect of residue removal on
organic carbon input. Estimations on total residue availability for major
crops allowed us to establish the theoretical loss of stable carbon from
arable land due to their complete removal. Assessment of the total
carbon contribution from intermediate crop establishment was possible,
thanks to the development of a regression model based on potential crop
rotations. This model allowed us to determine frequencies or relative
areas for the establishment of intermediate crops in single spatial units.
The net effects on soil organic carbon inputs were proven to be spatially
differentiated and affected by factors like soil clay content and the yields
of intermediate crops, which show spatial gradients.
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