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Sustainable agriculture has been identified as key to achieving the 2030 Agenda for the
Sustainable Development Goals, which aims to end poverty and hunger and address climate
change while maintaining natural resources. Soil organic carbon (SOC) sequestration is a key
soil function for ecosystem services, and storing carbon (C) in soil by changing traditional
management practices can represent an important step toward the development of more
sustainable agricultural systems in Europe. Within the European project Diverfarming, the
process-based ecosystem model ECOSSE was modified and evaluated in four long-term
experiments (>8 years) to assess the impact of crop diversification and agricultural
management in SOC dynamics. ECOSSE was able to simulate SOC under dry conditions
in Mediterranean regions in Spain and Italy. In the site of Murcia, Spain, the addition of manure
and cover crop in the diversified systems produced an increase of SOC in 9 years, when
compared with the conventional management (16% measured increase, 32% simulated
increase). The effect of tillage management on SOC stock in dry soil, in Foggia, Italy and
Huesca, Spain, was also modeled, and a positive impact on SOC was predicted when no
tillage was practiced. Finally, ECOSSEwas used to understand the impact of diversifications in
Boreal regions, Finland,where different proportions of legumes and grasswere considered in a
4-year crop rotation compared with conventional cereal rotations. Experiments and modeling
showed that the loss of SOC in conventional cereal was compensated when grass was
introduced in the rotations. A good agreement (NRMSE <10%) and a nonsignificant bias were
observed between model and experimental data for all sites. Mitigation scenarios considered
in the modeling analysis for the test site Huesca showed that an integratedmanagement of no
tillage and manure is the best strategy to increase SOC, ~51% over 20 years, compared with
the baseline scenario (current farmers practice). This study demonstrated the ability of the
modified version of ECOSSE to simulate SOC dynamics in diversified cropping systems, with
various soil management practices and different climatic conditions.
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INTRODUCTION

For many years intensive agricultural systems, e.g., large use of
fertilizers, pesticides, intense mechanization, and
monocultures, have been practised to increase crop
productivity, and to meet the demand of a growing
population and food security challenges. However, such
simplified farming systems had detrimental effects not only
on the cropping systems themselves, but also on the
environment with respect to resilience, adaptation to climate
change, groundwater pollution, biodiversity loss, reduction of
ecosystem functions, soil erosion (Lichtenberg et al., 2017;
Francaviglia et al., 2020), and economic loss (Pretty, 2018).
Consequently, in the last few years greater attention has been
paid to sustainability and to a use of resources that would
minimize the costs and maximize the benefits, while enhancing
resilience and increasing productivity. Sustainable agriculture
has been identified as an important strategy to achieve the 2030
agenda for Sustainable Development Goals (SDGs). As
addressed by Nhemachena et al. (2018), the sustainability
challenge faced by the agriculture sector is to be able to
provide enough food for the growing population without
increasing the use of primary resources such as water and
farmland, and without reducing biodiversity. The
implementation of crop diversification strategies under low-
input management in place of traditional farming systems is
gaining attention in agriculture, not only to meet the demand of
food for an ever-growing population, but also with respect to
environmental resilience and sustainability.

Increasing depleting Soil Organic Carbon (SOC) stocks can
represent an important step toward the development of more
sustainable agricultural systems. The reservoir capacity of SOC
in soil carbon (C) pool was estimated at 1,550 Gigaton (Gt),
which is nearly twice as large as the atmospheric pool, and three
times larger than the C present in the biotic pool (Lal, 2016). Soil
organic carbon is considered one of the most important
indicators of soil quality and agronomic sustainability
because of its impact on other physical, chemical, and
biological properties of the soil (Reeves, 1997; Lal, 2013;
Yigini and Panagos 2016; Sanz-Cobena et al., 2017). Soil
productivity and SOC storage are largely affected by the
agricultural managements, e.g., crop cover, residue, and
tillage management (Paustian et al., 2016). Approximately
90% of total greenhouse gas (GHG) mitigation potential
could be derived from SOC sequestration (Smith et al., 2007;
Begum et al., 2017), and the SOC sequestration potential is
mainly derived from agricultural land management (Minasny
et al., 2017). However, there are also studies suggesting that SOC
sequestration potential is a limited tool to mitigate climate
change (Schlesinger and Amundson, 2019). Using the “4 per
mille” approach, the SOC stock from the global agricultural land
is estimated to be 2 to 3 Gt C yr−1 from the top 1 m, which
effectively offset 20–35% of global anthropogenic GHG
emissions (Minasny et al., 2017). Improving agricultural
management can contribute to prevent the global warming
potential from exceeding between 1.5°C and 2°C, as
mentioned in the Intergovernmental Panel on Climate

Change (IPCC) sixth report. Since a small change in SOC
can impact the global C cycle (Smith, 2004) and soil
ecosystems, it is crucial to store SOC in the soil for longer
periods (Smith, 2004; Rodeghiero et al., 2011).

In Europe with the exception of the Netherlands, other
countries, e.g., Belgium, France, Finland, England, Wales, etc,
found a decreasing trend in SOC stock in cropland (Heikkinen
et al., 2013) and overall a decline of ~28% has been observed in
the last 30 years (FAOSTAT, 2021). Amodeling analysis by Smith
et al. (2005) predicted a loss of 4–6 Gt from the cropland SOC
stock under different climate change scenarios by 2080, which is a
39–54% decrease compared with the 1990 level. Loss of SOC has
been identified as one of the major soil threats in the European
Union’s Thematic Strategy for Soil Protection (EC, 2006).
Increasing SOC stock by agricultural means has also been
emphasized in the Kyoto Protocol and Paris Climate
Agreement (Begum et al., 2017). In the 21st conference of the
parties to the United Nations (UN) Framework Convention on
Climate Change (COP21), soil C and agriculture were first
presented in the agenda, and a voluntary initiative called “4
per mille” was proposed, to increase the global SOC stocks
annually by 0.4% at 40 cm depth (Lal, 2016; Begum et al., 2018a).

In this context, the H2020 Diverfarming project (www.
diverfarming.eu) aims to increase SOC stock by crop
diversification and reduction of external inputs across six
European pedoclimatic regions. In this study we focus on the
Mediterranean and Boreal regions, which occupy 11% and 14% of
the EU 28 cropland area, respectively (EUROSTAT, 2015).
Generally, in the Mediterranean climatic regions the SOC
content is low (0.5–1%). Climate, e.g., high temperature,
evapotranspiration, and low precipitation, crop and soil
management, e.g., bare fallow practised for long periods of
time (up to 1.5 years), crop residue removal, intensive tillage,
and soil erosion favor the SOC decline (Hernanz et al., 2009;
Alvaro-Fuentes and Paustian, 2011; Rodeghiero et al., 2011;
Aguilera et al., 2018). Low crop growth rates, difficult land
recovery after degradation, and potential high mineralization
rates are also common phenomena in Mediterranean
ecosystems (Almagro et al., 2017). Dry soils are significantly
affected by agricultural management practices. However, there is
potential to improve and increase SOC stock by adoption of
innovative management practices, e.g., no tillage (NT), use of
cover crops as green manure (GM) in the rotation, incorporation
of residue, and C input by exogenous source (Mazzoncini et al.,
2008; Álvaro Fuentes et al., 2009; Rodeghiero et al., 2011; Aguilera
et al., 2018). A data-analysis carried out by Francaviglia et al.
(2017) found that SOC in dry regions increases by 11% under
diversified crop managements and by 25% under diversified
fertilization managements in comparison with humid and
subhumid regions. In European Boreal ecosystems the SOC
content depends on the type of soil. A study on Finnish
cropland (11% of total area covered with organic soils) found
a decrease in SOC of 0.4% yr−1 and 0.2–0.3% yr−1 for mineral and
organic soils, respectively, due to climate change, land use, and
management practices. Moreover, a high decomposition rate due
to peatland drainage increases CO2 emissions and reduces SOC
gain (Heikkinen et al., 2013).
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The analysis of experimental data is necessary to appreciate
changes in SOC (if any) due to diversification. However, since
changes in SOC are slow, long-term field experiments are of key
importance to get insights into the SOC dynamics in soil-
atmosphere-plant interactions. Furthermore, due to diverse
climatic pattern, the detailed studies on SOC dynamics across
Mediterranean ecosystems are limited (Rodeghiero et al., 2011).
The aid of process-based models gives the opportunity to extend
the information obtained experimentally to future scenarios.
This adds a new level of relevance to the research, and provides
key information to farmers and stakeholders when they
consider diversified cropping systems as a potential
improvement to their own agroecosystems. In the last few
years, the process-based model ECOSSE (Model to Estimate
Carbon in Organic Soils-Sequestration and Emissions; Smith
et al., 2010) was extensively modified and used to assess GHG
emissions from different soils and cropping systems in Europe
(Dondini et al., 2015). New land uses such as those for the
production of bioenergy-woody crops were introduced
(Dondini et al., 2015, 2016). Soil respiration was simulated in
the European peatland sites (Abdalla et al., 2014) and in Ireland
arable soil (Flattery et al., 2018), and Bell et al. (2012) simulated
soil nitrogen (N) and nitrous oxide (N2O) emissions in cropland
sites in Europe. However, the use of ECOSSE to model SOC
sequestration potential in arable cropland with diversified crops
(e.g., multiple cropping, crop rotation) and agricultural
managements (e.g., tillage, irrigation, fertilization) in the
Mediterranean pedoclimatic regions is limited. SOC
dynamics was modeled in barley cropping systems in
association with different tillage practices, considering
current (Álvaro Fuentes et al., 2009) and future climate
scenarios (Alvaro-Fuentes and Paustian, 2011). Aguilera et al.
(2018) analyzed SOC in the cropland under different
managements. Both studies however were limited to Spain.
Modeling work on SOC dynamics was also done in
Mediterranean Italian sites (Farina et al., 2013, 2018) and at
a regional level (Farina et al., 2017) by adapting the process-
based model RothC (Jenkinson et al., 1999) to Mediterranean
conditions.

The main aim of this study was to assess how SOC dynamics
change in relation to diversified farming and soil management.
We show how the model ECOSSE was modified, parameterized,
and used to simulate C dynamics in the European Mediterranean
and Boreal ecosystems. Through the numerical simulations of all
considered management practices we could explore which factors
in diversified managements have the largest impact on SOC in
contrast to conventional agricultural systems, gaining insights
into the effect of diversification and sustainable soil management
on SOC. Simulations of long-term rotations in Mediterranean
and Boreal croplands allowed us to compare the SOC
sequestration potential in different European pedoclimatic
regions and to attain a deeper understanding of SOC
dynamics in contrasting regions. Finally, different mitigation
scenarios were considered for the test site of Huesca (Spain) to
estimate how different managements affect SOC dynamics in
Mediterranean ecosystems.

MATERIALS AND METHODS

Site Description
The SOC data used in this study are from four long-term
(>8 years) experimental sites, three in the Mediterranean
regions in Murcia, Spain, in Foggia, Italy, and in Huesca,
Spain; and one in the boreal region in Toholampi, Finland.
The top layer soil properties (0–30 cm depth) are presented in
Table 1 for each of these sites. Soils in Mediterranean regions are
generally basic (~pH 8) whereas Finnish soil is acidic (~pH 6).
The average clay content is between 15% and 35% in
Mediterranean regions and 6% circa in the Boreal region. In
each region several tailored diversification systems and soil
managements are considered as alternatives to conventional
management. All sites and agricultural management practices
are described below. Diversification codes with the main
management features, including yearly amounts of C input,
can be found in Supplementary Table S1.

LT1 Diversified Horticulture in Spain
In Murcia, Spain, the long-term effect of multiple cropping and
rotations on SOC dynamics with the addition of organic
amendment was evaluated. The experimental period is
2010–2018 with melon (Cucumis melo), pepper (Capsicum
annum), and pumpkin (Cucurbita moschata) as rotated
summer crops and cabbage (Brassica oleracea var. sabellica),
celery (Apium graveolens), lettuce (Lactuca sativa), broccoli
(Brasica oleracea var. italica), and fennel (Foeniculum
vulgare) as rotated winter crops. Three managements were
practised on this site: 1) conventional, 2) organic, and 3)
biodynamic, with the same multiple cropping and rotation
pattern. All of them included conventional tillage (CT) to a
depth of 30 cm and fertigation. The conventional management
received yearly sheep manure applications with inorganic
mineral N fertilizer under fertigation and application of
pesticides (LT1DV0). The organic management included
sheep manure, soluble organic fertilizers for fertigation, and
biological control of pests/diseases (LT1DV1). The biodynamic
management included sheep compost, soluble organic fertilizers
and compost tea for fertigation, biological control of pests/
diseases, and cover crops (LT1DV2). Manure and compost were
applied before the winter cycle, around September. Inorganic/
organic fertilizers and compost tea were applied by fertigation
according to crop needs. Cover crops consisted of a mixture of
oats (Avena sativa) and vetch (Vicia sativa), grown in between
the two main crops and incorporated in the field in April/May
before summer crop was established. The residues from all
treatments were incorporated in the field with CT, up to
30 cm depth.

1) Conventional (LT1DV0): 12–15 t ha−1 sheep manure (% C
22.5, %N 0.98%) + inorganic fertilizer containing
6.18 kg N ha−1 in fertigation.

2) Organic (LT1DV1): 15 t ha−1 sheep manure (% C 22.5, %N
0.98%), organic fertilizer containing 1.23 kg N ha−1 in
fertigation.
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3) Biodynamic (LT1DV2): 10 t ha−1 sheep compost (% C 20, %N
1.3), organic fertilizer containing 1.23 kg N ha−1, compost tea
(140 mgL−1 C and 21 mgL−1 N) + cover crop. Carbon and
nitrogen input by compost tea are 140 mg C/L and 21 mg N/L.
Fertigation varies on a yearly basis and the simulations
showed that between 0.9 and 1.7 t ha−1 C are added
through fertigation in LT1DV2.

LT2 Durum Wheat in Italy
The impact of tillage and crop rotation on the soil
physicochemical properties of the Italian site in Foggia has
been analyzed. Two field experiments were established in
1995 to observe the soil physico-chemical properties in
monocropping wheat (Triticum aestivum) under CT, tillage
depth 35–40 cm), and NT. From 2008 two other
management practices were included, wheat in rotation with
tick bean (Vicia faba) under CT and NT systems. No tillage was
associated with direct seeding to the field. The tick bean grown
in the rotation systems were incorporated in the field as GM.
Inorganic fertilizer containing 36 kg ha−1 N was applied during
the wheat growing season. In conclusion, the four management
practices for this site were the following: Conventional
(LT2DV0), that is Durum wheat monocrop with CT;
Diversification 1 (LT2DV1), Durum wheat monocrop with
NT; Diversification 2 (LT2DV2), rotation tick bean-durum
wheat with CT; and Diversification 3 (LT2DV3), rotation tick
bean-durum wheat with NT.

LT4 Tillage in Rainfed Systems in Spain
The experiment designed to study the long-term impact of tillage
on SOC dynamics in the Mediterranean semiarid regions started
in 2010 in Huesca (Spain) and run for 9 years. Two tillage
managements, reduced tillage (RT, 15 cm depth with disk
ploughing and cultivator) and NT, were practised in barley
(Hordeum vulgare L.) rainfed cropping systems.

The site was mostly dominated by barley monocropping,
except in 2014 and 2016 when pea (Pisum sativum) and wheat
were introduced. About 75 kg N ha−1 yr−1 was applied as an

inorganic fertilizer in both management practices. All crop
residues were left in the field. In summary, the two
management practices considered in this site were as
follows: Conventional (LT4DV0), with Barley monocrop
under RT, and Diversification 1 (LT4DV1), with Barley
monocrop under NT. The impact of tillage on SOC was
assessed on a 0–30 cm depth as this was the considered
sampling depth, and it is the minimum depth
recommended by IPCC to estimate carbon stock with a
minimum error. Also, many studies analyze the effect of
tillage on SOC at a 0–30 cm depth making possible a
comparison between their and our results (Alvarez et al.,
1995; Álvaro Fuentes et al., 2009; Meurer et al., 2018).

LT7 Cereals and Forage Crop Rotations in Finland
The common rotation in Finnish croplands includes cereal, leys,
and legumes (Hakala et al., 2016; Palosuo et al., 2016). However,
cereal monoculture was observed quite commonly on crop
production farms in southern Finland. It was practised on
20.1% of field parcels in 2007–2011 (Peltonen-Sainio et al., 2017).

In a sandy soil experimental field in Toholampi
Ostrobothnia, western Finland, four crop rotations were
practised from 1997 to study erosion and nutrient leaching,
crop yield, and soil properties in crop rotations of organic and
conventional farming. First 4-year crop rotations (1997–2000)
included one conventional and three organic forage crop
rotations. Cultivated plants and tillage of crop rotations were
kept as similar as possible, the main difference was in
fertilization (different nitrogen sources and fertilization
intensities). In 2001, the unfertilized organic crop rotation
was changed from organic cereal crop rotation to
conventional cereal rotation. Organic and conventional crop
rotations, fertilized with composted or un-composted farmyard
manure, continued similarly, but farmyard manure was changed
to cow slurry. The idea and implementation of crop rotations in
2001–2018 is described more precisely in Peltoniemi et al.
(2021).

To summarize, themanagements for this site are the following:

TABLE 1 | Site description, soil, and crop management in studied area for model simulations.

Site name LT1 LT2 LT4 LT7

Location (country, province, city) Spain (Murcia, San Javier) Italy (Foggia, Foggia) Spain (Huesca, Senes) Finland (Ostrobothnia, Toholampi)
Pedoclimatic regions Mediterranean south Mediterranean south Mediterranean south Boreal
Latitude/longitude 37°48′18.5″N, 0°51′49.2″W 41°47″N, 15°50″W 41°54′12″N, 0°30′15″W 63° 49′ 15.9″ N, 24° 09′ 37.6″ E
Elevation (m) 120 80 395 102
Duration of experiment (year) 9 9 9 22
Experimental area (ha) 0.2 1.2 1.0 2.6
Soil type Haplic Calcisol (loamic, hypercalcic) Typic Calcixerept Typic calcixerept Gleyic Podzol
Clay (%) 15.48 20.80 35.34 5.78
pH 8.44 7.98 8.12 6.16
Bulk density (g cm−3) 1.32 0.94 1.44 1.17
Initial SOC (kg/ha−1) 28,600 52,160 34,777 150,060
Cropping systems Multiple cropping and rotations Crop rotation Monocropping Four-year crop rotations
Irrigation (Hm3 ha−1 yr−1) 0.0024 Not applied Not applied Not applied
SWW (cm3/cm−3) 0.11 0.27 0.16 0.14
SWF (cm3/cm−3) 0.23 0.39 0.27 0.39

SWW, soil water at wilting point; SWF, soil water at field capacity.
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1) Conventional (LT7DV0): Conventional cereal [barley-barley-
rye (Secale cereale L.)-oats (Avena sativa L.)], synthetic
fertilizers (2001–2018). In 1997–2000: [barley-timothy
(Phleum pratense L.) + clover (Trifolium) ley-timothy +
clover ley-mixture of oats and common vetch (Vicia sativa
L.)], fertilization with composted fox manure.

2) Diversification 1 (LT7DV1): Organic cereal [barley-timothy +
red clover (Trifolium pratense L.) ley -rye-oats] fertilized with
cow slurry (2001–2018). In 1997–2000 (barley-timothy +
clover ley-timothy + clover ley-mixture of oats and
common vetch), no fertilization.

3) Diversification 2 (LT7DV2): Conventional forage [barley-
timothy + meadow fescue (Festuca pratensis Huds.) ley-
timothy + meadow fescue ley-barley) fertilized with cow
slurry + synthetic fertilizers in 2001–2008. In 1997–2000
fertilized with cow farmyard manure + urine.

4) Diversification 3 (LT7DV3): Organic forage (barley-timothy +
red clover ley-timothy + clover ley-mixture of oats and
common vetch) fertilized with cow slurry in 2001–2018
and composted cow farmyard manure + urine in 1997–2000.

The conventional management (LT7DV0, 2001–2018) in the
4-year rotation included the following cereals: barley (twice), rye
(Secale cereale L.), and oats. Sowing and harvesting times for
spring cereals, oats, and common vetch were in the beginning of
June and in late August or early September, respectively. Rye was
sown at the end of August or beginning of September and
harvested in August of the next year.

In the diversified systems LT7DV1, LT7DV3, barley was
under sown with grass and clover seeds and in diversified
system LT7DV2 with grass seed. After the establishment year,
ley was grown for 2 years and cut twice per year. In diversified
systems LT7DV2 and LT7DV3 ley yields of both cuts were
removed. In diversified cereal rotation (LT7DV1) the
establishment year was followed by one ley year. Ley was cut
twice, the first cut was removed and the second cut was measured
and left on the soil surface as GM, except in 2006 when both cuts
were removed.

The straw was removed from all crop rotations in the first year
of each 4-year crop rotation (1997, 2001, 2005, 2009, 2013, and
2017). Otherwise, straw was left on the field and incorporated into
soil during ploughing. Legumes and leys in crop rotation, tillage,
and different types of manure (fox manure, farmyard manure,
cow slurry) were practised on this site. The amount of manure
varied over the study period.

SOC, Soil Properties and Yield Data Used
for Simulations
All information required by ECOSSE to run the simulations in
the long-term experiments, e.g., SOC, soil properties, and yield
data, were collected by the Diverfarming project partners. The
supplied SOC concentration in the four arable cropland sites was
expressed in g kg−1. To get the SOC stock in t ha−1 at 0–30 cm
depth, as required for simulations with ECOSSE, the value was
converted into %, and calculated based on the following equations
as reported by Nayak et al. (2015):

SOC stock(t ha−1) � ∑n
i�0
Cc% × BD(g cm−3) × D(cm) (1)

n: number of soil layers; Cc: carbon concentration; BD: bulk
density; D: sampling depth.

In 2018 data were measured separately at 0–10 cm and
10–30 cm depth. Data for previous years were available at
0–30 cm depth without layering (LT1, LT2, LT4, LT7). In
2010 SOC in LT4 was measured at 0–5, 5–10, and 10–25 cm
depth. In the absence of further information on SOC depth
gradients in that year, SOC concentration at 25–30 cm depth
was assumed to be the same as at 15–25 cm depth. In 1997, 2001,
and 2009 the SOC concentration in LT7 was measured at 0–23
and 23–35 depth. The SOC concentration of layer 23–35 cm was
assumed to represent the concentration of the 23–30 cm soil
layer. The available soil water at field capacity and at saturation,
and the yield data were supplied by the project partners. Three
or more replicated values were available for each of the
studied sites.

Weather Characteristics
The weather of three of the test sites Murcia (Spain), Foggia
(Italy), and Huesca (Spain), located in the Mediterranean
regions, are characterized by warm, dry summers, and wet
winters. The annual precipitation averages are between 280
and 529 mm, and occur mostly between October and
December and from March to April. The annual temperature
averages are between 13°C and 17°C. July and August are the
driest months (~30°C). The mean annual potential
evapotranspiration (PET) at these sites reaches
730–1,200 mm maximum, which occurs in July and August.
The test site in Finland has colder winters and summers than the
other sites. The mean annual temperature in the Finland boreal
regions Toholampi is 3°C with annual precipitation of 600 mm
and PET of 480 mm. The temperature in July-August reaches
between 12 and 20°C. The weather characteristics of the four
sites are presented in Figure 1.

The ECOSSE Model
ECOSSE was developed in 2007 to examine the impact of changes in
land-use and climate on thin organo-mineral soils with <50 cm
surface organic horizon, which tend to undergo more land-use
changes than the deeper peat soils and are more accessible for
agriculture (Smith et al., 2010). In particular, Smith et al. (2010)
aimed to simulate how land-use and climate change affect SOC and
GHG emissions from organo-mineral, mineral, and peat soils.
ECOSSE simulates the major below-ground C and N turnover in
mineral and highly organic soils using concepts derived from two
well-established models, RothC (Colman and Jenkinson, 1996) and
SUNDIAL (Bradbury et al., 1993). In ECOSSE soil organic matter
(SOM) is described as five pools: active pools of humus (HUM),
biomass (BIO), resistant plant material (RPM) and decomposable
plant material (DPM), and an inert organic matter (IOM) pool. The
DPM/RPM ratio determines the decay of plantmaterial added to the
soil, this ratio being derived from standard values for each land use
type or modified for new land-uses. Material in each pool
decomposes at a specific rate depending on soil temperature, soil
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moisture, pH, and cover crop. The C in the IOMpool is not active in
the decomposition process. ECOSSE works with different levels of
input detail, namely in limited data and site-specific mode. In the
limited data mode, the only inputs are the commonly available
meteorological data, such as monthly air temperature, precipitation,
and PET; soil data such as soil pH, soil clay content, initial total SOC
content, and soil texture class; and land-use (or management data)
such as vegetation type, cultivation/planting schedules, and amount
and timing of nutrient amendments. With these drivers the model
can simulate daily N-gas flux (N2O, N2, and NH3), C-gas flux (CH4

and CO2), dissolved organic C, dissolved organic N, and leached
nitrate N, and therefore to predict how land-use and climate change
impact C and N dynamics in organic and mineral soils. A complete
and more detailed description of the structure and formulation of C
and N stocks dynamics in ECOSSE is given Smith et al., 2010. The
limited data mode is well suited for simulations at both national and
field scales, thus allowing us to use results to directly inform policy
decisions. In limited mode, the plant input is estimated from the
provided SOC or estimated using the MIAMI model (Smith et al.,
2010). In site-specific mode, along with the above-mentioned input,
the user needs to provide detailed management data describing

planting times, cultivation, fertilizer applications, manure, and
crop type. Also, the user can decide to either provide detailed
soil parameters, plant input and soil water parameters, or to
have them calculated by the program as in limited mode.
Simulations in site-specific mode allow us to get a better
approximation of the contribution of factors that determine
the activity of the SOM, and of the plant inputs needed to
calculate the changes in SOC. The site-specific version has been
usually applied to arable land use (Smith et al., 2010). Therefore,
also in this study ECOSSE was run in site-specific mode, and all
data used for the simulations were obtained from field
measurements. ECOSSE was parameterized for 35 arable
crops and one perennial crop Miscanthus. In the site version,
C input from plant is obtained from the yield, using five
empirical parameters as in the following equation (Smith
et al., 2010):

Cin,tot � Ca0,1(Ca0,3 + Ca0,2(Ca0,5 − exp(Ca,03 × Wyield))) (2)
Cin,tot: C from plant input.
Ca0,1, Ca0,2, Ca0,3, Ca0,4, Ca0,5: empirical parameters set to each crop.
Wyield: yield of crop (t ha−1).

FIGURE 1 |Monthly climatic characteristics of European cropland during the 2010–2018 period. (A) LT1 Murcia Spain, (B) LT2 Foggia Italy, (C) LT3 Huesca Spain
and (D) LT7 Toholampi, Finland [PPT, Precipitation mm, (blue bars); PET, Potential evapotranspiration (mm, red bars), Temperature, Average temperature (°C, gray line)].

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8191626

Begum et al. SOC Dynamics Under Diversified Managements

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Plant residues can be either incorporated or removed. Unlike
other C models, e.g., RothC, ECOSSE considers the effect of
tillage in the different C and N pools. Based on the depth, tillage is
classified as CT, RT, minimum tillage (MT), and NT. In ECOSSE
CT represents a cultivation depth of 20–30cm, RT refers to
15–20 cm, and MT to 5–10 cm depth (Smith et al., 2011). Less
tillage results in lower or no soil disturbance down to the
cultivation depth which enhances SOC stabilization processes
(Bell et al., 2012). The model can run with daily/weekly or
monthly time steps. In this study the model was run in site
mode with a monthly time step.

Model Modifications
To adapt the ECOSSE model to all European arable land uses, the
object of this study, the following modifications were made.

Moisture Modifier
The original version of ECOSSE does not consider the dynamics of
SOC below the permanent wilting point. Under aerobic
conditions, the decomposition of soil organic matter is
modified in response to soil temperature, moisture, pH, and
crop cover. The soil moisture rate modifier for aerobic
decomposition follows the equation proposed by Bradbury et al.
(1993) for the SUNDIAL model and varies between 0.2 and 1.0.
The aerobic decomposition proceeds at a maximum rate of 1.0 as
the soil dries from field capacity (ψf) to the amount of water held
at −1 bar (ψi, corresponding to the water deficit in the topsoil of
23 mm at Rothamsted), but then decomposition is inhibited below
−1 bar until the soil is at its permanent wilting point (ψc � 0)
where the rate modifier reaches its minimum value (mw0).

mw �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

1 − (1 −mw0)(ψf − ψc − ψi)
ψf − ψc

if 0<ψc <ψi

1 if ψi <ψc <ψf

(3)

The above field capacity, mw follows a linear decline to its
minimum value mw0 (Figure 2):

mw � 1 − (1 −mw0)(ψc − ψf)
ψs − ψf

if ψc >ψf (4)

Following the method used for RothC by Farina et al.
(2013), the ECOSSE model was modified to account for dry
and semiarid soil conditions, both in limited and site-specific
mode. In the modified ECOSSE, when no crop is present (bare
fallow) the soil can dry below wilting point, and the soil
decomposition rate is assumed to be lower than 0.2 in dry
and semiarid soils (Figure 2). The user can now choose
between three types of dryness categories: normal
(mw0 � 0.2), dry (mw0 � 0.15), and semiarid (mw0 � 0.1). The
simulations were run considering normal soil for LT7, dry soil
for LT1, and semiarid and bare dry fallow soil for LT2
and LT4.

Multiple Cropping, Manure application, and Irrigation
To be able to consider the managements practised in LT1 and
LT2, ECOSSE was modified to allow simulations of multiple
cropping systems, i.e., two crops growing one after the other in
the same year. The crop melon was added to the arable crop list,
and it was parameterized following the crop code for cauliflower
as suggested by Bell et al. (2012). Although different types of
manure were already included in ECOSSE, several other types
have been used within Diverfarming and were added to the new
version. These are sheep manure, sheep compost, compost tea,
farmyard manure, cow slurry, and GM. ECOSSE computes C
input from manure using C and N content in kg t−1 fresh
manure. These values were provided for each manure type.
Finally, the possibility of adding irrigation was implemented in
the model.

Cover Crop
As previously mentioned, cover crops were sown in the LT1 and
LT2 sites and all biomass was incorporated into the soil as GM,
rather than harvested. In the simulations for LT1, the application
of 2.8 t ha−1 yr−1 GM (41.9%C, 2.24%N, Almagro et al., 2021) was

FIGURE 2 | (A) Soil moisture rate modifier for aerobic decomposition as a function of the available water above permanent wilting point (PWP) in ECOSSE; (B) and
in its modified version–the continuous line refers to normal soil, dashed line to dry soil, and dot-dashed line to semiarid soil.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8191627

Begum et al. SOC Dynamics Under Diversified Managements

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


considered to simulate the effect of fully incorporated cover crops
on soil properties. For LT2, plant C input from each crop was
available for the entire period. The yield of tick bean necessary to
obtain the equivalent (measured) amount of carbon in the soil
(Farina et al., 2017) was calculated using the information
provided, and simulations were run accordingly. An additional
in silico experiment was run by adding 2.4 t ha−1 yr−1 GM instead
of a growing crop after wheat, which reproduced a similar impact
on SOC simulations.

Grass Ley
Like other process-based models (DayCent, DNDC), in site-
specific mode ECOSSE is not able to simulate C dynamics in
intercropping managements. Also, arable crops are assumed to
have one sowing and one harvest date; therefore, grass with
multiple mowing dates cannot be simulated. However, based
on yield values it was possible to evaluate the C input for each
crop and rotation in LT7. Carbon input was calculated according
to Palosuo et al. (2016). A C input of 1 t ha−1 yr−1 was estimated
from the grass incorporated in the soil as GM, which amounts to
2.5 t ha−1 yr−1 of GM in the field for the simulations. The already
parameterized crop “oats”was used tomodel the combined oats +
vetch crop (Smith et al., 2011). All other plots were run without
further modifications.

Statistical Analysis
For each case study, simulated and measured SOC values were
compared. The model performance was evaluated with
MODEVAL (Smith and Smith, 2007; Smith et al., 1997a),
which allows determining coincidence and association
between measured and modeled SOC. MODEVAL calculates
the normalized root mean square error (NRMSE), which
indicates the total difference between the observed and
predicted values (Eq. 5). The significance of NRMSE was
assessed by comparing it to the value NRMSE95% obtained
assuming a deviation corresponding to the 95% confidence
interval of the measurements Eq. 6. An NRMSE value that is
less than NRMSE95% indicates that the simulated values fall
within the 95% confidence interval of the measurements. The
degree of association between the modeled and measured
values is determined using the correlation coefficient r. The
value of r ranges from −1 to +1. Values close to −1 indicate a
negative correlation between simulations and measured
values, 0 indicates no correlation, and values close to +1
indicate a positive correlation (Smith et al., 1996). The
significance of the association between simulations and
measurements is assigned using a Student’s t-test as
outlined in Smith and Smith (2007). The mean difference
between observation and simulation (M, Eq. 8) is calculated
to assess bias in the modeled values and is expressed in the
same unit as the analyzed data (Dondini et al., 2015). The bias
is expressed as a percentage of the normalized error, EN (Eq.
9). The significance of EN was determined by comparing it to
the value EN95% obtained assuming a deviation corresponding
to the 95% confidence interval of the measurements (eq. 10).
An EN value greater than EN95% indicates that the bias in the

simulation is greater than the 95% confidence interval of the
measurements

NRMSE � 100
�O

������������∑n
i�1(Pi − Oi)2

n

√
(5)

NRMSE95% � 100
�O

�������������������∑n
i�1(t(n−2)95% × Se(i))2

n

√
(6)

r � ∑n
i�1(Oi − �O)(Pi − �P)��������������[∑n

i�1(Oi − �O)2]√ �������������[∑n
i�1(Pi − �P)2]√ (7)

M � ∑n
i�1(Oi − Pi)

n
(8)

EN � 100
�O

∑n
i�1(Oi − Pi)

n
(9)

EN95% � 100
n

����������������∑n
i�1t(n−2)95% × Se(i)

Oi

√
(10)

where �O and �P are the mean values of observed and predicted
data, respectively, Oi and Pi indicate the observed and
predicted values, and n is the number of samples. t(n−2)95%
is the critical value of the Student’s t distribution with n-2
degrees of freedom and a two-tailed P-value of 0.05. Se(i) is the
standard errors of the measurements. The significance of r and
M is tested using an F-test (at probability levels of p = 0.05,
0.01, and 0.001), and a Student’s two-tailed t-test (critical at
2.5%), respectively.

Simulations With Mitigation Scenarios
To understand the most suitable mitigation options in the
Mediterranean ecosystem, ECOSSE was used to model the
mitigation potential of different agricultural management
scenarios (SCN) for SOC in the test site LT4. The model
was run in this site for the period 2010–2018 using current
weather and then for 21 more years using future weather data.
The future weather data (denoted as METO-HC-HadRM3Q0-
HadCM3Q0) were obtained from the UK Met Office Hadley
Centre for Climate Prediction and Research (Christensen
et al., 2010). This selected simulated scenario represents
the warmest forecasted temperature. Eight management
scenarios were evaluated to observe the impact of
alternative management practices in the SOC dynamics
compared with the baseline management. Here, the
baseline management refers to the conventional
management of LT4, i.e., LT4DV0. The alternative
management scenarios are presented in Table 2. The
cropping systems, inorganic N fertilizer management,
residue management, and cropping seasons of all scenarios
were considered the same as in the baseline management.
Yields under the management scenarios associated with RT
were obtained as average yield values from LT4DV0 and the
management scenarios associated with NT were obtained
from LT4DV1. Since different types of diversified
managements were already practised in the long-term case
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studies LT1, LT2, and LT7, no other practices were
considered. However, long-term simulations were run for
these sites using the same weather scenarios used for LT4
(Supplementary Figures S1–S3).

RESULTS

Modeled and Measured SOC
LT1 Diversified Horticulture in Spain
Each year the application of organic amendment under all
managements led to a ~60% increase in SOC over the
experimental period 2010–2018 as shown in Figure 3. The
highest increase in SOC stock at 0–30 cm depth, from
31 t ha−1 in 2010 to 51 t ha−1, was measured in 2018 under
LT1DV2. This represents a 16% gain when compared with the
conventional management (LT1DV0). The simulated SOC also
showed a similar increasing trend over the 9-year period with

the highest gain (32% as compared with LT1DV0) under
LT1DV2. The measured changes in SOC under the three
managements were 16.56, 16.26, and 19.23 t ha−1 respectively,
whereas the predicted SOC changes were 12.83, 13.22, and
16.95 t ha−1 respectively. The simulations are highly
significantly correlated (p < 0.001, NRMSE <10%) with the
measured data under the three management practices without
any bias (Table 3).

LT2 Durum Wheat in Italy
Long-term impact of tillage in wheat monocropping was observed in
the Italian dry soil. When the experiment started in 1995, the
measured SOC was 49 t ha−1 and it increased to 62 t ha−1 in 2018
under CT (LT2DV0). Practising NT instead of CT led to a further
21% difference in the increase of SOC (LT2DV1) by the end of the
experimental period (Figure 4). The impact of rotation was also
observed under both tillage systems between 2010 and 2018. The
introduction of tick bean in rotation with wheat led to a measured
increase in SOC of 25% under CT (LT2DV2) and 21% under NT
(LT2DV3). As in the observations, ECOSSE predicted that under
monocropping wheat the long-termNT practice (LT2DV1) will lead
to a larger SOC value, nearly 19%, than that simulated in the CT
system (LT2DV0). Similarly, when wheat tick bean rotations were
considered, the model demonstrated a ~24% increase in both
LT2DV2 and LT2DV3 sites. The increase in measured SOC
under LT2DV0 and LT2DV1 for the period 1996–2018 was of
13 and 15 t ha−1 respectively, whereas ECOSSE predicted an increase
of 19 and 23 t ha−1 respectively. The increase in SOC stock for the
period 2010–2018 under LT2DV2 and LT2DV3 was 13 and
11 t ha−1 respectively, while the model predicted 13 t ha−1 for
both managements. A good agreement between the observed and
predicted values (NRMSE <10%) was found for all of these sites
under the four different treatments. A significant positive association
between measured and modeled SOC was attained under all
managements (p < 0.05) except LT2DV3. However, a highly
significant association between modeled and measured SOC was
observed when all values were compared under the three
managements. In addition, a nonsignificant bias was found
between modeled and measured SOC (Table 3).

LT4 Tillage in Rainfed Systems in Spain
Both modeled andmeasured SOC showed a similar increasing trend
over the studied period under the conventional management
associated with RT in cereal rotations (LT4DV0, Figure 5). SOC

TABLE 2 | Management scenarios considered for the Mediterranean region of Spain (Huesca) for the period 2010–2039.

Management scenario Description
of the management

SCN 1 NT
SCN 2 Barley-fallow
SCN 3 Compost 10 t ha−1 yr−1

SCN 4 GM 10 t ha−1 yr−1

SCN 5 Barley-pea-wheat rotation
SCN 6 Integrated management coupled with sheep compost 5 t ha−1 yr−1, GM 3 t ha−1 yr−1, RT
SCN 7 Integrated management coupled with sheep compost 5 t ha−1 yr−1, GM 3 t ha−1 yr−1, NT
SCN 8 Barley-ley rotation

FIGURE 3 | Measured (point) and modeled (line) SOC in Spain (Murcia)
Horticulture site, LT1, under conventional (LT1DV0), organic (LT1DV1), and
diversified management (LT1DV2) for the period 2010–2018 at 0–30 cm
depth. The error bar indicates standard deviation of the measured SOC.
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increased from 35 t ha−1 in 2010 to ~38 t ha−1 in 2018 as revealed in
both the simulations and observations with this management. The
increasing trend was also observed when RT was replaced with NT
(LT4DV1). The field data showed 6% SOC increase, while themodel
predicted 8% increase in SOC under NT compared to RT in 9 years.
A highly significant positive association between modeled and
measured SOC values without bias was observed in this site.
Moreover, the NRMSE95% value was greater than the NRMSE
values indicating that the simulated values fall within the 95%
confidence interval of the measurements.

LT7 Cereals and forage crop rotations in Finland.
In the Boreal site of Toholampi, Finland, the long-term impact of 4-
year cereal and forage rotations under diverse tillage, residue, and
manuremanagement practices was observed over 20 years, from 1997
to 2018. In all considered managements, the highest SOC value was
observed in 2001, after 4 years from the start of the experiment and
then followed a declining trend until the end of the experiment
(Figure 6). The maximum SOC loss (nearly 23 t ha−1) was observed
under the conventional cereal rotation (LT7DV0) where the value
decreased to 127 t ha−1 during 2018 from 150 t ha−1 in 1997. The SOC
loss however was comparatively lower under the management with
grass in the rotations. Besides, application of manure, tillage, and
residue management led to a loss of 10 t ha−1 in LT7DV1 and 5 t ha−1

in LT7DV3, respectively. A SOC gain of nearly 4 t ha−1 was observed
under the management of conventional grass (LT7DV2), where an
increase in SOC stock was observed from 151 t ha−1 in 1997 to
155 t ha−1 in 2018. As in the measured data, the model also
predicted highest SOC gain under the management LT7DV2
amounting to 10 t ha−1 SOC stock increase over the 23 years of
simulations. An SOC gain was also observed by the model under
the clover-grass management (LT7DV3), predicting an increase of
6 t ha−1. As in observations the maximum decline in SOC was
predicted under LT7DV0, with a value of 36 t ha−1 at the end of
the simulated period. A positive but nonsignificant association
between the modeled and measured SOC values was found for
this site, considering all measured data points. However, no bias
between simulations and observations was found in the simulations
for any management. Also, the NRMSE95% value was greater than the
NRMSE values of 7%.

Mitigation Scenarios
Eight management scenarios were modeled in the Spanish dry soil for
the period 2010–2039 to observe the mitigation potential for SOC

TABLE 3 | Statistics for the evaluation of the performance of the ECOSSEmodel on SOC simulations in diversified cropping systems in the European agriculture at 0–30 cm
soil depth.

LT Management r NRMSE (%) NRMSE95% M (t ha−1 yr−1) E E95%

LT1 All management (n = 24, rp = 3) 0.95a 6.82 81.51 −0.18ns −0.60 42.48
LT2 All management (n = 20, rp = 5) 0.92a 4.45 50.10 0.14ns 0.24 24.52
LT4 All management (n = 4, rp = 6) 1.00a 3.23 13.16 −0.56ns −1.52 13.02
LT7 All management (n = 16, rp = 4) 0.46ns 6.86 30.39 0.99ns 0.64 28.80

aSignificant correlation (r) between modeled and measured SOC, at p < 0.001.
ns, nonsignificant; n, number of samples; rp, number of replications.

FIGURE 4 | Measured (point) and modeled (line) SOC in Foggia (Italy)
arable cropland site, LT2, under conventional (LT2DV0), diversification 1
(LT2DV1), diversification 2 (LT2DV2), and diversification 3 (LT2DV3) for the
period 1996–2018 at 0–30 cm depth (The field experimental period of
LT2DV2 and LT2DV3 is 2010–2018). The error bar indicates standard
deviation of the measured SOC. Please note that the simulated and
experimental values of LT2DV2 slightly overlap with those of LT2DV0.

FIGURE 5 |Measured (point) and modeled (line) SOC in Huesca (Spain)
cereal cropland site, LT4, under conventional (LT4DV0), and diversified
management (LT4DV1) for the period 2010–2018 at 0–30 cmdepth. The error
bar indicates standard deviation of the measured SOC.
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dynamics at 0–30 cm depth in comparison with baseline scenario
which is associated with barley-cereal rotations under RT (LT4DV0)
(Figure 7). All scenarios considered in the modeling analysis tend to
increase SOC, except SCN 2. Implementing barley-fallow rotations in
this scenario leads to a 10% decrease in SOC. No changes, or a slight
increase (~4%), was observed in the barley-pea-wheat rotation (SCN
5), and barley-ley rotation (SCN 8) over 30 years, whereas NT in place
of RT led to a 16% increase in SOC (SCN 1). The use of 10 t ha−1 yr−1

of sheep compost produced an increase in SOC of 36% (SCN 3),
whereas the same amount of GM produced an increase of 106% (SCN
4), which is the highest gain among all scenarios. An integrated
management coupling 5 t ha−1 yr−1 sheep compost and 3 t ha−1

yr−1 GM produced an increase of 59% under RT (SCN 6) and 71%
under NT (SCN 7), respectively. The modeld SOC sequestration rate

over the 30 years of simulations in this site suggested that an average
increase of 1.28 t C ha−1 yr−1 SOC can be obtained by adopting an
integratedmanagement.Modifications of the tillage system fromRT to
NT generated an increase in SOC of 0.30 t C ha−1 yr−1. The SOC
sequestration rate predicted by the model for sheep compost was
0.69 t C ha−1 yr−1, whereas with GM applications the simulated SOC
sequestration rate was 2.02 t C ha−1 yr−1.

DISCUSSION

LT1
Organic amendments are an important exogenous source of C
for the soil, and the use of manure/compost can improve soil

FIGURE 6 | Measured (point) and modeled (line) SOC under conventional (LT7DV0), diversification 1 (LT7DV1), diversification 2 (LT7DV2), and diversification 3
(LT7DV3) management in Toholampi (Finland) fodder cropland site, LT7, for the period 2010–2018 at 0–30 cm depth. The error bar indicates standard deviation of the
measured SOC.

FIGURE 7 | The mitigation potential for SOC under different scenarios in the long-term test sites Huesca (Spain) for the period of 2010–2039 at 0–30 cm depth
using ECOSSEmodeling. BL: Baseline associated with barley cereal rotations with RT. SCN 1: NT, SCN 2: Barley-fallow rotations, SCN 3: sheep compost 10 t ha−1 yr−1,
SCN 4: GM 10 t ha−1 yr−1, SCN 5: Barley-pea-wheat crop cycle, SCN 6: Integratedmanagement of sheep compost 5 t ha−1 yr−1, coupled with 3 t ha−1 yr-1 GM and RT,
SCN 7: Integrated management of sheep compost 5 t ha−1 yr−1, coupled with 3 t ha−1 yr−1 GM and NT and SCN 8: barley-ley rotations.
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quality and enhance ecosystem functioning. High SOC values
under the organic amendment are often associated with the
presence of microbial abundance. A study conducted in
Ravenna, Italy, found that compost applications (municipal
solid waste, ~10 t C ha−1 yr−1) can produce an increase of
SOC at 0–30 cm depth, which is twice as much as the SOC
measured in plots that receive only mineral fertilizers (70–130
kg N C ha−1 yr−1). The microbial abundance did also increase by
50% compared to N fertilized plots (Baldi et al., 2018). An
increase in SOC under organic amendment was also reported in
the long-term wheat cropland in Broadbalk (Begum et al., 2017)
and the barley cropland in Bavaria, Germany (Li et al., 2005). A
similar pattern has been observed in all sites object of this work.
As can be seen in Figure 3, over the 9-year field experiments in
the semiarid Mediterranean region of Murcia, Spain (LT1), the
addition of organic amendments led to a clear increase of SOC.
An equivalent gain of SOC was observed in both LT1DV0 and
LT1DV1, which might be due to the similar rate of sheep
manure applied in both sites over the studied period. Among
the three managements, the increase in SOC was relatively
higher under LT1DV2, which received sheep compost and
composted tea over the studied period. Compost is a source
of stabilized organic matter, more prone to be incorporated in
the soil under organic matter compared to direct applications of
fresh manure, which rapidly mineralize (Farina et al., 2018).
This site also received additional biomass from a cover crop
which was then incorporated in the soil as GM and contributed
to a further addition of C to the soil. The organic amendments
used in the LT1DV2 produced an increase in SOC of
2.17 t C ha−1 yr−1.

A good agreement between modeled and measured SOC was
observed in this experimental site. The measured increasing trend
was well matched by the model. The SOC increased sharply in the
LT1DV2 site compared to LT1DV0. The simulations in LT1DV2
were run replacing the cover crop with applications of GM
equivalent to a plant input of 1 t C ha−1 yr−1. An initial
underestimation of the SOC ~3 t ha−1 suggested the need to
change how ECOSSE represents the effect of soil moisture on
the decomposition rate in the case of dry soil. ECOSSE was
therefore modified following the adaptation to dry soils of the
process-based model RothC proposed by Farina et al. (2013) to
adjust the unrealistic high C input values for simulations in dry
and bare fallow soils, when the water reaches values below
wilting point.

Overall, observed and simulated results for this site
demonstrated that in contrast to traditional manure,
composted manure and application of GM contribute to a
significant (p < 0.001) increase of SOC in dry ecosystems.
This could depend on the ratio of applied amounts. In
LT1DV2 composted manure and GM were combined in one
treatment, while in LT1DV0 and LT1DV1 only sheep manure
was applied. Reducing the minimum value of the moisture
modifier from 0.2 to 0.15 slowed down the decomposition
rate in the case of dry conditions. Such adaptation of the
model has produced an increase of 0.4 t C ha−1 yr−1 that
resulted into matching the measured SOC output by the end
of the simulated period without any further addition of C input.

LT2
Adoption of NT practices proved to be an important diversified
management in the semiarid region of Foggia, Italy. Compared to
intense cultivations this practice promotes the accumulation of
SOC in the topsoil. Previous studies showed that great benefits
derive from practicing NT instead of CT in the Mediterranean
cropland, including an increase in SOC (Aguilera et al., 2013;
Sanz-Cobena et al., 2017), and that the reduced disturbance of
soil, associated with NT, leads to a smaller decomposition rate
therefore increasing SOC (Álvaro Fuentes et al., 2009; Begum
et al., 2018a). A gain of about 13–20% was observed in NT
compared to CT in different regions of Spain at 0–30 cm depth
(Alvaro-Fuentes and Paustian, 2011) which agrees well with our
findings of a 20% increase under NT with respect to CT in
monocropping wheat. Over the 22 years in which the experiment
ran, the measured gain of SOC under wheat monocropping was
0.58 and 0.70 t C ha−1 yr−1 for CT (LT2DV0) and NT (LT2DV1),
respectively. The simulated SOC under these two managements
was 0.84 and 1.00 t C ha−1 yr−1, respectively. Using the model
Century to simulate monocropping barley under CT and NT in
the semiarid Mediterranean region of Zaragoza, Spain, for
16 years, Álvaro Fuentes et al. (2009) found an increase in the
rate of SOC of 0.21 (0.18, measured) and 0.37 (0.46, measured)
t C ha−1 yr−1 under CT and NT, respectively. The results clearly
demonstrated a greater increase in SOC under NT. The relatively
higher SOC gain under monocropping wheat (compared to
monocropping barley) could be due to a greater plant C input,
as the measured annual average of above-ground plant C input
from wheat monocropping is ~2.50 t C ha−1 yr−1 which is nearly
twice that estimated in Spain under barley monocropping
systems (Álvaro Fuentes et al., 2009). A slight decrease in SOC
was found under NT in the rotations systems compared to CT;
however, the difference in C gain is not significant (p > 0.05).
Overall in this site the rotation with tick bean showed a much
higher impact on SOC compared to different tillage management
practices. Since ECOSSE does not consider root growth we
assume that higher increase in SOC is due to N fixation by
the tick beans and the increased amount of C input.

The higher NRMSE95 and E95 values, in all sites, compared to
NRMSE and EN respectively (Table 3) indicate that the total error
in the simulations is less than the total error in the measurements
at 95% confidence interval (Smith et al., 1997a; Bell et al., 2012).
Also, no systematic bias was observed between simulations and
observations with a nonsignificant t-statistics, and the observed
NRMSE <6% is comparable to that in similar studies (Álvaro
Fuentes et al., 2009) indicating an acceptable agreement between
model output and experimental measurements.

LT4
The temporal dynamics of SOC was observed in the
Mediterranean dry region Huesca (Spain) under two tillage
regimes for the period 2010–2018. Both the simulations and
observations demonstrated a higher SOC increase under NT
compared to RT. In this long-term experiment, it was
observed that in addition to the lower soil disturbance, the
measured crop production, and therefore the C input returned
to the soil, was significantly higher under NT than under RT
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(Plaza-Bonilla et al., 2017). In semiarid Mediterranean
conditions, it has been demonstrated that conservation tillage
systems, and particularly NT systems, promote soil water
conservation and higher crop biomass production (Cantero-
Martínez et al., 2007; Lampurlanés et al., 2016). Under NT,
the crop residue layer in the soil surface reduces soil water
losses by direct evaporation and also increases the infiltration
to runoff ratio (Lampurlanés et al., 2016). These changes in soil
water conservation result in a higher water use efficiency in NT
compared to RT, and in the consequent increase in crop residue
production.

Interestingly, even the RT system led to an increase in SOC
levels. This is an opposite finding to what has been observed in
other long-term tillage experiments located in NE Spain in which
tillage systems reduced SOC stocks (Álvaro Fuentes et al., 2008).
The increase in SOC stocks under RT can be explained by the
change in tillage implements occurred in these areas during the
last few decades. About 30 years ago, farmers adopted less
intensive tillage systems, moving from moldboard ploughing
to less intensive chisel or disk ploughing. This change in
tillage systems resulted in an increase in SOC stocks which is
still noticeable to date.

In simulations performed in a different long-term experiment
located also in rainfed NE Spain, the RothC model predicted
reasonably well the higher SOC accumulation rates observed
under NT (Álvaro-Fuentes et al., 2012). In this last study, the
higher C inputs measured under NT led to the increase in SOC
accumulation rates. Similarly, in our study, the ECOSSE model
was also able to capture the different SOC stock change rates
observed between the two tillage systems and driven by the
different C inputs in NT and RT.

LT7
Perennial crops in rotation represent an important conservation
farming system, which disturbs the soil less, reduces erosion,
conserves soil moisture, and improves soil health overall (Smith
et al., 2007; Di Bene et al., 2011; Sanz-Cobena et al., 2017). The
three diversifiedmanagements in the Boreal region of Toholampi,
Finland, included legume and/or perennial grass in rotation with
cereals. Initial observations showed that after 4 years from the
beginning of the experiment, in 2001, a nonsignificant increase
(p > 0.05) in SOC was observed. This was the case in all four
treated plots, including LT7DV1 where no organic amendments
were applied. After 2001, it was possible to observe a slightly
declining trend for LT7DV0 and LT7DV1, slightly increasing
trend for LT7DV2 and a more stable one for LT7DV3. The
possible reason for the difference in SOC dynamics between the
first 4 years and the following ones might be due to the practice of
having clover-grass ley in the rotation barley-grass-grass-oats +
vetch, which was then changed with the cereal rotation barley-
barley-rye-oats (LT7DV0), after 2001. Moreover, the LT7DV0
received 14 t ha−1 fox manure in 1997 whereas only chemical N
fertilizers were applied for the rest of the study period. Numerical
simulations suggest that intense cultivations without any organic
amendments in the cereal rotations lead to increased respiration
and consequently decreased SOC (not shown). Grass ley in
LT7DV2 and clover-grass ley in LT7DV3 was included for

two successive years. For the LT7DV2 plot, the modeled
average annual C input through root rhizodeposition during
the grass growing seasons was 1.8 t C ha−1 yr−1, which is
nearly three times higher than that in the annual crops
(LT7DV0). This supports the observation by Smith et al.
(2007) that perennial crops accumulate more C in below
ground biomass than annual crops. Despite the addition of
48 t ha−1 composted farmyard manure in 1997 and greater
amount of cow slurry during most of the remaining period,
nearly 28% more than that of the other manured plot,
LT7DV3 had lower SOC stocks compared to LT7DV2 (p >
0.05). In the simulations, in agreement with the
measurements, the model predicted a slight gain in SOC
under LT7DV2 and LT7DV3. However, in both sites this
increasing trend led to a negative correlation between modeled
and measured values, with a nonsignificant r value of −0.55 and
−0.77, respectively. The estimation of the uncertainty (NRMSE)
for the four managements was found to be 7%, which falls within
the values found by Falloon and Smith (2003) for the two process-
based models Century and RothC applied to different
management practices in European ecosystems (NRMSE
between 1.8% and 16.4% for Century and 1.7%–29.2% for
RothC). From this long-term study, it is clear that the factors
with the largest impact on SOC are the type of crop, tillage,
residue, and manure management/type. An additional benefit
observed under LT7DV3 is associated with the fact that
leguminous crops fix the atmospheric N so that the use of
inorganic fertilizer can be reduced.

Modeling Mitigation Scenarios
Different mitigation scenarios have been modeled in Huesca to
identify the most suitable managements to increase SOC
sequestrations in Mediterranean ecosystems compared to a
baseline scenario with RT and incorporation of crop residues
(already considered in LT4). The simulation results, which could
provide a guideline to policy makers on selecting best agricultural
practices for this geographic region, showed that a few promising
agricultural managements could be adopted to improve
agricultural sustainability, soil resilience, SOC sequestration,
and to mitigate the impact of climate change. The simulated
changes in SOC were compared to the changes suggested by the
IPCC after 20 years under different agricultural activities and
categorized depending on climatic regions (Lasco et al., 2006).
IPCC estimated an annualized stock change factor (SCF) of 1.10
for temperate dry climatic regions when changing from full tillage
to NT, which indicates a 10% increase of SOC under such
modification in arable cropland over 20 years. In our
simulation a change of 13% (SCF, 1.13) over 20 years was
obtained, which compares well with the IPCC value. Also, the
28%–74% range of predicted changes in SOC values under
different management practices (SCN 3, SCN 4, SCN 6, and
SCN 7) contains the value of 37% change in C stock reported by
the IPCC under high nutrient inputs in temperate dry soil over
the same period. According to the IPCC, low and medium input
are classified as: low residue return, long time soil bare fallow, N
fixing crop in rotations. The simulated annual variation in SOC
values under these categories (SCN 2, SCN 5, and SCN 8) was
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between −0.19 and 0.12 t C ha−1 yr−1 compared to the reported
SCF values of −0.05–−0.04 t C ha−1 yr−1. The difference of
0.30 C ha−1 yr−1 found in this analysis between RT (BL) and
NT (SCN 1) is within the range reported by the previous
literature, for changes from 0.25–0.5 t C ha−1 yr−1 under
temperate dry climate (Lal., 2008) and of 0.09–0.71 t C ha−1

yr−1 in European continental Mediterranean semi-arid regions
in Spain (Álvaro Fuentes et al., 2009; Gonzalez-Sanchez et al.,
2012). Also, our results compare well to those reported in the
meta-analysis by Aguilera et al. (2013) on SOC changes in
Mediterranean cropland. The authors found an 11.3% increase
under NT compared to CT and an increase in SOC of
1.31–5.29 t C ha−1 yr−1 under external organic inputs, which
corresponds to 23.8%–98% increase, based on the type and
amount of organic amendment. However, these estimations
refer to the global Mediterranean climatic regions including
arable land and woody cropland. An increase in SOC of
0.72 t C ha−1 yr−1 was also found under organic amendments
by a meta-analysis carried out by Francaviglia et al. (2017) across
European Mediterranean arable cropland, which compares well
with the increase of 0.69–2.02 t C ha−1 yr−1 in simulated SOC
found in our tested sites (SCN 3, SCN 4, SCN 6, and SCN 7).

The model results under SCN 3 suggest avoiding periods of
bare fallow, as such practice leads to SOC loss. A long-term field
experiment (16 years) in Mediterranean regions in Spain under
RTmanagement found an increase of SOC of 0.24 t C ha−1 yr−1 in
continuous barley cropping systems, whereas the value reduced to
0.003 t C ha−1 yr−1 under barley-fallow cropping systems (Álvaro
Fuentes et al., 2009). The maximum gain in SOC appeared to be
under SCN 4 with GM applied at a rate of 10 t C ha−1 yr−1.
However, this scenario might not be realistic as such high amount
of GM is not practised in the European continent. Therefore, the
best management scenarios considered in the modeling analysis
appeared to be the integrated nutrient managements SCN 6 and
SCN 7, followed by the NT scenario (SCN 1). The modeling
analysis demonstrated that keeping the same soil management
and cropping systems as in the baseline, there is scope to increase
SOC by applying external organic C input, with compost being
preferred to manure, as manure can lead to an increase in GHG
emissions (Smith et al., 2007). In SCN 6 and SCN 7, in addition to
the 5 t C ha−1 yr−1 compost, a 3 t C ha−1 yr−1 GM has been
applied as a representative of cover crop. The adoption of the
SCN 6 management could lead to a SOC increase of nearly
1.14 t C ha−1 yr−1 over 30 years.

When considering the 11.8M ha of Spanish arable land
(FAOSTAT, 2021), it is clear that the potential increase in SOC
can be expected to be 3.4 Tg C yr−1 under NT and 13.3 Tg C yr−1

from diversified nutrient management practices, which correspond
to a reduction in CO2 emission of 12.5 and 48.9 Tg CO2 yr−1

respectively. Applying the process-based model Century the
mitigation potential for SOC in Spain was predicted to be
17.8 Tg CO2 yr−1 (Álvaro Fuentes et al., 2009). Our modeled
results demonstrate that there is scope to increase SOC stock by
adopting diversified management practices including no tillage,
diverse cropping systems, and exogenous organic input.
Practising an integrated management can contribute to mitigate
nearly 14% of the total GHG emissions occurring in Spain (Álvaro

Fuentes et al., 2009). Our study suggests that the 4 “permille” change
in SOC can be achieved within 10 years changing tillage practices
and within 4 years using an integrated nutrient management.

It is clear that there is great uncertainty in estimating
mitigation effects at national level based on one site only.
However, this can be deemed as an interim set of estimates
obtained by keeping soil, climate, management, and crop growth
constant. The estimated figures compare well with other
modeling studies in Spain (Álvaro Fuentes et al., 2009), and
provide information on SOC sequestration potential under
different tillage management, manure management, and
cropping systems in Spain.

CONCLUSION

To achieve the SDGs, the current research on European
agroecosystems is focusing on the adoption of diversified
strategies that would promote soil resilience and agricultural
sustainability. This study presents how the process-based
ecosystem model ECOSSE was modified and used to simulate
data from four European long-term experiments, to investigate
changes in SOC under diversified soil and crop managements in
comparison with traditional management practices. ECOSSE can
now account for different levels of soil dryness, including
semiarid regions and vertisols, and it is able to simulate
multiple cropping systems and cover crops. ECOSSE was used
to assess the mitigation potential for SOC of different
management scenarios in semiarid regions in Spain.

The modified ECOSSE well simulated trend and significant
associations (if enough data points were provided, >2) between
the modeled and observed values of SOC over the study period in
both theMediterranean and Boreal regions. Both simulations and
measurements revealed that with the considered diversifications
the gain in SOC is higher in the test sites located in the
Mediterranean regions than in the Boreal ecosystems. On the
other hand, the initial SOC stock in the Boreal regions was much
higher, 150 t C ha−1, than the one in the Mediterranean regions,
25 to 50 t C ha−1, therefore allowing for a lower SOC
sequestration potential. The declining SOC stocks are also
attributed to the fact that following relative recent land use
changes, the SOC has not reached an equilibrium state yet
(Kätterer et al., 2013). A study by Kätterer et al. (2013) on the
Northern European agriculture found decreasing SOC stocks in
ley arable rotations compared to cereal based rotations due to
higher initial SOC stocks, which they associated with the previous
land use history and management. In Finland decreasing trend in
soil C stock has also been identified (0.4%/per year) by Heikkinen
et al. (2013). Our results suggest that further loss of SOC could be
avoided by introducing grass/legumes in the conventional cereal
rotations and by adding manure. The higher SOC sequestration
potential with lower initial SOC contents that was observed in the
Mediterranean soils is consistent with previous findings (Smith
et al., 1997a; Minasny et al., 2017; Begum et al., 2018b). The long-
term simulations obtained with future weather scenarios for LT1,
LT2, and LT7 (Supplementary Figures S1–S3) and the
mitigation scenarios considered for LT4 confirm these findings
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suggesting that among all sites the highest SOC sequestration
potential can be achieved in LT2 and LT4.

IPCC identified SOC sequestration as an important strategy
for C mitigation (Smith et al., 1997b). The modeling exercise in
the semiarid arable lands in Spain demonstrates the feasibility of
different agricultural management options on sequestering SOC
in Mediterranean ecosystems. Our modeled results suggested
that an integrated approach considering manure application,
cover crop, and NT in the barley cropping systems would be an
effective management option. The simulations indicated that
crop type, tillage management, and type of manure are the
factors with the largest impact on SOC. As suggested by Smith
et al. (1997b) other management options could be feasible in
European cropland, e.g., afforestation of surplus land, which has
greater C mitigation potential but was not covered in our
analysis. The applicability of the modified ECOSSE model to
European agro-ecosystems at site scale is a first step toward a
more thorough analysis of SOC sequestration potential at
regional scale, which is necessary to provide effective and
clear guidelines for policy makers and stakeholders to
mitigate the impact of climate change at the national and
international levels.
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