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the concept of soil-improving cropping systems (SICS) was developed as a holistic approach to
facilitate the adoption of soil management that is sustainable and profitable. SICS selected with
stakeholders were monitored and evaluated for environmental, sociocultural, and economic effects
to determine profitability and sustainability. Monitoring results were upscaled to European level
using modelling and Europe-wide data, and a mapping tool was developed to assist in selection
of appropriate SICS across Europe. Furthermore, biophysical, sociocultural, economic, and policy
reasons for (non)adoption were studied. Results at the plot/farm scale showed a small positive
impact of SICS on environment and soil, no effect on sustainability, and small negative impacts
on economic and sociocultural dimensions. Modelling showed that different SICS had different
impacts across Europe—indicating the importance of understanding local dynamics in Europe-wide
assessments. Work on adoption of SICS confirmed the role economic considerations play in the
uptake of SICS, but also highlighted social factors such as trust. The project’s results underlined the
need for policies that support and enable a transition to more sustainable agricultural practices in a
coherent way.

Keywords: soil quality; sustainable soil management; adoption; crop management; environmental
dimension; sociocultural dimension; economic dimension

1. Introduction

Crop production in Europe faces the challenge to remain profitable while at the same
time achieving environmental sustainability. Average wheat yields in several European.
countries are less than what is locally attainable [1-4], possibly because of suboptimal
management and/or impairment caused by poor soil quality (defined as ‘the capacity of a
soil to function within ecosystem and land-use boundaries to sustain biological productiv-
ity, maintain environmental quality, and promote plant and animal health’, following [5]).
In addition, agricultural land faces a number of other threats that may lead to physical,
chemical, and biological degradation of the soil [6-9]. These include erosion, compaction,
salinization [10], soil pollution, loss of organic matter [11], and loss of soil biodiversity [12].
For example, the use of heavy machinery can lead to soil compaction and impaired root
growth [13]; increased soil cultivation and climate change can lead to soil organic matter
decline [14]; and narrow rotations may cause biodiversity decline and increased incidence
of soil-borne diseases [15]. These forms of soil degradation are often neglected by land
managers because of low awareness, low visibility during initial stages of degradation, and
a lack of appropriate tools, benchmark values, and policies. As a result, production levels
in some cropping systems are maintained by high input (e.g., nutrients and pesticides) and
technology (e.g., machinery and breeding), which may mask losses in long-term produc-
tivity due to reduced soil quality [16,17]. Such increased use of agricultural inputs may
reduce long-term farm profitability because of their costs while also negatively affecting the
environment because of unsustainable use of energy and resources in producing inputs [18]
and as a consequence of their application (e.g., [19-21]). Soil improvement is necessary to
break the negative spiral of degradation, increased inputs, increased costs, and damage
to soil and the environment [22]. Maintaining or improving soil quality is crucial for crop
production [23] and can especially contribute to remediating forms of soil degradation that
are initially hardly visible, such as gradual loss of soil biodiversity and soil organic matter.

Soils are at the intersection of a broad range of land use and environmental challenges.
They are critical for economic and environmental well-being, because they form the basis
for agricultural production, support high-quality food output [24], and provide a range
of other ecosystem services. For example, good-quality soils are more resilient to weather
extremes [25] and provide better buffering and cycling of nutrients [26], water purification
and regulation, and resilience to pests [27] and climate variability/change [28]. Other
ecosystem services provided by soils [29] include provision of biodiversity [30,31] and
carbon sequestration, cycling, and regulation [32,33]. Thus, to ensure that sufficient healthy
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food for expanding human populations can be grown within planetary boundaries [34],
soil management should aim at improving the quality and resilience of land and soil [35].

Attention on soil quality is increasing (e.g., [5,7,36—43]). In Europe, various projects
(see, e.g., CORDIS | European Commission (europa.eu), domain ‘Food and Natural Re-
sources’) have worked on soil threats, prevention of soil degradation, sustainable land
management, agricultural management practices, soil functions, and soil quality. There is
also increasing recognition of the fact that crop production should be enhanced without
compromising the environment [44,45]. More than ever, the important role that soil plays
in sustaining life on the planet is being recognized, with high-level objectives at the E.U.
scale (e.g., [46]) and the UN Sustainable Development Goals (SDGs) being reliant in large
part on sustainable land and soil management [47].

More sustainable farming systems (defined as ‘Farming systems that use land re-
sources, including soils, water, and plants, for the production of crops, while simultane-
ously ensuring the long-term productive potential of these resources and the maintenance
of their environmental functions’, following the definition of sustainable land management
given by WOCAT (www.wocat.net/en/slm (accessed on 13 April 2022)) “ and practices,
such as organic farming, conservation agriculture, and precision farming have taken a
foothold in Europe [48,49]. For example, Bioland, an association for organic farmers in
Germany and Austria, already had more than 5800 members in 2014 [50] and 8500 in 2021
(see https:/ /www.bioland.de/fileadmin/user_upload/Verband /Entwicklung_Betriebe_
und_Flaeche_01.svg (accessed on 13 April 2022)). However, these farming systems were
not adopted to their full potential and were in some cases even abandoned [51]. Reasons be-
hind this may be the possible negative effect of conservation agriculture on crop yield [39];
the complexity of conservation agriculture, which is management and knowledge inten-
sive [52]; problems with weed and residue management [51]; or the increased occurrence
of pests and diseases. There are also cultural and political barriers to the adoption of more
sustainable agricultural practices [53]. Barriers to adoption often involve issues around
land tenure, access to credit and inputs [7], and other socioeconomic factors, and the lack
of knowledge, credible scientific evidence, and good-quality technical advice has also been
highlighted [54].

This paper proposed and operationalized a multidisciplinary, multi-actor approach to
identifying soil-improving cropping systems (SICS) that are both sustainable and profitable,
and hence are more likely to achieve mainstream adoption in agriculture. The focus is on
two main aspects, namely evaluation of SICS based on field experiments and modelling
and adoption of SICS. To do this, we:

e  Present the concept of SICS, as developed in the H2020 SoilCare project (2016-2021)
https:/ /www.soilcare-project.eu/ (accessed on 13 April 2022);
Review literature on factors influencing farmer adoption of SICS;
Propose a methodological framework for identifying and evaluating SICS that have a
high likelihood of adoption;

e  Present findings from the application of this framework in 16 study sites across Europe
and from its upscaling to E.U. scale.

The paper starts by describing the concepts and methodology used for evaluating SICS
and studying their adoption (Section 2) and then proceeds by presenting and discussing
key findings from SoilCare (Sections 3 and 4). For a literature review that summarizes the
main findings of published meta-analyses on SICS, the reader is referred to [55].

2. Concepts and Methodology
2.1. Conceptualization of SICS

The term ‘cropping system’ refers to the crop type, crop rotation, and agronomic
management techniques used on a particular field over a period of years [56]. Choices made
for these factors can influence the profitability and sustainability of crop production [57-59].
We considered these systems soil-improving if they resulted in a durable increased ability
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of the soil to maintain its functions, including food and biomass production, buffering and
filtering capacity, and provision of other ecosystem services.

The basic concept adopted in the SoilCare project was that profitability and sustainabil-
ity of crop production in Europe should be integrated and enhanced. Both are influenced
by choices made in farm management, which are in turn influenced by external drivers
and factors (Figure 1). External drivers and factors include E.U. policies and international
agreements, supply chain and market effects (suppliers, industry, processing, retail, and
consumers), macroeconomic conditions, society (public opinion), and pedoclimatic condi-
tions. These external drivers and factors are dynamic and change because of socioeconomic
developments, geopolitics, and climate change. As the focus of SoilCare was on arable
cropping systems, grazing systems, multisystem farms, and other on-farm activities were
not considered.

drivers ang f.
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e t““""ﬂﬂe,m

Soif
9,
t)/",-(

Profitability =
allCare

and SSLTELIT
Sustainability

'anant, rotato™

_ongj, el
Clag “nal, organic, < A
0’

- Market, society. PE

Figure 1. Methodological framework for assessing sustainability and adoptability of soil-improving
cropping systems, showing the influence of farm management levels (FML 1-3) on soil quality,
environment, crop yield, profitability, and sustainability. LIT refers to literature and other published
data, LTE to long-term experiments, and SS to work in the study sites.

At the highest farm management level (FML1, see Figure 1) a choice is made among
different types of farming; cropping systems are decided on at FML2, while choices regard-
ing agronomic techniques that are used for management of soil, water, nutrients, and pests
are made at FML3. Which farm type is chosen depends on external factors but also on the
farm’s ownership, resources and social context, such as the education, age, and preferences
of the farmer (e.g., [60]). Choices made at this level also influence FML2 and FML3. For
example, a choice for organic farming made at FML1 implies crop rotation at FML2 and
biological pest management at FML3.

Choices made at all three FMLs have impacts on soil quality, on the environment, and
on yield (thus farm economy) (Figure 1). These also influence each other. For example, the
occurrence of a soil threat such as erosion influences soil quality as well as crop yield [61].
Crop yield can also influence soil quality, for example, through nutrient mining, rooting
effects, and below-ground biomass. When impacts on soil quality and environment are
positive, and the balance between production costs and revenues is also positive, the dual
targets of farm profitability and environmental sustainability are reached.

The use of SICS improves soil quality and environmental benefits and has positive
impacts on the farm economy (Figure 2). Some benefits result directly from the applica-
tion of proper agronomic techniques; for example, avoiding overapplication of nutrients
reduces greenhouse gasses (GHGs) and pollution (soil degradation). Other benefits of
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SICS are indirect, as they result from improved soil quality brought about by application
of the SICS. For example, improved soil quality improves infiltration and hydrological
properties, increases rooting depths and resilience to climate change impacts, and stimu-
lates soil biodiversity [11]. Finally, SICS also have above-ground impacts on vegetation
and landscape (e.g., through the use of hedges, buffer strips, trees, terraces, ditches). Such
impacts may also contribute to the conservation of biodiversity and wildlife, which may in
turn positively influence soil quality.

Agronomic technigues

Soil Water Nutrients Pests
Organic matter Soil degradation
(Ground)water

Chemical quali (—)

quallty GHGs and climate
Enyslenlt ey Human health
Biological quality Biodiversity and wildlife

Farm economy
—> Crop yields Production costs

Figure 2. Impacts of agronomic techniques for managing soil, water, nutrients, and pests. One-sided
arrows indicate impact, while two-sided arrows indicate that factors influence each other. Note that
agronomic techniques are part of cropping systems and correspond to FML3 in Figure 1.

Profitability is a key factor influencing the adoption of SICS [62-66] that is partly
influenced by the choice of cropping system and its management and partly by factors
that farmers (in Europe) cannot typically control, such as global markets and policies [53].
A key aspect of profitability is production costs, as farmers have more control over this
aspect than over the prices they get for their products. Different cropping systems require
different types and levels of inputs (e.g., [67]) with different costs. In addition, the choice of
cropping system influences the price of the product, which is often higher for organic than
for conventional farming.

Conventional farming may become increasingly costly because of rising costs for
external inputs and/or for mitigation/restoration measures against soil degradation. In
addition, prices of external inputs fluctuate. For example, refinery curtailments due to
the COVID-19 pandemic have limited supplies of raw materials, raising input costs by
increasing the price of fertilizers for farmers [68]. Price fluctuations of agricultural products
are expected to persist and continue to challenge the ability of consumers, producers and
authorities to cope with the consequences [69]. In this context of rapid change and long-
term challenges, farm profitability is at risk. In line with the Europe 2020 Strategy [70] on
achieving smart, sustainable, and inclusive growth, boosting profitability is not only about
reducing production costs, or increasing productivity, but also about more sustainable agri-
culture and the transformation of the food market to green, high-quality products. Smarter
and greener agriculture also has the potential to contribute to a more circular bioeconomy
and increase the value of agricultural products and the willingness of consumers to buy
European agricultural products both inside and outside of the European Union [71,72].

SICS have the potential to reduce costs in the long run by reducing the need for
external, costly inputs such as fertilizers and pesticides, reducing energy use for operating
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machinery, and/or reducing labour input [73-75]. While some SICS may lead to reduced
productivity, they may make more efficient used of inputs and thus be more profitable.
Costs associated with current unsustainable land use and management are estimated to be
in excess of EUR 50 billion per year in the European Union [46]. In the long term, adoption
of SICS should help reverse the current trajectory, and when soil quality has improved,
efficiency is expected to increase further as a consequence of the reduced need for external
inputs and possibly higher production. Additional long-term benefits lie in the reduction
of expenditures due to reduced land degradation, GHG emissions, and risk to damages
from natural disasters such as storms, droughts, or floods [25].

Various factors influence where SICS are most needed and best suitable and thereby
determine the balance between the benefits and drawbacks of SICS and the ways in which
these drawbacks can be minimized. These factors include the pedoclimatic zone (zones
that are relatively homogeneous concerning climate and soil; see, e.g., [76]), the type of
problem that constrains soil quality and crop production, biophysical conditions, and
socioeconomic and political conditions. These different conditions require the use of
different SICS and determine the applicability, profitability, and environmental impacts of
the SICS across Europe. Hence, an assessment of SICS should incorporate environmental,
economic, social, and policy aspects while also taking into account future trends in land
use and climate change.

2.2. Methods Used for Evaluation of SICS

The first step in evaluating selected SICS was an in-depth analysis of the benefits
and drawbacks of SICS as reported in literature and other published sources [55,77]. This
was followed by investigating data from existing long-term experiments (LTEs). Next, we
conducted field experiments and stakeholder research in 16 study sites located in different
parts of Europe (Table 1, Figure 3), covering different pedoclimatic, socioeconomic, and
policy conditions. Literature and other published data were mainly used to assess external
drivers and factors (Figure 1). This was supplemented by stakeholder consultation at the
E.U. level and modelling. Data from LTEs were mainly used to investigate SICS that show
effects only in the long term. The focus of field experiments and stakeholder research in the
study sites was primarily on FML3, since soil, water, nutrient and pest management can be
adapted in the course of the year and these choices generally have more immediate effects
than choices made at FML1 and FML2.

Table 1. Overview of SoilCare study sites. Types of crops listed here represent the study site region,
not the sites where monitoring was conducted.

Study Site

Problems That Caused Reduced

Types of Crop

Pedoclimatic Zone !

Soil Quality or Crop Yield or
Increased Cost

J—

. Flanders, Belgium

Winter wheat, sugar beet, potato,
vegetables, forage crops, orchards

Atlantic Central, soil
depends on site

N and P leaching, erosion,
compaction, SOC 2

N

Viken, Norway

Cereals

Nemoral/Boreal, marine clay soils

Erosion, nutrient loss, pests,
disease, SOC, compaction

W

. Keszthely, Hungary

Cereals, maize

Pannonian, sandy loam,
Eutric Cambisol

Soil compaction, humus
degradation, nitrate leaching,
acidity, weeds

'S

. Frauenfeld, Switzerland

Grass, cereals, maize, rape, potato,
sugar beet, vegetables

Continental / Alpine
South, Fluvisol

Soil structure, subsoil compaction,
pounding risk

@

Viborg, Denmark

Winter cereals (wheat, 25%),
forage crops

Atlantic North, sandy-loamy soils

SOC, compaction, erosion,
nutrient losses (N and P)

o

Loddington, United Kingdom

Cereals, oilseeds, pulses,
grass/clover leys

Atlantic Central/North, clay soils

Compaction, SOC

N

. Tachenhausen, Germany

Maize, wheat, barley,
oilseed rape, soya

Atlantic Central, karst, silty loam

Soil structure, compaction,
reduced infiltration
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Table 1. Cont.

Problems That Caused Reduced
Study Site Types of Crop Pedoclimatic Zone ! Soil Quality or Crop Yield or
Increased Cost

8. Draganesti Vlasca, Romania Cereals, sunflower Panonnian, Phaeozem Soil compaction

Maize, wheat, sugar beet,
soybean, alfalfa

SOC, compaction,
climate variations
Water deficit, SOC, acidity,
compaction, weeds.

9. Legnaro, Italy Mediterranean North, Cambisol

Barley, rye, wheat, oats, potatoes,

10. Szaniawy, Poland i
maize, grassland.

Continental, Sandy, loamy soils

Cereals (maize and

11. Caldeirao, Portugal rice), vineyards

Lusitanean, silty—clayey soils Water availability

Erosion, compaction,

12. Chania, Crete, Greece Olive, citrus vineyards Mediterranean South, Calcisol LI
water availability

Winter wheat, spring barley,

13. Orup, Sweden . .
spring oilseed rape, peas

Nemoral, sandy loams Compaction

Erosion, compaction,

14. Prague—Ru.zyne, Barley, rye, .wheat, oats, potatoes, Continental, Luvisol SOC, acidification,

Czech Republic maize, grassland reduced water retention
. . . . Mediterranean South, Erosion, salinization,

15. Almeria, Spain Olive, stone fruit crops Regosol, Leptosol water shortage

16. Brittany, France Wheat, maize, grassland Lél:ﬁ;gllaréé f;‘t]l;:;gic Compaction, weeds

1 climatic zones based on the Environmental Stratification of Europe (version 8) [76]; 2 50C = soil organic
carbon decline.

NORWAY

DENMARK

NETHERLANDS 3

UNITED
KINGDOM

PORTUGAL

. STUDY SITE . COUNTRIES INVOLVED IN THE PROJECT

Figure 3. The 16 SoilCare study sites. Details on each study site can be found in Table 1.

Within the study sites, different SICS were selected, tested in field, and evaluated in
collaboration with stakeholders. Evaluation of SICS was conducted by applying the same
assessment methodology at each study site. This general methodology was based on a
shared database [78], a common monitoring plan, a unified statistical analysis (according
to the experimental design of each experiment) and sustainability assessment. In the
field experiments, SICS were compared with a control (usually a standard conventional
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practice) [79], and SICS were monitored for 2—4 years. Data from the field trials were
assessed using a decision tree in terms of soil quality (physical, biological, and chemical);
environmental, economic, and sociocultural dimensions; and sustainability, resulting in a
score between —1 and 1 for each dimension [80]. For the three dimensions, the following
methods were used for scoring:

e  Environmental (including soil quality): Monitoring results compared SICS and con-
trol for several chemical, physical, and biological soil properties such as infiltration,
aggregate stability, bulk density, mineral nitrogen, soil organic carbon (SOC), pH,
earthworm density, crop yield, yield quality, crop cover, pests, root diseases, and
weed diseases (see [79,80]). For each parameter, it was determined whether there
was a statistically significant difference between SICS and control using mixed-effects
models adjusted to the different experimental designs. For each experiment, the status
of the soil was also evaluated as ‘good’ or ‘bad” using threshold values based on expert
opinion. A score of 1 was assigned if the SICS resulted in improvement, 0 if there
was no change, and —1 if there was a deterioration. The overall environmental score
(Table 2) was then obtained by averaging the scores for the individual parameters.

e  Economic: The impact score compared costs and benefits for SICS and control (see [80]),
where costs were calculated as the sum of investment costs, maintenance costs, and
production costs. Equipment costs were not included. The analysis was conducted at
the field /farm level and did not consider (monetization of) off-site effects of SICS.

e  Sociocultural: Sociocultural impact was based on workload, perceived risk, and farmer
reputation. Workload and farmer reputation were scored between —1 and 1, where
negative values indicated a deterioration for the SICS compared with the control or
usual practice. Perceived risk was scored between —1 and 0, where 0 meant no risks
were perceived to be associated with the SICS. However, we did not assess whether a
SICS reduced risks compared to the control, and therefore, no positive values were
possible. This was a shortcoming of the assessment methodology and led to a ‘negative
bias’ in assessing the sociocultural dimension of SICS.

Detailed results of the evaluation of environmental, economic, and sociocultural
dimensions were presented in [79]. For SICS for which data on all three dimensions were
available, we calculated the impact on sustainability as the average of the impact on the
three dimensions [80].

Finally, the study site results were upscaled to the European level using a storyline,
simulation, and policy support process [81-83]. This process combined participation and
modelling to better understand the impacts of SICS across Europe and to provide policy
support to facilitate the uptake of SICS under different contexts and conditions. As part of
the approach, an integrated assessment model (IAM) consisting of spatial, socioeconomic,
and environmental simulation models (i.e., the AGMEMOD [84], METRONAMICA [85],
PESERA [86], dyna-QUEFTS [87], and MITERRA [88] models) was developed [81]. The
IAM was used to simulate possible effects of four scenarios that captured diverse pathways
for European agriculture until 2050 (Figure 4). These scenarios differed with regard to
challenges to voluntary instruments and mandatory instruments. We used a combination
of qualitative and quantitative techniques in a multi-actor approach to develop these
scenarios in order to assess how agricultural practices could contribute to sustainable and
profitable European agriculture and, finally, to discuss what is needed to enable adoption
and implementation of these practices. In addition, for a range of 27 SICS, Europe-wide
maps and modelling were combined with expert judgement from study site partners and
their stakeholders to provide a SICS potential index based on the applicability, relevance,
and impact of each SICS [82]. An interactive web-based tool was developed to help land
users and decision makers select suitable SICS throughout Europe (imt.soilcare-project.eu;
accessed on 13 April 2022) [83]. This tool allows users to compare different SICS with
regard to various aspects, including IAM results and the SICS potential index.
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Table 2. Results of SICS analysis based on the developed assessment methodology [80]. Values

were scored on a range from —1 to 1 for those experiments where data on all three dimensions were
available (see [79]). Details on experiments can be found in [79]. Impact on sustainability was the
average of environmental impact, economic impact, and sociocultural impact. Negative impacts are

indicated by red and positive ones by green. More details are provided in Table S1.

Country

SICS Treatment

Environmental . Sociocultural Impact on
Economic Impact A
Impact Impact Sustainability

Belgium

Wood chips

0.00

Norway

Spring-sown cover
crop/root mix

Hungary

N (maize 210, winter wheat
150, winter barley 120
kg/ha) + farmyard manure

Hungary

N fertilization (as above) +
straw /stalk

Hungary

Minimum tillage + N (maize
180, winter wheat 160
kg/ha)

0.00

Switzerland

Controlled Uptake
Long-Term Ammonium
Nutrition (CULTAN)
method

Switzerland

Green manure, no pesticide

Germany

Glyphosate + cover crops

Romania

Rotation + mouldboard
ploughing

Ttaly

No-till, radish cover crop

Portugal

Conventional maize, Urban
Sludge amendment

Portugal

Maize with legume winter
cover crop

Greece

Conversion from orange to
avocado

Spain

Deficit irrigation with
minimum tillage and
pruning chips or temporal
cover crops

France

Early wheat sowing (Aug)

France

Sowing on the row of
maize-buckwheat

average

median

0.00 0.01 —0.03 0.01

# positive (>0.1)

# negative (<—0.1)

#no change (—0.1to 0.1)
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Under pressure Race to the bottom

Societal pressure for Societal demand for
government action low food prices

Substantial

g Local and sustainable
Carlng and sharing for those who can afford it
Broadly supported

resilience approach

Few

Individual drive for healthy
and sustainable food

Future challenges for voluntary instruments

Few Substantial
Future challenges for mandatory instruments

Figure 4. Overview of scenario framing linked with scenario titles and motivating factors [82].

2.3. Concepts and Methodology Used to Study Adoption of SICS

In the last decade, there have been numerous policy initiatives at the European level
that, directly or indirectly, promoted the adoption of beneficial agricultural practices [89,90].
Most recently, the European Green Deal (COM/2019/640 final. https://eur-lex.europa.
eu/legal-content/EN/TXT/?qid=1576150542719&uri=COM%3A2019%3A640%3AFIN (ac-
cessed on 13 April 2022) and the new Soil Strategy (COM/2021/699 final. https:/ /eur-lex.
europa.eu/legal-content/EN/TXT /?uri=CELEX%3A52021DC0699 (accessed on 13 April
2022)) set out the roadmap for making the European Union’s economy more sustainable
and identified several key actions that will be crucial in advancing land and soil protection
in Europe. With this shift to more sustainable practices comes increasing pressure on
farmers to change how they operate and adopt new techniques and practices. However,
innovations associated with potential benefits to soil quality have not yet been adopted to
their full potential and have, in some cases, even been abandoned, raising the question of
why support for and adoption of these practices by European farmers is still weak.

Adoption of new or modified agricultural practices by farmers is a complex process
that is governed not only by physical effectiveness and economics of agricultural practices
but by a range of other factors, including individual, social, cultural, and policy-related
factors [91]. These include internal factors, such as the farmer’s own views on farming, the
influence of peers and advisers, their perceived difficulties in implementing practices, and
sociodemographic characteristics, and external factors, such as pedoclimatic conditions,
markets, and policies [91,92]. Economics is an important factor and is often considered to be
the main driver for adoption. However, overlooking some of the other factors may be one
of the main reasons why seemingly advantageous measures have not been adopted widely
by farming communities (e.g., [93,94]). Factors influencing the adoption of sustainable
farming practices in Europe range from the land managers’ access to information, training,
and technical advice [95], to the performance of a particular practice in terms of yield
increase or reduction in production costs or work time [96,97], to aspects rooted in the
social and cultural context or in the personality of the individual land user. Social factors
include the underlying motives (e.g., social or personal rewards) and attitude towards
risks [98]; personality traits such as openness to new experience or resistance to change;
what land users perceive others expect from them; and land users’ perceptions of the
relative benefits, costs, and risks associated with a particular practice [97,99]. In addition,
farming practices, e.g., conservation measures, must be compatible with the values of
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landowners [97], cultural constructions of ‘good farming’ [100,101], and farmers” sense
of professional identity and aesthetic preferences [102]. Finally, social factors such as
trust and acceptability also influence adoption [59]. The dynamics of trust (across space,
time, social groups, and culture) can explain how innovations are adopted through social
learning and collaborative learning processes. The speed and spatial scale at which trust
can develop likely depends on the extent to which it is possible to find or develop shared
values, converge towards compatible epistemologies, and find common interests that
can transcend sociocultural, political, and economic differences. It should be noted that
engagement processes work differently and can lead to different outcomes when they
operate over different spatial and temporal scales [103] so that engagement processes
should be adapted to local conditions.

To understand all the factors that influence adoption and take them into account,
a multidisciplinary integrated approach is needed, including, e.g., soil science (physics,
chemistry, and biology), agronomy, hydrology, ecology, climatology, economics, and social
sciences. In addition, a variety of stakeholders should be involved, as multiple stakeholders
influence the ways in which crops are produced. This makes adoption site-specific, as
every area has its own unique combination of biophysical, sociocultural, economic, and
policy factors, as well as its own set of stakeholders. Thus, adoption research necessitates
the involvement of scientists and practitioners from multiple disciplines, as well as active
involvement of stakeholders. For SoilCare, this contextual nature of sociocultural and
political drivers meant, on the one hand, that a robust assessment of adoption factors could
be performed only at the study-site scale, so the broader suitability of SICS across Europe
was considered primarily based on biophysical and environmental characteristics. On
the other hand, the adoption work could still offer insights into more general trends with
respect to the typical factors that can influence the adoption of particular SICS.

The SoilCare research on the adoption of SICS focussed on understanding the reasons
why SICS are being adopted or not adopted and how farmers can be encouraged through
appropriate incentives to adopt suitable SICS. The methods applied addressed four types
of factors affecting adoption:

e  Biophysical factors, which followed from the evaluation of monitoring results [79] as
well as from literature reviews [55,77]. This included the effects that SICS had on soil
quality but also on crop yield. Results of the evaluation of monitoring of SICS were
presented to stakeholders and were discussed with them;

e Economic factors, which followed from a cost-benefit analysis of SICS implemented for
monitoring [79] in combination with macroeconomic modelling using the AGMEMOD
model [84]. Results of the economic analysis of SICS performed at the plot/farm scale
were presented to, and discussed with, stakeholders;

e  Social factors, which were studied in a selection of study sites via work with farmers
and agricultural stakeholders in the United Kingdom and Norway to understand their
perceptions of causes of and potential solutions to soil degradation and how they
perceived SICS in relation to alternative approaches to increasing the sustainability of
cropping systems in Europe [104]. An assessment of the role of the farming press and
social media in decisions to adopt SICS and other sustainable agricultural practices was
based on content analysis of media and interviews with U.K. farmers and agricultural
advisers [105,106]. A wider analysis of social factors influencing adoption decisions,
including an in-depth analysis of the role of social capital and trust, was based on
literature review [91] and interviews with farmers and agricultural advisers in the
United Kingdom and Hungary [107];

e  Policy factors, which were studied through analyses of soil-related agricultural and
environmental policies at both the E.U. and study site levels, through workshops
and interviews.

Adoption should be considered not only with regard to a range of factors but also at
different scales, from the farm scale to the European scale, because operations and actors in
the agricultural value chain stretch out over these scales in the supply, purchase, processing,

11



Land 2022, 11, 780

and distribution of agricultural products. Furthermore, socioeconomic developments,
such as changing public awareness of the importance of sustainable production and the
consequences this has for the prices consumers and companies are willing to pay for
sustainably produced food, have an influence on adoption.

The storyline, simulation, and policy support approach presented in Section 2.2 was
used to assess the adoption potential of SICS at the European scale. By developing different
scenarios or pathways for European agriculture using a combination of sociocultural,
technological, economic, environmental, and political factors and drivers of change, the
impact of (policy) actions on enhancing adoption of SICS was assessed under various
current and future conditions to arrive to options that would be robust across scenarios or
target specific factors/barriers and enablers within scenarios.

3. Key findings
3.1. Main Effects of SICS

Table 2 provides an overview of monitoring results from 11 countries, derived from [79],
which contained details on the experiments. Overall, these results showed a small positive
impact of SICS (when compared with the control) on environment (including soil quality),
no effect on sustainability, and a small negative impact on economics and the sociocultural
dimension. Some treatments showed both high and low values of impact scores on the
dimensions of the sustainability assessment, which illustrated trade-offs in the performance
of a SICS. Some treatments yielded only zero or negative impacts (e.g., early wheat sowing,
FR), and other treatments gave positive impact scores in all dimensions (e.g., N fertilization
with straw /stalk, HU).

3.1.1. Environmental Dimension

In general, the SoilCare field experiments were too short to show clear statistically
significant effects on productivity (yield or relative yield), SOC, structure stability (water
stable aggregates), infiltration rate (hydraulic conductivity), biological activity (earthworm
counting), or soil bulk density. Hydraulic conductivity and bulk density have large spatial
and temporal variability in the field, which made it difficult to detect significant differences
without dramatically increasing the number of measurements. The study site in Poland
illustrated this spatial variability well [108]. Overall, SICS showed a small but positive
effect on soil properties and the environmental dimension (Table 2); 6 out of 16 experi-
ments showed a positive impact of SICS, 1 experiment showed a negative impact, and
9 experiments showed no change. Although not significant from a statistical point of view,
slight improvements were found for most of the experiments. In addition, stakeholders
and scientists in many cases could visually detect and evaluate positive effects of SICS, in
properties such as soil structure or infiltration, or negative effects, such as weed infestation.

In addition, the SoilCare monitoring results provided the following insights based on
the evaluation of the environmental dimension for all SICS [79].

Tillage: For most experiments, reduced tillage and noninversion tillage had a positive
effect on soil characteristics and did not lead to lower yields. The noninversion tillage in a
Belgian experiment presented better physical characteristics (hydraulic conductivity and
aggregate stability). The minimized tillage in a Hungarian LTE [109] also improved the
aggregate stability and SOC content when compared with conventional ploughing and
increased the plant available water content [110]. A Czech experiment [111] showed that
zero tillage was difficult for heavy soils and root crops but significantly improved the topsoil
SOC, bulk density and aggregate stability when compared with conventional ploughing.
However, the increase in SOC did not affect the plant available water content [110]. Pest and
weed control was a challenge in the Belgian experiments under strip tillage and significantly
impacted plant growth and crop yield. Weed control was also a major issue in several
no-tillage systems; this resulted in increasing use of herbicides.

Soil compaction: Subsoiling is a means to alleviating compaction [112] by breaking up
the compaction of deeper soil layers. In a Romanian experiment, subsoiling was suggested
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to a depth of 60 cm every 3 to 4 years to improve the aggregate stability and hydraulic
conductivity and reduce the soil bulk density while maintaining a good crop yield. A
Swedish experiment on a naturally compacted soil found that mechanical subsoiling,
with or without incorporation of organic materials, had a positive impact on root growth
and rooting depth. In a UK. experiment, different physical and biological methods for
compaction alleviation were explored. Ploughing was the most effective method for
opening up the soil structure and alleviating topsoil compaction, but no effect on crop yield
was observed in the two years of study [113]. The results of an Italian experiment that used
different crops and tillage methods to reduce soil compaction indicated a higher risk of crop
failure and difficulties with weed control (requiring herbicides) under no-tillage systems.
Nevertheless, reduced-tillage systems had the potential to increase farm environmental and
agronomic sustainability according to the relative sustainability index, which was based on
11 physical chemical and biological properties [114].

Fertilizers and amendments: An LTE in Hungary [115] showed significant positive
effects on yield and soil structure (water stable aggregates and bulk density) when incorpo-
rating crop residues into the soil or when applying farmyard manure. The SOC content
and plant available water content were not significantly increased [110] despite the positive
effects on yield and soil structure. A Belgian experiment compared adding woodchips,
compost, and pig manure with a control (no additions). The C/N ratio of the amendments
helped to explain the availability of nutrients for crops. In a Portuguese experiment, urban
sludge from wastewater treatment plants increased SOC and soil nutrient contents and
earthworm population without affecting the heavy metal concentration in the soil in the
short term. In a Danish experiment [116], the use of manure helped to reduce the crop
yield gap between organic cultivation treatments and conventional control treatment with
mineral fertilizers and to reduce soil bulk density. A study in Italy [117] examined the
effects of SICS with different crop residue management and concluded that crop residues
reduced the need for fertilizers. The Controlled Uptake Long-Term Ammonium Nutrition
(CULTAN) method in Switzerland reduced the risk of nitrate leaching.

Data from LTEs in Belgium, Denmark, the United Kingdom, and Hungary indicated
that soil management influenced soil biota, which in turn influenced soil quality [118]. The
fungal communities were found to be very variable across sites located in different soil
types and climatic regions, and only fertilization showed a consistent effect on arbuscular
mycorrhizal fungi and plant pathogenic fungi, whereas the responses to tillage, cover crops,
and organic amendments were site, soil, and crop-species specific. A study in Poland [119]
examined the effects of adding spent mushroom substrate and chicken manure to soils
on soil fungal community composition and mycobiome diversity. Both increased the
abundance of fungi and reduced the relative abundance of several potential crop pathogens.
These results provided a novel insight into the fungal communities associated with organic
additives, which should be beneficial in the task of managing the soil mycobiome as well
as crop protection and productivity. Both additives were also found to result in increased
SOC [120].

Cover crops: Over the last decade, the increased use of cover crops between growing
seasons has motivated the inclusion of this practice in the field experiments of many study
sites. The benefits of cover crops are generally well accepted, and recent research has
indicated that they can also enhance the availability of soil P and have positive effects on
the soil microbial community [121-123] and earthworm abundance [116]. Positive effects
were also illustrated by experiments in the study sites in Norway, Portugal, Denmark,
France, Italy, and Germany [79]. However, because of global warming, which was visible in
the results of the meteorological analyses for these study sites, the lack of freezing during
recent winters meant that cover crops survived the winter. In that case, either herbicides or
mechanical measures were required to kill them in spring. This is an important issue for
further investigation. In the German experiment, the possible negative effect of glyphosate
on soil quality was investigated by using different soil microbiological methods. An
increase was found in 8-glucosidase activity (C-cycling enzyme) as a stress response of soil
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microorganisms after a period of seven days of application (unpublished data). Since no
significant changes in microbial community composition occurred after the application
of glyphosate in the field experiment, these effects were considered minor. Nevertheless,
transport of glyphosate by preferential flow into deeper zones of soils might hinder the fast
decay of this compound by bacterial glyphosate degraders [124]. Banning herbicides would
require high-precision shallow tillage/mechanical weeding before seeding of the crops
so as not to destroy the benefits of cover crops on soils again. Furthermore, mechanical
weeding might mean more fuel use and GHG emissions.

In Greece and Spain, the tested cropping systems were vineyards, stone fruit, and
olive orchards. In Crete (Greece), erosion reduction was the major challenge. Crete had
historically high rainfall in October 2017 and some other heavy rainfall events afterwards.
It was concluded that cover crops in vineyards and minimum tillage in olive orchards
could reduce the erosion rates during extreme rainfall events and increase the earthworm
density. The conversion of the traditional orange orchards to avocado cultivation resulted
in a statistically significant reduction in erosion and increased SOC content and hydraulic
conductivity [125]. Almeria (southeast Spain), as the driest and hottest place in Europe,
focused on water savings by deficit irrigation and erosion reduction with different soil
cover or cultivation methods. The application of different combinations of irrigation led to
water savings of up to 15%, but topsoil management did not cause significant differences
in yield, fruit quality, or soil quality apart from an unexplained increase in the electrical
conductivity when cover crops were used. [79].

3.1.2. Economic Impact (Profitability)

Table 2 indicates that the economic impact was positive for 4 out of 16 experiments,
while it was negative for 6 and did not show change for the remaining 6. The average
impact was —0.13, but the median impact was 0.01. Closer inspection of detailed data on
costs and benefits (available for 15 SICS in Table S2) reveals that:

e  For nine SICS, costs were higher than for the control; for five, they were lower; and
for one, there was no change (defined as values between —25 and +25 EUR per ha).
Hence, our hypothesis that SICS would reduce costs because of the lesser need for
external inputs was not confirmed.

e  For seven SICS, the benefits are higher than for the control; for two, there was no
change compared with control; and for six, the benefits were lower.

e For seven SICS, the benefits minus the costs were higher than for the control; for seven,
they were lower; and for one, there was no change.

e For 13 out of the 15 SICS for which detailed data were available, profitability was
above 0.

This indicates that, at the field/farm level, short-term profitability was generally
positive for the SICS (13 out of 15), but in half of the cases, it was lower for the SICS than
for the control.

3.1.3. Sociocultural Impact

Table 2 indicates that for 3 out of 16 SICS, the sociocultural impact was positive; for 7,
it was negative; and for 6, there was no change. The average impact was —0.04, and the
median impact was —0.02. Analysis of data from 16 SICS showed (Table S3):

e  Workload: Five SICS scored positive (required less work), six SICS scored negative
(required more work), and for four SICS, there was no change.
Perceived risk: 12 SICS were perceived to imply risks, and 3 were perceived to be riskless.
Farmer reputation: Eight SICS scored positive (farmer implementing the SICS had
a better reputation than farmer who did not), one scored negative (farmer had a
worse reputation; the SICS in this case was the application of sewage sludge), and six
registered no change.
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This indicates that application of SICS had a positive impact on farmer reputation,
as land users applying SICS were usually considered to be innovative. Workload did not
show a clear trend, as for some SICS it was higher, while for others, it was lower. Many
SICS are perceived to be associated with potential risks, most importantly the risk of crop
failure and/or other economic risks (such as, e.g., high investment costs). The respondents
often related the risk of crop failure to specific weather conditions such as prolonged dry
spells or heavy rainfalls.

3.1.4. Main Results Upscaling SICS

Upscaling results included the potential for applying SICS across Europe as well
as an assessment of the impact of SICS application under future uncertainty using the
four developed scenarios (Figure 4). Figure 5 shows the SICS Potential Index for cover
crops (for 2018) as an example result of the first type of upscaling activity. The figure
shows that differences in climate, soil, and land use conditions resulted in differences
in the applicability, relevance, and impact (on SOM, erosion, and yield) of cover crop
use and hence the potential to apply them across Europe. Regarding the second type
of upscaling activity, the results of the IAM indicated that over time (until 2050), in the
different scenarios, different changes were expected in consumption, production and net
exports, yield, gross margin, SOC, and erosion. This was due to, amongst other factors,
growth in population, changes in diets, trade flows, climate change, technological changes,
and changes in agricultural practices (i.e., through application of SICS). While some drivers
were expected to result in impacts in the same direction in all scenarios (e.g., population
growth was likely to lead to more consumption), other drivers could impact in very different
ways. This was caused by regional differences such as, e.g., climate change impacting on
yield levels and gross margins based on country-specific crop prices and location-specific

biophysical conditions.

[ Wuts2 region A [T Huts2 regions
SICS potential

[ No potential

B Low potential

[ Medium potential
I High potential
(B Vvery high potential

Figure 5. Examples of modelling results. Left: SICS potential index for cover crops (2018) [82]; right:
scenarios leading to the highest yield increase in 2050 [81]. RttB = race to the bottom, UP = under
pressure, LS = local and sustainable, CS = caring and sharing (see Figure 4).

As expected because of its formulation, the Caring and Sharing (CS) scenario, which
assumed wide application of SICS (Figure 4), was likely to provide the best environmental
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impacts (i.e., increased, or stable SOC content and reduced erosion rates), and the Race to
the Bottom scenario, assuming limited application, was likely to provide the worst.

An important finding, however, is that although the CS scenario in most regions led to
highest yield impacts (Figure 5), the gross margin of SICS uptake under this scenario was
negative in many NUTS-2 regions [81]. The most important factor contributing to this was
the high implementation costs assumed when combinations of SICS were implemented.
Despite sustainability being high on the agenda in the CS scenario, (financial) policy support
would therefore likely be needed to enhance uptake of SICS. Alternatively, value added
through additional products and services and valuation of environmental co-benefits could
be a pathway to widespread SICS adoption.

The cost-benefit analysis showed a mixed spatial pattern of scenarios that had the
highest gross margin across Europe. The reason for this was that the combination of
drivers played out differently in different parts of Europe, indicating the complexity of
the issue and the importance of understanding local dynamics. Using these scenarios
for policy support also illustrated the importance of tailored /context-specific policy de-
sign/development, as selected options were often expected to have different performance
under different scenarios.

3.2. Adoption of SICS

As illustrated in Table 3, there is a wide range of issues affecting adoption of sustainable
soil management. Following this, country-specific issues stem from the fundamental E.U .-
level factors listed below:

e Sociocultural Factors: A lack of awareness of soil in society and its framing as a
resource to be exploited for humankind and economy engenders a disconnect between
publics and impacts of agricultural production on soil. Further, mechanization creates
distance between farmers and their fields and soil, making it difficult for farmers to see
ecosystem changes. Some SoilCare stakeholders stressed ethical convictions favouring
ecological approaches to farming as an important force for change with respect to
these issues.

e  Economic Factors: The financially difficult transition period from conventional to
organic or more sustainable soil management practices can prove too risky for many
farmers to undertake, as yields can reduce during this period. Farmers therefore need
funding to support them through this. Further, financial incentives from policy and
public demand can motivate a change in practice. Global trade systems favouring
monocultures also inhibit change, as power is accumulated in the retailers rather than
the producers.

e Institutional/Policy Factors: Change via regulation was thought by SoilCare stake-
holders to be both positive and negative. Possible inadvertent effects can be avoided
by closely working with farmers. Currently, advisory services are seen as a tool for
safeguarding business as usual and do not reflect scientific evidence for sustainable
soil management. Regular training is needed for both farmers and advisers. Publics
education and accessibility of sustainably produced food also needs prioritizing.
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Table 3. Adoption factors in SoilCare study sites.

Economic Factors

High investment and/or implementation
costs—Change in practices involves high costs
for, e.g., organic fertilizer, equipping machinery
with the right tools, and purchase of new crops
as well as additional seeds on top of main crop

for cover crops
Holistic approaches and cobenefits to soil—UK:
changes in arable rotations due to weed and
disease control have been mainstreamed and
have coincidentally benefited the soil
Market pressures/demands—BE: policy
encourages farmers to plant cover crops and
rotate crops, but because of the high demand,
too many potatoes were grown; in addition,
crop residues and organic materials have been
used for biofuels and other bioproducts instead
of being returned to the soil

Institutional/policy factors Knowledge and education

Aduerse effects of policy design—Policies were
perceived to dictate practices that needed to be
adopted regardless of feasibility / practicability,
sometimes resulting in adverse behaviour, e.g.,

converting existing grassland to avoid the
‘permanent grassland’ status
Lack of coherence between legislation/conflicting
objectives—UK: targets and subsidies for
increasing woodland areas for growing biofuel
crops fail to specify that land must be suitable
for these purposes; BE: because of the
fragmentation in public services and
departments, farmers often receive
contradictory advice (Nitrates Directive
versus CAP)

Insufficient resources—Advisory services need
more resources for experimental and
demonstration farms. Advice providers were
often reliant on project funding, which has
continuity problems
Adviser expertise and quality—ES: quality of
advice was heterogeneous, and advice was
given on ad hoc basis; BE: physical and
biological soil management was often
neglected because of a focus on nutrients and
fertilizers/manures; NO: quality of advice from
NLR (independent membership organisation)
is good; these people know a lot about soil and
try to incorporate advice to enhance soil and
environmental conditions when they can

4. Discussion and Conclusions
4.1. Evaluation of SICS

SoilCare provided scientific evidence on the potential of SICS at 16 study sites and
Europe-wide. Although monitoring in study sites did not provide conclusive results in
all cases, it did show positive effects on most soil properties as well as a small positive
impact on the environmental dimension. This was in line with the main results reported
by meta-analyses such as those reviewed in [55]. No significant changes were observed
for sustainability or for the economic dimension at the farm level. Nevertheless, most
SICS were found to be profitable, since benefits were often higher than costs. However,
in a small majority of cases, the profitability of the SICS was lower than for the control.
The sociocultural dimension was slightly negative on average, mainly because SICS were
perceived to be risky by farmers. The respondents often related the risk of crop failure
to specific weather conditions, such as prolonged dry spells or heavy rainfalls. Indeed,
it is known that some SICS are more sensitive to yearly variations than conventional
practices, such as, for example, organic farming (e.g., [126-128]). On the other hand,
weather conditions would in most cases also challenge the performance of the controls, but
the risks associated with these practices were not assessed in our study. As described in
Section 3.2, risks can also be higher during the transition period from conventional to more
sustainable practices, although our economic data overall showed similar revenues for
SICS and control. A final reason why SICS are perceived to be risky may have to do with
uncertainty and risk aversion on the part of farmers, as switching from normal practices to
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SICS means a switch from familiar ways to something new. A repeated questionnaire after
a few years of implementation of SICS might help to investigate whether risk perception of
SICS changes over time.

It should be noted that our results were obtained at the plot/farm level and based on
only 3 (max. 4 for some study sites) years of monitoring. This has several implications:

e Not all SICS may have reached their full potential within such a short period, and
long-term monitoring is needed. In LTEs, several similar SICS proved to increase
sustainability and crop yield when managed to optimize soil fertility [129]. Thus, LTEs
provide useful information but cannot be used to directly compare with the exact SICS
that were tested in SoilCare, as these SICS were selected within the project through
interaction with stakeholders to cover specific local needs and preferences.

e  Furthermore, specific conditions during the years of monitoring had an impact on the
outcomes. For example, in 2018, droughts occurred at several study sites. Moreover,
all the years had sometimes record-breaking high summer temperatures and less cold
weather during the winter. Longer-term monitoring is needed to obtain reliable data
on the effects of SICS.

o  The economic analysis was conducted based on short-term SICS application, whereas
the slow accrual of soil fertility enhancement and soil conservation effects are expected
to lead to increasing yield impacts in the long term [130,131]. The short timeframe also
carried, e.g., the risk that initial investments for implementation of SICS were given too
much weight (though in our study we could not include equipment costs, which could
be significant for some SICS) or the risk that workload was overestimated since farmers
need time to find the most efficient ways for managing SICS. Furthermore, economic
analysis should be based on the full rotation, which takes several years [132,133].

e  Economic analysis should not be restricted to farm economics but should also consider
other ecosystem services, both on-site (e.g., nutrient cycling, weed suppression, [134])
and off-site (e.g., sedimentation, [135]), to be able to assess societal costs and benefits
of the application of SICS. Preference-based rather than cost-based valuation methods
should be used to better capture this diverse set of impacts and offer credible policy
support [136].

e Asmonitoring was conducted at the plot/farm scale, it did not study diversification.
However, diversification could contribute to more sustainable agricultural production
through, e.g., the reallocation of some farming resources/material, such as lands,
equipment, and labour, to other fields; other social or natural services, including
changes in productive goals; and switching to nonfarming activities at both spatial
and temporal scales [137]. In addition, diversification may alter soil chemical, physical,
and/or biological properties, supporting large and sustainable production [138].

e Analysis of the social dimension was, by necessity, based on the views of farmers,
and these might change over time as the farmers become more familiar with SICS. In
addition, there may have been a bias in farmers participating in SoilCare experiments,
as for the most part only farmers open to innovation took part in this work.

In addition, the assessment methodology for SICS that was applied may need further
development and refinement. Both the assessment methodology and its application relied
on expert opinion, not only with regard to the weights assigned to different parameters
and to the environmental, economic, and sociocultural dimensions but with regard to the
underlying concepts. For example, the economic dimension did not give very positive
results for the SICS, which was at least partly due to the fact that more importance was
attached to the relative difference between SICS and a control than to the difference between
benefits and costs. As a result, SICS with a positive benefit/cost ratio scored negatively on
the economic dimension because the control had a more positive benefit/cost ratio. This
may actually reflect reality, as this meant that farmers would earn less by applying SICS,
but the point here is to illustrate that assumptions made in the assessment methodology
did have an impact on the outcome. Such assumptions are open to discussion and can be
subject to revision as more data become available.
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Furthermore, the outcome of the assessment was, of course, influenced by the input.
Although this may seem trivial, it is not, as the input by necessity has to be a combination
of different types of data (quantitative as well as qualitative) originating from different
sources (including scientific experiments but also stakeholder perceptions), sometimes with
gaps or limitations.

For all of these reasons, the results of the evaluation should not be seen as a final result,
but rather as an indication that forms a starting point for discussion with stakeholders
(from farmers to scientists and policy makers).

4.2. Adoption of SICS

SoilCare also delivered knowledge on how to promote the adoption of SICS to indi-
vidual farmers, European institutions, member state authorities, and agricultural advisory
services. The analyses carried out in SoilCare delivered increased insight into biophysical,
economic, social, and political barriers to adoption, several of which corresponded to
barriers already identified in [52] for conservation agriculture. SoilCare also provided
solutions that could help to overcome such barriers. The results confirmed the crucial role
of social factors such as trust in adoption and underlined the need for policies that support
and enable a transition to more sustainable agricultural practices in a coherent way.

Historically, soil has been an overlooked component in studies on ecosystem service
and policy decision making [139]. At a policy level, the removal of the proposed Soil
Framework Directive (COM (2006) 232 final) in 2014 highlighted a need and an opportunity
to think about soils differently [140]. The SoilCare project represents a short timeline when
set against its objectives; however, it is also noteworthy that the role of soils transitioned to
being at the heart of high-level ambitious European policies such as the European Green
Deal and the CAP Farm-to-Fork and Biodiversity Strategies during the project lifetime.
This was complemented by a focus on soil research and innovation in the European Joint
Programme on soil and a mission in the area of soil health and food. E.U. policies to target
soil and environmental objectives have been criticized for their lack of nuance to account for
localized conditions in the past. In this regard, the SoilCare project has framed a methodol-
ogy for SICS that reflects the key dimensions that must be considered in governance for
local but also wider-scale dynamics. Although more work is required, the lessons learned,
particularly in relation to those SICS that exhibited promise, should be further explored
and leveraged under the new opportunities that now exist within the policy, research,
and innovation space. Table 4 provides an overview of policy recommendations resulting
from SoilCare.

Table 4. Policy recommendations resulting from SoilCare, after [141].

Recommendation I: Define long-term ambitions and targets

e Develop horizontal, holistic, long-term strategies for sustainable agriculture

e Raise and clearly define the level of ambitions in existing policies

e Define binding soil targets and promote sustainable practices through either dedicated soil
policies or mainstreaming of soil objectives in existing and new environmental/sectoral
policy instruments

Recommendation II: Increase coherence and exploit synergies between policies more effectively

There are many different pieces of legislation that can work better together if coherence and
integration between them is improved. In addition, stakeholders noted that some SICS might
not align with existing policy objectives. At the E.U. and country levels, policy conflicts and
synergies need to be carefully analysed and aligned to avoid discouraging a transition

to sustainable farming.
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Table 4. Cont.

Recommendation I1I: Design targeted economic instruments that facilitate a transition to sustainable
practices and reward environmental benefits delivered

The CAP should strive to be less prescriptive and avoid one-size-fits-all approaches, instead
providing farmers with a general direction clearly defined by targets and empowering them to
take steps towards these targets. There is a need to consider the different conditions in which
farmers operate (e.g., differences in tenure), and measures need to be flexible enough to allow for
regional differences. Priority should be given to farming techniques that are also means of food
production and are both profitable and sustainable.

Recommendation IV: Strengthen existing and establish new opportunities for learning and knowledge
exchange for farmers

Strengthen capacity of Farm Advisory Services: These are valuable sources of information for
farmers, but their independence and neutrality should be ensured. Advisers need to learn about
new practices, their practical application and costs, and benefits to support farmers. Ref. [142]
gave suggestions for achieving more effective advisory services.

Inform farmers about new developments and insights: Dissemination of knowledge, awareness
raising, and education are important components of policy interventions, and they should be used
in parallel with economic and legislative instruments [143].

Recommendation V: Strengthen monitoring and enforcement

At the E.U. level, there is a need to establish a clear, robust, and reliable monitoring and
enforcement system for the CAP. At the country level, stronger monitoring and enforcement
systems require the training of farm inspectors, who, like farmers, need to understand regulatory
requirements and their practical implementation.

4.3. Sustainability and Profitability

Results obtained at the farm level indicated a small decrease in profitability and
a small positive effect on the environmental dimension (Table 2). As discussed above,
however, there is a need to consider larger temporal and spatial scales. This was done in
the modelling approach, which was used to upscale results from the different study sites
and integrate these results with factors operating at the European scale, such as policy
development, macroeconomy, societal developments, and climate change. Several scenarios
of possible developments with a time horizon of 2050 were simulated. Simulations showed
that scenarios in which sustainability was given priority resulted in better soil quality and
better environmental conditions. However, while SICS would be profitable to society in
the long term, they may not always be profitable to farmers in the short term. As short-
term benefit over conventional practice is a key point for farmers [63], and as modelling
suggested that SICS outperformed control treatments in the longer term, some form of
compensation and support to farmers would be required to stimulate adoption of SICS, for
example, in the form of bridge payments.

4.4. Conclusions

The need for sustainable soil management is evident from the literature. Soils are
critical for economic and environmental well-being because they provide a range of ecosys-
tem services and form the basis for agricultural production. They are at the intersection
of a broad range of agricultural and land use challenges. Soil management should aim
at improving the quality and resilience of land and soil. Within the SoilCare project, the
concept of soil-improving cropping systems (SICS) was developed and applied. SICS can
play an important role in the transition towards more sustainable agricultural production
that can also be profitable. In practice, the effectiveness of SICS is difficult to demonstrate
within the lifespan of a single project, as results vary from year to year because of different
conditions, such as different weather and price fluctuations of inputs and crops. Further-
more, many SICS are expected to reach their full potential only after a long time. SoilCare
paved the way for further research on SICS by developing an assessment methodology
for SICS, a database for SICS data, and a modelling approach for upscaling and scenario
evaluation. In addition, SoilCare contributed to the understanding of adoption factors and
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provided a first assessment of a range of SICS. Whilst our work on adoption confirmed the
role economic considerations play in the uptake of SICS, it also highlighted the influence of
social factors, such as trust, and of knowledge. This underlines the need for policies that
support and enable a transition to more sustainable agricultural practices in a coherent way.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/1and11060780/s1, Table S1: Results of environmental dimension, Table S2: Results of economic
dimension, Table S3: Results of sociocultural dimension.
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Abstract: Healthy soils are fundamental for sustainable agriculture. Soil Improving Cropping
Systems (SICS) aim to make land use and food production more sustainable. To evaluate the effect
of SICS at EU scale, a modelling approach was taken. This study simulated the effects of SICS
on two principal indicators of soil health (Soil Organic Carbon stocks) and land degradation (soil
erosion) across Europe using the spatially explicit PESERA model. Four scenarios with varying levels
and combinations of cover crops, mulching, soil compaction alleviation and minimum tillage were
implemented and simulated until 2050. Results showed that while in the scenario without SICS,
erosion slightly increased on average across Europe, it significantly decreased in the scenario with
the highest level of SICS applied, especially in the cropping areas in the central European Loess Belt.
Regarding SOC stocks, the simulations show a substantial decrease for the scenario without SICS and
a slight overall decrease for the medium level scenario and the scenario with a mix of high, medium
and no SICS. The scenario with a high level of SICS implementation showed an overall increase in
SOC stocks across Europe. Potential future improvements include incorporating dynamic land use,
climate change and an optimal spatial allocation of SICS.

Keywords: large-scale modelling; Europe; soil health; SOC stocks; soil erosion; scenarios; sustainable
soil management

1. Introduction

A well-functioning, healthy soil is fundamental for sustainable agriculture. Soil quality
and soil health are increasingly considered important topics on the political and public
agenda (e.g., [1,2]), and are also getting attention in the scientific community (e.g., [3,4]).
This is reflected in, among others, the Sustainable Development Goals (SDGs; https://
sdgs.un.org/goals (accessed on 12 April 2022)), where soil together with land use and
management play an important role in SDG 1 (no poverty), 2 (zero hunger), 12 (responsible
consumption and production), 13 (climate action) and especially SDG 15 (Life on Land) [2,5].
Moreover, in the current Farm to Fork Strategy (F2F, [6]), as part of the European Green
Deal [7], sustainable food production is an important goal; the F2F aims at neutral or
positive environmental impact, mitigating climate change, reversing the loss of biodiversity
and ensuring food security. Land use and land management play a key role in achieving
these policy aims and reversing the current trend of land degradation [8]. For example, the
F2F strategy targets to ‘bring back at least 10% of agricultural areas under high-diversity
landscape features (with buffer strips, rotational or non-rotational fallow land, hedges,
non-productive trees, terrace walls and ponds)” and ‘have 25% of the EU’s agricultural
land as organic farming by 2030" [9]. These strategies are also developed as the costs of
unsustainable land management are estimated to exceed €50 billion per year [10].
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The measures mentioned in the F2F strategy are only a few of the very many existing
land management options to improve soil health and reverse or prevent land degradation,
ranging from farm and field to village and watershed or community scales (e.g., [11,12]
and https://qcat.wocat.net/en/wocat/ (accessed on 12 April 2022)). Among those many
options, some measures are common in annual and perennial agriculture across Europe.
For example, maintaining a (winter) cover crop is widely applied [13-15]. No-tillage or
minimum tillage has been estimated to be applied on 25% of the agricultural land in the
EU [16]. Mulching is applied to reduce splash erosion and increase soil moisture [17,18].
Crop residue management [19] and/or maintaining a minimum soil cover is also widely
applied [12,17]. Grass strips are applied at field borders [20] to reduce runoff and catch sed-
iments [18,21] and as a means to reduce leaching of nutrients [21,22] and/or pesticides [23].
Rodrigues et al. [19] for example show that reduced tillage and soil protective measures
can play an important role in soil carbon sequestration across the EU. Maetens et al. [18]
investigated the effect of various soil and water conservation measures on runoff and soil
loss across Europe.

These practices affect the farming and cropping systems, aiming to make land use
and food production more sustainable. As defined in Hessel et al. [24], cropping system
refers to crop type, crop rotation and the agronomic management techniques used. Soil
improving cropping systems (SICS) can be defined as cropping systems that result in a
durable increased ability of the soil to fulfil its functions, including food and biomass
production, buffering and filtering capacity and provision of other ecosystem services [24].
However, the uptake and choice of SICS will vary due to external factors, such as EU
policies, market effects, society and pedo-climatic conditions. In addition, these factors
are dynamic in time as they are affected by e.g., climate change, geo-politics, consumer
purchase power and preferences, technological advances and other developments [25,26].
Hence, when assessing the effects of SICS on improving soil health and combatting land
degradation at continental scale it is important to consider divergent trends in these factors
that affect the uptake of SICS (e.g., [26,27]).

Soil health and land degradation are both broad terms [2] that include many aspects.
Soil health has been defined as the continued capacity of soil to function as a vital living
ecosystem that sustains plants, animals and humans [3]; encompasses biological produc-
tivity, soil life and biodiversity; enhances its role in water quality and regulation and
mitigates climate change. Similarly, land degradation entails many different processes,
such as salinisation, nutrient depletion, dehydration, erosion by water or wind, compaction,
soil pollution, loss of soil organic matter and soil biodiversity etc., [28-31]. In this study,
we focused on one principal indicator for each aspect: Soil Organic Carbon (SOC) as a
principal indicator for soil health [32,33] and soil erosion (by water) as an indicator and
widely occurring process of land degradation [34,35]. Moreover, Kutter et al. [12] in their
review on policy measures for agricultural soil conservation in the EU, found that most
measures focused on erosion by water, followed by decline in organic matter.

Upscaling the assessment of the impact of measures from e.g., field or farm level to
country or wider (e.g., EU) scale is challenging as measuring at this scale is infeasible [34].
Modelling is a common approach and can also include simulation of scenarios of e.g.,
climate change effects and policy adoption [36,37]. At EU wide scale, soil erosion was
estimated by Panagos et al. [34], based on the RUSLE approach. EU wide SOC estimates
include e.g., [38—40]. The RUSLE-based erosion estimates by Panagos et al. [34] also include
the effect of mitigation options such as conservation tillage, plant residues and winter crop
cover [16] and contour farming, stone walls and grass margins [41]. Modelling estimates of
climate change and land use change effects on SOC are abundant, e.g., [42-45], and various
studies quantified the effects of agricultural practices on carbon sequestration [46—48].
Lugato et al. [49] included straw incorporation, reduced tillage, their combination, ley
cropping systems and cover crops into their spatially explicit modelling scenarios.

The SoilCare project (https:/ /www.soilcare-project.eu/ (accessed on 12 April 2022) [24])
aimed to identify and evaluate promising soil improving cropping systems and agronomic
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techniques that increase the profitability and sustainability of agriculture across Europe.
In addition to field trials [50,51], the project used a modelling approach to upscale the
effects of SICS to EU scale, in a spatially explicit way. To ensure that sufficient healthy food
for expanding human populations can be grown within planetary boundaries [52], soil
management should aim at improving the health and resilience of land and soil [8]. In this
study we evaluated how soil improving cropping systems (SICS) impact land degradation
(specifically erosion) and soil health (specifically SOC stocks) across Europe, through the
application of the PESERA model. For this purpose, we improved and further developed
the PESERA model both in terms of input data improvements and in parameterisation and
calibration of SICS and a range of crops, in four climate zones. Moreover, to be able to
assess the impacts of SICS, existing land management options have been adapted in the
model. Four scenarios, developed within the SoilCare project, were simulated until 2050,
with varying application of (combinations of) SICS in each scenario.

2. Methods
2.1. PESERA Model Description

The Pan-European Soil Erosion Risk Assessment (PESERA) model simulates biophys-
ical processes including above-ground biomass production, soil erosion risk, soil water
deficit and soil humus content, using a monthly time-step. The model was originally
developed by Kirkby et al., [53] and has been applied in various agro-ecological zones
e.g., [54-57]. A brief technical description is given here, based on Kirkby et al. [53], where
all details can be found. PESERA is a process-based and spatially distributed model which
combines the effect of topography, climate and soil properties. A schematic model structure
is provided in Figure 1. The model has three conceptual stages: (i) A storage threshold
model to convert daily rainfall to daily total overland flow runoff; (ii) a power law to
estimate sediment transport from runoff and slope gradient. The model interprets sedi-
ment transported to the base of a hillslope as average erosion loss. No flow or sediment
routing over multiple cells is included; and (iii) integration of daily rates over the frequency
distribution of daily rainfalls to estimate monthly erosion rates.

Land use data:

LU types
Planting date

Daily Rainfall Monthly Rainfall

Land use data:

Rooting depth

Erosion (t/ha/yr) |

Topography:
Slope

Soil properties:

Erodibility (texture + vegetation)

Figure 1. Schematic overview of processes in the PESERA model.

In the first step, a simple storage or bucket model is used to convert daily rainfall into
daily runoff, which is estimated as the rainfall minus the threshold storage. The threshold
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storage depends dynamically on soil properties, vegetation cover and soil moisture status,
varying over the year. The most important soil factors that determine the threshold storage
beneath the vegetation-covered fraction of the surface are texture, depth (if shallow) and
organic matter. Where the surface is not protected by vegetation, the susceptibility of
the soil to crusting and the duration of crusting conditions generally determine a lower
threshold. The final threshold is a weighted average from vegetated and bare fractions of
the surface. Corrections are made for the soil water deficit, which may reduce the threshold
where the soil is close to saturation. Transpiration is used to drive a generic plant growth
model for biomass, constrained as necessary by land use decisions, primarily on a monthly
time step. Leaf fall also drives a simple model to estimate soil organic matter.

Precipitation is divided into daily storm events, expressed as a frequency distribution.
The distribution of daily rainfall totals is fitted to a Gamma distribution for each month.
The rainfall distribution, reflected by the coefficient of variation of rainfall per rain day is
given for each month of the simulation period and may be adapted for (future) climate
change scenarios. Daily precipitation drives infiltration, excess overland flow and soil
erosion, and monthly precipitation, driving saturation levels in the soil. Infiltration excess
overland flow is estimated from storm rainfall and soil moisture. Sediment transport is
then estimated using a power law approach driven by erodibility, gradient and runoff
discharge. Soil erodibility is derived from soil classification data, primarily texture (see
Section 2.2.7). Local relief is defined as the standard deviation of elevation within a defined
radius around each point (Section 2.2.1 and Figure 2). Accumulated runoff is derived from
a biophysical model that combines the frequency of daily storm sizes with an assessment
of runoff thresholds based on seasonal water deficit and vegetation growth. Estimates of
sediment transport are based on infiltration excess overland flow discharge. In the PESERA
model, sediment transport is interpreted as the mean sediment yield delivered to stream
channels and includes no downstream routing within the channel network.

The role of vegetation and soil organic matter can modify the infiltration rates through
changes in soil structure and/or the development over time of surface or near-surface
crusting. Three models are coupled to provide the dynamics of these responses: (i) A
vertical hydrological balance, which partitions precipitation between evapotranspiration,
overland flow, subsurface flow and changes in soil moisture; (ii) a vegetation growth model,
which budgets living biomass and organic matter subject to the constraints of land use
and cultivation choices; and (iii) a soil model, which estimates the required hydrological
variables from moisture, vegetation and seasonal rainfall history.

The PESERA model works with two phases: an equilibrium phase and a simulation
phase. The equilibrium phase model is run first: it calculates long-term average values,
using long-term input data on e.g., climate. The equilibrium phase model is calibrated
using long-term average data (see Section 2.3). Then, these long-term output maps are used
to initiate the simulation phase model. This model uses monthly climate data to run future
scenarios (see Section 2.4).

PESERA outputs consist of monthly maps of: vegetation biomass (ton/ha), erosion
(risk) (ton/ha/y) and soil organic matter content (ton/ha) for each simulation year. Within
the SoilCare project the following improvements were made in the PESERA model: addi-
tional crop types (sugar beets, rice, fodder versus consumption maize) have been param-
eterised and calibrated for Europe; all crops were parameterised and calibrated for four
main climate zones across Europe and biomass and SOM were calibrated for each land
use/crop type; irrigation has been added as an option in the model; erodibility information
for the Northern countries (Norway, Sweden and Iceland) has been updated to solve issues
with existing Europe-wide data (see Section 2.2) and soil management options (i.e., SICS)
have been defined, parameterised and calibrated (see Section 2.3).

2.2. Input Data

The required model input data and their sources are summarised in Table 1. All
input maps have a spatial resolution of 500 m and projection ETRS 1989 LAEA (Lambert
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Azimuthal Equal Area). The area modelled is the EU-28, i.e., the current 27 EU countries
plus UK. Basic details and the most important maps are given here; a full description and
all input maps are given in Supplementary Material S1.

Table 1. Overview of PESERA input requirements.

Category Variable Number of Maps Data Source
Topography Locaolfrg:ffa;zz dev. 1 ESDAC database (RECARE project)
Equilibrium phase model (long-term current climate)
Mean monthly temperature 12
Mean monthly
12
temperature range
Mean monthly rainfall 12 Based on E-OBS version 21.0e, at 0.1° spatial
Mean monthly rainfall per 1 resolution and daily scale. [58]. 1981-2010
rain day
Coefficient of variation of
Climate mean mont~hly rainfall per 12
rain day
Mean monthly PET 12 Calculated from monthly Tmean and Trange

following [59].

Simulation phase model (climate scenarios)

Mean monthly temperature

12 * n_years

E-OBS version 21.0e, at 0.1° spatial resolution and
daily scale. [58].

2018-2050;
Mean monthly 12 * n_years RCP45
temperature range MPL-ES-LR + CCLM4-8-17
Monthly rainfall 12 *n_years Data: ]RC 'EU‘High Resolution and
Precipitation dataset: https:
X ) . //data.jrc.ec.europa.eu/dataset/jrc-liscoast-10011
12 %
Maximum daily rainfall n-years (accessed on 18 December 2020) [60]
Classified RUSLE K-factor map by Panagos et al. [61]
Erodibility class (sensitivity 1 https:/ /esdac.jrc.ec.europa.eu/content/soil-
to erosion) erodibility-k-factor-high-resolution-dataset-europe
(accessed on 1 July 2021)
Crusting class (sensitivity to 1 Pedotransfer functions based on soil type and
soil surface crusting) texture (ESDB)
. . Scale depth (proxy
Soil properties for infiltration) 1 Based on Texture classes (ESDB)
Soil water available to plants
(0-300 mm) !
Pedotransfer functions based on Available Water
Soil water available to plants 1 Content, Texture, Soil packing density and
(300-1000 mm) restriction of soil to bedrock; ESDB and
Effective soil water ) SWAT-HWSD [62] for Iceland and Cyprus
storage capacity
Land use map 1 From Metronamica application, processed data from
Crop map 1 Eurostat and Corine Land Cover
Land use & .
Planting month (for . .
crop data crops only) 1 Grouped per climate region (see Table 2)
Initial ground cover (%) 12 Following PESERA project manual estimations;

adapted where needed
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Table 1. Cont.

Category Variable Number of Maps Data Source
Initial surface storage (mm) 1 Following PESERA project manual
L Following PESERA project manual: 50% for crops,
Surface storage reduction (%) 1 0% for other land uses

Combined approach following PESERA project
manual, FAO data
Rooting depth 1 http:/ /www.fao.org/land-water/databases-and-
software/crop-information/maize/en/ (accessed on
15 October 2020) and SWAT database.

2.2.1. Topography

One of the main variables in the model is local relief (Figure 2). It is estimated from
the digital elevation model (DEM) as the standard deviation of elevation with a circle of
1.5 km (5 cell radius) diameter around each cell.

N

A

0 250 500 Kilometers
Liviliad

Figure 2. Local relief (standard deviation of elevation in a 1500 m radius) for Europe.

2.2.2. Climate

Climate input data differs slightly between the equilibrium and simulation phase
models. For the equilibrium phase model, E-OBS version 21.0e data, at 0.1° spatial reso-
lution and daily scale was used. Daily data for the ensemble mean of mean temperature,
minimum temperature, maximum temperature and rainfall were collected for 1981-2010,
representing the reference period used to bias-correct climate scenarios. The monthly
parameters shown in Table 1 were calculated from these values, after being interpolated to
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a 500 m resolution. The data source is Cornes et al. [58]. Maps of the equilibrium climate
input data are presented in Supplementary Material S1.

To minimise bias, climate scenarios at high resolution (0.1°), and already bias corrected
with present-day climate (E-OBS) were used in the simulation phase model. The considered
emission scenario was RCP4.5 (closer to the average of all emission scenarios). The selected
GCM-RCM combination was MPI-ES-LR + CCLM4-8-17. This means that we used the
MPI-ES-LR GCM, which has a median sensitivity to climate change [63] combined with
the CCLM RCM, which appears to have less bias for temperature and rainfall in several
European regions [64]. We used data from the JRC EU High Resolution and Precipitation
dataset, which is already bias-corrected using E-OBS [60].

2.2.3. Land Use and Crop Data

The land use and crop map (Figure 3) was made within the SoilCare project, based on
Corine Land Cover 2018 (CLC2018) (https://land.copernicus.eu/pan-european/corine-
land-cover (accessed on 15 September 2021)) crop data from Eurostat (https:/ /ec.europa.
eu/eurostat (accessed on 15 September 2021)), and infrastructure (e.g., roads), zoning
(e.g., protected natural areas, urban expansion plans) and crop suitability maps from
Metronamica. Details on how these data were used to derive the SoilCare land use and
crop map are given in [65].

2.2.4. Crop Calendars: Planting Month, WUE and Cover

As crop calendars for the same crop may differ per climate region, we created four
major agro-climatic regions in Europe, for which crop calendars were constructed for each
crop. We did not use existing maps for cropping calendars, as they are either too coarse [66],
not crop-specific [67], or represent related variables which are difficult to translate into
planting month [68,69]. We decided instead to aggregate areas per climate region. The
existing Koppen-Geiger system determines 19 different climate types in Europe [70]. These
were aggregated into the six most representative classes, each occupying at least 5% of
the SoilCare study area, and together occupying 92% of the total area; the remainder were
assigned to the closest climate class. It should be noted that the division between climate
regions is not sharp, and there are often climatic gradients. The six classes were then
transformed into four classes with two further aggregations: (1) For cropping purposes,
the dry climate regions are similar to the Mediterranean climate regions, so they were
reclassified as the latter; and (2) polar climate is important in a large part of mountain
regions, but agriculture is not practiced there, so for the model they were reclassified as
subarctic climate. Figure 4 shows the climate zones as used in the modelling; they are
similar to the environmental stratification of Europe proposed by Metzger et al. [71].

Finally, we aggregated existing crop calendar information for different countries in
Europe for the four climate zones using the following datasets according to the dominant
climate in the country, in decreasing order of preference:

(@) JRC crop calendars for winter wheat, grain maize and rice: https://agri4cast.jrc.ec.
europa.eu/DataPortal /Index.aspx?o=sd (accessed on 15 December 2021)

(b) USDA crop calendars for Europe: https://ipad.fas.usda.gov/rssiws/al/crop_
calendar/europe.aspx (accessed on 15 December 2021) and https://ipad.fas.usda.
gov/countrysummary /Default.aspx?id=E4 (accessed on 15 December 2021)

(c) Boons-Prins et al. [72] with crop calendars for many crops in Europe: https://edepot.
wur.nl/308997 (accessed on 15 December 2021)

When extended (>1 month) planting and harvesting dates were given, the latest
planting and earliest harvesting date were chosen. The aggregation of calendars gave
consistent planting and harvest dates for each region, with the Mediterranean region
showing differences from the three other regions, either in earlier planting dates or shorter
growing seasons. Cropping calendars were discussed with local partners from the SoilCare
project and adapted according to their experience.
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Food maize I Fruit trees and berry plantations Beaches
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I industrial crops B 1ndustrial or commercial units
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Figure 3. SoilCare land use and crop map (year: 2018). A GIS compatible version of this map is
available in the Supplementary Materials.

Monthly ground cover (%) for each crop was derived mostly from the PESERA project
manual, with some exceptions or additions:

Sugarbeet: estimated and adapted from potato
Oilseed: estimates based on pictures in Corlouer et al. [73] and comparison with
winter wheat

e Rice: taken from FAO http://www.fao.org/docrep /S2022E /s2022e07.htm (accessed
on 15 December 2021)
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Figure 4. Climate zones as used in SoilCare to vary crop calendars by agroclimatic zone.

These cover calendars were then adjusted to the crop calendars. In most cases, the
cover calendars fit inside the planting and harvest dates. When they did not fit, they were
adjusted to keep the same shape as the PESERA growth curves but fitting a shorter or longer
interval as needed. When the crop calendars indicated planting or harvesting seasons
longer than one month, the cover values of these seasons were extended by repeating the
first or last month value (respectively). Table 2 shows the crop calendars per agroclimatic
zone and crop, with the cover indicated as value. Monthly canopy cover for permanent
crops were based on the PESERA project estimations [74] for Europe and are given in
Table S1.

Table 2. Crop calendar and ground cover values (%) per crop and agroclimatic zone. Dark green cells
indicate the start of the growing season (planting month), orange cells indicate the last month of the
growing season.

Y1 Y2
Crop éf;‘;d‘m““‘ 1 2 3 4 5 6 7 8 9 10 1 12 1 2 3 4 5 6 7 8 9 1011 12
Continental 50 90 9
Spring cereal Mediterranean 50 90 95
Pring Oceanic 5 9% 9
Subartic 50 90 95
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Table 2. Cont.

Y1

Crop

Agroclimatic

Zone 1

2 3 4 5 6 7 8 9 0 11 12 1 2 3 4 5 6 7 8 9 10 11 12

Winter cereal

Continental
Mediterranean
Oceanic
Subartic

5 25 50 75 90 95 95 &

5 25 50 75 90 95 95 &
5 10 15 25 50 75 90 95 90

Maize

Continental
Mediterranean
Oceanic
Subartic

Pulses

Continental
Mediterranean
Oceanic
Subartic

Sugarbeet

Continental
Mediterranean
Oceanic
Subartic

50 70 90 9% 8
35 60 75 90 95 8
50 70 90 95 8

Potato

Continental
Mediterranean
Oceanic
Subartic

70 9 95 8 35
70 9 95 8
70 9 95 8 35

Oilseed

Continental
Mediterranean
Oceanic
Subartic

IHON 50 80 9 9% 9% 9 95 8

50 80 9 90 9% 9 95 8 50
50 80 90 90 90 95 90

Veg &
Flowers
(sunflowers)

Continental
Mediterranean
Oceanic
Subartic

Rice

Continental
Mediterranean
Oceanic
Subartic

85 90
85 90

o
SRR
N O O
G & Ol
=]
Q
0|
J|

Forage

Continental
Mediterranean
Oceanic
Subartic

WO 6 70 70 75 8 70

10 EOY 70 70 80 500
WOW 65 70 70 75 8 70

Water use efficiency values were calculated for different crops based on the follow-
ing sources:

e  For spring wheat, winter wheat, potato, sugarbeet, sunflower/tomato, bean (pulses):
FAO http:/ /www.fao.org/land-water/databases-and-software/crop-information/
maize/en/ (accessed on 15 December 2021);

e  For consumption maize (sweet maize) and fodder maize (grain maize): FAO http://
www.fao.org/3/52022E/s2022e07.htm (accessed on 15 December 2021);

e  For oilseed (winter oilseed rape):

e  Length of the growing stages: (Marjanovi¢-Jeromela et al., 2019)
e Kcvalues: (Corlouer et al., 2019) (Figure 2 in their suppl. Material) [73]

e  Forrice: FAO paddy rice: http://www.fao.org/3/52022E /s2022e07 htm (accessed on
15 December 2021)

e  For forage: taken from PESERA manual [74].

WUE calendars, with crop- and growth stage specific WUE values, were also based on
planting and harvest dates, and used the same method as that for cover calendars, including
stretching or shortening curves to match planting and harvesting dates (Table S2).

2.2.5. Rooting Depth and Surface Storage

Rooting depth was estimated based on three sources: the PESERA project man-
ual [74]; estimates from FAO: http:/ /www.fao.org/land-water/databases-and-software /
crop-information/maize/en/ (accessed on 15 October 2020). These estimates start at 30 cm
root depth going to 100 cm at the end of the growing season. As PESERA estimates were
lower, a conservative estimate was taken and cross-checked with the third source; the
SWAT database, which also estimates slightly deeper (maximum) rooting depths. For initial
surface storage (either 0, 5 or 10 mm) and reduction of surface storage (either 0 or 50%), the
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PESERA project manual was followed. Values of rooting depth, initial surface storage and
reduction of surface storage used in this study are given in Table S3.

2.2.6. Soil Properties

Soil property data are used to calculate storage capacity and therefore the runoff
threshold and affect plant growth through soil water availability. Six layers of soil data are
required: (1) Erodibility, which is the sensitivity of the soil for erosion; (2) crusting, which
is the sensitivity of the soil to surface crusting and affects the infiltration; (3) scale depth,
which is a proxy for infiltration; (4) the effective soil water storage capacity; and soil water
available to plants for depths 0-300 mm (5) and 300-1000 mm (6) respectively.

2.2.7. Erodibility

The erodibility map has five classes. We used the RUSLE erodibility K-factor, as
prepared by Panagos et al., [61], with stoniness effects incorporated, grouped into five
classes (Table 54). As indicated earlier (Section 2.3), based on discussions with local partners,
the erodibility map for Norway, Sweden and Iceland was adapted. Details of the method
used can be found in Supplementary Material S1. Figure 5 shows the final erodibility map
as used in this study.
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Figure 5. Erodibility map as used in SoilCare. Note that bare rock and glacier areas (according to
CLC2018) were excluded (grey colours).
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2.2.8. Crusting and Scale Depth Maps

The soil sensitivity to crusting index map was created using pedotransfer functions on
texture, parent material and physical-chemical soil properties (Figure S1). The scale depth
input map (Figure S2) was derived from soil texture classes (Table S5). Texture data were
derived from the ESDB database.

2.2.9. Soil Water Availability and Storage Maps

Soil water available to plants (both 0-30 and 30-100 cm) and effective soil water
storage capacity maps were derived based on the instructions from the PESERA project [74]
and using ESDB data. Available Water Content for topsoil and subsoil (AWC_top and
AWC_sub) maps of ESDB were used as a starting point. Additional soil property data used
in the pedotransfer functions include texture, packing density and restriction of soil depth
by bedrock.

The effective soil water storage capacity was then calculated from the soil water
available to plants in the top- and subsoil following the PESERA project instructions [74].
Estimations for Iceland and Cyprus, that are not included in the ESDB maps, were derived
using the SWAT data in combination with the FAO Harmonized World Soil Database
(HWSD), available at https://doi.pangaea.de/10.1594/PANGAEA.901309 (accessed on 15
August 2020). All three maps are shown in Supplementary Material S1 (Figures S3-S5).

2.3. Model Calibration and Evaluation

During the equilibrium phase, long-term average output of the model was calibrated
for erosion estimates and soil organic matter. As it was not feasible to calibrate the model for
all countries, calibration was carried out for four countries in various climate zones across
Europe (Belgium Spain, Slovakia and Norway), and the Greek island of Crete. Tuning
parameters for calibration were: (1) The biomass conversion factor used in the model
to calculate gross primary production—affecting ground cover and thereby erosion; and
(2) the decomposition factor used in the model to calculate soil organic matter from plant
residues. Both parameters are specific for each crop and land use, but generic for all regions.
For soil organic matter calibration, the LUCAS topsoil soil organic carbon point data was
used: https:/ /esdac jrc.ec.europa.eu/projects/lucas (accessed on 1 December 2020), which
was aggregated to crops and land covers per climate zone (Table S6). In addition, to cross-
validate and make use of the knowledge of the SoilCare local partners, both the spatial
patterns and numerical (aggregated) results were shared with selected countries across
Europe and their feedback was used for further fine-tuning. Preliminary results were sent
to partners in Belgium, Germany, Greece, Spain, Italy, Norway, Poland and Romania. Based
on their feedback:

The crop calendars were adapted for some crops and regions (Table 2 and Table S2).
The erodibility map for Norway was adapted because it had too high erodibility in
the central mountain areas where soils are very shallow and granite bedrock is very
often at the surface; hardly any erosion occurs in these areas. The existing K-factor
map from JRC was adapted for certain land uses (following Corine Land Cover 2018),
as detailed in Section 2.2

The model output at EU scale was evaluated by comparing the ranges and spatial
patterns of the equilibrium phase PESERA erosion and SOC output maps to existing
maps reported in the literature (for SOC e.g., [38,75-77]; for erosion e.g., [34,78,79]; see
Supplementary Material S2.

2.4. Parameterisation of SICS

The PESERA model was used to investigate four SICS [80], each representing a dif-
ferent category: soil improving crops, soil amendments, soil cultivation and compaction
alleviation. Respectively they were:
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Cover crops: these are non-harvested crops grown to protect the structural aspects
of soil fertility and reduce erosion [13,81]. They can be applied in combination with
annual crops, planted in the fallow period; or between the rows of permanent crops.
They can also be incorporated into the soil as green manure.

Mulching: application of various types of dead plant material on the soil surface,
such as straw mulch, pruning residues or wood chips [17]. They are used to cover
the soil to protect it against erosion, reduce evaporation from bare soil, increase local
soil temperature and add organic material to the soil. It can be applied between the
harvest and sowing of annual crops, or between rows of perennial crops.

Minimum tillage: minimise soil disturbance by using less frequent or less intensive
tillage operations, benefiting soil structure and preventing further compaction [82].
It can, especially when combined with soil cover by plant residues, reduce water and
wind erosion and evaporation, leading to higher soil moisture before the growing
season. It can also mitigate declines in soil carbon compared with conventional tillage.
Compaction alleviation: reduced use of heavy machinery, preventing soil compaction
and therefore improving soil water holding capacity and rooting depth [51,83].

These SICS were simulated individually, and in two combination scenarios, combining

compaction reduction and minimum tillage with either cover crops or mulching (assuming
that cover crops and mulching cannot be combined). The combination measures assumed
that no additive effects would occur for each parameter, taking instead the most intensive
effect of each individual measure on each parameter. The implementation of each measure
in PESERA is described, in general terms, in Table 3. The model implementation of these
measures was tested on a synthetic dataset, representative of climatic and crop conditions
in the Oceanic climate regions of Europe. The differences between the application of the
measure over the control conditions were compared with results taken from a survey
of meta-analyses published in indexed journals, on soil erosion and soil organic matter;
a detailed list of references is presented in Supplementary Material S3.

Table 3. Implementation of soil improving measures in PESERA.

. Compaction Minimum Cover Crops + CR Mulching + CR
Parameter Cover Crops (CC) Mulching (M) Reduction (CR) Tillage (MT) & MT & MT
Annual crops: cover v
crop in fallow r;‘ill}lzg; (}:J{ep4t(})\0/ Cover crops, Mulching,
- period 0.2kg/ m? mulching Decrease in use of y ° . compaction compaction
General description . s (except root crops); N N
Permanent crops: added each year heavy machinery 40% stubble reduction and reduction and
cover crop C(;/‘er left minimum tillage minimum tillage
in interrows
Soil surface
Erodibility = = = —1 class —1 class —1 class
Cover 80% of bare soil 80% of bare soil = 40% of bare soil 80% of bare soil 80% of bare soil
Roughness +5 mm +10 mm = +5 mm +5 mm +10 mm
Hydrological properties
Water storage +25% +30% +10% = +25% +30%
capacity
Soil evaporation = —40% = = = —40%
Root depth = = +10% = +10% +10%
Vegetation
Permanent Permanent
Water use (wue) crops: +0.1 B - - crops: +0.1 -

Active period

Annual crops: cover
crop in fallow
period (0.6 kg/m?)

Annual crops: cover
crop in fallow =
period (0.6 kg/m?)

Soil Organic Matter

SOM

_ _ Decreased in Decreased in Decreased in

breakdown rate B tillage month tillage month tillage month
2 0.01 kg/m?* each 2 0.01 kg/m* each
SOM added to soil 006 kg/m month (except = = 006 ke/m month (except
at tillage at tillage

tillage and harvest) tillage and harvest)
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2.5. Scenario Description

Socio-economic scenarios were developed in the SoilCare project in multiple work-
shops and feedback rounds, including all relevant stakeholders, with the aim to explore
plausible agricultural pathways for Europe and assessing their sustainability and profitabil-
ity impacts. It is beyond the scope of the current study to describe this in detail. The scope
of the scenarios and full descriptions can be found in [65]. Here, the scenarios are very
briefly described, with emphasis on how the SICS were included in each scenario:

e Race to the Bottom (RttB): existing agricultural practices are continued and increasing
amounts of inputs are used. The focus is on optimising outputs and quick financial
gains, with low attention for improvements in soil quality. This scenario entails low
sustainability farming everywhere. No SICS are applied.

e Under Pressure (UP): a set of rules and regulations to ensure sustainable production
and support for farmers is created, but only the large-scale farmers can comply with
these rules. In this scenario, medium sustainability farming occurs everywhere. All
farmers apply 1 SICS: either mulching, cover crops, minimum tillage or compaction
alleviation (25% each).

e  Caring & Sharing (CS): climate-resilient agriculture is prioritised and a widespread
awareness and support for investment in sustainable practices exists. This scenario
entails high sustainability farming everywhere. All farmers apply a combination
of SICS: minimum tillage, compaction reduction, and either cover crops (50%) or
mulching (50%).

e Local & Sustainable (LS): locally sourced, sustainably produced food is highly valued,
but not everyone is able or willing to afford this, leading to pockets of self-sufficient
communities, but also mainstream conventional farms. In this scenario a mix of low,
medium and high sustainability farming areas exist. One-third of farmers apply low
sustainability, one-third medium sustainability and one-third high sustainability, as
described in the previous scenarios.

The actual location of which SICS were applied where within the scenarios on the map
was randomly distributed within the arable land and perennial crops (i.e., olive groves,
vineyards and fruit trees).

These four scenarios were run for the period 2020-2050 and erosion and SOC simulated
maps were analysed for the year 2050, and compared to the baseline situation in 2020 with
no SICS applied. Note that for erosion calculations, the climate (especially rainfall) of a
specific year can affect results (e.g., a large rainfall event in a specific region may lead to
high erosion estimates for that year and location, but this does not happen in other years).
Therefore, to evaluate erosion output estimates, the average of 2020-2025 was used to
represent 2020 and the average of 2045-2050 was taken to represent erosion in 2050.

3. Results
3.1. Model Calibration Results
3.1.1. Baseline Long-Term Erosion

Figure 6 shows the calibrated model output for erosion (t/ha/y). These are the
equilibrium phase simulation results, based on average long-term climate input data (see
Table 1). Overall average erosion across the whole of Europe was simulated at 2.54 t/ha/Yy,
with erosion in arable land estimated at 4.3 t/ha/y on average across Europe. The highest
erosion rates were simulated in sugar beet and potato crops and lowest in spring cereals.
For the permanent crops, olive groves showed high erosion rates, followed by fruit trees,
with mixed and coniferous forest having the lowest erosion rates. This aligns well with
estimates by Panagos et al. [34] of 2.46 t/ha/y for erosion prone land covers and 2.22 t/ha/y
for all land covers. In line with expectations, the general spatial pattern shows relatively
high erosion values in the zone from Northern France and Belgium, across Germany and
Poland, known as the Loess Belt with soils susceptible to erosion. Moreover, the mountain
areas (Alps, Norway, Apennines, Pyrenees) are visible as areas with high erosion. A third
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zone of relatively high erosion is visible in the south of Spain and Italy, where low cover and
erodible soils are present. The overall pattern across Europe compares well with estimates
using RUSLE2015 [34] (see Figure S16), who also estimate relatively high erosion in the
mountain areas (although Norway and Switzerland are not included in their calculations),
in southern Spain and Italy and Northern UK. The RUSLE erosion map predicts less erosion
in the Loess Belt than the PESERA estimates. Borrelli et al. [79] predict similar areas of
relatively high erosion in southern Spain, Italy, across the Loess Belt, but less erosion in the
mountain areas and Northern UK (Figure S18). Cerdan et al.’s [78] estimate of more erosion
in the Loess Belt is comparable to the PESERA map. However, in the Cerdan et al. [78] map
(Figure S17), more areas with relatively high erosion are visible, e.g., in Eastern Europe.
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Figure 6. Simulated long-term average erosion rates across Europe using the PESERA model.

SoilCare partners’ feedback on PESERA simulated erosion maps included for Spain
that it seemed relatively low, compared to the national soil erosion map [84]. However,
areas in the south show relatively high erosion in both maps. Belgium partners indicated
that the relatively high erosion values for row crops like potato and sugar beet seemed valid,
but that simulated erosion values for maize and vegetables, which have a wide spacing,
were too low compared to their experience, especially when compared to simulated higher
erosion in cereals. For Poland and Germany, simulated patterns of erosion were found to
be plausible and matching e.g., the German national erosion map [85] with higher erosion
in central Germany and very low to no erosion in the northern half of the country.
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3.1.2. Baseline Long-Term SOC Stocks

Figure 7 shows the PESERA simulated maps of SOC stocks for Europe based on
long-term average climate conditions (equilibrium phase model output). Overall estimates
amount to 50 Gt, which is in line with estimates by Aagaard Kristensen et al. [77] (60 Gt), but
somewhat higher than estimates of Yigini and Panagos [38] (38 Gt). The Nordic countries
(Sweden, Finland) as well as the higher altitude areas clearly show higher SOC stocks
(except where soil depth is shallow), while lower SOC stocks are simulated in for example
inland Spain, parts of Italy, France and Eastern Europe. This coincides with the patterns
of other SOC estimates (see Figures S12-515). However, the SOC stock map based on
the soil profile analytical database for Europe (SPADE; [77]; Figure S15), shows a slightly
different pattern with lower SOC stock estimates for Sweden and parts of Finland, where
our estimates show high SOC stocks. However, the intermediate stocks are similarly
simulated to occur in the wet north-western Iberian Peninsula, the Massif Central in France
and relatively low SOC stocks in the Norwegian mountain areas. Highest SOC stocks
were simulated for forests, followed by grassland and shrubs. This matches estimates
by other studies [38,39,77], although our estimates for grassland (11 Gt) are somewhat
higher than those by Yigini and Panagos [38] (6.7 Gt). SOC stocks for fruit trees, olive
groves and vineyard were estimated at around 60 t/ha on average across Europe, while
the average SOC stocks for arable land across Europe was estimated at 43 t/ha or 5 Gt,
which is lower than e.g., Lugato et al. [39] and Yigini and Panagos’ [38] estimates of 17.6
and 12.8 Gt respectively.
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Figure 7. Simulated long-term average SOC stocks across Europe using the PESERA model.
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Calibration results for SOC stocks for the three countries and Crete for which the
model was calibrated are shown in Table 4. Overall, results were close to the observed data,
derived from the LUCAS database. However, for some crops or land uses it was difficult
to simulate good values across climate zones. For example, while SOC stocks for potato
cultivation were well estimated for Spain, values were too high for Belgium and Slovakia,
but too low for Crete. For maize, values were overestimated for Belgium and Slovakia, but
underestimated for Spain.

Table 4. Calibrated (PESERA baseline long-term results) versus observed (LUCAS database) results
for SOC (t/ha) for three countries and the Greek island of Crete in different climate zones. Note:
X = crop does not occur. NA = not available.

BELGIUM SPAIN SLOVAKIA CRETE
Ratio Ratio Ratio Ratio
Land Use/Crop LUCAS PESERA o LUCAS PESERA o LUCAS PESERA o LUCAS PESERA o
(%) (%) (%) (%)
spring cereal 50.8 467 91.9 36.6 35.5 97.0 496 465 93.6 X X X
winter cereal 50.8 51.1 100.5 36.6 489 133.8 496 50.7 1022 36.6 475 129.8
C°“fr‘:;‘zpe“°“ 467 52.2 1116 514 41.0 79.8 473 57.7 1219 X X X
fodder maize 467 57.6 1232 514 406 79.1 473 65.8 139.1 51.4 12,5 243
pulses 46.0 514 1118 442 433 97.9 55.4 526 94.9 442 415 93.9
sugarbeet 47.0 56.8 1208 400 36.2 90.4 442 54.4 123.0 X X X
potato 47.0 61.9 1318 400 40.8 101.8 442 71.3 161.4 40.0 15.2 37.9
oilseed 51.1 50.6 99.0 212 471 217 51.3 494 9.2 X X X
veg&flowers 411 39.9 97.0 29.9 292 975 1938 433 86.9 299 238 79.5
forage 622 59.8 96.0 382 417 1092 406 64.8 159.7 38.2 21.1 55.2
fallow (NA) 213 (NA)  (NA) 12.1 (NA)  (NA) 259 (NA)  (NA) 8.1 (NA)
rice X X X 444 39.5 88.9 X X X X X X
vineyards X X X 353 464 1316 479 57.9 121.0 35.3 389 1104
fruit trees 90.1 58.1 64.5 498 41 84.6 57.8 61.1 105.6 498 375 75.3
olives X X X 46.6 407 915 X X X 46.6 385 825
pasture 149.1 105.7 70.9 72.8 103.0 1414 1032 1090  105.6 72.8 95.8 1315
broadleaf forest  174.1 1476 84.8 1112 1194 1075 1343 1494 1113 1112 84.4 75.9
Co?éfr‘zrs‘t’“s 267.8 180.8 67.5 135.0 1385 1026 1764 2050 1162 1350 130.5 96.7
mixed forest 216.6 189.2 87.4 151.0 1473 975 204.0 2073 1016 1510 1403 92.9
scrub 276.0 107.5 389 99.6 1086 1091 1269 109.3 86.2 99.6 1072 107.7

SoilCare partners’ feedback on the PESERA calibrated SOC results indicated that they
were in line with national estimates or maps (e.g., Belgium, Poland, Norway, Germany). For
example, the German partners provided a German national map with organic matter [86],
on which the spatial patterns were similar as those simulated by PESERA.

3.1.3. Calibration of the SICS

Figure 8 shows the simulated changes by the model for the individual SICS, compared
with expected values from the literature. It should be noted that expected impacts on soil
erosion were only found for cover crops, while the expected impacts on SOC were found
for every SICS except compaction reduction; and that specific information for root crops
and vegetables was less available than for cereals and permanent crops.

As can be seen, the simulated measures broadly followed what was expected from the
literature in terms of erosion reduction and increase in SOC. When analysing per crop type,
results for permanent crops tend not to be very good: no changes are simulated to erosion,
because the baseline values were zero when using the test dataset; and changes to SOC are
very limited. This indicates that the model is better adapted to simulate SOC changes for
cereals than permanent crops. There is insufficient data to analyse model performance for
root crops and vegetables.
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In terms of impacts, PESERA simulates a small effect of compaction reduction when
compared to other measures. For soil erosion control, mulching seems to have a limited
effect in comparison to cover crops and minimum tillage; this results from the simulated
wetter soil conditions when applying mulch, which increase biomass growth (and, indi-
rectly, SOC) by limiting water stress, but also create the right conditions for more frequent
runoff generation, counteracting beneficial soil protection effects. For SOC, mulching has a
slightly larger benefit than cover crops or minimum tillage.
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Figure 8. Impact of different SICS (expected; based on literature review, see Table S7, and simu-
lated with PESERA on a test dataset) on different types of crops, for erosion (top) and soil organic
matter (bottom).
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As for the combination SICS, both tend to lead to higher increases of SOC when com-
pared with the individual components. For soil erosion, the combinations involving cover
crops led to larger reductions than the individual components. However, the combined
mulch approach had a very limited impact on soil erosion, despite the erosion decrease
expected when applying the individual components. As both individual measures increase
soil moisture, the wetter soil conditions and increased runoff counteract the soil protection
effects of the measures. In short, results suggest that the combined cover crop approach
appears to have a better balance between SOC increase and erosion control, while the
combined mulching approach has larger increases of SOC at the expense of the effects on
erosion control.

3.2. Simulated Results for SICS Scenarios

Figure 9 shows the simulated difference in annual erosion between year 2050 and
current (2020) for the four scenarios. Note that differences in erosion are affected by
differences in climate (e.g., wet months in certain years) as well as by the application of
SICS. Some areas show a consistent slight increase in erosion; these are mainly the steep
mountain areas (Alps, Pyrenees) and areas that receive a lot of rainfall (e.g., Norwegian
coastal zone), where SICS are not applied, as they are covered by e.g., pasture or shrubland.
However, for example in the central European Loess Belt, southern Spain and eastern
Europe, erosion was simulated to increase in the RttB scenario, while it decreases in
the CS scenario due to application of SICS. Overall, across Europe and taking all land
uses into account, erosion was simulated to increase slightly for the RttB scenario (+1.3%
compared to 2020), while a decrease was simulated for the UP, LS and CS scenarios (75,
79 and 59% respectively, compared to the 2020 situation). When taking only the arable
and orchard (fruit trees, olive groves and vineyards) areas into account, where SICS are
applied, simulated erosion decreased to 43, 49 and 6.6% (compared to 2020) for the UP, LS
and CS scenarios respectively, which is an average decrease of about 1.5 t/ha/y in both the
UP and LS scenarios, and 2.6 t/ha/y in the CS scenario. So, especially for the CS scenario,
a large decrease in erosion was simulated, which is in line with the large reductions that
were parameterised for e.g., cover crops (Figure 8). Simulated erosion maps for RttB 2020
and the four scenarios for 2050 are given in Supplementary Material S4.

Figure 10 shows the simulated changes in SOC content for 2050, relative to the 2020
situation, for each of the four scenarios. All maps show both areas of decrease of SOC
as well as areas of SOC increase. However, comparing between the scenarios, the results
clearly show a more severe decrease in SOC for the RttB scenario, followed by UP, LS
and CS scenarios. The average simulated SOC change across Europe, taking only the
arable areas into account, was —23% for RttB, —4.5% for UP, —1.5% for LS and +22% for
the CS scenario. This can also be seen in the maps (Figure 10): the CS scenario shows
most increases in SOC content. For example, the arable areas in north-central Europe and
north-central Spain that in the RttB show a strong decrease in SOC, turned into an increase
in SOC in the CS scenario. This reflects the simulated SICS, where in CS all farmers apply a
combination of minimum tillage, compaction reduction and either cover crops or mulching.
In the UP scenario, all farmers apply only one type of SICS, while in the LS scenario, the
application of SICS is mixed. Overall, it seems that, in terms of SOC content, the LS scenario
leads to better results than the UP scenario, although local differences are likely greater
inLS.
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Figure 9. Simulated difference in erosion (t/ha/y) between 2020 and 2050 for each scenario.
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Figure 10. Simulated change in SOC stock (%) between 2020 and 2050 for each scenario.

4. Discussion

Using the PESERA model, we simulated the effects of SICS on erosion and SOC stock
changes across Europe, based on scenarios in which either no SICS were applied (RttB
scenario; low sustainability level), or where a medium (UP scenario), high (CS scenario) or a
mix of these three levels of sustainability was assumed (LS scenario). Comparing the effects
of the simulated scenarios clearly shows that the application of a high level of sustainability,
where all farmers apply a combination of SICS: minimum tillage, compaction reduction,
and either cover crops (50%) or mulching (50%), results in highest and most widespread
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erosion reduction (Figure 9) and a shift from a continuous reduction in SOC stocks to an
increase in SOC stocks (Figure 10). In general, our results imply that erosion can be quite
well prevented by application of SICS (Figure 9), but less pronounced effects are simulated
for SOC change. This is in line with often reported findings of relatively quick effects of
measures on runoff and erosion while changing SOC is a slower process [87].

The scenarios we simulated contain a mix of measures, so direct comparison with other
estimates is difficult. Panagos et al. [16,41] calculated the effect of the C (cover management)
and P (conservation practices) factors. Panagos et al. [16] found that conservation tillage
reduced the C-factor (and thus, indirectly erosion, if all other factors remain the same) by
17%, application of crop residues reduced the C-factor by 1.2% and cover crops by 1.3%.
Note that these numbers are affected by the (relatively small) area where these practices
were found to be applied and that large differences between countries were found [16].
Panagos et al. [41] estimated the P-factor (conservation practices), when including con-
touring, stone walls and grass margins, to be 0.9702 across Europe, meaning that erosion
would be reduced by 3% (if all other factors remain the same). This factor has a wide spatial
variation, being lower (i.e., more effective erosion protection) in for example Portugal,
Spain and Belgium, due to a high number of stone walls and grass margins [41]. These
findings are somewhat different than our results, as they do not include mulching. In our
results, cover crops were estimated to reduce erosion significantly (also due to the calibra-
tion, see Figure 8). In a review study based on a large database of plot-scale erosion and
runoff, including the effects of SWCTs (Soil and Water Conservation Techniques), Maetens
et al. [18] found that overall, application of SWCTs reduced the exceedance probability for
a soil loss tolerance of 5 t/ha/y and 12 t/ha/y by 14 and 12% respectively. The individual
measures ranked in the order (more to less effective) of geotextiles, buffer strips, mulching,
contour bunds, cover crops, conservation tillage and strip cropping [18]. They concluded
that crop and vegetation management (mulching, cover crops) and mechanical measures
(terraces, contour bunds) are more effective than soil management techniques (reduced
tillage). While our study did not include mechanical measures in the scenarios, our results
are in line with this as the CS scenario, where cover crops and mulching is always applied
(in combination with minimum tillage and compaction reduction) is clearly more effective
in reducing erosion than the UP scenario, where only half of the farmers applies mulching
or cover crops. However, it should be noted that, for soil erosion, even a low intervention
scenario (UP) can decrease erosion below 1 t/ha/y (Figure 520), which can be considered
as a threshold for sustainability [88]. There is some variability between climate regions, and
within them, between regions with different topography and soil types. Nevertheless, these
results indicate that the UP scenario might be good enough for most agricultural crops
in Europe; and that special attention, and stronger intervention measures, could focus on
remaining crop types (pulses, root crops, etc.,) and on areas with higher erosion rates. The
results from this work could be used as a first approach to define priority areas for different
levels of intervention across Europe.

Similar as for erosion, also a direct comparison with other studies regarding the
simulated changes in SOC stocks for our scenarios is difficult. Lugato et al. [49] simulated
the effect of six management practices scenarios on possible carbon sequestration, including
spatially explicit maps across Europe. They found that, besides conversion of arable land
to grassland which showed the highest SOC sequestration rates, ley cropping systems and
cover crops results in higher SOC sequestration than straw incorporation and reduced
tillage, which is in line with our results. Aertsen et al. [47] investigated the effect of
agroforestry, hedges along field boundaries, cover crops and no/low tillage on carbon
sequestration for the EU27, concluding that agroforestry has the highest potential, and
no spatial maps of Europe were presented. Bellassen et al. [48] did not include no-tillage
practices, as they only redistribute SOC instead of sequestering it. They also state that
cover crops have a substantial potential for carbon sequestration, but that the large-scale
potential of other practices such as hedges and crop residues is probably limited. Lessmann
et al. [89] combined global meta-analytical results with spatially explicit data on current
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management practices and potential areas for implementation of measures at a global scale
and found that organic matter inputs led to highest mean SOC changes, followed by crop
residue incorporation, reduced tillage and increased crop diversity [89].

While in general terms the simulated values and spatial patterns are in line with
other studies, local experiments and observations might deviate. This is a difficulty in any
upscaling to large (continental) scales. Factors that play a role include assumptions in the
model (e.g., biomass and humus conversion factors are crop-specific, but not adaptable
per region), lack of (spatially explicit) input data (for example the difficulty of deriving
a reliable erodibility map) and scarcity of (observed; i.e., non-modelled) calibration and
validation data across Europe [79], but see [18,77]. Therefore, the absolute values should be
taken with caution, but a qualitative and comparative analysis over time and across Europe
can be insightful.

In this study, we focussed on erosion, as one of the most important processes of land
degradation [35] and SOC changes, as one of the most widely used and important indicators
of soil health [32,33]. While these are important indicators, many other indicators and
processes play a role in a healthy functioning soil [2,5]. However, simulation of all these
functions together is almost impossible, especially at a large (e.g., EU) scale. A few studies
are beginning to attempt this. For example, the Soil Navigator decision support system was
developed to assess and optimise various soil functions [90] on farm scale, incorporating
soil management strategies. This was applied to monitor multiple soil functions at 94
sites across 13 European countries [91]. Vrebos et al. [92] analysed and mapped four soil
functions on agricultural lands across the EU. Borelli et al. [79] evaluated soil degradation in
Europe, including both erosion and soil carbon fluxes using the WaTEM/SEDEM modelling
approach, but did not include the effect of soil and water conservation measures.

Potential additions to the modelling approach that we simulated in this study, would
be to include additional indicators, such as biomass growth and effects on yields. While
this is possible in the current PESERA model, preliminary results showed some difficulties.
However, coupling of PESERA with more sophisticated biomass and yield models such
as QUEFTS [93] is feasible and ongoing. This would also allow to evaluate the effects of
(changes in) nutrient supply to the crops within the SICS. Another improvement within
the PESERA model is to enable the parameterisation/calibration in the SOC calculations
in the model (e.g., the decomposition rates) to be both spatially and crop specific (they
are at the moment only crop specific), for example by including a spatial map of annual
decomposition rates in Europe [46]. In addition to this, land use change as well as climate
change can be included in the modelling framework. Finally, while in this study we only
evaluated the effects of SICS on environmental indictors, in a really comprehensive analysis
and modelling framework, also socio-economic factors and indicators should be taken into
account, such as economic profitability and adoption of measures. In the SoilCare project,
an important finding was that although the CS scenario leads to highest impacts, the gross
margin of SICS uptake under this scenario is negative in many NUTS-2 regions [24,65].
Moreover, note that the spatial allocation of SICS application (e.g., where which SICS was
applied within the scenarios) was randomly allocated. Interestingly, overall, results of the
UP scenario (medium sustainability level with one SICS applied in all arable lands) were
close to those of the LS scenario (a mix of low (no measures), medium (one measure) and
high (multiple measures) sustainability levels). However, the spatial variability in LS will
be higher, meaning that areas with high erosion and low increase (or decrease) of SOC will
be offset by other areas with high erosion reduction and increase in SOC stocks. To avoid
this and reach land degradation neutrality (LDN, [94]), careful planning is required and in
terms of the scenarios simulated here, regarding the allocation of measures there is room
for improvement in the scenarios, for example to base the allocation of certain SICS in areas
that need them most and/or are most suitable [95].
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5. Conclusions

In this study we simulated the effects of Soil Improving Cropping Systems (SICS)
on SOC stocks and erosion on EU scale using the PESERA model. Four scenarios with
varying levels and combinations of SICS were simulated for the time period 2020-2050.
We can conclude that, for both SOC stocks, as an indicator for soil health, and erosion, as
indicator for land degradation, the scenario with the highest level of SICS, i.e., application
of minimum tillage and compaction alleviation in combination with either mulch or cover
crops, clearly decreases erosion levels substantially across Europe as well as turning a
decreasing trend of SOC stocks (When no SICS are applied) into an increase in SOC stocks,
on average across Europe. Scenarios with medium level of SICS application as well as a
scenario that implemented a mix of no SICS, medium level and high level SICS throughout
Europe showed a decrease in erosion, while SOC stocks remained at the current level.

Future improvements for this modelling study would include to add climate change
and dynamic land use. Furthermore, SICS were now randomly allocated in the arable
lands; further scenarios including a more targeted spatial allocation of the levels of SICS
would be interesting to conduct.
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Abstract: Assessing agricultural sustainability is one of the most challenging tasks related to expertise
and support methodologies because it entails multidisciplinary aspects and builds on cultural and
value-based elements. Thus, agricultural sustainability should be considered a social concept, reliable
enough to support decision makers and policy development in a broad context. The aim of this
manuscript was to develop a methodology for the assessment of the sustainability of soil improving
cropping systems (SICS) in Europe. For this purpose, a decision tree based on weights (%) was chosen
because it allows more flexibility. The methodology was tested with data from the SoilCare Horizon
2020 study site in Germany for the assessment of the impact of the integration of cover crops into the
crop rotation. The effect on the environmental indicators was slightly positive, but most assessed
properties did not change over the short course of the experiment. Farmers reported that the increase
in workload was outweighed by a reputation gain for using cover crops. The incorporation of cover
crops reduced slightly the profitability, due to the costs for seeds and establishment of cover crops.
The proposed assessment methodology provides a comprehensive summary to assess the agricultural
sustainability of SICS.

Keywords: sustainability framework; overall sustainability; costs and benefits; cover crops

1. Introduction

Assessing agricultural sustainability is one of the most complex exercises related to
appraisal methodologies because it entails not only multidisciplinary aspects (environ-
mental, economic and social dimensions), but also builds on cultural and value-based
elements [1]. Thus, agricultural sustainability should be considered as a social concept that
can be modified in response to the requirements of society as a whole and the individuals
constituting this society [2,3].

According to the current definitions policy-oriented sustainability assessment is a
methodology that can help decision- and policymakers decide what actions they should
or should not take to make society more sustainable [4]. For this purpose, sustainability
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assessment practitioners have developed a large number of tools [5]. Finding the appropri-
ate assessment instrument is critical to match theory with practice, and to have successful
outcomes in improving sustainability. More specifically, although many methods exist
for monitoring and evaluating the environmental dimension of agricultural management
practices, no single method has been widely accepted for assessing it, perhaps due to the
complexity and variability of agricultural systems [6]. Though the meanings and uses of
the term sustainability remain diverse, it is now widely accepted that sustainability is the
path to balancing social, economic, and environmental needs [7-9].

There is broad scientific agreement on the fact that sustainable agriculture is defined
as the management and the use of the agricultural ecosystem in a way that allows reaching
economic (e.g., income growth or economic stability), social (e.g., equity or the cover of
basic needs), and ecological objectives (e.g., ecosystem protection or natural resources
regeneration) [7,10]. These objectives need to be continuously evaluated with scientific
criteria, acknowledging uncertainty and safety margins.

Many frameworks with various combinations of indicator sets aimed at describing
farming and cropping systems exist, from simple ones to complex multi-dimensional
assessment tools [11-13]. The choice of the indicators depends on the objective of the study.
In many studies, indicators are chosen to characterise the sustainability of the system or
the intensity of management and practices (i.e., land-use intensity) [14-16]. However, the
collection of the data needed to implement such frameworks is tedious and time consuming,
and thus simple and reliable indicators, based on data that are reasonably easy to obtain,
are required [5].

A review study related to sustainable agriculture revealed that the social dimension
is the most difficult to assess in a quantifiable way when compared to the environmental
and economic dimensions due to its inherently more subjective nature [17,18]. Research
looking into the social sustainability of farming systems deals with issues and indicators
related to (subjective) well-being and quality of life of the farming population, working
conditions (workload, working time), gender equality, on-farm and off-farm incomes, access
to services (education, advisory services), social relations (family, community), social security,
finding work meaningful, life satisfaction, physical and mental health, etc. [18-20]. Hence,
socio-cultural acceptability is a prerequisite for the adoption of new agricultural practices.

In their review paper, Alaoui et al. [5] selected frameworks based on the following
criteria: (1) are validated through a peer-review process, (2) consider a farm-level as-
sessment, (3) cover universal agricultural sectors including livestock and arable farms,
(4) include the three dimensions of sustainability, and (5) are suitable both for Europe
and countries worldwide. Based on the selected criteria, the following frameworks were
identified: RISE (Response-Inducing Sustainability Evaluation [21]), MASC (Multi-attribute
Assessment of Sustainability of Cropping Systems [22]), LADA (Land Degradation Assess-
ment in Drylands [3]), SMART (Sustainability Monitoring and Assessment RouTine, [23]),
SAFA (Sustainability Assessment of Food and Agriculture systems [24]) and PG (Public
Goods [25]).

The EU Horizon 2020 project SoilCare, aimed “to assess the potential of soil-improving
cropping systems (SICS), to identify and test these SICS to determine their impacts on prof-
itability and sustainability in Europe”. This required an assessment framework based on an
evaluation of environmental, sociocultural, and economic dimensions of crop production.
The methodology needed to allow flexibility; it needed to be applicable to all study sites
(SS) across Europe to allow comparison and upscaling and at the same time to be flexible
enough to consider site-specific circumstances.

Taking into account the above considerations, none of the reviewed frameworks was
suitable for SoilCare because they did not include the indicators needed to evaluate SICS
and/or did not provide results to evaluate the key terms of SoilCare (such as sustainability,
profitability, soil quality) in combination.

The main aim of this research was to develop a comprehensive methodology for assess-
ing the overall sustainability of the farm with special attention to the benefits, drawbacks,
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profitability, and soil quality of the SICS as compared to the control-conventional system. To
set up a tool for the assessment of the overall sustainability, we chose a decision tree based
on weights (%). This is because it allows simple aggregation to assess the three dimensions
of sustainability and provides flexibility [22].

In this manuscript, we provide the general concept of the assessment tool developed
to calculate sustainability of the SICS under consideration. We provide information on the
indicators, their weighting factors, their threshold values, and their scores. An application
with data from the German SoilCare study site is provided to explain how the tool is used
for conservation agricultural techniques and serves as a first critical evaluation to document
lessons learned. In this study, we assess the sustainability of the farm/field where the SICS
is implemented.

2. Materials and Methods
2.1. Assessment Tool

For the evaluation of the overall sustainability of a farm and to facilitate the assessment
of the performance of cropping systems three dimensions of sustainability were considered,
i.e., environmental, sociocultural and economic. A decision tree was chosen for the aggre-
gation. It breaks the sustainability assessment decisional issue down into simpler units that
comprise quantitative as well as qualitative elementary criteria to rate cropping systems.
Such aggregation is needed as the data for the three dimensions include various kinds of
quantitative and qualitative data, obtained in different ways, including monitoring and
questionnaires [22].

Within the decision tree, weights (%) were assigned to adjust the relative importance of
the different indicators used within the three dimensions of sustainability. These weighting
factor values were established from expert knowledge based on the literature review and
can be modified to fit specific conditions and decision makers [5].

In the SoilCare project, the study sites selected to test the sustainability impact of
SICS were grouped into 4 key topics to improve sustainability, namely, compaction, soil-
improving crops, fertilization/amendments, and soil cultivation. The experiments imple-
mented in the SoilCare project were short-term since the project was a 5-year project. To
assess the sustainability of a given farm using the tool developed here, input data is needed.
The tool calculates sustainability by assigning a higher score to the key topic considered
in comparison to the others. This was the reason why we developed a new tool for the
assessment of sustainability.

For the assessment of the sustainability of a farm or a field, we have selected plots
with the SICS and plots without (controls) that best characterise the farm or field under
consideration. The assessment was carried out by comparing the SICS plot with the control
plot. Figure 1 provides an overview of the three dimensions considered and the related
properties. For future use, the users can adapt the weighing to their specific case. This
flexibility would help improve the assessment tool for various purposes.

2.1.1. Environmental Dimension
e  Monitoring variables

To assess the sustainability of a farm, in situ measurements of the variables were
carried out. For this purpose, a monitoring plan was established to harmonize the monitoring
including instructions on the treatment replication, randomization, and sampling in which
each experiment within a field /location is composed of 3 blocks (corresponding to 3 repli-
cates). Each block contains two experimental units or plots where sampling is carried out for
composite or undisturbed samples [26].

e Selection of the indicators and weights

Based on a literature review [5] and considering the SICS-related key topics in the
SoilCare project, a list of variables for the evaluation of the environmental dimension of the
implemented systems was established. Each key topic is defined by a set of indicators with
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high weight, e.g., soil compaction is assessed by bulk density and penetration resistance
with a value of 0.20, and by infiltration capacity and aggregate stability with weight values
of 0.15 and 0.10, respectively (refer to the grey boxes in Table 1).

Overall sustainability

Environmental Economic

Biological Benefits Workload

Physical Investment Perceived risks

Chemical Maintenance Farmer reputation

1
it

Production

Figure 1. Structure of the aggregation of sustainability dimensions and assessment units.

Table 1. Weighing factors attributed to variables as related to the four key topics (soil cultivation, soil
fertilization, soil-improving crops, and soil compaction).

. Weight
Variable
Soil Cultivation Fertilisation Soil Improving Crops Compaction

Infiltration capacity 0.05 0.01 0.05 0.15
Aggregate Stability 0 0.01 0.05 0.10
Bulk Density 0.08 0.01 0.05 0.20
Penetration Resistance 0 0 0 0.20
Mineral Nitrogen 0.05 0.22 0.05 0.05
SOC 0.05 0.30 0.05 0.05
pH 0.02 0.05 0.05 0.05
Earthworm Density 0.05 0.05 0.05 0.05
Crop Yield 0.20 0.05 0.10 0.05
Yield Quality 0.10 0.10 0.10 0.05
Crop Cover Characteristics 0.25 0.05 0.10 0.05
Pests 0.05 0.05 0.20 0

Root Diseases 0.05 0.05 0.10 0

Weed 0.05 0.05 0.05 0

The selection of variables and their assigned weights was based on the literature
review [5] and is presented in Table 1. For more explanation, refer to File S1.

The assessment tool was designed to assess the change in the environmental dimension
resulting from the implementation of the SICS compared to the control cropping system.
Prior to inputting data into the assessment tool, the quantitative change of each variable as
measured/estimated in the field is transformed into a qualitative score: positive change,
no change, or negative change. For more details, refer to the “Metadata sheet” in File S1
using a statistically based approach.

In this tool, an additional option suggests the appropriate methods to be used for the
evaluation of the variables listed in Table 1. The aim was to harmonize the methods across
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all study sites (refer to File S1, input datasheet). Based on the type of method used, the
accuracy of the evaluation is evaluated.

e  Statistical analysis

To quantify the difference between the variables of soil with the SICS and the ones of
the control, a statistical approach was used. Mixed-effects models were used to estimate if
statistically significant differences exist between the SICS and related control treatments.
Mixed effect models were chosen as they allow a larger variety of designs and implementa-
tions [27] enabling a better identification and interpretation of interactions and repeated
measurements. The statistical data analysis was performed using-R-Studio, R version
3.6.1 [28]. Differences between treatments or dates were analyzed using the full facto-
rial statement “Treatment x Date”, or the factor “Treatment” for variables with repeated
measurements and only once measured variables, respectively. The experimental design
structure effect (block, whole plot, main-plot, etc.) was introduced in all models as a random
effect, using the statement “1 | structure” (in the German case study this was 1| Block). The
model’s optimum fixed structure was selected for the best fit attaining the lowest value of
Akaike’s Information Criterion (AIC) using a maximum likelihood function (ML). A visual
inspection was performed of the residuals’ Q-Q plots and the normalised residuals’ plots
against the fitted values. The final models were fitted using REML estimation. Estimated
marginal means by factors were computed by the least square method and contrasted by
the Tukey group comparison method (p < 0.05).

The comparison between the variables of SICS and the ones of the control used for
scoring the impact of SICS was scored by attributing a value of “1” for the statistically
significant positive change (PC) (SICS is better than the control), “0” for no statistically
significant change (NoC) and “—1" for statistically significant negative change (NC) (control
is better than SICS).

2.1.2. Sociocultural Dimension

In contrast to the environmental indicators, most factors that determine the sociocul-
tural acceptability of a SICS cannot be easily measured or quantified, which is due to their
inherently subjective nature. Therefore, a qualitative approach was applied, and a short
questionnaire (summarized in Table 2) was used to grasp the land users’ assessment of
the tested SICS in terms of three key topics: changes in workload, perceived risks, and
influence on farmers’ reputation.

Three requirements for SICS to be socially/culturally acceptable were identified on
the basis of a literature review.

e  Requirement 1 (Workload): SICS should not result in a considerable increase in work-
load, especially in periods where labour demand is already high.

In agriculture, working hours are generally long, considerably longer than in other
professions. Therefore, it is not surprising that farmers are sensitive to an increase in work-
load, especially when it occurs during periods in which labour input is already high, e.g.,
in spring (field preparation and sowing) or summer respective autumn (harvesting) [29].
Additionally, an increase in workload not only means long working days, but also leads to
higher production costs [29,30].

e  Requirement 2 (Risk): In the perception of farmers, a SICS should not be a (too)
risky practice.

A survey from north-eastern Germany showed that associated risks are among the
main drivers when decisions are made to adopt new conservation measures [29]. Trujillo-
Barrera et al. [31] concluded from their in-depth interviews with Dutch hog farmers that
perceived risk is a barrier to the adoption of sustainable production practices.

e Requirement 3 (Reputation): Applying a SICS should not impair the farmer’s reputation.

Much evidence exists [29,32-34], that farmers base their decision to adopt or reject
conservation practices not exclusively on economic, agronomic, and ecological grounds. To
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be adopted, practices need to be compatible with land owners’ values, and perceptions as
to what makes a good farmer, or an aesthetic agricultural landscape (e.g., keeping fields
nice and tidy).
Within each requirement, different questions were asked. The possible combinations
of the responses and their output scores are reported in the “Metadata sheet” of File S1.
To calculate the final score of the sociocultural dimension, a specific weight was
attributed to each requirement listed above (Table 2).

Table 2. Variables considered in the sociocultural dimension based on a questionnaire completed by
the land user and their weighing factors.

Topic Weight Variable Range of Answers
Strongly increased, slightly increased,
1.1. Increase/decrease in workload remained the same, slightly decreased,
1. Workload 0.4 strongly decreased
12 Workload increase during already Yes/no
existing work peaks
2.1. Health risk Yes/no
2.2. Economic risk Yes/no
2. Perceived risks 0.4 2.3. Risk of crop failure Yes/no
2.4. Risk of conflicts Yes/no
2.5. Other risk Yes/no
3.1. The (positive/negative) effect SICS Strongly improved, slightly improved,
3. Farmer’s reputation 0.2 application has on the reputation of remained the same, slightly worsened,
the farmer strongly worsened

Given the fact that the two topics of risk perception and workload increase are both
crucial for the adoption or rejection of new farming practices, they both have double weight
compared to the topic of farmer reputation. In addition, the effect on a farmer’s reputation
is much more difficult to grasp and verify. Therefore, it was deemed appropriate to give
this topic less weight in the assessment.

Study site researchers conducted the interviews at the end of the growing season with
those farmers involved in the SICS trials. The questionnaire was kept as simple as possible,
in order to avoid any limitations related to the implementation of the questionnaire, such
as an adequately trained audit team, long duration for the training and implementation.

2.1.3. Assessment of the Economic Dimension

The economic dimension was assessed by evaluating the costs and benefits of the
farm using a spreadsheet formatted questionnaire to ensure ease of use. This questionnaire,
adapted from [35], contained the different types of costs, such as investment costs, mainte-
nance costs, production costs, and benefits related to both the control and the SICS fields.
Details on costs and benefits should refer to the same area/unit that can be defined in the
Overview worksheet (refer to File S2 for more details). A summary of the costs and benefits
is directly calculated and provided at the end of the questionnaire to allow the comparison
between the control and the SICS. The details of each cost category are described below.

Investment costs: The assessor should list all one-off investment costs, structured ac-
cording to the activities and inventorying labour, agricultural inputs, construction material,
wood, earth, and other costs.

An activity refers to a defined task needed to establish the SICS and may consist of
multiple inputs:

e Labour costs indicate total person days, either paid or voluntary.
e  Equipment includes tools, machine hours, etc. Cost calculation for machine hours
should be based on hiring costs—even if the machinery is owned by the land user.
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e Agricultural inputs include seeds, seedling, fertilizer, biocides, compost/manure, etc.
and indicate costs and quantities needed.

e  Construction material includes stones, wood, earth, sand, etc. and indicate costs and
quantities needed.

Maintenance costs: List of maintenance/recurrent activities and their associated costs
for the SICS and the control cropping. It contains the same cost categories as listed for the
investment costs above.

Production costs: List of changes pertaining to activities or inputs related to activities
that have changed as a consequence of introducing a SICS (or a crop). Recurrent costs
related to the technology itself should be recorded under maintenance costs.

Benefits: The benefits are considered at the farm level and consequently are defined
as “on-site benefits”. They can include: (i) Products harvested (cash and food crops,
timber, fuelwood, fruits and nuts, animal fodder, etc.), (ii) Grazing/browsing, (iii) Recre-
ation/tourism, (iv) Subsidies (e.g., for agri-environmental measures), and (v) Protection
against natural hazards.

Calculation: The cost-benefit score represents the difference between the weighted
(see below) relative change in benefits and in costs. A positive score means an improved
cost-benefit ratio, a negative score means an impaired cost-benefit ratio. The score was
calculated as follows:

Cost —Benefit score = (ARCbenefits X Benefit weight) — (ARC psts x Cost weight) (1)
With ARCpeyefits = Relative change in benefits, calculated as follows:

Y Costssics

AR e = = —OIES 2
Cbenefzts E COStSContruI ( )
ARCsts = Relative change in costs, calculated as follows:
B it
ARCeyy, = Do/ tSsics )

r BenefitSControl

The type of costs for both SICS and Control are: Investment costs + Maintenance costs
+ production costs.

The benefits of both SICS and Control include all benefits listed in File S2 and are
calculated as follows: Products harvested (cash and food crops, timber, fuelwood, fruits
and nuts, animal fodder, etc., +Grazing/browsing + Recreation/tourism + Subsidies (e.g.,
for agri-environmental measures) + Protection against natural hazards.

In both cases (i.e., change in benefits and change in costs) the relative change has been
capped to +/—100%. At the cost end, the positive extreme is theoretically solid as it means
that costs involved with the control system can be reduced to 0 and that 0 means a perfect
(+1) score. A doubling of the cost (and anything above) is regarded as the most negative
outcome (—1). At the benefit side, a score of —1 is attributed to any decrease.

The Benefit weight and Cost weight account for the amplitude of changes in benefits
and cost. The Benefit weight represents the ratio between the absolute difference in benefits
as compared to the absolute difference in costs. The Cost weight is the counterpart of the
Benefit weight and represents the ratio between the absolute difference in costs as compared
to the absolute difference in benefits. The weights are calculated as follows:

‘BenefitSICS - BenefitConrrall

Benefit weight = p p
|Costssics — Costscontrol| + |Benefitsics — Benefitcontrol|

4)

Cost weight = 1 — Benefit weight (5)

This allows us to appropriately consider cases with minimal absolute changes at the
cost side but large changes at the benefit side, or vice versa. For instance, the doubling of
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cost from EUR 10 to EUR 20 will have double the weight (0.66) compared to a doubling of
benefits from EUR 5 to EUR 10 (0.33).

2.2. The Case Study

In the SoilCare project, panel meetings including scientists, farmers and other stake-
holders identified a number of threats to soil quality and fertility and proposed management
techniques for the mitigation of these threats [36]. At the study site in Germany, the stake-
holder panel suggested focusing on conservation agriculture and to investigate, among
other techniques, specifically cover crop management. Therefore, a field experiment was set
up at a research farm in Tachenhausen, Germany (48.649800° N, 9.387500° E, 330 m a.s.L).
In the present study, the assessment methodology was applied to the comparison between
cover cropping and bare fallow treatments.

The soil is heavy, and loess derived, with a very fine sandy loam texture. The soil
profile is characterized as Cambisol (IUSS Working Group WRB, 2015) with four horizons
and with a ploughing pan at 40 cm. The climate is temperate with a mean annual tem-
perature of 8.8 °C and 809.3 mm precipitation (monitoring weather station Tachenhausen
HfWU, 150 m from the site, 1961-1990). The field has a history of conventional agriculture,
with a crop rotation consisting mainly of cereals and sugar beet and winter oilseed rape as
alternate break crops. The crop rotation for the experiment was spring barley (2018)—cover
crop mixture/bare fallow-silage maize (2019)-spring barley (2020). The main crop for the
2019 cropping season was Zea mays (var. Figaro) sown on 6 May 2019 with 10 plants m—2
and harvested on 17 September 2019.

The experimental layout was a randomized complete block design with eightreplicates
with plots of 2.4 x 3 m. The treatments included bare fallow and cover cropped plots.
Originally, the field experiment was set up as a full factorial experiment, including also
two herbicide treatments. However, as no significant interaction between the cover crop
and herbicide treatments could be detected, the measurements could be averaged over the
two cover crop treatments. For establishment of the field experiment, a commercial cover
crop mixture consisting of 55% Vicia sativa, 20% Trifolium alexandrinum, 16% Phacelia
tanacetifolia and 9% Helianthus annus was sown at 25 kg ha~! in rows of 20 cm in the
beginning of August. The field was tilled with a rotary harrow in a depth of 10 cm shortly
before sowing the cover crops in a regime of non-inversion tillage. Mineral fertilizer was
applied in 2018 at the rates of 90 kg ha ™' N, 17.5 kg ha~! P, 53.1 kg ha~' K, 8.1 kg ha~! Mg
and 20 kg ha~! S. The maize in 2019 was not given any fertilizer. The following spring
barley received mineral N-fertilizer at a rate of 89 kg ha~! on 17 April 2020. Herbicides
were applied as necessary.

The sampling and measurement of the indicators of the assessment methodology was
carried out in spring after the cover crop in 2018-2019 following a monitoring plan with
standardized methods for biological, physical and chemical properties of soils [26]. In
the case study of Germany, the economic assessment was made possible by taking the
values from publicly available tables of agricultural economics. For the calculation of the
cost—benefit analysis, a sequence similar to the field experiment consisting of cereal-cover
crop-silage-maize-cereal was used, but with winter wheat instead of spring barley. The
sociocultural dimension was assessed by conducting semi-structured interviews based
on the abovementioned questionnaires with five different farmers and a consultant of the
public extension service of the region.

3. Results
3.1. Environmental Dimension

The assessment methodology was applied at the study site in Germany to compare the
SICS integrating cover crops with the control treatment with bare fallow over winter. The
environmental performance of the SICS, measured as the response of selected soil quality
indicators, showed mixed results. Some indicators improved with cover crops (i.e., bulk
density and soil cover) or showed a positive trend (number of earthworms) (Table 3). On
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the contrary, water-stable aggregates and infiltration were higher in the fallow plots, while
weeds, tended to be lower than in the cover crop treatments. Mineral nitrogen tended to
be lower under cover crops. Most of the other soil quality indicators showed no variation.
This slight improvement indicates the positive effect of certain cover crop species on soil
quality, especially on soil structure expressed by the reduced bulk density/increase in total
porosity [37]. The resulting figures are presented in Supplementary Material File S3, the
error bars represent the SE of the model.

Table 3. Impact of cover crops on the variables at least two years after the implementation.

Indicators Impact of SICS Score Weight In SICS
Infiltration No change 0 0.05
Aggregate stability Negative change -1 0.05
Bulk density Positive change +1 0.05
Penetration resistance No data 0 0.00
Mineral nitrogen No change 0 0.05
S0OC No change 0 0.05
pH No change 0 0.05
Earthworm density No change 0 0.05
Crop yield No change 0 0.10
Yield quality No change 0 0.10
Crop cover characteristics Positive change +1 0.10
Pests No data 0 0.20
Root diseases No data 0 0.10
Weed diseases No change 0 0.05

Concerning the key topic addressed here, namely soil improving crops, there was a
slight increase with an impact index of 0.10 (Table 4).

Table 4. Outcomes of the assessment of the environmental dimension with regard to the key topics.

Properties Impact Index
Soil cultivation 0.33
Fertilisation 0.05
Soil improving crops 0.10
Compaction 0.15
Environmental dimension 0.18

3.2. Economic Dimension

In order to assess the economic dimension, the benefits of SICS were calculated in
relation to the costs for the crop sequence of three years. Since the cereal straw was left
on the field, the benefit is based on the pure grain yields, respective silage maize yield
multiplied by the average market price in the respective year.

When comparing the benefits with the costs for both control and SICS, there is a loss in
both cases (File S2), but less loss for the control than for the SICS.

The benefit of the SICS is higher than that of the control (Table 5). The cause of the loss
is due to the higher costs for cover crop seeds and sowing that outweigh the slight increase
in benefits (yield).

Table 5. Impact index of the economic dimension of SICS as compared to control considered in the

CSS of Germany.

Cropping System Impact Index
Cost 0.09

Benefits 0.06
Economic dimension —0.03
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3.3. Sociocultural Dimension

The assessment of the sociocultural dimension shows slight positive impact due to
the improvement of farmer reputation, although the moderate increase in the workload
due to the short time window left after harvest to perform sowing reduces the perceived
overall benefit for the farmers (Table 6). The problem with the workload at harvest time
could be mitigated by using the technique of harvest-sowing, but this is only possible in
some combinations of main and cover crop.

Table 6. Assessment of the changes of the sociocultural dimension with cover crops as soil improving
cropping system. The Impact index was calculated using the responses of practitioners in structured
interviews at the study region in Germany.

Sociocultural Data Impact Index
Workload —0.33
Perceived risks 0.00

Farmer reputation 1.00
Sociocultural dimension 0.07

3.4. Overall Sustainability

The field study in Germany provides an example of the application of the tool (Table 7).
In this case, the environmental and the sociocultural dimension improved slightly under
cover cropping (SICS) compared to bare fallow (control). The economic dimension showed
a negative scoring, because of a slight increase in costs. Further assessment in the coming
years is necessary to confirm these results.

Table 7. Synthesis of the impact of applied SICS.

Impact of Applied SICS
Sociocultural dimension 0.07
Economic dimension —0.03
Environmental dimension 0.18
Opverall sustainability 0.08

4. Discussion and Recommendations
4.1. Outcomes of the CSS of Germany

In order to evaluate the applicability of the assessment tool, it was applied to the
dataset resulting from a field experiment at the German study site comparing cover crops
and bare fallow as agricultural practices in a common crop rotation with cereals and silage
maize. The proposed set of soil quality indicators was used to assess the environmental
dimension. The effects on the economic dimension were evaluated by assessing the costs
and benefits of the two systems, while the sociocultural dimension was studied using
structured interviews with farmers. Generally, statistically observable effects of the SICS
treatment on the measured soil properties in the field experiment were limited to a few
indicators. Reports of positive effects of cover cropping on main crop yield and soil quality
are abundant in the literature, but results vary [38,39]. The costs of the SICS with the
inclusion of cover crops were slightly higher than in the conventional treatment, resulting
in a slightly negative score of the economic dimension. The farmers that were interviewed
for the assessment of the sociocultural dimension had consistently a positive opinion of
cover crops, but also acknowledged management difficulties and a certain dependence on
a favourable climate for cover crop establishment and performance.

Regarding the environmental dimension, the positive effect of cover crops on soil
cover in spring was significant. Especially under conservation tillage management, cover
crop litter constitutes a protective layer on the soil surface and provides important benefits
for the agroecosystem, such as erosion protection, reduced evaporation and habitat for
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soil fauna [40]. Cover cropping had also a positive effect on bulk density, which is related
to pore connectivity. As compaction is an increasingly acknowledged soil threat [41],
cover crops provide an interesting opportunity to increase porosity, especially in systems
with no or decreased mechanical soil loosening [42]. A previous study showed that cover
crops reduced soil penetration resistance or compaction by 0-29% (average, 5%). They
improve wet aggregate stability by 0-95% (average, 16%) and cumulative infiltration by
0-190% (average, 43%) [43]. In our case, soil biological properties tended to improve, with
earthworm numbers showing a positive trend with cover crops although not significant
(data not shown here), as well as the potential extracellular activity of 3-glucosidase, an
enzyme involved in the breakdown of cellulose (not shown). These results clearly showed
that the micro-habitat provides more substrate and energy for microbial life under cover
crops [38,44]. While most measured soil chemical attributes were not changed.

Despite these positive changes with cover crops, the SICS seemed to have also unde-
sired effects on some soil variables: aggregate stability decreased significantly while bulk
density decreases (or increase in total porosity). This last observation can be attributed to
the dominance of the structural porosity created by earthworms. The unexpected decrease
in aggregate stability indicates that positive effects of cover crops on different aspects of
soil structure might require time and multiple growing cycles to develop [45]. More on the
management side, weed pressure tended to be higher in the cover cropped plots compared
to the bare fallow due probably to missing herbicide application, although weed suppres-
sion is another expected benefit from cover cropping. Maximising the cover crop biomass
and an optimized termination and residue management can improve the weed-suppression
capacity of cover crops [46]. The obtained scoring of the environmental dimension of the
assessment methodology provided a quite accurate resume of the slight improvement
of soil quality with cover crops compared to the bare fallow control, but with an uneven
response of the different soil quality indicators.

Similarly, the farmers’ rather positive opinion about cover crops was reflected by
the improvement of the sociocultural dimension. The modest increase in workload was
greatly offset by the improved reputation. This underscores the importance of prestige
for decision making for practitioners [47], especially since the farmers in the region are
increasingly worried about their public image, some of them even mentioned feeling
attacked by media. The farmers also acknowledged potential positive benefits of the cover
crops being especially interesting when considering the necessary adaption to climate
change [48].

The slight negative scoring of the economic dimension matches the reality, as the
adoption of SICS and other sustainable farming techniques frequently implies higher
production and maintenance costs which are not covered economically due to the inability
of the market to integrate externalities into pricing [49]. Potential benefits of cover crops
were not included in the economic assessment, such as SOC increase, erosion reduction, N
input by leguminous cover crops or an increased biodiversity. Nor could external benefits
for society be included, such as reduced sediment runoff, C sequestration and positive
effects on water quality or landscape, among others [50]. The complexity of management
techniques based on (agro-)ecosystem functions means they frequently require a substantial
amount of experience to yield satisfying results. Even worse, although management
can alleviate many reasons for the underperformance of SICS, in some cases significant
trade-offs between environmental performance and productivity remain and call for a
paradigm shift [51]. Until then, in absence of effective market mechanisms, potential
losses can be only compensated by increasing the subsidies for environmentally friendly
farming practices.

The overall scoring of the SoilCare assessment methodology of cover cropping is
therefore possibly partially biased by an overly negative score of the economic dimension,
but seems to provide an acceptable resume of the effects of the adoption of this SICS for the
sustainability of the system. When evaluating the assessment methodology in workshops at
the German study site, the stakeholders provided a heterogeneous rating of the assessment
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methodology and made some suggestions that could likely improve the applicability and
power of the tool.

Regarding the measured soil properties, some farmers suggested to include methods of
visual assessment of soil structure, e.g., as in a shovel test, as this method is easy to perform
for practitioners and it gives relevant information for practitioners [52]. Participants with a
more academic background suggested the measurement of greenhouse gases to cover this
important aspect of sustainability. Another possibility would be to integrate methods to
assess the soil microbial community into the tool. Creamer et al. [53] explain in detail how
soil life could be integrated in the concept of multifunctionality of agricultural ecosystems.
It is clear that the selection of adequate methods for judging soil microbiological properties
is context dependent. The authors give in their article three different possible contexts
where soil microbiological properties could have an additional value: Mechanistically
understanding of multifunctionality, optimising sustainable land management and soil
quality monitoring over time. Further investigations are needed to include all the above
aspects in the here presented tool.

4.2. Strengths and Challenges of the Assessment Tool

This paper describes a new assessment tool to assess the overall sustainability of
soil-improving cropping systems illustrated by an example from Germany. An overview of
results from SoilCare study sites obtained with the tool under various conditions within
SoilCare is provided in [36]. Therefore, from the outset, our intention was to develop a
practical and flexible tool to assess the overall sustainability that can be adapted for other
purposes and contexts.

In our assessment methodology, we included environmental/soil quality, economic
and socio-cultural aspects in order to take into account all factors that are relevant for
the success of SICS. Nevertheless, it should be realised that our assessment remains a
simplification of reality. To be able to develop an assessment methodology for SICS that
could be used in SoilCare, some assumptions were necessary, and some limitations exist:

e Opverall Sustainability assessed in this study has been defined within the three dimen-
sions, environmental, sociocultural, and economic dimensions. The last dimension
was restricted to economic benefits to the farmer during the assessment period con-
sidered in this study and does not take into account the benefits at larger spatial and
temporal scales, e.g., benefits to society, off-site effects, long-term benefits. In reality,
an agricultural system is sustainable when the trade-offs between the objectives con-
sidered for public evaluation of its performance, economic objectives, social objectives,
and ecological objectives reach acceptable values for society as a whole [1].

e Aneconomic assessment at farm level should include the whole rotation that is used,
which was not always possible, as rotations are often longer than the 3 years of
monitoring that was possible in SoilCare.

e  Another limitation of the method, partially solved by considering rental costs, was
the lack of detailed costs and benefits related to the equipment that should include
depreciation costs occurring at longer time scale than the one considered in this study
as well as the use of such equipment for other purposes than the ones related to the
SICS considered here.

e In general, the SoilCare experiments were too short to show significant effects on
the overall sustainability, e.g., soil organic carbon content, mineral nitrogen, pH,
earthworm density) (Table 3). Some benefits of the SICS may require a longer time
period to become detectable [54,55]. Besides, hydraulic conductivity and bulk density
have a large spatial and temporal variability in the field, which makes it more diffi-
cult to detect significant differences without increasing dramatically the number of
measurements [36].

e It should be kept in mind that monitoring was carried out for 2—4 years, and that
specific conditions during the years of monitoring can have an impact on the outcomes.
For example, the weather conditions during the short-term experiments were quite
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specific, especially in 2018 occurred droughts at several study-sites, resulting in a
drastic decrease in yield [41]. Moreover, all the years had high, sometimes record-
breaking, temperatures.

e  Considering the existing distortions of the market and the large dependence of Eu-
ropean agriculture on subsidies, it could be debated whether the weight given to the
economic dimension in the calculation of the overall sustainability score is biased
by ideology instead of a true interest in the well-being of future generations. This
societal benefit effect can be captured by an extension of the indicators and extensive
data collection. The semi-quantitative nature of the sustainability index would allow
for an extension considering the direction of the impact of SICS (positive, no change,
negative) on different ecosystem services for society even if valuation is not possible.

5. Conclusions

The aim of this paper was to establish a tool for the assessment of the sustainability
of the SICS at the farm/field scale. For this purpose, a decision tree based on weights
(%) was chosen because it allows simple aggregation to assess the three dimensions of
sustainability, namely, environmental, economic and sociocultural, and provides flexibility.
The decision tree allowed us to set up a comprehensive and standardized methodology
that could be further improved and used for different purposes. The methodology was
tested with data from the SoilCare Horizon 2020 study site of Tachenhausen, Germany,
for the assessment of the effect of integration of cover crops into the crop rotation. The
effect on the environmental indicators was slightly positive, but most assessed properties
did not change during the short time of implementation (two crop seasons). Regarding
the social dimension, farmers reported that the increase in workload was outweighed by
an improved reputation for using cover crops. Regarding the economic dimension, the
incorporation of cover crops reduced slightly the profitability, due to the costs for seeds and
establishment of cover crops, which were greater than the increased income from higher
yields. Further development and refinement by considering various pedo-climatic and
land management conditions, as well as long-term assessments, are needed to strengthen
the predictions.
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Abstract: The need to provide appropriate information, technical advice and facilitation to support
farmers in transitioning towards healthy soils is increasingly clear, and the role of the Agricultural
Adpvisory Services (AAS) in this is critical. However, the transformation of AAS (plurality, commer-
cialisation, fragmentation, decentralisation) brings new challenges for delivering advice to support
soil health management. This paper asks: To what extent do agricultural advisory services have
the capacity to support the transition to healthy soils across Europe? Using the ‘best fit’ framework,
analytical characteristics of the AAS relevant to the research question (governance structures, man-
agement, organisational and individual capacities) were identified. Analysis of 18 semi-structured
expert interviews across 6 case study countries in Europe, selected to represent a range of contexts,
was undertaken. Capacities to provide soil health management (SHM) advice are constrained by
funding arrangements, limited adviser training and professional development, adviser motivations
and professional cultures, all determined by institutional conditions. This has resulted in a narrowing
down of access and content of soil advice and a reduced capacity to support the transition in farming
to healthy soils. The extent to which emerging policy and market drivers incentivise enhanced
capacities in AAS is an important area for future research.

Keywords: agricultural advisory services; soil health; governance; agricultural advisers; sustainable
soil management; soil policy; advice

1. Introduction

Soil health has emerged as a priority for high level and national policy makers and
for agricultural communities. This is linked to the recognition of the multiple functions
that soils fulfil and the soil degradation processes closely linked to agriculture: erosion,
organic carbon decline, soil biodiversity decline, compaction, contamination, salinisation
and acidification [1,2]. Indeed, soil health is seen as “a key solution for our big challenges”
in the newly launched European Union (EU) Soil Strategy, which builds on the European
Green Deal and the Farm to Fork Strategy [3,4]. For agricultural soils, soil health and
managing soil sustainably are regarded as central to food system transition pathways
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such as agroecology and regenerative agriculture, managing carbon for climate change
mitigation and adaptation and mitigating pollution for human wellbeing.

However, the soil governance landscape (formal and informal institutions related to
soil-related decision-making processes) continues to be highly fragmented. It is charac-
terised by multi-level and multi-actor decision making, with no single body responsible at
the EU or national levels [5] and could be described as a network mode of governance [6].
A number of public and private mechanisms are applied that influence agricultural soil
management decisions (directly or indirectly), reflecting the multiple functions (provi-
sioning, filtering of nutrients, carbon storage, flood mitigation) and private and public
good that soils provide [7]. These include public cross-sectoral policy instruments (regu-
latory and voluntary) at the EU, national and regional levels; market-led (food assurance
schemes in the supply chain); and measures which are led by the farming industry and
non-governmental organisations (NGO) (voluntary initiatives, partnerships and networks).

This emphasis on soil health and its complex governance arena brings new challenges
both for land managers and those that support them. The need to provide appropriate
information, technical advice and facilitation to support farmers in transitioning towards
sustainable soil management [8] has been identified by a number of researchers and policy
makers at the international, European and national levels [8-13].

Agricultural Advisory Services (AAS) have always constituted an important part of
farmer decision making with respect to soil management [14,15]. However, the increasing
complexities of managing different soil functions and soil health at the farm scale [9] places
new demands on these services.

Soil health has been defined as the capacity of soil to function as a vital living sys-
tem [16]; however, the concept, and how it is operationalised, is still evolving [17]. Conse-
quently, there are many understandings of what constitutes good soil health management
(SHM). There are multiple practices embodied in the soil health concept, such as the use
of cover crops and residues and reduced tillage; however, there is no single message or
set of advice that is relevant to all contexts. Emerging interest in soil health indicators,
soil biological processes and soil carbon dynamics [18] and new farming approaches (e.g.,
regenerative agriculture, agroecology), requires increasingly specialist knowledge and
understanding (metrics, sampling techniques and analysis, interpretation) [19-21] beyond
the traditional territory of soil fertility and agronomy. Meeting famers’ knowledge needs,
building their capacity and facilitating shared learning for SHM presents new imperatives
for advisers [22]. These challenges exist against a backdrop of a changing farming popula-
tion operating in a volatile, competitive marketplace negotiating multiple drivers in the
agri-food system.

AAS have themselves been in transition, with privatisation and decentralisation oc-
curring to different extents across Europe over the past 30 years [23]. The diversity of
actors, intermediaries and organisations from the private (The private farm advisory sector
includes profit and non-profit enterprises. Prager et al. [24] distinguishes ‘private’ as the
status of an organisation and ‘commercial’ as the activities carried out by the organisation
(e.g., offering advisory services for a fee)) and public sectors and NGOs engaged in some
way in offering advice that influences soil management has grown. In particular, there has
been an increase in the number of private advisers (These include: commercial agronomists
offering services as part of farm input sales; farm management consultants; independent
advisers or technicians within the supply-chain, sector or industry body or employed by
farmer-owned groups) [25] and those with commercial links to farmers [26,27]. There is
debate about the impact of such diversity on governance with respect to the integration
and fragmentation of advice, competition and cooperation and how on access to quality
advice [24,28,29]. Arguments about the advantages and disadvantages of privatisation
have also been well rehearsed [30-32]. The potentially negative impact of commercialisa-
tion on public goods advice [33] and the limited investment in updating environmental
knowledge for advisers has been highlighted [34]. The powerful effect of new economic
actors, such as those in the supply chain, on environmental objectives has also been demon-
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strated [26,27,35] and noted specifically for soil management [10,36,37]. Private sector
providers who support production goals can promote practices detrimental to soil health
(e.g., multiple field operations with heavy machinery, a reliance on inorganic fertilizer,
poor budgeting of organic inputs, harvesting in unsuitable conditions) [38]. Meanwhile,
resources for public sector advice to farmers on the mitigation of soil degradation processes
have also been shown to be inadequate [39].

Although there has been a requirement for all EU member states (since 2007) to
establish a Farm Advisory System (FAS) (according to FAS, Regulation (EC) N° 73/2009) to
support farmers in meeting cross-compliance requirements, including soil management
though Good Agricultural and Environmental Conditions (GAEC), the singular advisory
focus on compliance has been to the detriment of other soil functions and soil health
outcomes [40].

The role of the individual adviser is also shifting, demanding greater professionali-
sation in increasingly specialised sectors, technical expertise (subject-matter knowledge),
facilitation skills and awareness of a number of policy instruments, innovations, industry
demands, certifications and environmental objectives. In such an environment, the assump-
tion is that advisers will pursue different knowledge and strengthen and broaden their
suite of professional practices to suit the ‘new farming paradigm’ [41,42]. At the same time
advisers need to stay abreast of the farming community’s growing informal soil knowledge
networks, [43,44] and the different ways they negotiate their own microAKIS [27]. How-
ever, a body of evidence has been accumulating [10,14] suggesting a lack of specialist soil
technical support and expertise in the advisory community, a poor understanding of the
impact and externalities of their advice for soil, as well as varying motivations. Although
studies show that farmers are deferring to advisers for their soil testing, largely in arable
sectors [45,46], the lack of meaningful guidance for advisers regarding interpretation of
these tests for soil health, especially for soil organic matter, and for specific farm conditions
and management, is a concern [22,47]. There are a number of examples of effective soil
advice across Europe [39]; however, it is clear that there are variable skill sets [11].

These insights raise questions about the capacity of advisory organisations and the
constituent advisers for supporting SHM. This paper asks: To what extent do agricultural
advisory services have the capacity to support the transition to healthy soils across Europe?

This addresses a recognised research gap, since understanding how the economic
resources and strategies of advisory organisations determine the content of advice has
received little (particularly for soil health) attention [26,30]. Equally, although soil literacy
and societal engagement are central to the EU Soil Strategy and the implementation of the
Mission for Soil and the European Soil Partnership, little has been done to understand the
level of knowledge and expertise about soil health management in AAS.

This question is addressed using an analytical framework which positions AAS within
the wider Agricultural Knowledge and Innovation System (AKIS), in which AAS are a
subsystem. The framework implies that a range of organisations and stakeholders are
involved in agricultural innovations along agricultural value chains, as well as agricultural
research, agricultural extension and agricultural education [48]. Work conducted in the
EU-funded SoilCare project underpins this analysis.

2. Concepts and Framework

AAS can be defined as sets of organisations that support and facilitate people engaged
in agricultural production to solve problems and to obtain information, skills and tech-
nologies by enabling farmers to co-produce farm-level solutions by establishing service
relationships with advisers [30,32,49]. AAS comprise traditional advice providers (cham-
bers of agriculture, public bodies, research institutes), farmer-based organisations (FBOs)
(unions, associations, cooperatives), non-governmental organisations (NGOs), independent
consultants as well as advisers working in upstream or downstream industries, supply
chains and high-tech sectors. However, these distinct categories do not fully capture the dif-
ferent arrangements and the new actors and roles emerging [23,26,27]. The term “pluralistic’
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A) Frame conditions

Frame conditions

Context
® Policy environment
* General capacity of
service providers
® Farming systems

is used to describe the diversity of institutional options in providing and financing AAS [50].
AAS are characterised by a range of approaches, including one-to-one advice, facilitated
interactive group approaches to foster peer-to-peer learning and mass dissemination.

We have adapted the ‘best fit’ (Birner’s [49] framework was proposed for identifying
modes of providing and financing advisory services that ‘best fit’" the specific conditions
and development priorities of specific countries) framework developed by Birner, Davis,
Pender, Nkonya, Anandajayasekeram, Ekboir, Mbabu, Spielman, Horna and Benin [50] to
analyse the capacity of AAS for supporting SHM (Figure 1). Due to the multiple interacting
dimensions of the AKIS and the AAS, it is difficult to collect data to capture the full
complexity and interdependence of the system [51]. This framework provides a means
of disentangling the different dimensions within the system. Here, we use selected key
analytical categories in the framework relevant to the research questions. We define SHM
as ‘where management maintains or enhances (and does not impair) the capacity of soil
to function as a vital living system, and to provide supporting, provisioning, regulating
cultural services’. SHM is underpinned by the following management principles identified
in the SoilCare project: integrate crop rotation, maintain continuous soil cover, build organic
matter, minimise soil disturbance, prevent soil compaction, manage water for soil, use
soil-friendly weed/pest control and consider landscape-scale management. These were
derived by scientific review [52] and experimentation [53], as documented in this Special
Issue, and have proven soil health benefits [54,55].

Adapted from Birner et al (2009)
C) Characteristics of
advisory services

Governance structures
® Role of the public,

private actors
® Level of fragmentation,

decentralisation and
linkages H H

and socio-

economics

Multipl .
: mf;pp,:‘amns of D) Performance E) Evidence of F) Impact
S change * Healthy soils

B) Farmer knowledge

Characteristics of
land managers

® Knowledge needs

e Competencies,
skills, adaptive
capacity

o Extent of
networking and
peer-peer learning

ﬁ * Performance
’ ® Quality of service ® Evidence of

farmers

transitioning to
Management, SHM
organisational and e Capacity increase
individual capacities

® Management and
finance
* Level of expertise
o Training levels ‘
* Motivations
e Professional culture

Figure 1. Framework—Blue shading represents the analytical characteristic investigated [50].

The focus of this study is on Characteristics of the system of agricultural advisory
services (C in blue in Figure 1) and the implications for SHM. Specifically, according to
Birner, Davis, Pender, Nkonya, Anandajayasekeram, Ekboir, Mbabu, Spielman, Horna and
Benin [50], we include:

e Governance structures: the roles of the public and private sectors and civil society
in providing and financing advisory services, the level of decentralisation and the
linkages and partnerships among agents in the innovation system.

e  Management, organisational and individual capacities: this refers to the expertise,
training, motivations of the members of the advisory service as well as their incentives,
professional and organisational culture.

These were translated into characteristics relevant to SHM and framed the data col-
lection. We understand that Governance (Usually defined as the systems of institutional
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rules, policies and processes which govern how roles and responsibilities are delegated,
managed and coordinated) structures enable and constrain organisational activities, in
particular, the institutional options available for financing and the extent of coordination,
fragmentation and integration [56]. Regarding the AAS Mmanagement, organisational and
individual capacities to deliver SHM advice, organisational capacity is usually defined in
terms of the capacity to perform effectively or to fulfil a goal (e.g., as the set of processes,
management practices or attributes that assist an organisation in fulfilling its mission [57]).
This capacity also affects the individual. Previous work has shown, for example, that
the back-office support such as training and the organisation’s knowledge management
impacts advisers’ capabilities [58].

Regarding individuals, AAS studies recognise that certain individual competencies
are necessary for organisations and their advisers to operate effectively, where competence
is: to have sufficient knowledge and skills that enable a person to act in a wide variety
of situations and the ability to perform something efficiently and effectively (i.e., success-
fully) [59,60]. These skills include technical skills, which relate to specialist understanding
(knowledge, expertise), and process skills, which are soft skills and refer to the collective
skills necessary for effective performance of the individual and their organisation. Technical
skills with respect to SHM are foregrounded in this study; however, we recognise that the
‘soft’ skills of facilitators, intermediaries and network builders are important [61].

This infrastructural approach to assessing AAS, which focuses on the presence and
interaction of actors and the infrastructures that govern the behaviour of actors [62] also
draws on selected criteria that Prager, Creaney and Lorenzo-Arribas [30] identified for
evaluating a functional advisory system.

This paper focuses its analysis on C to address the research question, and because
these characteristics can be influenced directly by policy makers. However, data for
Frame conditions (A), Characteristics of farmers/land managers and their knowledge
needs (B), Characteristics in Performance (D), Evidence (E) and Impact (F) (Figure 1) were
also collected and analysed. Frame conditions (A) are important contextual factors in
shaping the AAS, particularly as these have implications for SHM, and these include:
Policy environment; Capacity of potential service providers; Farming systems and socio-
economic conditions. Equally, we acknowledge that Farmers” knowledge needs (B) (which
we inserted into the framework) are important for assessing the adviser’s role. It is not
the intention here to follow an impact chain approach to analyse the performance of
agricultural advisory services (D,E,F). Assessing (Performance, D) and the quality of advice
is challenging, since its measure is the outcome for the farmer and there are multiple factors
that affect this [23,50,63].

3. Methods

Countries in Europe are highly diversified in terms of their AAS and AKIS, reflecting
the structure of agriculture, farming systems, soils and productivity [64] and the extent
to which AKIS are embedded in national institutions, laws and cultures [27]. Six case
studies (drawn from country partners in the SoilCare project) were selected to represent a
range of AAS approaches and contexts: Norway, Belgium (Flanders) (Belgium (Flanders
was the case study for Belgium) as Wallonia operates a different system), Spain, the UK
(England) (As the UK’s four countries have different political structures and agricultural
policies, the focus was on England), Germany and Poland. The selection was based on three
broad criteria: firstly, AAS organisations (to ensure the dominant ones were represented);
secondly, characterisation of the AKIS, according to strength of national influence and level
of integration/fragmentation (based on the the PROAKIS project); and thirdly, to include a
range of biogeographical and pedoclimatic zones, as already determined in the SoilCare
case study selection process [65].

This selection was informed by detailed AKIS descriptions for each of these coun-
tries from a range of sources, including PROAKIS [66] and i2connect [67] project country
reports [23,30,32,68-70], and previous reviews for soil [39]. The dominant AAS are repre-
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sented in the case studies: Spain FBO; England (Private); Germany (Public/Private/FBO);
Poland (Public); Norway (Private); and Flanders (Public) according to previous studies [23].
The pedoclimatic zones represented are: Atlantic Central (Flanders, Germany, England),
Nemoral/Boreal (Norway), Continental (Poland) and Mediterranean South (Spain).

Semi-structured interviews (2—4) were conducted in each case study (a total of 18).
Selection procedures and interviews were carried out in each case study by project partners
using standardised guidance and protocols. Respondents were selected were: representa-
tives of decision/policy makers at national and regional level or of AAS organisations who
were knowledgeable about SHM. As this was a very limited pool of experts, a purposive
sampling strategy was employed. Table 1 lists the respondents and their roles and affiliation
and shows the range of AAS organisations represented.

Table 1. The case study respondents and their roles and affiliations.

Flanders .
Norway (Belgium) Spain England (UK) Germany Poland
?1 resentative of ESI GR1
ceprese o BE1 Technical director Representative PL1
NLR (Norsk Land- R UK1 L
P Researcher and of agriculture and from the district Professor of
bruksradgivning) . Independent .. R R
Norwegian extension worker research at aericultural administration, Agriculture
wes at Flemish association of & Agricultural Office  Science (fruit and
Agricultural . consultant
. Research Station farmers and o Baden- veg sector)
Advisory . . Private independent N ;
. . Public livestock breeders Wiirttemberg Public
Private independent/ )
FBO Public
FBO
GR2 PL2
N2 BE2 ES2 UK2 Representative Company
Representative of . . Professor of soil National farm from the district producing
Adviser at the Soil . . L . . .
NLR science and advice manager for ~administration, micro-organisms

Service of Belgium

Private independent/ Private indevendent agricultural a consultancy Agricultural office, and organic
FBO P chemistry Public Private commercial Baden- grower
Wiirttemberg Private commercial
Public
ES3
N3 BE3 Research gfa?;d member of E:Z’)m any adviser
Representative of Representative of coordinator at . pany
NLR Flemish Land research and agricultural for horticultural
j . Cooperative, sector
?ggate independent/ llifbel?ccy gf;:eer centre Brandenburg Private
commercial FBO commercial
ES4
Researcher in
agricultural

research and
transfer centre
Private
commercial

The analytical categories (Figure 1) were translated into interview questions and
topics as shown in Table 2. Interviews were recoded, transcribed and translated into
English, then analysed thematically using Nvivo 12. The coding structure followed the
analytical categories of the interview but was extended where other themes emerged
inductively. In total, 18 interviews provided in-depth analysis of AAS capacities for
supporting SHM. A list of abbreviations is provided. A full interview schedule is provided
as Supplementary Materials.
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Table 2. Analytical categories translated into interview topics: example questions.

Characteristics of AAS for Supporting SHM

Governance Structures

With respect to advice that supports or impacts soil management:

the key actors and organisations providing advice; the key influencers;
the roles of the public and private sectors and civil society in providing and financing

advisory services;

the level of diversity, decentralisation, coordination, integration or fragmentation of these

services;

the extent of linkages and partnerships among actors.

Management, organisational and individual capacities

the extent of organisation/management/resourcing of advisory services for delivering
advice on soil and the impact on advisers” ability to provide soil advice;
different advisers’ expertise for delivering SHM advice, quality of advice, level of soil
management training;
the attitudes and motivations of the different sorts of advisers and organisational cultures.

4. Results

Where quotes are provided, the code refers to the notation in Table 1. A summary of
the results is provided in Table 3.

Table 3. Summary of AAS characteristics for case studies.

Governance Flanders .
Structure Norway (Belgium) Spain England (UK) Germany Poland

Private or FBOs  Research Synergies exist, Horizontally Synergies exist, Szngeis ublic

. cooperate and institutes but some fragmented, but  but some p
Integration/ . . R X ODRs and
. obtain support  collaborate to conflict and partnerships tensions -
fragmentation £ . . . . private sector
rom public address soil tensions at farm  work with between but
bodies for SHM  topics level shared goal individuals .
some tensions
AAS capacity
Good

Good organisation Consultation

competence and services are

and capacity to  Reliance on management in well equinped
Management deliver SHM short-term FBOs but Absence of ood gesfliceé' Public sector
and advicein NRL  project funding  limited in planning for the gublic / under-
organisation for reduces others necessary SHM provision has resourced
SHM advice Staff continuity in skills and staff I;ta tfin

recruitment and  SHM advice Culture of 1imitat%ons

retention is a short-term

. . (Brandenburg)
problem projects limits
outlook
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Table 3. Cont.
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. fertilizer plans  institutes and fertilizers . advisers
experience . . advisers . Knowledgeable
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- - . . (independent L public advisers
Soil fertility focus but high services but Big range in and in non. fertilization move to private
Y standard of soil ~commercial SHM advice . conflicts with P
. . - commercial . sector
. management in  advisers have quality, poor S advice for other
Environmental o L initiatives) but . .
. the fertilizer focus ~ quality linked . soil functions .
shift . commercial . Organic sector
. independent to new . but some shift .
Heterogeneity . advisers have . provides
NRL untrained . to supplying . .
. limited SHM . high-quality
advisers, good environmental .
L knowledge . SHM advice
quality in advice
organic sector
Limited SHM
raining of .
Good tra ng o Good In-service
technical S
attendance at . attendance at training in
dissemination advisers dissemination Large range of =~ ODRs
Advisers’ Time and Need 8¢ rang
L. events S events training
training for resources for continuing .
X . L. R courses, with All sectors need
SHM advice soil training are . . education, as . . S
L Limited time L Good quality more offered in  continuing
often limited college training .
and resources - CPD courses recent years education to
P inadequate
for soil training but could be update college
in all T oo more integr rainin,
all sectors No unified ore integrated tra g
certification
Horticulture
Atti hat . . . . Balancin,
tt ?ude.s and Positive NRL High level of advisers’ A range of High level of aancing
motivations of . . . . commercial
. adviser personal commercial attitudes linked  personal
advisers and ) . L. . , . advantage and
AAS attitudes commitment to  motivations can  to advisers commitment to farmer respect
towards the soil  SHM needed lead to low objectives SHM needed P

social value

is important

4.1. Framing Conditions

The case studies represent a range of biophysical, political, socio-economic and farm-

ing contexts which determine the nature of the agri-food system, the distribution and
intensity of production systems, the risk to the soil under agricultural management and
public/private support. For example, in Norway, limited areas of arable land coupled
with heavy rainfall, constrain timely tillage operations and has led to a national policy
prioritising the reduction in the area under autumn ploughing in regions susceptible to soil
erosion. In contrast, in Spain, low rainfall areas present challenges for farmers dealing with
droughty soils. In Germany (Brandenburg), weather extremes mean water storage capacity,
and water-saving cultivation methods are a priority. In both Flanders and Spain, specialised
horticultural production systems put pressure on farmers’ businesses and, consequently,
the soil, while elsewhere, extensive crops such as “soil friendly” wheat have lower profit
margins. In England, arable farmers have expanded with more powerful machinery often
implemented by contractors who do not always take account of soil conditions.
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With respect to the political context, in Norway and England, there are, to some
extent, shared goals between the government and the farming industry (farmer unions
and cooperatives) which allow farms to deliver on a range of policies including food
production and environmental goals (water, biodiversity, climate, soil). In Spain, a dual
system results where intensive horticulture is mainly driven by commercial interests while
political interests of soil conservation are more present in extensive agriculture. In Germany,
public district and regional offices identified a lack of direction about soil management
from the federal government.

From a socio-economic perspective, labour is expensive in Norway, and this affects
farm profitability; in Flanders, seasonal land leases hamper any investment in SHM, while
strong manure regulations have implications for managing organic matter. Land leasing
in Poland leads to exhausted soils, while in Germany (Brandenburg), the large number
of cooperatives are well managed by expert agricultural scientists, although the farms
themselves are struggling with liquidity. In family-based, non-horticultural farms in Spain,
traditional knowledge about and habits concerning soil management continue to be passed
on through generations. These variable contextual factors act as framing conditions for
AAS for SHM.

4.2. Governance Structures
4.2.1. Governance Arrangements

The six case-study countries have each evolved distinct AAS (and AKIS) in response
to a range of framing conditions, with a different mix of public, private and farmer-based
organisations (FBOs); non-governmental organisations (NGOs); and research institutes
delivering advice that influences and impacts soil management in each (summarised in
Box 1 from analysis of interviewee responses). The hybrid and dynamic nature of partnering
and funding arrangements is notable across all the case studies. Consequently, there is a
diversity and complexity of influencers on farmers” decisions about soil management.

The role of the public support varies across case studies. For most countries, the
regional or district agricultural offices have been re-oriented away from technical ad-
vice towards administration of subsidies and regulations, where the emphasis is on
cross-compliance (GAEC) or supporting scheme applications. For example, in Baden-
Wiirttemberg (Germany), the soil service from district administration indirectly controls
handling of soils according to the law. Other advice which directly or indirectly impacts
SHM tends to be offered through a number of channels; it is often contracted out by the
government to private companies, independent companies, FBOs and NGOs and focuses
on aspects such as nutrient management and cross-compliance. Only the Soil Service of
Belgium, an independent non-profit organisation, is specifically dedicated to soil man-
agement. Notably, a public face-to-face advisory service for soil is largely absent or very
limited across the case studies. FBOs are significant in Spain, where they are linked with
technical soil advice in the production of high-value crops; in Germany, farmer associations
are strong, and in Norway, which has a large independent membership organisation (NRL),
soil advice is demand-led.

The emergence and influence of the private sector is notable across the case studies.
This encompasses a range of advisers working for input suppliers or independently. These
advisers play an important on-farm role, where they support day-to-day farming operations.
The powerful advisory role of private companies linked to input sales was characterised
in some countries as the ‘commodification of knowledge’, as one Polish respondent (PL3)
remarked, “advice becomes more and more important, and knowledge becomes a commodity that
can be bought or sold”. The role of FBOs and the private sector has implications for SHM
advice as they respond to farmers’ production-oriented needs rather than public goods
per se.
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Box 1. A summary of the main AAS governance arrangements relevant to SHM in each case study.

Norway’s pluralistic advisory system comprises FBOs, public and commercial services. The
Norwegian Advisory Service (Norsk landbruksradgiving NLR) is a decentralised service which
provides independent farm, phone and group advice through membership (most large cereal
producers are members). NLR also receives subsidies for the organisation’s regional and local
units to support public good objectives such as soil management and widening access. Other
advice comes from advisers working for input companies, independent private consultants and
agricultural business cooperatives (input and buyers). Governmental bodies, especially at the local
and county levels, have a role in supporting fertilizer plans and subsidies, but there is limited
governmental support and responsibility for advisory services.

In Flanders, there are different forms of AAS and different sources of funding (regional and
provincial funds, farmers’ contributions, industry). Public support is still important through funding
of regionally embedded Research Stations (RS) which focus on physical and biological soil aspects
and act as practical advisory centres, with group dissemination events linking research to farmers
and advisors. The Soil Service of Belgium, an independent research and advisory institution, is the
main RS for soil. Advisory services subsidised by the government include the CVBB (Coordination
centre for education and guidance to sustainable fertilisation), with a focus on nutrient management,
now replaced by B3W (Coaching service for a better soil and water quality), with a focus on
improvement of soil and water quality. Provincial and regional offices manage administrative issues.
FBOs (unions and associations, cooperatives), private consulting companies, Dutch advisors and
upstream and downstream industries are a main AAS component and their attention is mainly on
crop nutrition and fertilizers.

In Spain, there are no public services that specifically provide soil advice on farm, although
Agricultural and Fisheries Research and Training Centres hold field events for crop nutrition advice,
and regional agricultural offices offer technical advice and training to farmers but are mainly
concerned with managing subsidies. Agricultural unions, universities, RDP and operational groups
are also involved in advice initiatives. The dominant type of AAS in Spain is the FBOs, the OPAs and
the Agro-Food Cooperatives, which are linked to high-value crops and hire their own agricultural
technicians, supply companies, certification bodies and have large and established structures. They
also have innovation and development centres and provide training to farmers. Farmers with
extensive low profit systems (cereals and woody crops) have less access to technical soil advice at
farm level.

In England, the AAS is diversified and highly fragmented following privatisation. For on-
farm advice, agronomists/consultants (independent or commercial) tend to dominate. Where
there are commercial interests, historically the emphasis has been on fertilizer recommendations;
however, consultants also provide agri-environmental services. Levy bodies (independent/FBOs)
offer knowledge exchange for sector production support. Public supported advice has been linked
to agri-environment schemes and catchment-based initiatives (soil management to manage diffuse
pollution), where cross compliance was a key objective, delivered in partnership with government
agencies, water companies and contractors through on-farm and group advice. The government is
prioritising supporting public goods (with an emphasis on soil) post-Brexit. A range of NGOs have
become increasingly important in facilitating initiatives relevant to all soil health functions.

In Germany, there is a heterogeneous and decentralised governance structure where the Federal
Government and the 16 Linder take an active role. Due to limited funds, most state services are
becoming privatised. These are: (i) the state agricultural offices (free public extension providers)
that engage in rural development and regulatory issues, and they also attend to local soil issues; (ii)
the chambers of agriculture that offer free and charged advice, education and training; (iii) private
consulting and advisory companies offer fee-based advice on specialised topics such as production
and business management; (iv) numerous upstream and downstream companies also contribute, as
do a broad range of actors who belong to FBOs (boundaries between private organisations and FBO
are often fluid). Privatised advisory companies play a key role in the eastern German states.

In Poland, advisory services are provided by the state (Agricultural Advice Centres (ODRs)),
agricultural chambers, private advisory organisations, companies and NGOs. The ODRs are in
Brwinow (centre), branches and Voivodships and are responsible for the education, certification and
registration of advisers in Poland. They offer financial and economic advice, while technological
advice is limited, as well as organise training courses for farmers. Private agricultural organisations
operate in the scope of the publicly funded measures under RDP and other national programmes.
Commercial firms, which are extensive, supply advice as part of inputs sales and interact with
ODRs. There are a large number of certified individual agricultural advisers who work for various
institutions, private companies and farming communities under contract. There are also a large
number of active FBOs, and Poland has a long history of agricultural production cooperatives.
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4.2.2. Integration/Fragmentation

None of the case studies could be described as having an integrated framework for
delivering soil advice. They exhibit different extents of integration and fragmentation in the
AAS, which can be characterised by both cooperation and competition (for farmer clients
and for project funds) between organisations.

With respect to inter-organisational cooperation, in Norway, private or FBOs cooperate
and receive support from public bodies for topics relevant to SHM which do not lend
themselves to commercial services. In Flanders, increasing collaboration between the CVBB
and B3W advisory services provides a good example of the joint effort of several research
institutes to address soil topics. Meanwhile, in England, although the AAS is horizontally
fragmented, with multiple uncoordinated actors, organisations and delivery activities
concerned with advice for different soil functions, there are a number of partnerships and
initiatives where organisations work together towards a shared goal for SHM and water
quality (for example, Catchment Sensitive Farming initiative). Synergies were identified in
Poland, where the public ODRs host training events which bring together large numbers of
farmers and invite private-sector companies, who are knowledgeable about the technologies
or products, to participate. However, in Spain, a duality of advice was described with a
clear distinction between public and private services, which has implications for soil advice.

There were different perspectives in Germany depending on experiences in the re-
spective states: One respondent described few links between providers and competition
between the different consultants and large companies. However, for another respondent
(for Baden-Wiirttemberg), the interaction between the state and private consultants at the
agriculture office level was a strong point, and they agreed that synergies definitely exist,
while there may be tensions between individuals.

In line with this viewpoint, the fragmented landscape and different objectives of public
and private providers can have consequences for SHM at the farm level. In Spain, although
most respondents did not identify tensions or conflicts in advisory service delivery, one
respondent acknowledged that contradictions arise when there are commercial interests:

The system is not fully integrated, this affects sustainable soil management negatively
because conflicting advice is given, or conflicting objectives are pursued [ ... .] when
there are commercial interests, we do find contradiction. ES2

As with Spain, in England, while advice is “theoretically joined up” (for example, a
partnership will have shared goals), what actually matters is at an individual farm level,
where farmers can be contacted by a number of advisers or projects officers. One respondent
(UK2) said, “I wouldn’t say that there’s contradictory advice now, but duplication”, and also
noted that farmers have been advised to do things by a commercial company which are
questionable with respect to SHM.

A Polish respondent (PL3) also described tension and competition between companies
providing agricultural products. Although, as another respondent explained, this depends
on the company:

There are companies whose approach is to sell their products, and there are companies
that act for example together with associations promoting the welfare of the natural
environment recommending the use a range of suitable products. PL2

Regarding vertical research—practice linkages in the soil context, these are considered
strong for NLR in Norway which has good links with research; forexample, it is quite
common for NLR and the research institute (NIBIO) to be cooperating in projects. This
ensures good dissemination but also that projects are relevant to farmers. Researchers,
farmers and advisers are also linked in Flanders, where research stations have strong
outreach programmes, and in some states in Germany, where district agricultural office
carry out practical trials with farmers. In Spain, in the horticulture cooperative sector,
there are strong links from research to farmers providing a comprehensive service to these
particular farmers. In England, the perception is that research and practice are disconnected,
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and as the respondent UK2 said, “It’s actually the translation of that [research] into current
farming practices, which is where the gap is”.

4.3. Advisory Services Capacity
4.3.1. Management and Organisation for Delivering Advice on SHM

Some respondents considered that there is good organisation and management of
AAS but that other limitations prevent effective delivery of SHM advice. For example, in
Germany (Brandenburg), the AAS are thought to be well equipped and prepared in terms
of technical capacity, with an excellent research infrastructure around Berlin, but lacking
political guidance about soil from the federal government. In Spain, some respondents
agreed that despite good organisation and management of advice, more information and
knowledge transfer are needed for effective SHM advice to be achieved. In Norway, there
was consensus from all three NRL (farmer membership organisation) respondents that they
have both competence and capacity to deliver advice on SHM. Furthermore, they were
optimistic that advice will improve as public funding is now available to increase the focus
on soils.

The capacity of public services, where they are provided, tend to be limited by re-
source constraints, namely, staff and financial. In Germany, there was a sense of good
capacity and resourcing in the consultation services hosted by the state agricultural office in
Germany (e.g., Baden-Wiirttemberg); however, respondents noted the staffing limitations
of public provision and the need for strong personal commitment. This is reiterated later in
the analysis:

From the public side, we in the agricultural administration are mostly limited by the
staff capacities. That is an aspect, which has deteriorated dramatically everywhere in
recent years, so if we want to work towards [soil] sustainability, it's only possible through
increased commitment beyond the actual working hours. GR1

Furthermore, the emphasis on inspection and regulation by state bodies in Germany
limits their time and scope of work with a focus on inspection. As a consequence, farmers
supplement public advice with consultations by private companies.

The Polish state Agricultural Advisory Centres were described as working well to
provide advisory services but not yet properly prepared to advise on soil protection, still
being stuck in the “old structures and treatments” (PL1). They are also constrained by funding
and often lose their best advisers to the private sector. The potential of private companies to
fill the gap left by public services was identified in Poland. There was consensus that private
companies are more visible and accessible and able to meet market demand. Referring to
horticultural crops and crop- and soil-borne diseases, this respondent (PL3) remarked:

There are private companies that have appeared in the market and provide these services at
agood level [ ... ... .].. The institutes [public] have the potential, equipment, experience
and knowledge, but it seems that due to financial and personnel constraints as well as
other obligations, they are unable to respond to the very high market demand, and it is
very large, while possibilities for conducting research are limited. Private companies,
which are more and more visible on the market, are trying to fill this gap, which is good,
because such companies can provide services as part of, for example, soil or plant research
projects. PL3

However, for private services, the business model is not always commensurate with build-
ing capacity. In England, privatisation of the advisory services has introduced a profit incentive
which impacts resourcing, as one respondent, who works for a consultancy, explained:

We have to be a profitable organisation, which means that we haven't the luxury of an

infinite amount of time [ . .. ..] we do the very best we can with the resources we ve got,
but that some of the expectations of what it actually costs to deliver service are unrealistic.
UK2
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This is also a factor in Germany, where dealing with new issues, such as supporting
the necessary transition to new cultivation systems or meeting the state policy requirements
for environmental programmes, represents an added effort for the consultation services
in terms of costs, time and energy. However, adaptation is seen to be essential to ensure
future services:

And every consultation service is required to adapt, to continuously improve, and to be
up to date with the latest science and technology. I think that’s actually a very positive
development [ ... .]. But it is clear to them that if they do not consult their farms in the
direction of sustainability, they will lose them completely in 10-20 years. GR1

This need to build capacity for the future is reiterated by a respondent (GR3) who
works with large cooperatives south of Berlin, where the long-term nature of soil health
has become the focus of attention amongst the scientists who advise on the farms.

Private organisations also find that they have to compete for project funding. In Flan-
ders, although the quality of advice is good for soil in the government research institutes
and the independent Soil Service, the resourcing of activities is seen to be constrained by a
reliance on short-term project funding, reducing the chance to build strong and enduring
relationships with farmers. The remark “True sustainable soil management advice does not
exist to my knowledge, the Soil Service provide such integrated advices only as part of projects”
(BE3) is insightful in that it indicates poor continuity, as well as a dependence of projects
for funding.

Staff recruitment and retention has implications for advisers’ expertise and experience
in SHM and was mentioned across a number of countries. In Norway, it can be difficult to
recruit advisers who possess sufficient knowledge about soil if, for example, an experienced
adviser retires. High turnover of advisers due to a lack of job satisfaction or progression
and financial motivations exacerbates this. In Spain, advisers who belong to technical
departments in FBOs (companies/associations) are seen to have more room for manoeuvre
and are more organised and professionalised compared to commercial advisers. The
absence of planning for the necessary skills and staff which may be needed in 24 years’
time was also raised as a limitation for SHM advice in England.

Regarding an organisation’s culture, there was also recognition that advisory organi-
sations themselves have some responsibility to rethink how they advise farmers who are
overburdened, face severe economic pressures and are constrained in terms of investing
in new equipment, new crop rotations or new fertilization methods. In this respect, the
culture of the organisation is seen to be important in Germany, where every consultation
service has a specific philosophy that is shaped by the organisations” decision makers.

4.3.2. Level of Advisers’ Knowledge about SHM

In the pluralistic advisory systems described here, it is difficult to characterise the
expertise or the quality of advice for soil overall and SHM specifically, as this can depend
on the sector and systems they support. However, the following provides some insights.

Knowledge and Practical Experience

Practical experience is seen as indicative of good quality advice and private advisers
are more likely to acquire this, compared to public advisers, due to their regular on-farm
activities. For example, the quality of advice is considered high in consultation services in
Germany, although the focus is limited, and wider aspects of SHM advice are not covered:

I think, the quality of consultation is high [ . .. .] many of the consultants are running
agricultural businesses themselves, so they have a certain practical background, or they
have simply been working at an agricultural office for many years, so they have a very
high level of knowledge [ ... .] so far,[this] has mostly been on crop protection and, I
think, especially in terms of sustainability, sustainable soil management, crop rotation,
intercropping, things like that—there is still room for improvement. GR2
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Similarly, in Poland, private advisers were regarded as more effective and active than
state advisers who, although knowledgeable, lack practical experience and the ability to
follow up on advice to keep farmers up to date:

A strong point of commercial services is that they have capable advisers. With regard
to government institutions, their strong point is certainly their infrastructure and the
preparation of speakers, i.e., advisors, who are very knowledgeable, but then somehow
nothing happens. And this is the weak point, that there is a lack of continuity, on-site
continuity, during on-site workshops. Often these advisers lack practical experience and
[....]are unable to keep up with these new solutions and products. PL2

Another Polish respondent (PL3) noted that, with the loss of good quality government
advisers to the private sector, their expert knowledge now only reaches farmers who are
customers of private companies. This unequal distribution of quality advice (including
SHM) was also identified in Spain, where technicians with a good level of specialist
expertise in horticultural production support intensive crop growers, but family-based
businesses with extensive systems in other sectors in Spain have limited access to good
quality advice on soil. Furthermore, pockets of high-quality SHM advice were described
for advisers in the organic sector, as mentioned in Poland and in Spain, and for advisers
selling products related to, for example, organic or sustainable management who “provide
information about the nature of living soil, biodiversity or soil quality” (PL2).

In Norway, governmental and public bodies, especially at the local and county levels,
were described as not very competent or up to date, with a main role in supporting fertilizer
plans and subsidies. However, the respondents all agreed that the standard of advice for
soil management is high in the independent NRL, where the advisers are knowledgeable
and have an increasing focus on soil health and environment.

Soil Fertility Focus

In all case studies, there was agreement that private advisers (working for input
companies or as independents) are generally trained to advise on soil from the perspective
of fertilization and crop nutrition and tend to look at crop management in the shorter term.
This emphasis was noted by a respondent (PL3) in Poland who said, “My impression is that
most advisers focus only on the composition of the soil, on just the chemical factors, but they ignore
and totally undervalue the importance of soil microbiology”.

A number of respondents called for a change in the mindset of advisers away from
production-orientated to more holistic advice, with a shift in thinking from soil chemistry
to a microbiological approach required, to show that “living soil can achieve more”.

This focus on soil fertility and crop nutrition can have some negative implications.
For example, in Flanders, commercial advisers were known to advise maximum fertiliser
recommendations irrespective of crop requirements, which is contrary to good practice
recommended by research organisations. This was also noted in Germany, where an
emphasis on fertilization as part of an overall crop care package can lead to conflicts with
advice for other soil functions. This respondent in Poland highlighted how some advisers
are ‘locked-in’ by their company’s commercial imperatives despite being knowledgeable:

Many advisers are enslaved by receiving payment from the company, so they have to
advise according to the company’s offer, and this limits their freedom to act; they have the
knowledge but they will necessarily be focused on bonuses, on a raise, on finances, and
this restricts them. PL3

However, respondents did not think commercial advisers purposely provide negative
advice, although they may be slightly less inclined to look at the environment or at soil
quality, soil biology, etc. In Spain, where consultants are often influenced by their employers,
one respondent suggested that there is no intention to damage soil; however, they may not
be aware of the externalities of their advice:

I'don’t think there is one main advisory service that has either a positive or negative impact.
Normally advisers have the objective of increasing overall production. The adviser does
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not go against soil sustainability or soil quality, but [ ... ] the use of these technologies
continuously without other guidelines in the end leads to an overall degradation of the
system, mainly of the soil. ES2

Environmental Shift

The Green Deal and the demands from supply chain companies and retailers to
meet food and farming standards and gain a market advantage were considered by many
respondents to be driving advisers towards SHM advice. However, there is some cynicism
in Poland that advisers and input-sellers are using slogans related to environmental and
soil protection issues but, fundamentally, are still largely dependent on the producers of
chemical agents for their income.

In England and Germany, there has been a shift in commercial adviser activities to-
wards supplying environmental advice (supporting agri-environment scheme applications,
as well as practices for good soil management), and for agronomists linked to input sales
to sell cover crop and, pollinator seeds and biosolutions. A German respondent described
the growing demand:

In recent years companies have emerged that strive towards sustainability, selling crop
fortifiers, soil additives and so on. Active local consultants and some farms use these
products in their cultivation. This is of course due to the fact that, in the last few years,
little has been done in terms of soil fertility and sustainability on many farms. They are
now reaching their limits in terms of plant cultivation, they have problems with diseases,
with the soil, etc., and companies, which offer the appropriate products, have been in
greater demand in recent years. GR1

This situation is replicated in Poland where more companies are entering the market
with ‘natural products’ aiming to meet farmer demands.

Heterogeneity

One common factor across all case studies was the heterogeneity in the quality of
advisers with respect to soil advice, with a spectrum of very good to very bad commonly
being described. In Spain, a range from very good agricultural technicians to others who
do not have the necessary knowledge was linked to the number of untrained advisers
emerging to meet the increasing demand for sustainability and ecological advice. Similarly,
in England, a respondent (UK1) referring to agronomists said, “I think the good are very good,
but I don’t think we’ve got many very good ones, I think a lot of us are in the category of willing
triers”. However, he acknowledged that there are excellent pockets of SHM advice amongst
independent advisers and non-commercial initiatives. This range is echoed in another
comment by a respondent from England who described the value of long-term experience:

Some of them are extremely knowledgeable and interested [about soil] and have been in
their post for quite a long time. Some of them are on short term contracts. And some of
them who are less good than others, in terms of their understanding of the technicalities
of what they're talking about, and what they re being asked to do. UK2

The same sentiment was expressed by respondents in other case studies, where
advisers develop a very good reputation because they have been in the profession for many
years. A range of abilities and interests was also described in Germany, where the ease of
substituting SHM principles with agrochemicals was blamed on a lack of attention to soil
by some advisers:

There are consultation services, or even individual consultants on the part of the industry,
who attach importance to the topic [soil]. But there are also people who have never
bothered with the subject, because it is still possible to achieve good yields with the use of
mineral fertilizers or chemical-synthetic pesticides. GR1

The distinction between the role of the advisers as generalists or experts was widely
discussed. There are very few agricultural advisers across the case studies who focus
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specifically on the soil or get the opportunity to become experts. Some take the view that
soil experts can be consulted when necessary, but that wider skills are needed at farm level,
as this respondent explained:

Rather than being experts on that particular aspect, we reflect the farming community,
in the sense that we are people with a wide range of skills, but an expert in nothing. An
expert—he’s talking purely about the soil, and the health of the soil, we will be talking
about it on the profitability of the rotation, the control of various injurious weeds, diseases
and pests, and then looking at a rotation that is sustainable, which then comes back to the
soil. However, we know where to go to get expert [soil] advice. UK1

Differing perspectives on the value of experts versus generalists were picked up in
the Spanish interviews. One respondent agreed that a historical focus on supporting
production has led to fragmentation where an agricultural technician may know a lot about
tillage or agricultural equipment but does not have a general vision of sustainable soil
management. The other two respondents in Spain, however, argued that advice to farmers
on soil management is too general and the level of expertise low; one (ES4) identified “A
strong need for the participation of people who are soil specialists—soil scientists, biotechnologists
with application to soil microbiology”.

4.3.3. Advisers’ Training for Delivering SHM Advice

There are a number of opportunities through multiple talks and events for all advisers
to expand and update their SHM knowledge, mentioned for all case studies. In Flanders and
England, for example, large numbers of advisers reportedly attend dissemination events
and demonstration days, and for many, this is important for networking. In addition, there
is now comprehensive information about soil topics on the internet and social media and
opportunities for peer-to-peer learning and exchange. However, as noted already, poor
attention by advisers to SHM has been attributed to the absence of good training.

Time and resources for soil training are a concern for some. As one respondent (N2) in
Norway noted, “unfortunately we have to prioritise covering our hourly rate as employees, so that
can affect how much time we have to educate ourselves, go to conferences, seminars”, illustrating the
fact that advisers (from all organisations) are often under financial targets and pressures to
the detriment of their training and upskilling in SHM. This imperative steers organisations’
decisions about training as well. In Flanders, for example, obtaining a certificate (Flemish
Land Agency certification or other quality control procedures) is costly both in terms of
time and money, and as a consequence, certification is profitable for only a few advisory
institutes/services.

There are a large number of options for in-service training in Poland with ODRs taking
on a key role for farmers and advisers. Advisers within the commercial sector in Poland are
also considered well trained but only within the sphere of their operations and products:

It seems to me that every commercial business tries to train its advisers so that they do at
least have this information as regards their own products, how they affect the soil and
therefore they must have prior knowledge or learn about the soil, its quality, the processes
that take place in the soil environment. PL3

In Spain, the nature of skills and training depends on the type of agricultural tech-
nicians (cooperative, input company or independent). Most respondents agreed that the
level of SHM training of technical advisers in Spain is low overall, as one remarked (ES2):
“Advisers do not have sufficient skills and experience to give advice on sustainable soil manage-
ment [, ... ] because they have not had sufficient training during their studies”. As such, these
agricultural technicians need to seek out further training to enable them to meet chang-
ing demands. These points were reiterated for Poland, where the notion of continuing
education was raised:

Every adviser needs to participate in continuing education, as the knowledge gained when
graduating from college is not enough [ . .. .]. It is necessary to educate, educate and
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again educate advisers and farmers, and to provide this new knowledge about sustainable
soil management, which is completely different from the information provided before. PL1

Another respondent from Poland (PL3) supported this, remarking that studies are only
the basis and a good adviser has to train for the ‘rest of their life’, otherwise, they quickly
lose touch with reality. In Spain, respondents noted that there is no unified certification
validating the agricultural technicians’ knowledge. In Germany, large differences in the
range of training courses were described, with more being offered in recent years. In
England, there is an established continuing professional development (CPD) scheme for
advisers (FACTS, BASIS) which offers courses on soil and water management. While
acknowledged to be outstanding compared to other European countries, a respondent
pointed to the inadequacy of these courses in terms of SHM:

In terms of sustainability, I think they re both useless. They ve evolved out of a commercial
requirement. So it wasn’t evolved to deliver good, independent, impartial information [
... 1 they do provide a level of professionalism. UK1

Another respondent from England thought that a FACTS-qualified adviser would
understand about nutrient management but argued that BASIS is too technical and aca-
demic and that the modular training does not prepare advisers to deliver integrated advice,
considering soils, nutrients, water management together, nor help them understand the
underlying principles of SHM:

So as far as, is the training fit for purpose for the next generation of advisors? One of the
problems that we and the whole industry has got to know that there’s plenty of advisers
who are qualified, but not necessarily have a good understanding of the principles[ ... ]
you need to be able to understand what you're doing. And why are you doing it. UK2

There was also agreement that capabilities need to be expanded to beyond a focus on
production objectives and soil fertility and crop nutrition advice, to meet new demands,
reinforcing the points made earlier. This respondent from Spain noted that this was a key
limitation for SHM advice:

From my point of view, there is enough organisation to provide advice on sustainable
soil management and there are enough people capable of providing basic guidelines for
sustainable soil management but there is a lack of general training on what is the true
nature of soil quality beyond nutrient fertility. ES3

The extent of informal learning through adviser networking was mentioned by some
respondents but did not emerge as a particularly strong aspect in the interviews.

4.3.4. Attitudes and Motivations of Different Advisers and AAS

Positive adviser attitudes towards the soil were described by a number of respondents,
however, there is still a range of attitudes linked to economic motivations. Fundamental
differences in motivations between advisers were identified in Spain and this aligned to
their organisations’ objectives:

An adviser who belongs to a trade union or a regional agricultural office has a different
vocation than an adviser who belongs to a commercial company or to a research centre;
their motivations are very different, which means that their inclinations are also very
different. ES1

This can have implications for advisers’ reputation and credibility. According to
respondents, for example, in the horticulture sector in Almeria, agricultural technicians
do not always have high social value and may even start to have a bad reputation. This is
echoed in Poland, where the balance between commercial advantage and gaining farmers’
respect was seen to be important: “There is no doubt that an advisor’s motivation is influenced
both by economics and by the desire to be respected by farmers, it really depends on the person”
(PL1). Many agreed that farmers are able to quickly discern any ‘shortermism’ and the
commitment and motivation of advisers.

89



Land 2022, 11, 599

For many respondents the different motivations and attitudes of the individual adviser
were regarded as more important than the type of organisation they belong to. The high
level of personal commitment required by some advisers to pursue their interests in, and
deliver, SHM advice was mentioned by respondents. Consultants in Spain, for example,
are often limited by specific short-term projects or task forces. When these are finished, if
they want to continue with the topic, this has to be done in their own time. Similarly, in
Germany, personal effort is linked to quality advice:

Yes, well, there are advisers who are just all-around good advisers who really give their
best and try to constantly educate themselves in order to be able to provide the best possible
consultation to the farmers ... I think most of the vocational counsellors actually—and
yes, I think that of the ones that I know, most really put their full effort into it. GR2

5. Discussion
5.1. Governance Structures

This analysis confirms the picture painted by previous researchers of considerable
AAS diversity between, and pluralism within, European countries [71]. This translates into
a diverse landscape for SHM advice with different governance, funding and delivery mech-
anisms and no evidence of any integrated advisory frameworks for delivering advice for
soil management. The analysis shows that institutional options available for financing and
the level of coordination are limited with respect to delivering advice for soil management,
as observed elsewhere for AAS more generally [50,56]. A reduced central organisational
role of government agencies in AAS and an emerging ‘knowledge market’ [33] has led
to a continued decline in the public sector’s role in delivering on-farm soil advice for all
case studies, with the diversion of their resources and staff towards compliance regulation
and scheme/grant administration. Conversely, the prominent role of the private sector,
independent organisations, FBOs and NGOs is apparent in filling the gap in delivering
on-farm advice that influences and impacts soil management, either through contracts
(projects) to fulfil government objectives (e.g., FAS, grants) or commercially in a more
market-led environment, as described in other AAS studies [33]. When state and private
advisors are incentivised to administer regulations and grant applications, this narrows
down choices and limits broader understanding of ‘know-why” soil processes [14,72]. New
services are also emerging, and overall, the number of advisers with commercial links to
economic actors (input suppliers, consultants) is increasing [26].

Fragmentation means competition for clients and project funding, and soil advice
at farm level can be compromised by conflicting delivery or duplicating advice in multi-
partner approaches, as reported by others [73]. However, many hybrid and dynamic
arrangements for partnering and funding for delivering SHM advice are notable. These
‘creative alliances’ provide opportunities for the effective integration of delivery of soil
advice at programme level. This ability of pluralistic advisory services to overcome con-
straints (shortages in funding, staffing, etc.) through increased cooperation, collaboration
and partnerships has been observed elsewhere [29,71,74,75]. Individual relationships of
both competition and cooperation, described by Compagnone and Simon [24], were not
shown in this analysis.

5.2. Advisory Services Capacity

These governance arrangements provide a backdrop to understanding different or-
ganisational arrangements and capacity to provide SHM.

5.2.1. Management and Organisation Capacities for SHM Advice

The analysis identified organisational constraints in resources, funding and staffing,
notably in the public services, which are not always able to meet demands, and this impacts
the capacity to deliver SHM advice. There are inherent frustrations concerning reliance
on short-term project funding for developing and continuing with advice streams, as
previously described for environmental advice [31,76]. This often means only committed
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advisers continue with the SHM advice when the project ends. Poor staff retention [24],
with the loss of advisers” knowledgeable about SHM to the private sector, reduces farmer
access to SHM advice. Although farmers might look outside of formal advice in such
circumstances [72], their options for benefiting from high-quality soil advice are diminished.
Other commentators have noted that commercialisation threatens the extension capacity of
government agencies [77], however, technical expertise has not been considered.

Investment in staff capacity for SHM advice (training and field days) is restricted
in both public and private sector organisations by limited time and resources and the
competitive business environment. Small firms also struggle to meet new environmental
requirements, corresponding with previous observations [34,42]. Furthermore, in some
commercial organisations, economic drivers can lead to an organisational culture that
values input sales over expertise in SHM.

These organisational capacities affect individual advisers’ capacity to operate effec-
tively, their objectives and motivations, their professional culture and the support they
are offered to deliver SHM. As observed by Klerkx and Jansen [34], this wider set of in-
stitutional conditions, and the relationship with the ‘back-offices” which supports them
professionally, is critical for enabling advisers to develop and deliver specialist and pro-
fessional advice. Furthermore, maintaining a stable or increasing workforce as well as
diversifying the expertise and increasing the competence of staff are seen to be critical for
AAS[29].

5.2.2. Individual Capacities for SHM Advice

Individual capacity results from a combination of attributes: quality of advice; training;
and motivations in relation to SHM. Firstly, regarding advice quality, heterogeneity in levels
of advisers’ soil knowledge was observed across all cases and across all AAS types, with
few advisers considered to be delivering all-round high-quality advice to support SHM.
This adds to the emerging body of evidence showing that advice on soil management
is suboptimal. What constitutes ‘good quality advice” with respect to soil management
was understood differently due to advisers’ varying goals and their clients’ needs. It was
generally characterised by, not only extensive on-farm practical experience and a good
level of subject-matter knowledge or expertise [67], but also critically by an understanding
of soil chemical, biological and physical processes and principles [78]. Private advisers
(commercial consultants, technicians and agronomists), while being credible with respect
to providing high-quality technical advice, are limited in scope to soil fertility and crop
nutrition. This observation is supported by studies showing the predominance of advice
based on nutrient testing and interpretation to support farmers’ short-term production
decisions, e.g., [45]. This limits opportunities to incorporate soil health perspectives into
advice, which are critical to understanding the capacity of soil to function as a vital living
system [16,17]. Only very few advisers are taking a holistic approach, accounting for
non-linear mechanistic relationships between various physical, chemical and biological soil
properties considered important for soil health [19].

The significance attributed to practical experience, however, should not be overlooked.
This allows advisers to provide localised advice and meet the fine resolution of soil infor-
mation and data that farmers require [9]. This highlights the value of experiential learning
(and co-learning with farmers), which has a particular significance for soil management
due to the in-field observations and sensory experiences required [79,80] and is highly
appreciated by peers and the practitioner community [78].

Equally, whilst expertise in soil science and management (demonstrated by some
individual advisers) is valued, the role for the generalist agronomic adviser who takes a
whole farm perspective is seen as important. Interestingly, advisers have been shown to
be capable systems thinkers [74] and positioning SHM within the wider farm business
and environment is in itself an important skill. Further specialisation, in, for example,
soil microbiology was called for by some respondents, in line with emerging farmer
interest in soil health, but how such specialists would position themselves in the AAS
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landscape was not elaborated. Landini [41] suggested that not all individual advisers can
hold the same knowledge and capabilities but instead can act in groups to enrich their
work. This professional distribution of advisers” SHM roles, skills and specialisms and
the way they interact, complement and learn from each other, is an interesting area for
future research [24,79]. Furthermore, the changing role of the technical ‘expert’ needs
consideration [81].

Secondly, with respect to training, poor investment in training and particularly in
continuing education in SHM in both private and public spheres was seen to be a key
reason for the limited scope of advisers’ expertise. Training and professional development
courses on soil topics, whilst considered to be at a high standard in certain countries, do
not always provide an understanding of the principles and processes of SHM. A number
of studies have shown that advisers are increasingly relying on each other for sharing
soil expertise through professional networking [82]; however, this was not identified in
this analysis as an alternative to training. These findings are inconsistent with previous
studies [30], although the focus was not SHM.

Thirdly, regarding motivations, personal intrinsic interest in soil was a further facet
demonstrated by a few public and independent advisers. The economic motivations of
private sector advisers’ (linked to input sales) observed here are widely reported in studies
that concern soil [10,36,83]. The image of advisers as ‘locked into” supporting intensive
agriculture pathways has been also described for high-input production systems [26,84], as
has the power of supply chain actors [36]. However, analysis here suggests a more nuanced
picture, with many private advisers balancing economic motivations with the need to retain
respect, social value and trust in the farming community. This loyalty dilemma between
private good (what the farmer demands and pays for) and public good (issues of broader
importance for society as a whole) [29], may need to be re-examined in a future context when
incentives for providing SHM become available (e.g., carbon farming, Environmental Land
Management Schemes in England). Organisations are already responding to the market
and offering a range of environmental services, and supporting sales of ‘natural’ biological
products. However, the depth of understanding and commitment that accompanies these
was queried, and there were calls for a more fundamental shift in advisers” mindsets.

Professional culture is closely connected to individual advisers” motivations and mind-
sets, accepted norms and values, how they perceive and execute their tasks [34], and their
performance rationale and economic strategies [26]. However, adviser roles are not set:
Nettle, Crawford and Brightling [42] describe the fluid nature of adviser professional iden-
tities and opportunities for evaluating their roles through reflective practice [41,85], which,
if organisations were more flexible, could lead to reorientation of soil management advice.

5.2.3. Narrowing Down

Although it was not the intention here to assess the performance characteristic of
the framework, some observations can be made. The needs and opportunities, which
characterise performance [50] that have been steering advice in relation to soil are: policy
(cross-compliance regulation and grant administration support) and markets (farmer de-
mands for crop production advice). As a result, there has been a narrowing down of soil
advice, both with respect to content and access, as depicted in Figure 2.

However, the increasing interest in soil health from both farmers, in part due to the
recognition of soil degradation [18,86], and policy makers, will provide the new drive
and opportunities to widen the scope of advice to cover physical and biological, as well
as chemical, processes. To achieve this, AAS organisations will need to invest in adviser
training and capacity building and aim to shift professional cultures and mindsets at or-
ganisation and individual level. This will require incentivisation, and Dhiab, Labarthe
and Laurent [26] identified a need for public policy intervention to support this. This
could be through, for example, strengthening national FAS with requirements for member
states to provide standardised and certified adviser training and continuing professional
development in SHM. Ultimately, however, AAS are shaped by the framing conditions,
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the priorities within the agricultural sector strategies (high-value commodities or environ-
mental sustainability) which are beyond the direct influence of policy makers and advisory
services managers [50]. In turn, these determine the governance structures and the relative
capacities of public, private or NGO AAS and the services offered. As Knierim, Labarthe,
Laurent, Prager, Kania, Madureira and Ndah [23] point out, the historically grown, path-
dependent institutions and institutional constellations in each EU member state play an
important role in AAS.

Incentives for managing
soil health
EU policies and markets

FAS regulatory focus
Production focus

Collection of capacities

Governance structures

o Diverse landscape - limited Performance - needs and
coordination opportunities

e Creative alliances address
fragmentation

o Decreasing and narowing role for Narrowingdownilll | G e
public providers —> of advice, content * Capacity building

o Increasing role for private advice and access ® Technical skills to include all soil

dimensions

 Loss of knowledgeable advisors to
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® Change of mindset and

private sector
® Agricultural o} Access toISHIM advice rediced professional culture
sector policies
and strategies
Management and Individuals
organisation * Heterogenous quality
e Limited and short- ® Narrow focus rather
term financial than holistic

support
® Low investment in

Expert vs generalist
Motivations and

training and capacity professional culture
building o Training for SHM
* Organisation culture limited
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Figure 2. This figure shows how the collection of capacities act to narrow down the nature and
extent of advice for soil. Changing needs and opportunities will open up the scope of advice for
delivering SHM.

There have been calls for capacity building in knowledge systems at individual,
organisational and AKIS levels [42]. This encompasses adviser training and professional
development and more back-office support [28,85] as well as the need to understand
the varying roles of professional advisers [87]. However, the focus has often been on
process skills, the (new) intermediary, advisory styles and facilitatory skills that advisers
should master to support and empower farmers in networks of interactive learning [88].
Adpviser technical or specialist roles have received less attention, notably for soil, despite
the growing demands placed on them for understanding and supporting land managers in
the management of complex soil functions.

6. Conclusions

The framework employed allows the collective capacities (governance structures;
organisational and individual capacities) of AAS for SHM advice to be revealed. It shows
that advisers’ competences and skills should not be seen in isolation. As such, the rec-
ommendations for expanding the scope of content and access to SHM advice include
addressing deficiencies in training and capacity building, shifting professional culture as
well as addressing more deep-seated institutional conditions and governance structures.
Incentivising such changes will require changes in both policy and market drivers. These
insights show that AAS can play a central role in the transformation of food systems more
widely [89].

The method based on in-depth interviews (18 experts) provides insights for a cross-
section of European countries offering a range of perspectives, as well as common themes
with respect to capacities which affect the nature and extent of SHM advice. However, the
results can only be indicative for Europe as a whole and further qualitative and quantitative
research will be needed to provide a more comprehensive picture. In particular the results
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show how different advisory services that influence and impact soil evolve in specific
country contexts. This suggests that the model of identifying systems that best fit context-
specific conditions is suitable for future support of national AAS with respect to SHM.
Critically, the methodology did not explore the complexities of the relationship between
advisers and farmers/land managers, nor capacities in terms of the soft skills required
for co-producing technical soil knowledge or the changing mature of the ‘expert’ role of
advisers.

With the accelerated move towards the integration of soil health issues in a number of
European Commission strategies and the actions and ambitious targets set for soil health
within the Soil Mission ‘A Soil Deal for Europe’, the requirements for building capacities
and a knowledge base for soil health enhancing practices in agriculture will increase [13].
This will require member states to significantly enhance their AAS capacities to achieve
this desired transition, with implications for both European and national level policies.
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AAS Agricultural Advisory Service

AKIS Agricultural Knowledge and Innovation System

FAS Farm Advisory System

FBO Farmer based organisation

NGO Non-governmental organisation

EU European Union

GAEC Good Agricultural and Environmental Condition

PROAKIS  Prospects for Farmers’ Support: Advisory Services in European AKIS
NRL Norwegian Advisory Service (Norsk landbruksradgiving)

SHM Soil Health Management

SSM Sustainable Soil Management

CVBB Coordination centre for education and guidance to sustainable fertilisation, Belgium
B3W Coaching service for a better soil and water quality, Belgium

OPAs Professional farmer’s organisations and Agri Food cooperatives, Spain
ODRs Agricultural Advice Centres, Poland

NIBIO Norwegian Institute of Bioeconomy Research

94



Land 2022, 11, 599
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CPD  Continuing Professional Development
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Abstract: Recent research established a link between environmental alterations due to agriculture
intensification, social damage and the loss of economic growth. Thus, the integration of environmental
and social dimensions is key for economic development. In recent years, several frameworks have
been proposed to assess the overall sustainability of farms. Nevertheless, the myriad of existing
frameworks and the variety of indicators result in difficulties in selecting the most appropriate
framework for study site application. This manuscript aims to: (i) understand the criteria to select
appropriate frameworks and summarize the range of those being used to assess sustainability;
(ii) identify the available frameworks to assess agricultural sustainability; and (iii) analyze the
strengths, weaknesses and applicability of each framework. Six frameworks, namely SAFA, RISE,
MASC, LADA, SMART and public goods (PG), were identified. Results show that SMART is
the framework that considers, in a balanced way, the environmental, sociocultural and economic
dimensions of sustainability, whereas others focused on the environmental (RISE), environmental and
economic (PG) and sociocultural (SAFA) dimension. However, depending on the scale assessment,
sector of application and the sustainability completeness intended, all frameworks are suitable for
the assessment. We present a decision tree to help future users understand the best option for
their objective.

Keywords: agriculture; sustainability frameworks; socio-economic and environmental indicators;
soil land management

1. Introduction

Agricultural land covers over a third of the earth’s surface [1] and 41% of the European
Union’s 28 member states [2]. Agriculture uses and affects natural resources, such as
soil and water, shaping the landscape and contributing to establishing and maintaining
semi-natural habitats [3]. Over the last decades, agricultural management practices have
changed considerably to enhance crop yields and productivity to ensure food security [4].
This has been achieved through (i) technological developments, particularly by improving
and adapting machinery to different management requirements, the genetic improvement
of seeds and development of new agrochemicals [5], (ii) the plantation of extensive areas
of monocultures [6] and (iii) the high use of mineral fertilizers and phytopharmaceuticals
(e.g., pesticides and herbicides) [7-9].

The pressure on the agriculture sector will continue to rise due to global challenges,
such as an increasing population and food requirements, and climate change [10]. To
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meet the world’s projected food demands by 2050, food production must increase by
60-100% [11]. Furthermore, global agricultural production will be affected by increasing
competition with certain non-food crops for several economic sectors (e.g., energy for
bio-fuels production), a reduction in market prices due to globalization and limited natural
resources driven by, e.g., land degradation and water scarcity [12,13] exacerbated by climate
change [14].

Agricultural intensification is often associated with environmental degradation, in-
cluding soil erosion, water, and soil contamination, and biodiversity loss [15-18]. By the
end of the 20th century, the consequences of the intensive agriculture approach, especially
in developed countries, were thoroughly investigated and frequently reported. As a result,
agriculture had been highlighted as one of the main activities worldwide contributing to
water depletion [19], soil degradation/pollution [20,21], biodiversity loss [22] and climate
change [23]. According to the EU Soil Thematic Strategy [24], the erosion and loss of
organic matter are some of the major soil threats affecting agricultural areas, along with
compaction, contamination, salinization and loss of soil biodiversity.

Besides environmental problems, intensive agriculture also causes social damage and
the loss of economic growth itself in the medium/long term [25]. Thus, the integration
of environmental and social dimensions is key for economic development itself, and sus-
tainable agriculture is therefore seen as the only approach towards a successful future [26].
When assessing the sustainability of different agricultural land-uses and land management
practices, it is therefore important to consider not only the immediate economic benefit but
also how they compromise the overall environmental quality and affect the rural communi-
ties, since these factors are relevant to sustaining future economic growth in the short and
long-term [27].

As stated in the literature “Sustainability is a multidimensional concept [28] of a
dignified life for the present without compromising a dignified life in the future or en-
dangering the natural environment and ecosystem services” [29],. Its evaluation process
plays an important role in the development and promotion of sustainable agricultural
systems [30]. To investigate the transition towards more sustainable production, various
frameworks have been proposed to gain knowledge about the sustainability performance
of such production systems [31,32]. Some of these frameworks are based on indicators,
whereas others are based on indices (e.g., [33]). Indicator-based sustainability assessment
frameworks combining environmental, economic and social issues require the processing of
a wide range of information (qualitative vs. quantitative), parameters and uncertainties [34].
They also differ in scope, target audience, indicator selection, aggregation, weighting and
scoring methods, as well as the time required to complete the assessment [35]. Although
many frameworks emphasize the necessity of including socio-economic and environmental
aspects in sustainability assessment, many others focus only on environmental indica-
tors to investigate the short- and long-term effects of different agricultural management
practices [36] or are applied to a specific context [37]. In addition, existing assessment
methodologies to investigate agricultural sustainability are scattered, focusing on single,
complicated and demanding aspects regarding time, cost and required skills.

The main aim of this paper is to identify and summarize the indicators and frameworks
used to assess sustainability in agricultural areas. The specific aims are (i) understanding
the criteria to select appropriate frameworks and summarize the range of those being used
to assess the environmental and the socio-economic themes of agricultural sustainability;
(i) identifying the frameworks available to assess agricultural sustainability; and (iii) un-
derstanding the methodological approach and analyzing the strengths, weaknesses and
applicability of each framework.

2. General Considerations

The following section summarizes the general considerations about the indicators’
importance, and selection criteria to set the context for those commonly used in the selected
frameworks to assess sustainability in agriculture.
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2.1. Criteria for Selecting Sustainability Indicators

Indicators are set to monitor and highlight the current conditions and enable stakehold-
ers (e.g., farmers, businesses, policymakers) to identify trends and compare performances
among specific places, such as farms, regions or countries, concerning their sustainability
performance [38]. They should present the results in a way that is understandable by
people with different occupations and sociocultural and educational backgrounds, since
they are a powerful public communication tool [39].

The selection of indicators is crucial since it influences conclusions. Thus, the purpose
of the assessment, the system boundaries (e.g., aims, scope and temporal and spatial scales)
and the end-users should be clearly identified [40]. The assessment should also establish a
baseline or reference value (starting point to measure change from a certain state or date) or
target (usually established by policymakers). The comparison and contextualization helps
to understand the current state or trend [41] and to support the interpretation/significance
of the results [39]. Criteria to select indicators include: (i) coverage of environmental,
economic and sociocultural dimensions of sustainability [1]; (ii) practicability and simplicity
considering field measurements and data availability (e.g., historical data), which should
consider spatial and temporal data coverage, reliability, accuracy and consistency [38,42];
(iii) the meaningful use of the indicators to take into consideration the differences in culture
and geography to match them to locally relevant problems [39]; (iv) the system’s sensitivity
to both anthropogenic and natural stresses [1]; (v) meaningfulness to end-users in order
to respond to stakeholders’ expectations and support policy decisions [40]; and (vi) cost-
effectiveness, since the costs to produce the information should justify the benefits of the
knowledge produced [40].

Selected indicators can be assessed by qualitative or quantitative techniques [41].
Qualitative techniques are typically based on visual evaluations applied at the field scale
and have been increasingly used to evaluate the soil quality (e.g., soil structure and texture,
rooting depth and slope) and farm management information [42]. Ball et al. [43] sum-
marized the visual assessment techniques that can be used to monitor soil structure, soil
quality and fertility as impacted by land management. Quantitative techniques include:
(i) direct measurements via field data collection (e.g., crop yields); (ii) a compilation of
secondary data based on a literature review; (iii) statistical correlations of the existing data
(e.g., soil compaction); (iv) modeling approaches based on empirical models (e.g., biophysi-
cal and economic); or (v) sensing approaches, such as spectroscopic techniques and remote
sensing [1].

2.2. Indicators Typically Used

Table 1 summarizes chronologically some relevant studies assessing the sustainability
of different agricultural practices using indicators. These studies acknowledge the need
for a coherent and consistent methodology to successfully evaluate the agricultural man-
agement practices and the adoption of three-dimensional indicators. They demonstrate
that an oversimplification of the evaluation does not provide a comprehensive overview
of the sustainability potential of the different farming practices. These studies also show
the myriad of indicators/methodologies that can be used when assessing agriculture sus-
tainability, namely when different farming systems, practices and geographical locations
are considered.

Due to the growing concern for environmental issues, numerous indicators devoted to
the environmental dimension have been used, and relatively little integration of social and
economic aspects on farm assessments has been considered [40]. Environmental indicators
reflect the complex interaction between agriculture and environment, providing a cause-
and-effect relationship. They tend to include the number and type of crops in the farm,
since it links to agricultural biodiversity; soil cover, which is linked to soil erosion; water
use; nutrient balance (particularly of nitrogen); and the use of pesticides [44,45], given their
toxicity to the environment.
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Since soil is nowadays seen as one of the most valuable resources on Earth, given its
essential elements to sustain and maintain life, it has received increasing attention under the
environmental indicators, and typically includes physical, chemical and biological aspects.
Biinemann et al. [46] identified the most frequently proposed soil quality indicators and
summarized the measured soil properties that have been used for assessing the environ-
mental dimension in agricultural land uses from 65 soil quality assessment approaches.

Economic indicators aim to address the economic context, focusing on the economic
viability defined by profitability, stability, liquidity and productivity, based on input and
output prices and yields [47].

Profitability is calculated by cost and revenue, and includes variable and fixed costs
(e.g., land rent), whereas liquidity measures the ability of an enterprise/farm to meet
short- and long-term obligations and stability is determined by the equity share and equity
development [39]. Another important indicator is productivity, which measures the ability
of production systems to generate output [48]. Typical economic indicators also consider
public subsidies for the farmers, since they provide protection regarding their agricultural
activities. GDP is sometimes considered as an indicator of the difference between producers’
income and transfers to other economy sectors (variable costs, subsidies) [44].

Most social indicators focus on the following: (i) the sustainability of the farming
community, which involves the welfare of the relevant actors and communities; and
(ii) the sustainability of society as a whole. The first type of indicators focuses mainly
on working conditions, education and the quality of life defined by physical well-being
and psychological well-being [40]. Social sustainability is linked to society’s demands,
with regards to its values and concerns [49], and may be grouped in: multifunctionality
(e.g., quality of rural life, contribution to local employment and to ecosystem services) [50],
sustainable agricultural practices (e.g., animal welfare, environmental impacts) and product
quality (e.g., quality processes, food safety) [40]. These indicators also tend to measure the
socio-economic implications of agriculture in the rural income, and may be measured by
the total labor generated, as well as by the seasonal variations linked to individual crop
requirements, often associated with peaks in agricultural employment (e.g., sowing and
harvesting) [44]. Measuring indicators of a sociocultural dimension is challenging, since
they are based on a qualitative assessment and are therefore subjective. Farm-community-
based indicators are usually based on farmers’ self-evaluation gained from surveys or
interviews [40].

Table 1. Most relevant papers on sustainability providing relevant information on the indicators and their
relevance for case study applications and different conditions. The papers in relation to the frameworks
considered in this manuscript are not reported, except those comparing different frameworks.

Reference Summary of the Study

Presents the farmer sustainability index (FSI), relying on sustainability scores for diverse
agricultural management practices to avoid an oversimplification of the reality. The study
focuses on 33 production practices implemented by [51] Malaysian farmers to assess the
FSI scores.

[50]

The sustainability of the agricultural systems is assessed based on different points and
levels, considering the need to improve the assessment methods used for some agricultural
sustainability subthemes. The limited availability of tools to evaluate qualitative aspects,
such as landscapes and animal welfare, was identified as a major shortcoming. It also
highlights the need to couple economics and social sciences with environmental processes
for a better understanding of the overall agricultural system.

[391

By analyzing the impact of agri-environmental indicators (AEIs) on policy outcomes, the
paper examines the potential impacts of Agri-environmental Regulation EC 2078/92 on
European agricultural landscapes. It discusses the frameworks divided in policy outcomes
and policy performances and analyzes the obstacles to measuring policy outcomes directly.
The study focuses on intensification and abandonment problems in extensive agricultural
areas of Spain and Denmark.

[52]
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Table 1. Cont.

Reference

Summary of the Study

[53]

The environmental impacts of agriculture are investigated through life cycle assessment
(LCA). The LCA framework was adapted in terms of functional unit and impact categories
of the agricultural production process. The framework was applied in 18 grassland dairy
farms managed under different intensity levels in southern Germany.

Investigates a method for evaluating the environmental impacts of arable farming systems.
The method is based on agro-ecological indicators (AEI) to rank or classify the cropping
systems. The agro-ecological indicators tested include phosphorus and nitrogen
fertilization, irrigation, pesticides, organic matter, cropping pattern, crop succession and
covering, ecological structures, soil management and energy.

[55]

Environmental impacts, economic viability and social acceptability are investigated in two
production systems. The sustainability of the system is based on 12 indicators assessed
through empirical data from household survey, soil samples, field observations and
information supplied by key informants. Management of soil fertility, pests and diseases,
the use of agro-chemicals and crop diversification were significantly different between
both systems. In turn, indicators, including crop yield and stability, land-use pattern, food
security and risk and uncertainties, showed similar results.

The use of pesticides, nutrients and energy in 55 farming systems was compared using
input-output accounting systems (IOA) covering the topics of the farm’s use of nutrients,
pesticides and energy. The indicators and approach used varies from systems using
physical input-output units to systems based on good agricultural practices (GAP).

Proposes the Sustainability Assessment of Farming and the Environment (SAFE)
framework, aiming to assess the sustainability of agricultural systems through several
criteria and indicators. The framework can be applied at different spatial scales, including
parcel, farm, landscape, region or state. This is a hierarchical framework, comprising
structured principles, criteria and indicators. SAFA serves as an assessment tool for
identifying, developing and evaluating the overall sustainability of agricultural systems,
techniques and policies.

[58]

It presents the Indicateurs de Durabilité des Exploitations Agricoles or Farm Sustainability
Indicators method (IDEA) tool, which includes 41 sustainability indicators, and is devoted
to supporting farmers and policy makers. The study reveals that the IDEA method
requires adaptation of indicators to local farming.

[48]

Based on an irrigated agriculture area in Spain, authors perform a comparative analysis of
different methods for developing composite indicators to analyze agricultural
sustainability. The study uses indicators calculated from several farms and

policy scenarios.

Develops a methodology to evaluate the sustainability of two agricultural systems in Spain
(rain-fed vs. irrigated) through composite indicators. It reveals farm heterogeneity in each
individual agricultural system in terms of sustainability, and analyzes the influencing
variables to support decision making.

[60]

Proposes a framework for an integrated assessment of sustainability in European regions
and policy options. The framework is used in ex ante assessment of land use policy
scenarios and includes environmental, economic and social aspects in different sectors
(forestry, agriculture, tourism, transport and energy). The conceptual framework can be
applied at different scales (regional, European), and considers the variability of the
European regions.

[61]

Presents a project funded by the UK government to develop a methodology for assessing
the sustainability of both conventional and organic farming systems. The project includes
40 environmental, social and economic indicators. Data were collected to support the
chosen indicators. The selected set of indicators assesses the advantages and
disadvantages of the different farming systems, and the results can be useful to improve
the sustainability of the farming systems.

[62]

Provides a review of current management tools to address sustainability in small and
medium-sized enterprises (SMEs) and highlight the advantages of such tools for SMEs.
Results show that most tools are not implemented by the majority of SMEs, and summarize
the barriers for this. The paper also suggests criteria to facilitate future implementation.

[63]

The MASC framework is used to evaluate the performance of 31 agriculture cropping
systems. Conservation agriculture displayed a greater sustainability performance,
especially regarding the environmental criteria. However, conservation agriculture
systems revealed several weaknesses, namely regarding those of technical or social nature.

103



Land 2022, 11, 537

Table 1. Cont.

Reference

Summary of the Study

[64]

Four sustainability assessment tools (RISE, SAFA, PG and IDEA) were compared regarding
the indicators used for perceiving practical requirements, procedures and the complexity
of their application on five Danish farms. The scoring and aggregation method used in
each tool vary widely, as well as the data input and time requirements. RISE was
considered as the most relevant tool. However, farmers seem hesitant in applying the
outcomes of the tools to support decision making and management.

[65]

Develops a set of indicators based on generally available data to assess the sustainability of
urban food systems. Through a participatory process, an assessment method considering
97 indicators for evaluating 51 of the 58 subthemes was considered developed. The
method was tested in Basel city, Switzerland, and revealed that it was useful to improve
the sustainability of the tested investigated food system.

[66]

By using a set of environmental, social and economic indicators, the sustainability of an
agricultural sites in Italy was assessed. The indicators were identified based on IDEA,
RISE, SAFE, SOSTARE and MOTIFS methodologies. The framework developed provides
easy-to-read results relevant for different scales assessment, and relies on balanced features
of data availability and reliability.

[67]

The environmental sustainability of the ornamental plant production sector (including
both nurseries growing plants in container production (CP) and in open field (FP)) is
assessed through impact indicators. The results exposed the higher environmental impacts
of the CP comparing with the FP due to their peculiar production structure, which, thus,
must be improved to assure an acceptable environmental performance.

[68]

The social sustainability of the Swedish (livestock) farming system is investigated using
the social indicators considered in existent sustainability assessment tools (RISE, SAFA,
IDEA). From these three tools, RISE seems best at capturing the social situation of the
farmers, although not fully addressing the finding work aspect. Both SAFA and IDEA fail
to capture several aspects relevant to describing the situation of the farmers.

[69]

Investigates how existent sustainability assessment tools support decision making
regarding management practices by farmers. It shows that farmers need more basic and
rapid overviews of the complexity dimension, whereas the management dimension is
useful to develop and implement new farm strategies.

[70]

An ex ante evaluation of several conventional practices is used to enhance the
sustainability of cropping systems. The sustainability of five diversified cropping systems
is compared with less diversified systems in several arable areas of France. The diversified
systems revealed fewer greenhouse gas emissions, improved water and air quality and a
high biodiversity. Nevertheless, diversification can cause negative impacts in some
indicators, such as NHj volatilization, NOj3~ lixiviation, pesticide use and gross margin.

[71]

A multi-criteria analysis (MCA) tool is developed to assess the sustainability of four Italian
organic farms with durum-wheat-based crop rotations. The best sustainability scores were
noticed in both ex ante and ex post analysis by diversified cereal farming systems with
short supply chain mechanisms to sell their products.

[72]

A sustainability assessment of the flowering potted plants (FPP) value chain was
performed, including all of the phases from breeding to distribution. The selected
indicators relied on SAFA and RISE sustainability assessment tools. The study shows that
SAFA and RISE tools do not cover the overall sustainability subthemes, and emphasizes
the need for a system-specific view in unique systems, such as the FPP.

[73]

The relationship between agricultural sustainability and economic resilience is
investigated through an empirical analysis of Northern European countries. Composite
indicators are settled based on decision-making criteria. Results highlight that
sustainability indicators cannot be replaced by economic resilience ones, and that the latter
should be considered in addition to the economic sustainability indicators.

3. Methodology

During the past 20 years, various approaches and tools have been proposed for
assessing the overall sustainability in the agricultural production system and food sec-
tor [31,74,75]. However, these methods have many limitations. As an example, life cycle
assessment tools quantify many aspects of the environmental dimension in a narrow way,
need a high amount of data and do not consider the impacts on soil quality and biodiver-
sity [76] and economic and socio-cultural impacts [77], or can only be applied to agricultural
enterprises [32]. Eco-management and audit schemes, as well as sustainability reporting
systems, include procedures accounting for the sustainability of a company, but do not
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enable comparison between the outcomes of different ones since they are not science-based
assessments [78].

In this study, we selected indicators and frameworks based on the following criteria: (1)
went through a peer review process, (2) have a farm assessment level, (3) cover universal
agricultural sectors, (4) include the three dimensions of sustainability, (5) suitable for
Europe and countries worldwide and (6) present transparency of information allowing for
an informed assessment as well as solid cultural and value-based elements.

For the search of the frameworks, we considered literature including at least one peer
reviewed publication, reports and presentations available online by searching on scientific
web platforms.

Each framework selected was therefore described by stating information on the type
of tool used (software, database, etc.) and where it can be found available, requisites for
running the tool, type of input data required, time needed for the assessment and number
and description of indicators (environmental, socio-cultural and economic) used.

The six sustainability assessment frameworks were also compared according to their
ability to cover the main themes of environmental, economic and sociocultural dimensions,
and their themes were reported. We compared their strengths and weaknesses and devel-
oped a decision tree based on possible scales, sectors of applicability and the completeness
of sustainability dimensions required to help stakeholders decide which framework is the
most suitable for their sustainable assessment purposes.

4. Results

Based on selected criteria, the following frameworks were identified: SAFA, RISE, MASC,
LADA, SMART and PG. Below, each framework is briefly described, as are the environmental
(Table 2), sociocultural (Table 3) and economic (Table 4) indicators included in each one of
them. In the next section, their strengths and weaknesses are highlighted individually.

Table 2. Environmental themes, sustainability objectives, indicators and measured parameters for
each framework considered in this study.

Theme Sustainability Objectives Indicators Framework Parameters
Water consumption
RISE monitoring and measures for
water saving
Irrigation, flooding defences,
Water management PG pollution reduction, water
Water conservation management plan
Reduction in water
SAFA consumption/water
Water use withdrawals
Dependency of MASC Irrigation, water availability
water and crop water requirements
Water security (supply without
compromising available water Water Supply RISE Assessment at watershed scale
resources)
Availability of . ilabili
val a.b1'1ty N watgr resources Irrigated areas LADA Water availability
for irrigation, salinization
loitati f .
Overexploitation o Groundwater level, salinity of
water resources, LADA . .
. . linizati water, arsenic contamination
Water quality Water resources degradation salinization
i f
Clean water target SAFA Concentration of water .
pollutants, wastewater quality
. . . Pesticides 1 i
Water pollution Water pollution risks esthIii:aste(;sses m SMART NOj losses, phosphorus losses
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Table 2. Cont.

Theme Sustainability Objectives Indicators Framework Parameters
SMART Compaction, erosion, SOC,
phosphorus fertility,
Providing the best conditions Cultivation, winter grazing,
for plant growth and soil Physical and PG NPK management, cropland
health, preventing chemical properties diversity, livestock diversity
land degradation RISE Soil reaction
Soil chemical and biological
SAFA quality, soil structure and SOM
Soil quality./ land Texture, structure, pH, organic
degradation Erosion LADA matter, water
Compacti(;n infiltration/drainage, salinity,
. . soil depth, landslides, gullies
nutrient and soil P )
o . biodiversity decline, RISE Soil erosion, soil compaction
Identification of soil and salinization - - -
terrain resource degradation (regional) Soil health, soil degradation,
& SAFA net loss/gain of
productive land
Soil resources Heavy metals, earthworms
LADA and others), root development,
(local) P
soil color
SMART Air pollution, ozone
RISE substances, GHG
Prevention of air pollutant Emission of air pollutants,
Air quality emissions and elimination of GHG, air quality number of days of the year
ozone-depleting substances with exceedance of air
SAFA pollution values, GHG
emission, net direct
GHG emission
Cilgzﬁf.fr.is;:f cr);es: Aﬁg}g’ igﬂ Aridity index, soil moisture
- . .1 R . ! R u ’ LADA change, inter-annual and
drought/desertification and variability of trends of rainfall
. water erosion rainfall
Climate -
fg;ien;:iize;:i Tg?;?n}i’ Extreme events, Salinization, landslides, loss of
y 4 g. & L disasters, LADA land cover and biodiversity,
dust storms, volcanic eruption, . X
water erosion slope/land use sedimentation
SAFA Nitrate and orthophosphate
Fertilizer conservation: concentrations
Prevent nutrient losses Wastewater quality - .
through runoff RISE Material flows, fertilisation
Environment pollution
Crop phosphorus needs,
Plant and fertﬂity Abiotic resources conservation (jl—)ok;zselr)'f/l;)‘;z; SMART phosphorus use autonomy
PG Manure management
Reduce plant protection:
Reduce application of Plant protection RISE Agreement with integrated

chemicals and avoid
environmental exposure

Practices 1

plant protection principles
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Table 2. Cont.

Theme Sustainability Objectives Indicators Framework Parameters
Conservation of functional
SMART integrity, agrifood ecosystem, wild
. and domesticated species
Species
conservation e Conservation plan, habitats,
Preserve diversity of practices rare species
ecosystem, species and generic Rare and endemic species, wild
SAFA animals, threatened or vulnerable
wild species
Functioning and Ecosystem services, connectivity,
connectivity of SAFA structural diversity of ecosystems,
ecosystem services land-use and land-cover change
Biodiversity Changes in LADA Loss of biodiversity/loss
land cover of nutrient
Preserve vegetation resources :Vl(ljd gengticldivlelrsit()ic J
Genetic diversity SAFA agro-biodl versity, locally adapte
varieties /breeds, rare and
traditional varieties and breeds
.. . . Sprayed area, insecticides,
Pesticide use intensity Number of doses MASC .. .
fungicides, herbicides
Management of biodiversity,
ecological infrastructure,
Infrastructure and production Managemem and RISE . distribution of ?cologlcal
production infrastructures, diversity and
intensity of
agricultural production
Implementation of
AFA . .
Measures to s energy-saving practices
save energy .
PG GHG emissions
Reduce GHG emissions and MASC Energy consumption,
energy consumption energetic efficiency
Energy use Energy. PG Energy balance, benchmarking
(temperature conservation
control /heating RISE Energy management, energy
storage and intensity, greenhouse gas balance
transport) Reduce non-renewable energy
sources’ dependency SAFA Net of energy use and share of
sustainable energy transports
Renewable energy
Waste reduction and disposal SMART Prevention of waste generation
PG Disposal of farm waste
Material Replacement of non-renewable
Reduce non- renewable . .
. . consumption SAFA materials by renewable and
Energy use materials (e.g., plastic, peat) . . .
practices recycled materials
Substrate and
containers Reduce non-degradable waste Wi . Reducing the generation and
. te reduct
such as plastic or aste reduction SAFA hazardousness of waste, food loss

substrate (perlite)

practices

and waste reduction
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Table 2. Cont.

Theme Sustainability Objectives Indicators Framework Parameters
SMART No thirst, hunger, injury
and disease
PG Housing, bio security, ability to
perform natural behaviors
) Animal production

Animal welfare Animal health and freedom Animal health management, productivity of
from stress RISE animal production, possibility

of species-appropriate
behavior, living conditions,
animal health

Reduce pain and injury risk of
SAFA animals, condition of
animal husbandry

1 Originally “Plant protection” in the RISE framework.

Table 3. Social themes, sustainability objectives, indicators and measured parameters for each

framework considered in this study.

Theme Sustainability Objectives Indicators Framework Parameters
Employment relations;
ability to cover the costs of Written agreements
. - SAFA .
production, right with employees
Employment Workers’ kstellbilit};l and ;ecure of suppliers
workplace throu
contract/agreement leg}a)l contractsg No forced labor, no child
Fair prices, rights of suppliers are

labor, freedom of
association and right SMART respected, labor rights

to bargaining
Allows overtime Working hours and vacations
Workload compensation and quality Working hours RISE recorded and following
of life the standards
Wage level SAFA SMART Living wage paid to employees
Wages provide reasonable life If) Fofest?i(;n'and 'educatilorl\,
Wages quality for workers and 1nanc1av situation, socia Education, economic and social
relations, personal RISE . .
situation, health

their families
freedom and

values, health

Occupational health and Existence and effectiveness of

Employees tained for healty _ S2ety and health SAFA i physiéal consraints

ploy ) . trainings/health risks MASC g/ phy: ™ L
and safety issues/complexity number of specific operations,

of implementation number of crops
Health safety -

Safe working environment Safety of workplace Si/ﬁigT Dem;?;ﬁﬁ;%&fﬁ;g:s and

Employees’ access to medical care;

Medical care: Health coverage and
Access to affordable medical 8 SAFA ..
care for employees; access to medical care and health provisions
Opportunities for employees’
. . . c itv devel " SAFA capacity development
Job satisfaction Attract and retain employees apacity development and advancement
PG Skills and knowledge

Enjoy a livelihood, time for
culture and nutritionally
Decent livelihood adequate diet, training and
education, access to means
of production

Adequate livelihood, possibilities
SMART for education and training, access
to production means

Life quality, development
capacity, fair access to
production income
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Table 3. Cont.

Theme Sustainability Objectives Indicators Framework Parameters
No gender discrimination, Resources to provide women’s
including support of working pregnancy rights; equity and
Gender equality/equit mothers through provision of Gender equality equity, SAFA non-discrimination policies are
q y/equity maternity leave; non non-discrimination SMART taken into account; disadvantaged
discrimination, support to groups are promoted
vulnerable people and supported.
Freedom of choice and : Intellectual property right, choice
Cultural diversity ownership in regards to Indflgegous k??v;ltedge, SMART and ownership in regards to
production means ood soverelgnty production means
Benefits to/investment in Support of / invest in Community investment SAFA Investment to meet local
local communities local communities community needs
L SAFA History of preferential hiring of
Employment Contribution to local/ Regional workforce MASC local employees when possible,
regional employment -
PG Community engagement
. Any highly hazardous and other
Consumer safety Product free of hlghly Hazardous pesticides SAFA pesticides used (safety to
hazardous pesticides .
consumers and pollinators)
Consumer informed of . .
Transparency product quality through a Product labeling SAFA Products are labeled in compliance
X : with standards
reliable labeling system
Table 4. Economic themes, sustainability objectives, indicators and measured parameters for each
framework considered in his study.
Theme Subtheme Sustainability Objectives Indicators Framework Parameters
Total revenue in the last five years
SAFA associated with producing goods
Net income MASC and services exceeds the
Net Maintain short- and SMART fft.ot‘alproﬁtablAlflity, mc;!ependency,Cl
income/autonomy long-term profitability of efficiency, specific equipment needs
Profitability the business/autonomy LiqUidi.tYr sfsfbility, o -
profitability, RISE Liquidity, stability,
indebtedness, indebtedness, livelihood
livelihood
Profitabili Costs of unit production SAFA Cost of the products sold per unit
ro 1.? 1 léy pter are lower than the price Cost of production RISE of production, break-even point
vnit produc per unit of product sold PG Financial viability
Implementation of mechanisms to
SAFA prevent disruption of volume
or quality
Mitigating production risk Stable business relationships and
Stable production such as unpredictable Production risk ! SMART accessibility to alternative
weather conditions and procurement channels
pathogen infestation Procurement channels to reduce the
risk of having input supply
SAFA shortages, stability of
supplier relationships
Diversified products to
ensure market growth, Product Number and type of products, as
Assortment product differentiation and dive r:i fi cg tion SAFA well as development of
Vulnerability reduced risk (market, new products
weather, price)
Diversified income
structure (marketing . S -
Diversified income channels and buyers) and Stability of market Si/ﬁfﬁl" Ac;vmesl FO dévirséf{ markgtlﬁg
production contract with channels and stabilize prices
buyers
SAFA i
i Internal and external risks . SMART Existence of 2 planora stratggy to
Risk management (e.g., demand uncertainty, Risk management RISE reduce risks and adapt
shortage in workforce) G Farm resilience
RISE Cash flow plus available credit
N 1 liauidi X T MASC lines divided by average
Lo Financial liquidity to Financial liquidity 2 Y averag
L
iquidity withstand shocks / indeper?dencey SMART weekly expenditure
SAFA Net cash flow, safety nets
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Table 4. Cont.

Theme

Subtheme

Sustainability
Objectives

Indicators

Framework

Parameters

Accountability

Product
traceability, food
safety and quality

Products can be traced
along the value chain

Traceability system

SMART

Share of production that can be
traced along the value chain, food
safety and quality

SAFA

Product labeling, traceability
system, certified production,
food quality, control measures,
hazardous pesticides,
food contamination

PG

Food quality certification

Investment

Internal,
community,
long-ranging
investment

Sustainable performance
and development of a
community aiming at

long-term sustainability

Resilience

SMART

Enhancing sustainability
performance, sustainable
development of a community,
long-term sustainability

SAFA

Long-term profitability,
business plan

Internal investment

SAFA

Improved social, economic,
environmental and
governance performance

Community
Investment

SAFA

Balance between the community
needs and efficient use of
environmental resource

Local economy

Value creation,
local procurement

Benefit of the local

economies through

procurement from
local suppliers

Local economy

SMART

Benefit to local economies
through employment and
payment of local taxes,

PG

Local food, production of
fresh produce

SAFA

Regional workforce, fiscal
commitment, local procurement

Economic risk

Loss of land

Identification of the risk
related to the loss
of profit

Frequency of forest
fires, presence of
land mines,
under-management
resource,
urbanization,
livestock pressure,
human-induced
disasters

LADA

Deforestation, complete loss of
land, nutrient loss/erosion,
sealing, compaction, loss of land
cover, isotope fall out
(radio nuclear)

PG

Landscape features, management
of boundaries

1 Originally “guaranty of production levels” in the SAFA framework. 2 Originally “liquidity” in the RISE
framework. 3 Addressed by operational management with the indicators: goals, strategy and implementation,
information availability, risk management and sustainable relationships. SMART has a 4th dimension “Good
Governance”, with the following themes: corporate ethics, accountability, participation, rule of law and holistic
management (not included here).

4.1. SAFA

The Sustainability Assessment of Food and Agriculture systems (SAFA) is a framework
developed and proposed by FAO to assess the environmental and social impacts of food and
agricultural operations [79]. It offers a comprehensive reference framework for assessing
sustainability in agricultural, forestry and fishery chain systems. The framework is designed
hierarchically starting with four dimensions: environmental integrity, social well-being,
economic resilience and good governance [72].

The available software (https://www.fao.org/nr/sustainability /sustainability-
assessments-safa/safa-tool/en/) (accessed on 4 March 2022) calculates 116 indicators
that target the principles of sustainable development. Measured and/or calculated data
from production sites with defined unit processes of a system include a wide diversity
of sources, including literature or available databases, and public and other independent
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sources of information. Additionally, interviews are carried out with local employees in
the sector considered. Data analyses should be conducted by an expert in sustainability.
SAFA-Tool assists users with setting system boundaries and scoring ranges, and selecting
targets, practices or performance indicators from qualitative or quantitative information.
The latest software version 2.4.1 allows the user to add their own indicators. Depending
on the complexity level of the analysis, determined by the choices made by the user,
data collection may range from +2 h to weeks, and the total assessment from 0.5 days to
months [69].

Environmental indicators established in SAFA cover a broad range of themes including
water use, wastewater quality, soil quality, air quality, species conservation practices and
ecosystem diversity, energy-saving practices, material consumption and reduction practices,
energy use and animal welfare, all linked to the food and agriculture processes (Table 2).
The social angle of the evaluation process is also very well represented in SAFA, with
the rating of indicators covering themes such as employment contracts, the wage level
of employees, safety and health environment, job satisfaction, gender equality, cultural
diversity or even transparency in the labeling, safety for the consumer and the impact of
using a regional workforce (Table 3).

Finally, economic indicators figuring in SAFA cover both profitability and vulnerability
topics, such as the net income, production cost and risk and stability of the market or risk
management, among others. It also includes indicators related to accountability, such as
the existence of system traceability, the investment potential and the will to invest in local
economy (Table 4).

LADA data are extracted from the LADA indicators’ toolbox developed for LADA
(see [80]); the indicators of LADA are divided into two types: those describing the state of
the resources+ and those describing direct pressure on the resources++; thus, the indicators
used are those that indicate the degradation type

4.2. RISE

The framework RISE (Response-Inducing Sustainability Evaluation) was developed
by Hafel, in Switzerland, for evaluating the environmental, sociocultural and economic
sustainability of farm operations [80]. Currently, the RISE version 3.0 software can be found
online (RISE 3.0 - Software Manual (bfh.ch)) (accessed on 4 March 2022) or offline (Microsoft
SilverlightTM plug-in required) to analyze the data. It includes a total of 50 indicators
addressing environmental, social, economic and land management aspects. The data are
collected with a questionnaire-based methodology, where farmers are interviewed for 3 to
5 h, which, with the additional time for data computation, requires a total assessment time
of 5-9 h [80]. The framework should be used by agronomists or specialists in agricultural
advisory. The results are thoroughly discussed with farmers and used to support the
continuing improvement of farm sustainability. The environmental indicators included are
mainly related to water use and plant protection (Table 2), whereas the social dimension
is focused on the workload and the economic dimension mainly tackles the business
vulnerability by assessing the financial liquidity (Table 4).

4.3. MASC

INRA (Institut National de la Recherche Agronomique) developed MASC (Multi-
attribute Assessment of Sustainability of Cropping Systems) to assess how cropping systems
contribute to sustainability at the farm level [13]. The tool that is currently available
(http:/ /wiki.inra.fr/wiki/deximasc/Main/) (accessed on 4 March 2022) uses a decision
tree to break down the sustainability assessment decisional issue into 32 input criteria.
Indicators used to assess these basic input criteria can be chosen by the user depending on
their accuracy and the context of their study, as well as the available data [63].

Qualitative and quantitative information is collected through questionnaires and
reported results. Methods such as MASC that are suited for the analysis of qualitative
data may be more relevant for sorting and categorizing technical solutions when con-
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sidering a wide range of performances [13,81]. The tool should be managed by a re-
searcher/professional, who then interprets the results obtained.

The indicators included in this framework deal with the evaluation of environmental
aspects such as water use, biodiversity and energy use through indicators of water depen-
dency, number of pesticides doses and energy conservation (Table 2). Social indicators
are also included, especially targeting the safety and health trainings of employees and
the priority to employ a regional workforce. The economic dimension is assessed through
indicators of net income and financial liquidity (Table 4).

4.4. LADA

The LADA tool (Land Degradation Assessment in Drylands) framework was devel-
oped by FAO (Food and Agriculture Organization of the United Nations) for assessing
and quantifying the nature, severity, impact and extent of land degradation on ecosystem
services across different spatial and temporal scales. In order to support policy decisions to
combat land degradation, the framework aims to identify hotspots and bright spots [82]. It
is available as a tool-kit (https:/ /www.fao.org/nr/kagera/tools-and-methods/lada-local-
level-assessment-manuals/en/) (accessed on 4 March 2022) that identifies the state of the
land resources through different indicators, the pressures and driving forces that caused
this status and the impacts on ecosystem services and on livelihoods. The data required are
collected through agricultural and other national surveys and censuses and maps of soil
and natural resources, as well as digital and computer-assisted methods.

LADA environmental indicators focus on water quality and water use, soil quality
and the soil degradation status. It includes an assessment of the irrigation area and the
over-exploitation of water resources, as well as the salinization process, and includes
indicators focused on general soil threats, including erosion, compaction and nutrient loss.
Biodiversity is also tackled through indicators of land cover (Table 2). Additionally, LADA
also includes economic indicators related to the economic risk caused by land degradation
problems, through the assessment of land loss by fires, urbanization and livestock pressure,
among others (Table 4). The sociocultural dimension is represented by the pressures on
the resources that will impact society as a whole. The change in land users’ life is not
investigated. The LADA framework considers climate components illustrated by climate
resources and climate extreme events.

4.5. SMART

The SMART (Sustainability Monitoring and Assessment RouTine) framework was
developed by FiBL (Research Institute of Organic Agriculture) to assist farms and enter-
prises in the food sector for assessing their sustainability level in a credible and trans-
parent manner [83]. The specific software (https:/ /www.fibl.org/en/themes/smart-en/
smart-method) (accessed on 4 March 2022) is used to compute context-specific indicators
(up to 200) that are compiled individually for each case study. Data needed for the assess-
ment are semi-quantitative and collected using a standardized interview procedure [84].
The time for data collection is 2-3 h [64]. The software should be handled by scientists
and/or field practitioners. The extensive list of indicators includes transversal environ-
mental topics from water pollution to soil quality and degradation, air quality, fertilizer
consumption, biodiversity, energy use and even animal welfare. Examples of the broad
list of environmental indicators in the framework include pesticide presence in water,
greenhouse gas emissions, phosphorus crops content, conservation of species and the
use of renewable energy (Table 2). Social indicators are also included in the framework,
assessing employees’ rights and their wage level for a dignified life. The social dimension
also includes gender equality and non-discrimination, cultural diversity, health coverage
and access to medical care (. Finally, economic indicators cover a set of themes, from
profitability to vulnerability, accountability, the resilience of the investment and the value
of local economy (Table 4).
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4.6. PG

PG (public goods) is a framework developed by the Organic Research Centre in the
United Kingdom for assessing the provision of a broad range of public goods from farming
activities [84]. It is based on the premise that agriculture produces many by-products that
are deemed public goods [85].

Information related to the farming activity is gathered and computed in an excel
sheet (https:/ /www.organicresearchcentre.com/our-research/research-project-library /
public-goods-tool/) (accessed on 4 March 2022), where 11 individual public goods are
scored. Information is collected using questionnaires with several key “activities” and
includes qualitative and quantitative data. The analysis is normally undertaken by famers
and/or sustainability experts. The time of data collection varies between 2 and 4 h [84].

Environmental indicators from PG framework include water management and soil
quality through the assessment of the irrigation method used, flooding defenses implemented
and the existence of water and nutrients management plans, cultivation types and cropland
and livestock diversity. Biodiversity and energy use are also tackled extensively through the
screening of conservation plans, the presence of habitats and rare species, GHG emissions,
energy balance and the correct disposal of farm waste. The animal welfare is accounted
through parameters such as housing, biosecurity and their ability to behave naturally (Table 2).
The social indicators are basically represented in the job satisfaction through the skills and
knowledge of the employees and the contribution to local/regional employment assessed
by the level of community engagement. Economic indicators range from financial viability
and farm resilience to others, such as accountability by food quality certification, the local
economy value through assessing the production of local products and the economic risk by
checking landscape features and the management of boundaries (Table 4).

5. Discussion
5.1. Strengths and Weaknesses of the Frameworks
5.1.1. SAFA

The study by Landert et al. [83] aimed to transform intensive livestock farming in
15 European countries with a high impact on the environment, society and economy in
sustainable livestock farming, which reduces emissions and the costs associated with this.
The authors showed that farms with an optimized governance component can improve
sustainability in general and that the farmers should learn about this context and improve
their production and economic performance within each individual farm. In this context,
SAFA is an important tool to provide recommendations for future actions to support
achieving sustainability [86].

The study by [87] in the central Sicily Mountains showed that a growing economy
would also require more resources to reduce environmental impacts, modernize animal
shelters and use renewable energy sources to make them more sustainable. It illustrates
how, on the one hand, the sustainability areas that are discussed in SAFA are intercon-
nected, and, on the other, that there are many open pathways for Sicilian organic farms
to improve their performance. Although SAFA is a valid asset for addressing the sus-
tainability potential of food in urban system contexts, two main weaknesses related to
some subthemes have been pointed out by Landert et al. [83]: (i) the subtheme Remedy,
Restoration and Prevention would need a specific adaptation to become food-focused, and
(ii) the subtheme Rights of Suppliers does not include the full web of existing relations and
processes normally present in these systems. In addition, the subthemes Long-Ranging
Investment, Profitability, Stability of Supply, Stability of Market and Liquidity are not
flexible for use in this system [65]. In this context, by setting the boundaries of the system,
the majority of the indicators became less responsive to drivers or pressures. In turn, this
led to poorer analyses of the cost-effectiveness and political and societal acceptance.
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5.1.2. RISE

Grenz et al. [88] showed that RISE is an effective tool for field production since it
measures fertilizer application relative to soil nutrients and crop requirements for optimum
crop growth and calculates the non-renewable energy percentage, as well as the farm
financial security (e.g., diversifying income sources, securing access to land, maintaince of
infrastructure). Ro0s et al. [68] observed the potential of this framework to integrate the
social dimension of the farm, although some modifications would be necessary to enhance
its relevance for the specific context of the study. The authors perceived the results of RISE
as highly solid because they are based on quantitative data input and integrate experts on
the subject.

RISE becomes complex due to complicated calculations and the elevated number of
data required. However, regarding the tool, farmers consider it as relatively simple to
understand [68] because of the language adopted compared to the more general one found
in in SAFA (e.g., rule of law) [88] and IDEA (e.g., organization of space) [68]. Regarding the
relevance of RISE, the farmers recognize that the obtained outcomes reflect the positive and
negative points of their farming activities well. Therefore, in comparison to other frame-
works (e.g., IDEA, PG), farmers consider RISE as one of the most appropriate frameworks
to use [72]. However, it was shown that the time investment and time required for learning
RISE are relatively long in comparison to other frameworks [68], while also not being highly
transparent as other frameworks due to the complexity of the calculations that complicates
the computation rationale behind it [64]. In addition, using standardized quantitative
measures makes it hard to capture the specific situation (e.g., farmers’ financial situation
and working situation), since farming activities will always endorse high variability from
one case study to another [68].

Havardi-Burger et al. [72] showed that the process of selecting indicators in RISE
becomes difficult since, on the one hand, one must include all of the significant indicators
that represent the system well, but, on the other, the number of indicators cannot be too
high otherwise it compromises the application of the tool. This aspect is observed for all
frameworks except for SAFA, which includes a relatively high number of indicators. In
describing this difficulty, Binder et al. [31] refer to parsimony as a principle in order to
strive for the system representation under consideration and the sufficiency to address
its complexity. Overcoming this difficulty by setting different indicators from different
sustainable dimensions and themes is not an easy task since one becomes easily lost on
what is actually under study. One possible example is the indicator stability used in RISE to
address how financially stable a farm is (e.g., farm infrastructure, long-term access to land,
the number of customers and main source of income). The authors showed that covering
more aspects would be a benefit, as also shown in the indicator liquidity combining two
SAFA indicators (safety nets and net cash flow). This allows the adoption of concrete
measures to improve the business performance, even when under financial stress [31].

5.1.3. MASC

MASC can be described as an objective and broad tool. Its ability to incorporate
qualitative data in addition to its ease-of-use in terms of the necessary input becomes very
helpful for real situations and enables a high comprehensibility of the outputs. Quantitative
values can be processed as qualitative information by simply using thresholds, and, thus,
MASC integrates both measurements (e.g., yields), calculated data (e.g., semi-net margin)
and empirical knowledge (e.g., physical difficulties of crop interventions) into the indicators.
This ensures that the best available information is used and that there is a high participation
approach, since, as an example, the users’ point of view can be integrated in the framework,
since normally it would be difficult to address them by using quantitative indicators [63].

Graheix et al. [62] applied MASC to evaluate 31 cropping systems previously chosen to
study different management practices, from conventional tillage systems to other systems
where conservation agriculture principles were incorporated. In this study, the integrative
approach of the MASC framework provided a benefit for the understanding of how the
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different cropping systems behave when considering, at the same time, (i) the multiple
objectives of the dimensions (economic, social and environmental); (ii) various time scales
and (iii) the objective worries and goals of the farmers, and generally also the society,
raised by different stakeholder groups with various interests. While the results of many
studies have highlighted advantages of MASC for adapting cropping systems through
conservation agriculture [63], they also identify a weakness in terms of MASCs’ inability to
properly evaluate the agronomic effects of biodiversity (e.g., normally, a higher biodiversity
is an advantage, but decreasing the soil tillage may also contribute to a higher diversity of
pests and weeds) from a simple description of the practices employed. The diversification
systems may have many advantages (e.g., lower GHG emissions) in comparison with
the conventional reference system. They may improve both the air and water quality
and contribute to a higher biodiversity [70]. The indicators were initially determined
based on scientific knowledge and the context available at the time of the development of
MASC, with the aim of keeping its use relatively simple [25]. This probably led to a too
generalized meaning of the indicators that cannot highlight the specific context found in
different pedoclimatic conditions and under different agricultural management practices
of the different studies. As reported by Médiere et al. [89], “we still have little scientific
information concerning the responses of biological process to agricultural practices in a
given pedoclimatic context”. The balance between benefits from the services provided and
the negative effects that are often observed when tillage is reduced is still unknown, and
crop rotation is included, which results in a higher biodiversity [90]. Al Shamsi et al. [91]
showed that the best practice reduces the need for off-farm inputs while increasing the
product range. However, it is also reported that this diversification can cause negative
impacts, i.e., NO3 leaching, NHj3 volatilization or pesticide use [70]. When assessing the
effect of a combination of different practices in one single indicator, some complexity
is added, since this will also be dependent on the pedoclimatic conditions, the intrinsic
performance of the system and the goals set for the sustainability performance [70]. Thus,
using such frameworks and interpreting its results should be carried out carefully, since
there is a high level of subjectivity that cannot be erased [25].

5.1.4. LADA

LADA is a framework that is focused on the following items: biomass production,
yearly biomass increments, soil health, water quality and quantity, biodiversity, economic
value of the land use and social services of the land and its use [82]. It is also very solid in
providing baseline data for improving the land degradation status, offering valid assets
to plant, prioritizing and monitoring [92]. The cost-effectiveness is reasonable, i.e., the
mapping activity, which includes the land use systems classification, costs approximately
USD 250,000 for a country the size of South Africa [92]. This framework also operates
with both local and national scales when assessing the land degradation and sustainable
land management, cooperating with different stakeholders and proving applicable in at
least 18 countries [93]. This is seen as a strength, since the contribution given by different
stakeholders (locally and/or nationally) contributes significantly to equilibrated responses
and results. For instance, the same status of a land may be classified differently depending
on the stakeholder value system [82]. The LADA framework differs from others in its
integration of climate factors, which may account for the long-term performance under
climate change conditions.

The use of the framework, however, is still rather limited to people with multi-sectoral
expertise [92]. This is linked to the need to build a comprehensive database to store
both the quantitative and qualitative data obtained during the assessment operations.
The assessment should provide a fixed baseline to monitor future changes and trends,
and to feed more in-depth knowledge and understanding into the findings of the national
assessment for the area in question [94,95]. Reed et al. [93] also states that, in this framework,
land degradation assessment and the impact of the soil management practices that could
be applicable in each specific situation should be tighter.
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5.1.5. SMART

The tool has the advantage of having a high number of indicators to assess the trade-off
and synergy analysis. It operationalizes the SAFA guidelines by including indicators that
are based on scientific procedures and extensive literature revision. SMART is distinguished
from all sustainable assessment frameworks studied by Landert et al. [83] because it
integrates the contribution of the stakeholders in its development, which strengthens the
acceptance by the end-users while also being specific to local situations [94,96], whereas the
others typically involve stakeholders in the application of the framework, but only partly in
its development [31]. Therefore, there is a compromise in the intended global applicability
of the sustainable assessment tools and the incorporation of a local context.

SMART can be combined with other available tools to improve items such as the
system boundary definitions and cut-off criteria when assessing farming activities. The
study by Landert et al. [83] used three tools when assessing farm sustainability: COMPAS
(an economic farm assessment tool); Cool Farm Tool (a greenhouse gas inventory, water
footprint and biodiversity assessment tool, CFT); and the SMART Farm Tool. The results
showed that SMART results can be used in combination with quantitative data from
COMPAS and CFT. This study was a pioneer in showing the sustainability outcome for
15 different farms in Europe at different stages of their agro-ecological transition. The
interdisciplinary tune of this research is characterized by its quantitative contributions and
the plurality of view [96]. However, this framework proved to be too time consuming for
all of the stakeholders involved, as well as for the interviewers. The combination of SMART
with different tools and an improved standard method to incorporate data between the
frameworks would facilitate this in the future.

Ssebunya et al. [97] used SMART to assess the sustainability performance of certified
organic and fair-trade coffee when compared to non-certified in Uganda. The farm scores
were included in the study, which enable analyses of synergies and the trade-off between
different sustainable themes. Results showed a link between the certification and the
improvement of the sustainable performance of the coffee farms. The framework was also
used to enhance the governance objectives by suggesting alterations in group organizations
and collective capacities, which, circularly, would also impact other sustainable dimensions.
The authors pointed out three main limitations and specific requirements for credible and
more consistent outcomes. One of these limitations is related to the comprehensiveness,
which is related to the necessary trade-offs for the analysis specificity of some sun-themes.
For example, ‘Energy Use” and ‘Greenhouse Gases’ might be more accurately quantified
through life cycle assessment methods. Profitability can also be calculated from detailed
data from farm incomes and expenditures, whereas this is impossible for other sub-themes.
Another limitation is related to the implementation, since the use of SMART requires
an adequately trained audit team, involving very time-consuming practice activities to
properly understand the functioning of the framework, its indicators and application range.
Finally, the team also requires an expertise background on agronomy.

5.1.6. PG

PG is a user-friendly tool, with scores of the indicators coming directly from farmers’
answers. One of the strengths of this framework is, therefore, its ease of application. On the
one hand, data needed to compute the sustainability assessment are easy to obtain from
simple interviews with farmers [85], and the questions include accessible data from the
farm accounts and management. On the other, the framework was specifically designed to
be simple, which means that input data requirements are modest, and are easily translated
in the calculation methods and results [84]. This also implies that relatively little time is
required for an assessment, since both manuals are simple to use and questions and calcula-
tions are easy to follow. This framework was specifically developed for agri-environmental
schemes, making it the best option for policy makers wanting to address questions on
whether suggested schemes/subsidies will significantly impact the different sustainability
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dimensions. Famers also have a direct answer on the impact that future improvements will
have on the provision of public goods [84].

Other strengths of PG include the high level of transparency and the opportunity to
transform the results directly into understandable outcomes of public goods in agriculture.
Additionally, its user friendliness integrates better farmers and provides a useful tool for
them to gain awareness on their sustainability farming activities, which is the first step to
adopt better practices [96]. The main weaknesses, however, are also related to the simplicity
of the tool, based on qualitative data collection and the lack of quantitative indicators,
which allows for subjectivity in the scoring and results. Other more minor weaknesses
are related to the presence of terminology related to nature conservation, which can be
unfamiliar to farmers, the lack of the possibility to select indicators and the impossibility of
including indicators within the framework [96].

Scoring the Frameworks

For the environment dimension, RISE, SMART and SAFA show a higher number of
indicators covered (seven of eight themes), whereas MASC includes only three themes
(water, soil and biodiversity). PG and LADA cover six and four themes, respectively, with
water, soil and biodiversity as common themes (Table 5). Although an important subject,
climate change seems to be missing in most of the frameworks studied, except in the
LADA framework.

In the sociocultural dimension, SAFA is the strongest framework, including nine
indicators of a total of twelve themes, followed by SMART covering seven, whereas RISE,
MASC and PG cover two themes. SMART and SAFA cover the most important aspects
of the sociocultural dimension, whereas RISE assesses only two (workload and wages)
and LADA does not assess the sociocultural dimension at the individual level, but rather
through land degradation that affects the society as whole (Table 3). In addition to the
sociocultural advantages of SMART and SAFA, they enable us to engage stakeholders in
different steps in order to increase their acceptance by end-users.

In the economic dimension, SMART, SAFA and PG all cover five themes out of six,
followed by RISE and MASC with two themes each (profitability and vulnerability), and
LADA with one theme (economic risk). SMART and SAFA assess all themes of the economic
dimension except economic risks, whereas PG excludes only the investment theme. Despite
the low number of economic themes included, farmers perceive RISE and SMART as
the most indicated frameworks for understanding the level of sustainability achieved in
their farm because they are based on quantitative data, which are then used for specific
contexts [63,64].

In summary, SAFA is the framework with more focus on sociocultural aspects, while
still covering some environmental and economic themes. SMART is also homogenous, and
covers all three dimensions, but with fewer themes in each one in comparison to SAFA. In
contrast, LADA does not include the sociocultural dimension at the individual level and is
focused on the environmental dimension. The same is true to some extent for RISE and
PG, which include few themes of the sociocultural dimension, while being focused on the
environment and /or economy, respectively (Figure 1).

5.2. Which Frameworks Should Farmers Select?

To help stakeholders decide which framework is the most suitable for their sustainable
assessment, we have developed a decision tree based on possible scales, sectors of appli-
cability and the completeness of sustainability dimensions required (Table 6). For global
assessments, there are both SAFA and LADA, but SAFA differs from LADA in assessing
food systems in addition to land degradation. In addition, SAFA covers all dimensions,
whereas LADA excludes the sociocultural dimension at the individual level, and it includes
only a few economic themes.
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Figure 1. Total number of environmental, sociocultural and economic indicators used in each
framework under study: RISE, MASC, LADA, SMART, SAFA and PG.

Table 6. Decision tree according to the framework scale assessment (global/local), sector of ap-
plication (cropping system, livestock system, forestry system, urban system and food sector) and
completeness of sustainability assessment (environmental, economic and sociocultural dimensions).
Icons in black represent a higher number of themes whereas grey represent a lower number of themes
in each dimension. Strengths and weaknesses related to the user-friendliness of the tool and the use

of qualitative/quantitative data are also mentioned.

Scale Assessment

Completeness

Framework
Assessment

Sector of Application

Strengths (+) and Weaknesses (—)

Global

® it
? LADA

UMFAA

mAA

Qualitative and quantitative data (+)
Complex framework, requires expert
in sustainability (—)

Qualitative and quantitative data (+)
Limited to people with multi-sectoral
expertise (—)

o
v 84 rc

MASC

SMART

Quantitative and qualitative data (+)
High number of input data, requires
specialist (—)

Only qualitative data used (—)
Scores of the indicators coming
directly from farmers answers (+)

Highly adaptable for qualitative and
quantitative data (+)
Requires researcher/professional (—)

Uses semi-quantitative data (+)
Very time-demanding and limited to
scientists (—)
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When the stakeholder intends to perform a sustainability assessment on a farm level,
he/she has four choices: RISE, PG, MASC and SMART, but the latest only covers the
cropping sector and is rather limited in the number of themes covered. The other three
frameworks include cropping and livestock systems, whereas SMART also includes the
food sector, which is the only possible choice if that is the user’s goal. The selection
between RISE, PG and SMART depends on the level of completeness intended for the
analysis. SMART covers all dimensions, but with fewer themes in each dimension, whereas
the other two include more themes in the environment and economy, respectively. However,
MASC and RISE are more complex frameworks, whereas PG is the most user friendly and
accessible for farmers.

6. Summary and Conclusions

The comparison between the six sustainability assessment frameworks (SAFA, RISE,
MASC, LADA, SMART and PG) showed that they have different characteristics with regard
to their assessment methodologies, time and data requirements to operate, and different
outcomes with a different accuracy and level of complexity. Balancing all of these aspects
in the development of the sustainability frameworks in order to meet the expectations of
the main actors has proven to be a challenging task.

The high variety of characteristics of each sustainability frameworks derives from the
fact that they were developed to serve different end-users: (i) farmers for assessing their
farm performance; (ii) advisories and technicians for advising farmers on how they can
improve their sustainability; (iii) researchers who conduct comprehensive regional and
local assessments adaptable for context-specific conditions by combining, for example,
different indicators from different frameworks.

The six sustainability assessment frameworks were compared according to their ability
to cover the main themes of environmental, economic and sociocultural dimensions, and
their themes were reported. We have also developed a decision tree based on possible
scales, sectors of applicability and the completeness of sustainability dimensions required
to help stakeholders decide which framework is the most suitable for their sustainable
assessment purposes.

This overview study reveals that a multi-actor approach is necessary to enable the
acceptance of the outcomes and their adoption by the main actors (i.e., farmers). When
a value judgement is incorporated into a framework without involving farmers (e.g.,
assuming that organic farming will be more sustainable), the results may become irrelevant
and are not considered useful by them [58,98,99].

It might be difficult to include alterations occurring in climatic, environmental, socio-
economic or technological dimensions, in both the short- and/or long-term in the agricul-
tural and societal aspects, but it may also offer new opportunities for more sustainable
development [100]. Therefore, assessing the long-term performance under climate change
conditions should be addressed further while assessing agricultural sustainability. For this
purpose, realistic climate scenarios should be included.
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Abstract: Soil compaction (SC) is a major threat for agriculture in Europe that affects many ecosystem
functions, such as water and air circulation in soils, root growth, and crop production. Our objective
was to present the results from five short-term (<5 years) case studies located along the north-south
and east-west gradients and conducted within the SoilCare project using soil-improving cropping
systems (SICSs) for mitigating topsoil and subsoil SC. Two study sites (SSs) focused on natural
subsoil (>25 cm) compaction using subsoiling tillage treatments to depths of 35 cm (Sweden) and
60 cm (Romania). The other SSs addressed both topsoil and subsoil SC (>25 cm, Norway and
United Kingdom; >30 cm, Italy) using deep-rooted bio-drilling crops and different tillage types
or a combination of both. Each SS evaluated the effectiveness of the SICSs by measuring the soil
physical properties, and we calculated SC indices. The SICSs showed promising results—for example,
alfalfa in Norway showed good potential for alleviating SC (the subsoil density decreased from
1.69 to 1.45 g cm 1) and subsoiling at the Swedish SS improved root penetration into the subsoil
by about 10 cm—but the effects of SICSs on yields were generally small. These case studies also
reflected difficulties in implementing SICSs, some of which are under development, and we discuss
methodological issues for measuring their effectiveness. There is a need for refining these SICSs and
for evaluating their longer-term effect under a wider range of pedoclimatic conditions.

Keywords: degree of compaction; soil penetration resistance; relative normalised density; air-filled
porosity; tillage; straw incorporation; bio-drilling crops; subsoiling; crop productivity
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1. Introduction

Soil compaction (SC) is a form of physical degradation due to the disruption of soil
micro- and macro-aggregates, which are deformed, reduced in volume, or destroyed under
pressure. Compaction is a “hidden” threat that occurs belowground and is one of eight
European soil threats [1], affecting as much as 18 to 36% of croplands [2,3]. There are
several consequences of SC because of its influence on many important soil functions. For
example, it can negatively affect physical soil properties, such as gas permeability and
water infiltration and storage [4,5]. This hampers the ecological function of the soil, leading
to reduced soil fertility and crop production [6-8]. Furthermore, SC problems can reduce
water infiltration and, in addition to causing problems with runoff and erosion, the soil
workability may be reduced due to high water content, and the crops may not be able to
explore the entire growing season (e.g., delayed seeding date) [9-11]. In this regard, the
climate and the expected climate changes are important; for example, Northern Europe may
be subject to increasing precipitations and wetter conditions during the growing season [12].
Indeed, soil compaction is one of the main reasons for stagnating yields [10,13]. A study
also showed that even if SC does not necessarily lead to a reduction in yields, it can cause
considerable amounts of extra costs not only for the farmers but also for society [14].

There are several common reasons for SC in most European countries. Compaction
may occur in both the topsoil (i.e., arable layer) and subsoil layers (i.e., below the arable
layer) due to pressure from the passage of machinery and repeated trampling of grazing
animals, or occur naturally from previous geological periods during the initial ground
formation under land ice. Subsoil compaction is also associated with in-furrow ploughing,
during which tractor wheels that are in direct contact with the subsoil transmit the pressure
to deeper soil horizons, especially when using heavy machinery under wet and sub-
optimal soil conditions [15]. Unlike topsoils, subsoils are not loosened annually, and
compaction may become cumulative [16,17]. Another feature regarding the SC of subsoil
is the formation of a plough pan layer that results from repeated ploughing and is less
permeable for roots and limits water flow and gaseous exchange. Ruser et al. [18] report
that compaction can become almost irreversible once it reaches the threshold of the pre-
consolidation stress (i.e., the index of soil load-bearing capacity).

Even though certain climatic conditions and processes (i.e., drying /wetting or freez-
ing/thawing and shrinking cycles) can be effective in counteracting the SC of clayey
soils [19,20], these processes are mostly absent on silty soils, making them especially suscep-
tible to subsoil compaction [21]. While ploughing is effective for loosening up compaction
of the upper soil layers, there is a lack of measures for persistently loosening up the sub-
soil [22]. There is a need for developing strategies to avoid subsoil SC and to stabilise and
improve subsoil structure. For example, plant roots can be effective for loosening up subsoil,
a strategy referred to as “bio-drilling” where roots modify the soil structure by pushing
aside soil particles, thereby creating large pores that improve both hydraulic conductivity
and gas flow [23-26]. Cresswell and Kirkegaard [27] defined bio-drilling as the creation
of bio-pores by deeply penetrating taproots as low-resistance pathways for the roots of a
succeeding crop. For this purpose, alfalfa, forage radish, or oilseed crops, which are known
for having deep taproot systems, may be efficient for improving the soil structure even
deeper in the soil profile [24,28,29]. However, the understanding of optimising the effect of
bio-drilling crops through appropriate management remains limited, and their effects on
crop yields vary with climatic conditions [29].

Mechanical subsoil loosening, referred to as deep loosening, deep ripping, or subsoil-
ing, is a common practice to loosen up dense soil layers below the topsoil [30,31]. Subsoil
loosening can decrease penetration resistance and bulk density [32] and increase infiltra-
tion [33], root development [34], and crop yield [35-37]. There is a need for loosening
subsoil under optimal soil moisture conditions. When the soil is too wet and loose, the
soil might be smeared and compacted [38,39]. When the soil is too dry, thick clods are
formed [39]. Furthermore, the benefits of subsoiling are often not long-lasting due to
re-compaction by the overburden topsoil and field operations [40-42]. However, when
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combining mechanical subsoil loosening with the addition of organic materials into the
subsoil, loosening may last for several years [43,44].

Great efforts have been made to quantify SC, which is needed both for identifying
SC problems and for evaluating the effectiveness of mitigating strategies. For instance,
Huber et al. [45] suggested the following indicators: soil bulk density, air and water
permeability, mechanical resistance, and a visual assessment of the soil structure and
rooting. The proposed indicators involve several common measurements, such as bulk
density and penetration resistance. However, suitable definitions of critical limit values
linked to crop impairment are difficult to define. A number of penetration resistance
threshold values above which rootability is impaired [46] can be found. They range between
1 and 2 MPa or higher [47-54] and are strictly linked to pedoclimatic conditions and soil
management (e.g., tillage vs. no-tillage). Similarly, for SC characterization, Hakansson [8]
suggested an index of the degree of compaction (DC). The DC index represents the bulk
density-to-reference density ratio and is considered detrimental for crop development
when it exceeds 87% [8]. Although the DC is a fast and easy index, two issues have recently
been raised—the identification of the correct reference bulk density is not obvious and the
87% threshold seems to not be applicable for all pedoclimatic conditions [55].

Compaction is one of the threats included in the EU “SoilCare” project (soil care for
profitable and sustainable crop production in Europe). This project addressed the use of
different soil-improving cropping systems (SICS) involving both the crop type and rotation,
as well as specific management techniques aiming to improve soil quality and functions
(http:/ /soilcare-project.eu/, accessed on 1 January 2022). In this paper, we present the
main outcomes from five case studies within the SoilCare project using different SICSs
to counteract compaction. The study sites (SSs) were located in five European countries,
where we investigated different innovative strategies for mitigating SC under various soil
and climatic conditions. The SICSs involved different types of tillage, including subsoiling
and various deep-rooted bio-drilling crops.

2. Materials and Methods

All SICSs had a common objective—to counteract soil compaction. They were located
in five countries along the north-to-south and east-to-west gradients from Norway to
Romania (Figure 1 and Supplementary Materials, Table S1).

1 A
b 4
Romania :

(L

Figure 1. Location of the five study sites involved in the present study.

The SICSs examined in each country for alleviating topsoil and subsoil SC comprised
the use of various deep-rooting crops and different types of tillage operations, including
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subsoiling (Table 1). At all SSs, the SICSs were compared with a reference standard practice,
and both topsoil and subsoil samplings were made at different depths according to the soil
characteristics for each of the experiments (Supplementary Materials, Table S2). Although
exactly the same measurements were not performed at all SSs (as detailed below), some
were similar for all SSs. This allowed us to make a generic analysis and identify the
relationships with soil properties using the three SC indices described in Section 2.4.

Table 1. Soil-improving cropping systems (SICS) applied at the five study sites (SSs) and the reference
standard practice at each site.

Country Institution SICS Standard Practice
Norway NIBIO Bio-drilling crop roots ~ Conventional tillage
Loosening of subsoil
Sweden SLU with and without Conventional tillage
straw incorporation
United Kingdom GWCT Ploughing Direct drilling

Conventional tillage

No-tillage with with bare soil

Italy UNIPD deep-rooted cover between the main
crop
crops
Romania ICPA Ploughlng{ subsoiling, Dlskmg.as main soil
chisel tillage
2.1. Norway

2.1.1. Experimental Design

The Norwegian SS investigated soil compaction alleviation by using bio-drilling crops.
The soil was characterised by poor natural drainage and medium erosion risk. This field
has been under cultivation for several decades and the site was drained. In the early
summer of 2015, a multiple wheel-by-wheel approach was used for establishing the initial
compaction with a tractor and trailer combination passing across the plots ten times, with a
total weight of 17 Mg and resulting in a wheel load of 2.8 Mg for the trailer tandem axles
(compacted “C” plot). This is a typical wheel load for small- and medium-sized farms in
Norway and representative of other machinery, such as a combine harvester. There was
little precipitation the days before the compaction treatment and none during it, resulting
in workable conditions and higher soil moisture tension in the topsoil and subsoil (—25
and —63 kPa, respectively) than assumed at the field capacity (—10 kPa) while wheeling.
The site was used for yield studies until 2017; for further details, please see the work of
Seehusen et al. [56]. Thereafter, four different rotation treatments were applied during
a 4-year period—(1 and 2) oilseed (Brassica rapa L. ssp. Oleifera) and barley (Hordeum
vulgare L.) rotation, (3) barley monoculture, (4) alfalfa (Medicago sativa L.) monoculture. The
experimental design was a split plot with two replicates, with the compaction level as the
splitting factor (compacted “C” vs. reference “R” plot) and the rotation treatment (1 to 4) as
the main plot factor. Crops were grown in 5 x 1.5 m plots for a total of 16 plots, that is, four
rotations x two compaction levels (compacted vs. uncompacted) x two replicates.

All plots were subject to spring ploughing at 25 cm beginning in 2015 (after the
compaction) except for the plots with perennial alfalfa. The ploughing was assumed to be
effective for alleviating compaction and aligning the root effects, and therefore, only the
topsoils from Treatments 3 and 4 were sampled in 2020. Management practices (seeding,
fertiliser, and tillage) were done in the same way as the surrounding fields.

2.1.2. Soil Sampling, Field Measurements, and Laboratory Analysis

Undisturbed cylinder cores (100 cm™3) were collected at both 10-20 and 40-50 cm
depth in 2015 (n = 4-5 per depth) and 2020 (1 = 4 per treatment and depth) for soil physical
analysis. The soil bulk density (BD) was determined gravimetrically by weighing the soil
before and after drying for 24 h at 105 °C. In 2015, the BD represented the field conditions at
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sampling, while in 2020, it represented the BD at —3 kPa. The water retention was studied
in both years by first saturating the samples and then draining them at different matric
potentials (—3, —50, and —1500 kPa in 2015, and —2, —10, —100, and —150 kPa in 2020).
In the latter year, the wilting point (—1500 kPa) was calculated using a pedotransfer func-
tion [57]. The pore size distribution was derived from the water retention curves (details in
Seehusen et al. [56]). The air capacity was measured assuming a field capacity of —10 kPa
by measuring the airflow through the soil samples at a pressure of 2 kPa [58]. Saturated
hydraulic conductivity (Ks) was determined with the hood permeameter method [59] on
saturated soil samples in 2015, while in 2020, it was derived from the air permeability
according to Riley’s pedotransfer functions [57] (for further details, see Seehusen et al. [60]).

In 2015, the data from the compaction trial were analysed using the R statistical
software package (2014) (details in Seehusen et al. [56]). In 2020, the data for the Norwegian
SS were analysed using general linear models and Fisher tests in Minitab 19. Comparisons
between the values from 2015 and 2020 were done by two-sample t-tests and confidence
intervals. The results after Treatments 14 from 2020 of the reference plot (no compaction)
were compared with the reference values from 2015, and the results after Treatments 1-4
from 2020 of the earlier compacted plot were compared with the values of the compacted
plot from 2015.

2.2. Sweden
2.2.1. Experimental Design

The SS in Sweden is located at a farm in southern Sweden, where the subsoil is natu-
rally compacted (1.7-1.9 g cm~3) due to its formation under land ice and the root growth
of crops is restricted to the topsoil, with hardly any roots below 30 cm [61,62]. The site has
been under cultivation for at least a century and is tile-drained. The experiment consisted
of a pilot study starting in September 2018 that investigated the possibility of improving the
upper subsoil through the supply of undecomposed organic material in combination with
a mechanical subsoil loosening. A randomised block design (12 plots, 6 x 20 m) with four
replicates was established, involving three treatments—(a) a control treatment, (b) loosen-
ing of the subsoil (to a depth of about 35 cm) without the incorporation of organic material,
and (c) loosening of the subsoil with the incorporation of undecomposed straw pellets at
amounts of about 25 Mg ha~!. Subsoiling and straw incorporation were performed using
adapted HE-VA sub-tiller equipment at a speed of 1 km per hour to 24-35 cm depth. Straw
pellets were pumped from a tank mounted on the front of the tractor and injected under
pressure into the upper subsoil through oval openings in metal pipes welded behind each
vertical bill. The loosening of the subsoil and the addition of straw pellets was performed
only once (in 2018). Thereafter, normal tillage practices, including mouldboard ploughing
to 25 cm, were applied in all plots. Crop fertilisation followed the local recommendations.
Winter wheat (Triticum aestivum L.) and sugar beet (Beta vulgaris L.) yields were recorded in
the 2019 and 2020 growing seasons, respectively.

2.2.2. Soil Sampling, Field Measurements, and Laboratory Analysis

In 2019, at the end of the winter wheat heading (growth stage Z60 according to the
Zadoks scale), a soil profile description was conducted in one plot per treatment. The
portions of the upper subsoil (24-35 cm) volume and surface affected by subsoiling and the
presence of roots were visually evaluated. A more detailed soil sampling was done in 2020
about six weeks before harvest within a small area in the middle of each plot that was kept
free from sugar beet plants starting around mid-summer. In this area, a soil pit 65-75 cm
long and 25 cm wide was dug, and six undisturbed soil cylinders (7.2 cm diameter, 5 cm
height) were taken at 10-15 cm depth, as well as six at 28-33 cm depth, by placing the
cylinders one after the other in a row at a spacing of about 5 cm between each. Before
removing the cylinders from the 28-33 cm depths, six penetration resistance (PR) tests were
collected along the row with cylinders. On the same occasion, a soil profile for the control
plots (only) was obtained using an auger sampling with depths divided into increments of
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0-20, 20-22.5, 22.5-25, 25-27.5, 27.5-30, 30-35, and 35-40 cm. Each increment was analysed
for the total C and N, and the pH and soil texture were measured in the 0-20 cm layer and
in a combined sample for the 2540 cm depth.

The soil moisture content and dry soil bulk density were determined from each of the
cylinders. Each of the cylinder samples was also passed through a 2-mm sieve, and the
occurrence of gravel and small stones (i.e., particles >2 mm) was determined by measuring
both their weight and volume fraction. Thereafter, the total C and N concentrations were
measured by dry combustion, and the pH (water) was determined for each sample from
the 28-33 cm depth; only a pooled sub-sample for the 0-15 cm depth was retained for
these analyses.

All statistical analyses were done with the GLM Procedure in SAS software (SAS
Institute, Cary, NC, USA). The means were compared using Fisher’s least significant
difference (LSD) when the F-value in ANOVA was statistically significant (p < 0.05).

2.3. United Kingdom
2.3.1. Experimental Design

The United Kingdom SS is located at the Allerton Project—a 300 ha mixed arable and
livestock research, demonstration, and education Farm. The experiment aimed to examine
the alleviation of compaction by using tillage. The experiment started in October 2017 at
the Allerton Project. This SS historically used a wheat-rape (Brassica napus L.) rotation with
a “break” spring crop, and over the last ten years, had a reduction in tillage, going from a
plough-based system to direct drilling. Soil compaction was artificially created by driving
a tractor (Massey Ferguson 7720, approx. 8 tons total weight) across the area, ensuring a
tractor tyre was running over the whole plot twice. Directly afterwards, measurements
with a penetrometer verified the degree of compaction, showing the average compaction
was 15% higher to a depth of 45 cm, with the highest compaction (+32%) occurring at 7.5 cm
depth. The experimental design was a randomised complete block design with 3 replicates
involving a total of 6 plots (9 m wide and 40 m long). The ploughing system (20 cm depth)
was compared with a no-cultivation direct-drilled control treatment. Following the fall
cultivations in 2017, winter barley grew across all plots and was harvested in July 2018. The
compaction and treatments were repeated in October 2018, keeping the same plot structure,
and faba beans (Vicia faba L.) were planted across all plots and harvested in September 2019.
In March 2020, spring wheat was planted across all plots and harvested in October 2020.

2.3.2. Soil Sampling, Field Measurements, and Laboratory Analysis

The measurements of BD and penetration resistance (PR) were split into topsoil
(025 cm), which was within the cultivation depth of the plough, and subsoil (>25 cm),
which was below the depth of cultivation. PR measurements were conducted in 2020
after crop drilling in May using a field penetrometer (Field Scout, SC900) to a depth of
45 cm, with 10 measurements taken per plot and averaged. The bulk density was also
measured in May 2020 using a soil cylinder (196 cm3) in the topsoil and subsoil layers. The
soil was dried for 48 h at 105 °C and weighed to calculate the bulk density. Soil samples
were also collected from the topsoil layer and the particle size distribution and soil organic
carbon were analysed. Infiltration was measured using the double ring method (outer ring
diameter of 53 cm, inner ring diameter of 28 cm diameter, water depth of 24 cm). Both
rings were partially buried in the soil and the outer ring was kept topped up with water to
prevent lateral leaking. Once the water loss reached a stable rate, the water loss from the
inner ring was recorded over time and converted to saturated hydraulic conductivity (Ks).
The crop yield was measured at harvest each year by taking a reading from the combine
after each plot was harvested.

Differences between treatments were analysed using Genstat version 18. A general
linear model was used, with blocking treated as a random effect in all analyses. Where
topsoil and subsoil measurements were both included in the analysis, a split-plot design
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was used, with the sample depths of the split-plot and treatment (plough vs. direct-drill) as
the main plot effects.

2.4. Italy
2.4.1. Experimental Design

The Italian SS aimed to prevent soil SC by combining no-tillage and cover crops.
In the area, the shallow water table ranged from about 0.5-1.5 m in late winter to early
spring to 1-2 m in summer. The experiment has been ongoing since 2018 and has a split-
plot design (12 plots in total, 12 m wide x 85 m long) with two replicates, two levels of
tillage intensity (main plot), and three levels of soil cover (sub-plot). The no-tillage (NT)
system based on sod seeding was compared with the conventional practice (CT) based on
mouldboard ploughing to 30 cm, followed by disk-harrowing to 15 cm. The main crop
was maize (Zea mays L.), while during fall, the soil remained bare (BS) or was covered with
cover crops, for example, winter wheat (WW) or tillage radish (Raphanus sativus L.) (TR),
which are characterised by fibrous and taproot root systems, respectively. Subsurface band
fertilisation was applied at sowing in NT, while side-dressing fertiliser was followed by
hoeing in the CT treatment. Pesticide applications depend on the crop requirements but
were the same for all the plots.

2.4.2. Soil Sampling, Field Measurements and Laboratory Analysis

Soil samples were collected before seedbed preparation in spring 2020 from the topsoil
(i-e., tilled layer) and subsoil (i.e., below the tilled layer), as reported in the Supplementary
Materials, Table S2. Undisturbed soil cores (7 cm in diameter, 60 cm in height) were
collected with a hydraulic sampler and cut to extract the 0-20 and 40-60 cm soil layers.
Remoulded soil samplings were collected at the same depth for chemical-physical analysis.
PR measurements were performed up to 60 cm depth before tillage operation (at the end
of February), with a digital cone penetrometer (Eijkelkamp, Giesbeek, The Netherlands)
with a base area of 2 cm? and an apex angle of 30°. Undisturbed soil cores were oven-dried
at 105 °C for 24 h to calculate the volumetric water content (VWC) and BD using the core
method [63]. Remoulded soil samples were air-dried, sieved at 2 mm, and analysed for
particle size distribution according to the methods by Bittelli et al. [64] and the soil organic
carbon concentration (SOC). On-field soil hydraulic properties were measured inside each
plot using a double-ring infiltrometer (inner ring diameter of 60 cm, outer ring diameter of
80 cm) according to the methods by Parr and Bertrand [65]. The hydraulic conductivity
(Ks) and sorptivity were calculated by applying Philip’s infiltration equations [66]. At the
end of the growing season, the maize grain yield was collected at the commercial moisture
content from four representative areas (2 m?) in each plot and then dried at 65 °C until a
constant weight was obtained to determine the dry weight.

The data were analysed by applying a linear mixed-effect model based on the re-
stricted maximum likelihood estimation method considering tillage, soil covering, and
their interaction as fixed and block as random factor. Post-hoc pairwise comparisons of the
least-squares means were performed using the Tukey method to adjust for multiple com-
parisons (p < 0.05). Statistical analyses were performed with SAS software (SAS Institute
Inc. Cary, NC, USA), 5.1 version.

2.5. Romania
2.5.1. Experimental Design

The Romania SS is located in an area characterised by natural subsoil compaction. The
experiment consisted of a pilot study established in March 2018, and its aim was to mitigate
natural SC by tillage. The experimental design was a split plot (36 plots, 6 x 33 m) with
three blocks and involving four treatments—(TR1) mouldboard ploughing with furrow
inversion to 25 cm depth, (TR2) subsoiling to 60 cm by ripping and disking to 12 cm depth,
(TR3) a control treatment with 2-times disking, and (TR4) chiselling to 25 cm depth with
furrow inversion. All treatments were repeated every year. The testing of tillage treatments
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also involved three rotations with deep-rooting leguminous crops. Only the main effect of
the tillage treatments on the soil physical properties is reported here.

2.5.2. Soil Sampling, Field Measurements and Laboratory Analysis

Soil physical and chemical parameters were measured in all plots during the three
years of the experiment. For this, disturbed soil samples were collected in autumn after
crop harvesting for soil water-stable aggregates (WSA) >250 um, and undisturbed soil cores
(100 cm® volume) were sampled at 10-20 cm and 40-50 cm depths for soil physical analyses
(Ks and BD).

The content of water-stable aggregates (in % g/g) was measured by the Henin-
Feodoroff method based on wet sieving (SR EN ISO 10930:2012). The Ks was determined
according to the steady-state falling head method (Romanian standard: STAS 7184/15-91).
The BD was gravimetrically determined by weighing the soil core samples before and after
drying for 24 h at 105 °C (SR EN ISO 11272:2017).

The data obtained for the soil properties measured at the Romanian SS were analysed
by one-way repeated measure ANOVA considering either the soil tillage or year as the
tested factor. Post-hoc pairwise comparisons of the least-squares means were performed
using the Tukey method to adjust for multiple comparisons (p < 0.05). All statistical analyses
were performed with OriginLab 6.1 software (Origin Lab Corporation, Northampton
MA, USA).

2.6. Soil Compactions Indices

The effects of the SICSs across the different SSs were investigated using three soil
compaction indices—degree of compaction (DC), relative normalised density (RND), and
air-filled porosity (AFP). The DC was calculated as follows:

DC = BD/BD,¢ x 100 1)

where BD is the bulk density and BDref is the reference bulk density. The BDref was
calculated according to Equation (12) reported by Keller and Hakansson [67], as follows:

BD,t = 1.308 + 0.0119 clay + 0.0103 sand + 0.00018clay? — 0.00008sand? @
—0.00062siltOM — 0 : 00059sandOM

where OM is the soil organic matter. The RND index was derived from the ratio between
the BD and the critical bulk density (BDt), the latter being 1.6 g cm 2 for soils with
clay < 16.7% or calculated with the following equation for soils with clay > 16.7% [68]:

BDit = 1.75 — 0.0009 x clay (3)

The air-filled porosity (AFP) at the sampling was calculated as the difference between
the total porosity and the volumetric water content.

3. Results and Discussion
3.1. Norway

In the topsoil, there were no significant differences in the BD, TPV, or AC between the
treatments in 2020 or between years, with average values of 1.35 g cm 3, 47.6%, and 10.8%,
respectively. Similarly, there were no significant differences between the treatments for Ks
and air permeability in 2020. However, for both treatments, the Ks and air permeability
were significantly lower in 2020 compared to 2015 (Supplementary Table S3).

In the subsoil, multiple wheeling in 2015 led to a significant increase in BD, with
1.69 g cm ™3 in C as compared to 1.59 g cm~2 in the R plots (Table 2). Five years after the
compaction event, the BD was still significantly higher in the C than in the R plots in 2020,
with the exception of Treatments 2 and 4. In the uncompacted R plot, the BD in 2020 was
significantly decreased compared to 2015 for all treatments, from 1.59 to 1.45 g cm 3. In the
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C plot, the BD was also significantly reduced after 5 years for Treatment 4 (1.45 g cm~3),
reaching the same level as Treatment 4 in the uncompacted R plot (1.44 g cm~3). There
was also a trend towards a reduction in the BD after 5 years for Treatment 2, from 1.69 to
1.55 g cm™3. Compared to the topsoil (Supplementary Materials, Table S3), the BDs in the
subsoil for the R plot were about 20 and 10% higher in 2015 and 2020, respectively (Table 2).
The subsoil TPV significantly decreased by about 6% in 2015 following the compaction
event (Table 2). In 2020, there were no significant treatment effects on the TPV, which was
45.5% on average. However, both Treatment 1 (+5.1%) and Treatment 4 (+7.0%) led to a
significant increase in the TPV on the C plots in 2020 compared to 2015.

Table 2. Subsoil (3040 cm) bulk density (BD), total pore volume (TPV), air capacity (AC), satu-
rated hydraulic conductivity (Ks), and air permeability (Air perm) in uncompacted reference and
compacted plots at the Norwegian study site in 2015 and for the different treatments in these plots
in 2020. Treatments 1, 2: oilseed rape-barley rotation; Treatment 3: barley monoculture; Treatment 4:
alfalfa monoculture.

BD TPV AC Ks Air Perm
(gecm=3) (%) (%) (m day—1) (um?)
2015
Reference plot 1.59 +0.04 a 46.1+13a 342+£082ns 756 x 1072 +£1.02 x 10~ ns 11.9 +£13.32 ns
Compacted plot 1.69 £ 0.04b 40.0£17b 3.38 + 1.03 ns 730 x 1073 £ 5.1 x 103 ns 26.1 +20.90 ns
2020
Reference plot
Treatment 1 1.44 + 0.06 nsq 48.2 + 5.5 ns 6.31 + 1.06 nsq 9.68 x 1072 +1.24 x 10~ ns 1.1+ 1.30ns
Treatment 2 1.45 £ 0.05 nsq 470+ 15ns 6.41 + 0.53 nsq 3.00 x 1073 £ 2.7 x 1073 ns 0.1 £0.06 ns
Treatment 3 1.48 + 0.04 nsq 452 +£2.5ns 5.19 + 1.78 ns 1.5 x 1073 £ 8.00 x 10~ * ns 0.1 +0.02 ns
Treatment 4 1.44 £+ 0.03 ns| 46.7 + 1.3 ns 5.33 + 1.12 nsq 1.46 x 1071 +£2.18x 10! ns 1.5+1.97ns
Compacted plot
Treatment 1 1.63 £0.07a 45.1 +3.3 nsT 9.68 £ 5.36a 148 x 1072+ 1.71 x 1072 ns 0.3 £0.27 nsq
Treatment 2 155 +0.16 ab 425+ 5.1ns 6.58 + 1.06 abq 3.13x 1071 +3.76 x 10 1 ns 2.7 £ 3.16 nsq
Treatment 3 1.68 £0.05a 424 +1.7ns 5.26 + 0.86 b 1.90 x 1073 +1.00 x 103 nsq 0.1 £ 0.02 nsq
Treatment 4 1.45 + 0.07 b 470+ 18nsT 571 +1.12ab{ 60.1x 1071 £ 1.20ns 38+£749ns

Mean =+ standard deviation (2015 n = 5, 2020 n = 4). For 2015, values followed by different letters are significantly
different. For 2020, different letters after values indicate significant differences between the treatments within
reference (R) and compacted (C) plots. ns= not significant at p < 0.05. ] indicates a significant difference between
2020 and the value in 2015 for each treatment (i.e., in R or C plots).

In contrast, multiple wheeling in 2015 had no significant effect on the subsoil AC. In
the uncompacted R plot, the AC was an average of 5.81% after 5 years and there were no
significant differences between the treatments, while in the C plot, Treatment 3 presented
the lowest increase of all treatments in 2020 (from 3.38 to 5.26%). With the exception
of Treatment 3 on the R plot and Treatment 1 on the C plot, the AC values significantly
increased during the research period, from 3.4 to 5.9% on average across treatments.

Similarly to the TPV, soil compaction in 2015 did not lead to a significant reduction
in either the saturated hydraulic conductivity or air permeability (Table 2). In 2020, Ks
followed a similar pattern to air permeability since it was estimated using a pedotransfer
function based on air permeability. In both the R and C plots, there were no significant
differences between the treatments in 2020 in either the Ks or air permeability, which
were 0.15 m day ! and 1.2 um? on average, respectively. Compared to 2015, there was a
significant reduction in Ks by 5.40 x10~2 m day~! in the C plots for Treatment 3, while
there was a significant reduction in the air permeability for Treatments 1-3 in the C plot,
with an average of 23.9 um?. Compared to the topsoil (Table 2), there were very large
differences regarding both the Ks and air permeability in the subsoil for the R plot in 2015
and 2020.

There was only a significant difference between the same treatment in the R and C
plots in 2020 for BD (Treatments 1 and 3) and not for any of the other soil physical properties
(data not shown).
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3.2. Sweden

The soil visual assessment showed that the straw was not mixed with the subsoil
in rows but located at the bottom of the subsoil rows created by the bills in the subsoil-
ing + straw treatment (Figure 2a). Indeed, the two subsoiling treatments forced the topsoil
into the subsoil, forming distinct rows, while the subsoil moved into the topsoil irregu-
larly (Figure 2a). However, subsoiling affected only a portion of the upper subsoil layer
(24-35 cm) below the topsoil. We evaluated that the volume of the subsoil affected by
the subsoiling treatments varied between 36 and 40% and that the surface of the subsoil
affected varied between 42 and 49%. Analysis of the soil profile samples for the control
plots that characterised the experimental site more precisely showed that the sand, silt,
and clay contents were 62, 27, and 11%, and 64, 27, and 9% in the topsoil and subsoil
layers, respectively.
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Figure 2. (a) Illustration (top) and photo (bottom) of a Swedish soil profile used for evaluating the
effects of the subsoiling + straw treatment. (b) Changes in the penetration resistance with depth in
2020, a metric used for evaluating the effects of subsoil loosening and loosening + straw incorporation
treatments at the Swedish study site. The vertical line (2.5 MPa) indicates the critical limit for root
penetration. Data are mean values of six measurements made across treatment stripes covering a
width of about 40 cm in each experimental plot.

As shown by the visual assessment for the presence of roots in 2019, which was done
by counting the number of roots along a 10-cm line at two depths in the topsoil (10 and
20 cm) and in the subsoil (30 cm), there were more roots present in the subsoiling treatments
at the 30 cm depth. Meanwhile, there were almost no roots present in the subsoil for the
control treatment, and the subsoiling + straw treatment also appeared to improve the
number of roots at all three depths compared to the control (Supplementary Materials,
Table S4). The mean maximum root penetrations into the subsoil (>24 cm) were about
4 cm in the control and 11 cm in the subsoiling treatments. The maximum penetrations
were more variable for the subsoiling treatments since among the six measurements made
within each plot, some presented values similar to those for the control, but some values
were much deeper, indicating the measurements were sometimes penetrating the subsoil
rows created by the bills (data not shown). The measurements in the control plots almost
never exceeded 6 cm. The changes in the soil penetration resistance with depth in 2020
showed a mean maximum (i.e., exceeding the 2.5 MPa critical limit for root penetration)
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rooting depth of about 28 cm in the control, almost 30 cm in the subsoiling alone, but much
deeper at around 40 cm for the subsoiling + straw treatments (Figure 2b).

There were no significant differences between the SOCs in the topsoil (10-15 cm) and
the subsoil (28-33 cm) cylinder soil samples (Supplementary Materials, Table S4). The
soil total C/N ratios, as well as the pH values in the top- and subsoils, were also not
significantly different between treatments at around 10.0 and 6.0, respectively.

Compared to the subsoiling + straw treatment, the BD was significantly higher in
the topsoil in the subsoiling treatment. It was higher also in the subsoil compared to the
control (Supplementary Materials, Table S4). However, when correcting the BD for the
presence of gravel and stones [69], which varied between 6.1 and 8.3%, there were no
significant differences between the treatments in either the top- or subsoils. Since this site
had a naturally compacted subsoil with high soil densities, we were restricted to using
smaller cylinders than usual (i.e., 204 vs. 408 cm~3), which provided less precise and more
variable measurements. The experimental site was also heterogeneous, and there was a
negative correlation between the SOC contents and the BDs (Supplementary Materials,
Figure S1). This may have contributed to the differences because the subsoil SOC content
in the control was slightly higher than for the subsoiling treatments, even if not significant.

3.3. United Kingdom

The soil BD was not affected by the compaction alleviation treatment and showed no
significant difference between the treatments in the topsoil or subsoil layers. Nevertheless,
a trend of lower BDs was observed under the direct-drilling treatment in both the topsoil
(146 g cm™3 £ 0.073 vs. 1.52 g cm~3 + 0.086) and the subsoil (1.43 g cm 3 + 0.17 vs.
1.64 g cm™3 £ 0.029). A significant (p = 0.007) sample depth x compaction alleviation
treatment interaction was observed for the PR results, with the treatments ranked as
follows: plough topsoil < direct-drilling topsoil < plough subsoil < direct-drilling subsoil
(Figure 3). Overall, the PR was significantly lower in the plough plots (p < 0.001) and
significantly higher in the subsoil compared to the topsoil (p < 0.001). In the subsoil, the PR
exceeded the 2.5 MPa limit in about 30% of the measurements but did not exceed it in any
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Figure 3. Penetration resistance (PR) in topsoil (0-25 cm) and subsoil (25-45 cm) in ploughed and
control direct-drilled (dd) plots at the UK study site.

The measurements of the SOCs in the topsoil showed no significant differences be-
tween treatments (plough: 2.85% = 0.70; control dd: 2.85% =+ 0.80). The measurements of
Ks also showed no significant differences between treatments (plough: 1.28 x 1072 m s~!
+5.22 x 1073, control dd: 1.53 x 1072 ms~1 4 6.25 x 1079).
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3.4. Italy

The BD was not affected by agronomic management neither in the topsoil nor in the
subsoil despite a tendency for denser topsoil being observed in the NT compared to the CT
plot (1.43 vs. 1.35 g cm~3). The topsoil PR was affected by both tillage and soil covering,
where the NT was 5% higher than the CT plot (1.05 vs. 0.82 MPa) (Figure 4). At the same
depth, the PR had a lower value in the BS (0.85 MPa) compared to the WW (1.06 MPa).
Contrarily, in the subsoil, the PR was not affected by the agronomic management. PR
observations were always < 2.5 MPa for the topsoil, while 33% of the measurements
exceeded that limit for the subsoil. No significant treatment effects were found.
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Figure 4. Topsoil (0-20 cm) penetration resistance (PR) as affected by soil cover (a) and tillage (b) at
the Italian study site. Different letters indicate a significant difference according to the Tukey test at
p < 0.05. BS: bare soil; TR: tillage radish; WW: winter wheat; CT: conventional tillage; NT: no-tillage
in VWC, SOC content, or stock.

Tillage affected the hydraulic parameters. Indeed, the sorptivity (p = 0.05) increased
almost five-fold under NT management. The Ks, despite not significant with a p < 0.05,
showed a three-fold value for the NT compared to the CT (Supplementary Materials,
Figure S2). For further details, see Supplementary Materials, Table S5.

3.5. Romania

For the BD in the topsoil (10-20 cm), throughout all three years of the Romanian exper-
iment, the mean value in the subsoiling treatment (TR2) ranged from 1.28 to 1.32 g cm >
and was always significantly different from the other treatments, which had higher values
between 142t01.48 g cm 3 (Figure 5a). With the exception of the control treatment (TR3),
where no significant differences in BD occurred between the years, the BD was significantly
lower in 2020 compared to 2018 for all treatments (Supplementary Materials, Figure S3a).

For the BD in the subsoil (40-50 cm), the results follow the same trend as for the
topsoil regarding the subsoiling treatment and always had significantly lower values over
all three years (Figure 5b). The control treatment also presented a significantly higher BD
during each year of the study compared to the other three treatments. The bulk density
in the subsoil was significantly lower in 2020 compared to 2018 for both the subsoiling
and control treatments, but no significant differences were observed for the other two
treatments (Supplementary Materials, Figure S3b).
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Figure 5. Bulk density (BD) in topsoil (10-20 cm) (a) and subsoil (40-50 cm) (b) as affected by different
tillage systems during the three years of the Romanian experiment. Different letters represent
statistically significant differences according to the Tukey post-hoc test at p < 0.05. TR1: mouldboard
ploughing with furrow inversion to 25 cm depth; TR2: subsoiling to 60 cm + disking to 12 cm depth;
TR3: control treatment with 2-times disking; TR4: chiselling to 25 cm depth with furrow inversion.

The tillage treatments significantly affected the WSA in the topsoil throughout the
3 years of the experiment (Supplementary Materials, Figure S4a), with subsoiling (TR2)
always exhibiting the highest WSA (23.9, 28.9, and 29.3% for 2018, 2019, and 2020, respec-
tively) with respect to all other treatments (mean values across treatments of 17.0, 17.9, and
17.7% for 2018, 2019, and 2020, respectively). Except for 2018, the control (T3) always had
a significantly lower percentage of WSA. The WSA remained the same during the study
period for all treatments except for subsoiling, where the aggregation was significantly
higher in 2019 and 2020 (Supplementary Materials, Figure S5a). The tillage treatments
also significantly affected the Ks over all three studied years and were always 4 to 5 times
higher for the subsoiling treatment (Supplementary Materials, Figure S4b). Differences in
the Ks for other treatments only occurred in 2018, where TR2 (202 x =108 m s~1) >TR4
(74 x 1078 m s™1) >TR3 and TR1 (60 x 1078 m s~1). Only TR1 and TR2 differed between
the years, with lower values of Ks in 2018 compared to the other years (Supplementary
Materials, Figure S5b).

3.6. Soil Compaction Indices and Crop Yield

Generally, SC is considered to impair crop performance [70]. In the present study, the
crop yield was only affected by the adopted SICS for the Romanian SS, a site predisposed
to natural subsoil compaction as well as having a plough pan at 30 cm, which restricted the
rooting depth. Compared to the other tillage types, the main effect of conducting subsoiling
every year always gave the best crop performances after 3 years, with yields of 5.8, 1.6, and
3.4 Mg of dry matter ha~! for maize, soybean, and spring barley, respectively. There were
no significant effects of the SICSs on crop yields at the other SSs (data not shown).

In contrast to the Romanian SS, the Swedish SS only applied the subsoiling operation
once, and there were no significant differences in yields between the treatments throughout
the experimental period. Subsoiling did not affect the whole area but only a portion of it
(i-e., distinct subsoil rows), in which roots would theoretically be able to grow deeper and
take up more water and nutrients by exploring a greater volume of soil. This trial differed
in this respect from the other types of experimental treatments that affected the whole
area. Thus, the measured yields of the whole field represent a weighted mean value of the
treated and untreated subsoil volumes. Conceptually, calculating yields as the weighted
mean of the affected and unaffected subsoil may be a more reasonable indicator of the
effect of subsoil loosening. To illustrate this, we recalculated the measured relative winter
wheat yield (2019) of the whole area compared to the control for the subsoiling treatments
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(Figure 6). This was done by scaling the two subsoiling treatments by factors of 100/38 and
100/45, considering they affected either 38% of the subsoil volume or 45% of the subsoil
surface, respectively.

Measured Potential yield increase

Figure 6. The measured relative winter wheat yield for the subsoiling (B) and subsoiling + straw (C)
treatments compared to the control (A) in 2019 (left columns) at the Swedish site. Assuming that
the whole (100%) subsoil was affected, and not only a portion of the subsoil surface (45%) or subsoil
volume (38%), the potential yield increase is proportionally higher (middle and right columns).

To predict the possible effect of SC on crop performances, a few indices can be
adopted [8,67,71,72]. A combined indicator of critical conditions in the soil (e.g., PR,
porosity, and gas exchange) is the degree of compactness (DC), defined as the ratio of bulk
density-to-reference density [8]. A threshold of 87% has been suggested as critical for root
growth and crop development [8,67]. At the five SSs, the DC ranged from a minimum
of 56% to a maximum of 124% (Figure 7a). The Norwegian SS exhibited the highest DC,
which always exceeded the 87% threshold in both the topsoil and subsoil. On average,
values in the subsoil were higher in the compacted compared to the reference plots (113 vs.
101%) (Figure 8b). At the Swedish SS, the DC was always <87%, averaging at 75 and 81%
for the topsoil and subsoil, respectively (Figure 7a). For the UK SS, the DC averaged at 81%,
with small variation between the topsoil and subsoil (Figure 7a). The DC limit exceeded
the threshold of 87% for about one-third of the observations at the UK SS. At the Italian SS,
the DC was higher for the no-tillage plots compared to the conventionally tilled plots (88
vs. 81% in the topsoil and 103 vs. 100% in the subsoil) (Figure 8a,b). At the Romanian SS,
47% (topsoil) and 25% (subsoil) of the measurements exceeded the DC limit but with lower
magnitudes, where the maximum recorded DC was 90% (Figure 7a). At this site, a DC of
>87% was frequently found in the topsoil under ploughing, chiselling, and disking, while
this was only the case for the subsoil under disking (Figure 8a,b).
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Figure 7. Box and whisker plots of degree of compactness (DC) (a), relative normalised density
(RND) (b), and air-filled porosity (AFP) (c) in topsoil and subsoil at the five study sites. N: Norway;
SE: Sweden; UK: United Kingdom; IT: Italy; RO: Romania. The box delimits values from low to high
(from the 25th percentile to 75th percentile). Inside the box, the median and mean are indicated by a
line and an X, respectively. The whiskers represent the minimum and maximum values in the range.
* data not shown for the UK topsoil due to high frequencies of zero values.
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Figure 8. Degree of compaction (a,b), relative normalised density (c,d), and air-filled porosity
(e f) across the study sites (N: Norway; SE: Sweden; UK: United Kingdom; IT: Italy; RO: Romania) for
topsoil (a,c,e) and subsoil (b,d f). The dotted horizontal lines indicate an 87% degree of compactness,
relative normalised density = 1, and air-filled porosity = 0.15, which represent suggested limits for
good crop growth. The values shown are the mean and standard error. Rot 1, 2: oilseed rape-barley
rotation; Rot 3: barley monoculture; Rot 4: alfalfa monoculture (N). CTRL: control treatment; Sub:
subsoiling; Sub + straw: subsoiling + straw (SE). Control: direct-drilled treatment; Plough: ploughing
system (UK). CT: conventional tillage; NT: no-tillage; BS: bare soil; TR: tillage radish; WW: winter
wheat (IT). TR1: mouldboard ploughing with furrow inversion to 25 cm depth; TR2: subsoiling to
60 cm + disking to 12 cm depth; TR3: control treatment with 2-times disking; TR4: chiselling to 25 cm
depth with furrow inversion (RO). For further details on adopted treatments, see Section 2. Materials
and Methods.
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The relative normalised density (RND), sometimes referred to as the degree of “over-
compaction”, is a texture-modified expression of density that might be useful to compare
the state of compactness across differently textured soils [68]. Soil is defined as compacted
when the RND > 1. In this study, the RND ranged from 0.65 to 1.09 across all the SSs
(Figure 7b). The Norwegian SS always exhibited an RND of < 1.0 in the subsoil, with
a higher value for the artificially compacted (0.90) plots compared to the reference plot
(0.83) (Figure 8c,d). Similarly, the Swedish SS showed RND values in the subsoil below
the suggested limit, being lower in the subsoiling + straw plot (0.78) compared to the
subsoiling plot alone (0.84) (Figure 8c,d). At the UK SS, the RND ranged from a minimum
of 0.65 to a maximum of 0.99 (Figure 7b). At the Italian SS, the RND was lower in the
topsoil than in the subsoil (0.80 vs. 0.96), and the RND in the subsoil was only above 1
in the treatment with a winter wheat cover crop in the no-tillage system (Figure 8c,d). At
the Romanian SS, the RND was always <1, with higher values in the topsoil associated
with disking, chiselling, and ploughing (0.84, on average) compared to subsoiling (0.75),
while the RND values in the subsoil of the different treatments ranked as follows: disking
(0.87) < chiselling (0.81) < ploughing (0.79) < subsoiling (0.73) (Figure 8c,d).

In compacted soils, the soil-root contact may be very close, and reduced porosity
could result in reduced soil aeration [73]. Therefore, the AFP may also be a useful index
to estimate the compaction impact on crop growth. Except for tolerant crops, the ideal
AFP is in the 10-15% range [74]. In the present study, the AFP ranged from values close to
zero in the UK and some of the Norwegian treatments to a maximum of 0.32 found at both
the Italian and Romanian SSs (Figure 7c). Higher topsoil values compared to the subsoil
were found at both the Norwegian (0.06 vs. 0.01) and Italian SSs (0.25 vs. 0.09), while
small differences between the soil layers were found at the Swedish (0.18 on average) and
Romanian SSs (0.25 on average) (Figure 7c). At the latter SS, the AFP was affected by the
tillage treatments in both the topsoil and subsoil, following the opposite trend observed for
the RND (Figure 8e,f). Lower values in the topsoil were associated with disking, chiselling,
and ploughing (0.25 on average) compared to subsoiling (0.30), while the AFP values for
the subsoil of the different treatments ranked as follows: subsoiling (0.29) > ploughing
(0.25) > chiselling (0.22) > disking (0.18) (Figure 8e,f).

Although roots may benefit from soil cracks and pre-existing bio-macro-pores [75], to
fully exploit the soil, matrix roots must be able to explore the intra-aggregate space [76]. It
is generally recognised that a root can either penetrate a soil aggregate or be deflected along
its surface depending on the soil strength [72]. A total root growth decrease and impaired
crop yield are observed when the PR exceeds a soil-specific limit, which typically ranges
from 1 MPa [51] to 2 MPa or greater [47-53]. In this study, only the Swedish, UK, and Italian
SSs directly measured the PR in the field. At the Swedish SS, the PR measurements in the
subsoiling + straw incorporation treatment showed values below 2.5 MPa down to about
40 cm depth, while the control and subsoiling alone treatments showed values >2.5 MPa
higher up in the soil profile (Figure 2b). Indeed, visual assessments for the presence
of roots and maximum penetration (Supplementary Materials, Table S4) indicated that
subsoiling had a positive impact on both the root growth and rooting depth at this site.
At the UK and Italian SSs, soils under no-tillage presented higher PR values than the
ploughed treatments, with at least 30% of the subsoils exceeding 2.5 MPa, which might
impair root-growing conditions.

With the exception of the Romanian SS, there was no relationship (data not shown)
between the crop yield and the SC indicators (i.e., DC, RND, AFP, and PR). At this SS,
we found a 2% yield reduction for every percentage of DC increase or every unit of AFP
decrease (Figure 9). This implies that in passing from a DC of 83% (average of Romanian
soils) to 87% (DC limit for crop growth according to Hakansson [8]), a 7% reduction in
the crop yield might be a possible scenario for this SS, irrespective of the crop type. The
response of the crop yield to different levels of SC is usually considered parabolic, with low
production in loosened soil, high yields at an optimal degree of soil compaction, and lower
yields for compacted soils [77]. Only the descending part of this parabolic relationship may
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have been observed at the Romanian SS, and it is possible that the optimal DC for crop
production in its fine-textured soil might be located at a DC lower than 87% [6].
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Figure 9. Linear regressions between relative crop yield (yield-to-average yield ratio) and degree
of compaction (DC) (a) and air-filled porosity (AFP) (b) at the Romanian study site. The regression
equation and R2 values are shown. Yellow areas represent the zone with DC >87% and AFP < 0.15.

3.7. Soil Compaction and SICS with Tillage

The relationship between SC and tillage has been thoroughly investigated, especially
in northern [16,78,79] compared to central [80] and southern Europe [81]. It is generally
recognised that topsoil compaction might be mitigated using annual soil loosening with
conventional tillage practices such as mouldboard ploughing, while subsoil compaction has
proven to be persistent and difficult to recover and sometimes requires more specialised
tillage operations [82].

In this study, all countries except Norway involved different intensities of tillage
for mitigating topsoil and subsoil compaction. Inversion tillage through mouldboard
ploughing was adopted in the UK (to 20 cm depth), Italy (to 30 cm depth), and Romania
(to 25 cm depth). The UK and Italian SSs also included no-tillage (i.e., direct-drilling)
treatments. Subsoiling treatments were used at the Romanian SS (to 60 cm depth) and in
Sweden (to 35 cm depth), the latter with and without the injection of organic materials.
Lower-intensity tillage (i.e., reduced or no-tillage) is considered to improve soil structural
stability and, therefore, theoretically, tillage practices prevent SC [83]. On the contrary, high-
intensity tillage might produce an unstable soil structure more prone to soil compaction.
Disking is one of the less conservative soil aggregate tillage practices, often resulting in
a greater proportion of micro-aggregates (2-250 um) but a lower proportion of macro-
aggregates (>250 um) [84]. At the Romanian SS, the treatment with 2-times disking (TR3)
decreased the topsoil BD but showed the lowest proportions of WSA and Ks together
with the highest DC and RND and the lowest AFP. These findings suggest that despite
providing suitable conditions for crop establishment, disking can make the soil more prone
to SC due to greater soil structure instability. Mouldboard ploughing inversion tillage is
considered responsible for soil aggregate fragmentation [85], although this negative effect
on soil structure may be counteracted by increasing organic C inputs to the soil from crop
residues or the incorporation of organic amendments [86]. At the Romanian SS, the results
suggest that mouldboard ploughing inversion tillage had a less negative effect on the WSA
compared to 2-times disking (Supplementary Materials, Figure S4a).

No-tillage or direct drilling is usually considered a more sustainable agronomic prac-
tice [87,88] because it is thought to be less harmful to soil biota, and by keeping the crop
residues at the soil surface, it reduces the risk of soil erosion [89]. Verhulst et al. [90]
found a greater proportion of large macro-aggregates (>2000 pm) and macro-aggregates
(2502000 um) under no-tillage compared to conventionally-tilled soils, confirming both
the positive effect of tillage absence and crop residue retention. The UK and Italian SSs
show somewhat opposite results when comparing the effects of no-tillage and direct-
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drilling against inversion tillage with mouldboard ploughing, with both the DC and RND
being higher under no-tillage and direct drilling in Italy but not in the United Kingdom.
Derpsch [91] identified four phases after the adoption of no-tillage—an “initial phase”
(0-5 years), when crop residues are expected to be low due to lower yields and with no
measurable changes in the SOC while the soil starts rebuilding aggregates; a “transition
phase” after 5 to 10 years, when crop residues and SOCs are expected to increase, al-
though these changes are accompanied by higher SC; improvements are expected only
after 1020 years during the “consolidation phase” followed by the “maintenance phase”,
characterised by stabilised agro-ecological conditions. Six et al. [92] found that for drier
climates before a positive trend occurs, no-tillage could even have a negative effect on the
SOC during the first 5-10 years. According to this classification, the Italian soil was in the
initial phase and experienced SC, while the UK soil was reaching the end of the transition
phase (around 10 years after the first adoption), showing improved soil conditions. Differ-
ent soil types and their interactions with agronomic practices may explain the differences
between these two SSs. The Italian SS is mainly formed from Calcisols and Cambisols
(WRB, 2006), with low SOC content (<1.0%) and far from equilibrium, having a silty texture
and poor aggregate stability [93]. Piccoli et al. [81,94] previously postulated that the limited
amount of non-complexed SOC available for interaction with clay minerals and the low
clay-to-silt ratio could prevent the formation of a resilient structure that goes beyond the
adopted agronomic management. In contrast, the higher clay and SOC (2.88%) contents at
the UK SS might have fostered an improved soil structure by ensuring high stability of the
macro-pores [95], better exploiting the benefits related to no-tillage.

Subsoiling is primarily aimed at counteracting subsoil SC and does not disturb the
soil surface unless it is associated with another tillage operation. At the Romanian SS,
subsoiling was associated with shallow disking (to 12 cm depth), while the plots with the
subsoiling and subsoiling + straw treatments at the Swedish SS were subjected to the same
conventional tillage as for the control plots (i.e., mouldboard ploughing to 25 cm depth
and normal seedbed preparations). The hypothesis for the Swedish SS, which is naturally
compacted, was that the incorporation of organic material, in addition to subsoiling alone,
would stimulate biological activity and lead to the stabilisation of the soil structure at a
lower density, enabling roots to grow deeper. The results show a positive impact on root
growth and rooting depth, particularly for the subsoiling + straw treatment, and partly
confirm this hypothesis. However, when corrected for gravel and stones, there was no
significant effect on the BD (Supplementary Materials, Table 54). The subsoiling treatment
at the Romanian SS was aimed at counteracting the natural compaction and preventing
the formation of a plough pan layer. At this site, both the topsoil and subsoil BD were
significantly improved with subsoiling, as also reflected in the SC indices, and subsoiling
had a positive effect on the topsoil WSA and Ks (Figure 5 and Supplementary Materials,
Figure S4).

A stronger response to subsoiling at the Romanian SS compared to the Swedish SS was
probably related to the frequency of subsoiling. It occurred only once in Sweden, whereas
it was repeated every year during the Romanian experiment. However, it may also relate
to the clay, silt, and SOC, as discussed in a meta-analysis by Schneider et al. [89]. They
suggested that for many soils with a clay-to-silt ratio of <0.3, subsoiling might result in a
complete collapse of the natural soil structure and SC instead of loosening, while for soils
with a clay content of >20%, subsoiling may have a better possibility of lowering the BD
and increasing the macro-porosity. The clay content was twice as high at the Romanian
SS as at the Swedish site and the clay-to-silt ratio was 1.5, while this ratio was 0.34 in the
Swedish subsoil. In fact, the response to the SICSs was faster at the UK and Romanian SSs
compared to those in Italy and Sweden. This may be related to the high clay contents at the
former sites (31 and 44%, respectively), which were much lower at the latter SSs (18 and
10%, respectively). Furthermore, high silt (58%) and sand (63%) contents characterise the
Italian and Swedish SSs, and these inherent soil properties may partly explain the lower
responsiveness to SICSs. The dynamics also differ between the topsoil and the subsoil;
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the former is more often subject to external factors (e.g., meteorological conditions), while
the latter mostly follows natural dynamics (e.g., pedofauna activity). The results from the
Italian SS agree with this reasoning, as there was a relationship between the PR (as an index
of soil strength) and the fine silt + clay particles (0-20 pum), relating to the SOC protection
against microbial degradation [96] only in the subsoil (p < 0.01 and 0.65 R2) and not in the
topsoil (Figure 10). In this subsoil, a 10% increase in soil fines reflected a PR reduction of
0.6 MPa among the studied range.
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Figure 10. Scatterplot of fines 20 (% of particles below 20 um) against penetration resistance (PR) at
the Italian study site. Linear interpolation equations and their coefficient of determination (R2) are
also indicated for topsoil (0-20 cm) and subsoil (40-60 cm).

3.8. Soil Compaction and SICS with Deep-Rooted Bio-Drilling Crops

Another possibility for mitigating SC at deeper horizons or under no-tillage man-
agement is the adoption of deep-rooted crops, which may be either cash (e.g., alfalfa) or
cover crops (e.g., tillage radish, mustard). Two SSs tested the effect of crops with a taproot
apparatus—Norway (oilseed and alfalfa) and Italy (tillage radish).

Despite a relatively low machinery weight, multiple wheeling in 2015 led to subsoil
compaction at the Norwegian SS [56], with increased BD and decreased TPV compared
to the uncompacted reference plot (Table 2). In the topsoil, the presence of alfalfa (plots
not ploughed) shows comparable results to Treatment 3 (barley monoculture), which
was ploughed each year (Supplementary Materials, Table S3), suggesting that the al-
falfa was equally effective at loosening the topsoil compared to ploughing. In 2015, the
BD in the subsoil often exceeded 1.5-1.6 g cm ™3, which represents a threshold for root
growth [97]. All subsoil BD observations in 2015 were classified as “very compact” ac-
cording to Pagliai et al. [98], while in 2020, all values could be classified as “compact”,
suggesting that the SC mitigation occurred during the five years after the compaction event.
In particular, this was evident in Treatment 4 (alfalfa), where the Ks was improved com-
pared to 2015. More specifically, the subsoil Ks under the alfalfa treatment was frequently
higher than the proposed limit for good soil functioning (e.g., 0.10 m day’l) [22]. On the
contrary, the same Ks threshold was undercut for all the other plots except for Treatment
2 in the compacted plots, confirming how subsoil compaction may be long-lasting [99].
Alfalfa was efficient at reducing the subsoil BD and restoring the TPV in the compacted
plots, which were on the same level in 2020 as the uncompacted reference plot in 2015.
These results are similar to other studies (e.g., [24,100]), showing that alfalfa, especially if
grown over several years, is efficient for restoring soil structure. Effects on other param-
eters, such as air permeability and water infiltration, were less clear due to both higher
data variability and a methodological issue. In fact, during the sampling operations, the
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alfalfa was still growing, and the living roots blocked the bio-pores (data not shown).
Consequently, positive effects on the soil structure (e.g., improvements in AC and water
and airflow) might be more recognisable over time, after the roots have decomposed [101].

Furthermore, oilseed crops are known to have deep-growing taproots that efficiently
loosen up the soil structure [29], but contrary to that observed for alfalfa, the oilseed
established only poorly at the Norwegian SS mostly due to a short growing season at this
high latitude. Therefore, the root system was not well established, and this crop was not
effective at loosening the soil or mitigating SC.

At the Italian SS, using the deep-rooted tillage radish cover crop during the winter
season was not reflected in soil improvements, either in terms of SC mitigation (e.g., BD,
DC, and RND) or in terms of soil functioning (e.g., Ks). Only the PR test suggested a trend
for higher soil strength in changing from bare to covered soil (Figure 4a). As mentioned for
Norway, a methodological issue might have impaired the results for the tillage radish crop
in Italy due to incomplete taproot decomposition during sampling since it was necessary
to take measurements for the PR and Ks prior to the following field operations (i.e., in
early spring before tillage and seedbed preparation for the main crop, maize). The higher
temperature during the subsequent maize growing season may have promoted complete
root degradation and, in turn, fostered improved soil functioning. Indeed, in higher density
soils, the presence of a few vertical macro-pores may dominate structure dynamics and
soil functions (e.g., water infiltration and gas exchange) [94,102] and possibly counteract
the negative effects of increased BD and soil strength. Moreover, the bio-macro-pores left
by tillage radish provide low resistance paths for the subsequent cash crop roots [103].
Bio-drilling with cover crops was previously demonstrated to be more effective for topsoil
under no-tillage management than with conventional tillage because bio-pores can persist
and function for a longer time without tillage [104]. Nevertheless, in subsoil below the
tillage depth, root-derived bio-pores might also persist even if shallower tillage occurred.

Beyond its correlation with compaction, the overall impact of bio-drilling on cash
crop yields varies with climate conditions [29], improving crop performances under highly
rainy climates (e.g., tropical) [105] and reducing yields in semiarid environments [106]. The
response of crop yields to bio-drilling might also be dependent on the number of years since
its first adoption [29]. The first year of bio-drilling adoption may not result in a boosted
crop yield, while after several years, a more positive effect can be expected [107,108].
Finally, bio-drilling crops may contribute to SOC formation by providing more above- and
belowground C inputs to the soil, in addition to the crop residues from the main crop [109].
Particularly because they have an important and deep root system, and compared to
aboveground biomass, root-derived C is about twice as efficient in the C input conversion
into stable SOC. However, changes in the SOC occur slowly and become measurable only
after longer periods (>5 to 10 years) [110,111].

4. Future Prospects and Conclusions

Strategies to avoid SC, stabilise soil structure, and loosen up compacted layers are
clearly needed. Many conventional tillage practices are effective in loosening topsoil SC,
but measures to counteract subsoil SC are scarce [22]. The use of deep-rooted bio-drilling
cash and cover crops showed potential for being applicable in European countries. At the
Norwegian SS, a cash crop such as alfalfa had good potential for mitigating both topsoil
and subsoil SC. However, in using a cover crop such as tillage radish, the Italian SS did
not obtain the expected positive outcome for SC. Both SSs experienced methodological
difficulties in evaluating the effectiveness of these mitigating strategies. For practical
reasons, some measurements could not be conducted at the optimum time and the presence
of actively growing bio-drilling crop roots hampered the evaluation of water infiltration
and hydraulic conductivity. Further studies are needed for investigating and identifying
suitable crop varieties, as shown at the Norwegian SS, where it was difficult to establish
the oilseed bio-drilling crop because of a short growing season at this high latitude. This
highlights the need for optimising the management and crop growth of bio-drilling species
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for different pedoclimatic conditions. There is also a need for policymakers to address
the economical dimension, as farmers need financial support for adopting deep-rooted
bio-drilling cash or cover crops. For example, alfalfa involves low production costs, but it is
difficult to find a profitable market, and all types of relevant cover crops are not necessarily
covered by current subsidies.

The two case studies with SICSs involving subsoiling were found to be efficient for
improving both SC and crop yields only at the Romanian SS. However, it was also found
that applying subsoiling every year was time and energy consuming, and the financial
benefit for farmers is questionable. There is a need for further evaluating if the subsoiling
at this SS could be done only periodically, such as every 3 or 4 years. At the Swedish
SS, subsoiling was only done once and using pilot-scale equipment that is still under
development. Although there was an improved rooting depth with subsoiling, and a
lowering of the PR with the subsoiling treatment with the incorporation of organic material
into the upper subsoil, there was no significant effect on crop production. There is a need for
long-time studies with this equipment on other crop and soil types, to test other sources of
organic materials and, in particular, to examine the effects of repeated subsoiling treatments
over time.

The responsiveness of the SICSs investigated in these case studies appeared to be at
least partially influenced by inherent soil properties, such as texture, as illustrated by the
different responses to no-tillage observed at the UK and Italian SSs. The effect of climate
was not evaluated directly since exactly the same SICS was not present at a sufficiently
large number of SSs. However, the effect of climate is not negligible. Furthermore, the
effect of future climate change might vary between European regions. In northern Europe,
greater precipitation is expected during the growing season [12,82], which will lead to
a reduction in workable days for field operations [20,112]. The use of heavy machinery
under future sub-optimal conditions may further increase the risk for SC, especially in the
subsoil [15]. Soil compaction may reduce water infiltration [6,113], which may shorten
the growing season and thereby increase the risk of leaching and erosion [9-11]. It is also
expected that wetter growing seasons might give greater yield reductions due to subsoil
compaction than the drier seasons [114].

In southern Europe, a higher frequency of dry days during the growing season is
predicted [82]. Since compacted soil may suffer from poor rooting conditions during
drought [114], this could increase the demand for freshwater for irrigation [115]. Deep
tillage can be an effective measure to mitigate drought stress and improve the resilience of
crops under climate change scenarios in soils by creating a more stable soil structure and
alleviating root-restricting layers [89].

The case studies on different SICSs for mitigating SC showed encouraging results as
well as several difficulties relating to their implementation and evaluation. Some were
pilot studies and need more technical development, and all were short-term studies. More
research is needed to refine these SICSs and evaluate their long-term effects at more SSs
covering a wider range of pedoclimatic conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/1and 11020223 /s1, Table S1: study sites description, Table S2: sampling depth, Table S3:
topsoil results at the Norwegian study site, Table S4: results at the Swedish study site, Table S5:
statistics at the Italian study site, Figure S1: relationship between soil organic carbon and dry soil bulk
density at the Swedish study site Figure S2: saturated hydraulic conductivity at the Italian study site,
Figure S3: bulk density at the Romanian study site, Figure S4: water-stable aggregates and saturated
hydraulic conductivity by treatment at the Romanian study site, Figure S5: water-stable aggregates
and saturated hydraulic conductivity by year at the Romanian study site.
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Abstract: Different fertilizers have different effects on soil chemistry and crop yields. In this paper,
we analyzed how long-term and regular application of mineral fertilizers, pig slurry and their
combinations (15 fertilizer treatments totally) affect soil pH, nutrient content and yield of field pea
at two sites with different soil (cambisol and luvisol) and climatic conditions. The long-term trials
evaluated in this paper were established in 1972 at Pernolec and Kostelec, Czech Republic. Results
of the soil analyses (evaluated period) are from the years 2015-2020, covering two sequences of
crop rotation (winter wheat-spring barley-field pea). The fertilizer treatments significantly affected
the soil reaction; application of mineral fertilizers and their combinations resulted in the lowest pH
values. On the other hand, the same treatments provided the highest yields and left the highest pool
of nutrients in the soil. Pig slurry can provide the same yields of field pea as mineral NPK fertilizers,
without a negative effect on soil reaction. Analyzing the mineral fertilizers only, a reasonable dose of
N (according to the linear-plateau model) can range from 73 and 97 kg ha~1 N in Pernolec, according
to the weather conditions.

Keywords: Pisum sativum L.; organic manure; NPK; pH; SOM; macronutrients; nutrient content

1. Introduction

The nutrient content of the soil is one of the parameters determining its fertility
and quality. It is a parameter influenced by a wide range of natural, anthropogenic and
interrelated factors such as soil type [1], farming method (conventional, organic farming) [2],
crop rotations and fertilization [3-5], microbial activity in the soil [6], or soil organic
matter content [7]. The application of fertilizers represents the main way of supplying
nutrients to the soil; for the crops grown, fertilizers thus directly affect soil chemical [8-11],
physiological [12,13] and biological [14,15] properties and crop growth.

Fertilizers are divided into three categories, namely mineral and organic fertilizers
and organic manures. They differ in origin, composition and nutrient content, speed of
nutrient release and availability to farmers. Mineral fertilizers are fast-acting and have
a precisely defined composition, which makes it easier to adjust the dose of nutrients
delivered. On the other hand, they are costly and, if used unwisely, can pose a significant
threat to the environment [16,17] or arable products [18]. In particular, the effect of nitrogen
mineral fertilizers on soil pH poses a risk of acidification [19-22] and a risk to elements’
availability [23]. Manure fertilizers have a low nutrient content and must be applied in
large doses (the classic dose of cow farmyard manure is 40 t ha~! in Czech Republic). The
nutrients contained in manure are released gradually, depending on the origin [24] and
C:N ratio. Manures with a low C:N ratio (slurries) release nutrients to a greater extent
already in the first year of application; on the other hand, manures with a high C:N ratio
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(farmyard manure) release nutrients over a longer period in smaller doses [25]. According
to [26], approximately 11% of the organic N is mineralized during the first year from the
application of composted manure and around 20% for non-composted manure. In the
case of slurries, approximately 40% of the organic N is mineralized at the same time [25].
The application of organic manures is usually associated with positive effects on soil
properties [7,8,27-29], but one has to be careful about the doses and dry matter content.
In the case of slurry, the dry matter and nutrient content is very important information
in order to correctly adjust the applied dose. Ignorance of this information can easily
lead to overdosing, which can significantly damage the crops grown or adversely affect
the environment via leaching and volatilization of nitrogen and salinization [30-33]. In
addition to directly supplied nutrients, the unifying factor for the positive effects of organic
manures and the nutrient content, pH value, physical and biological properties of soils, is
organic matter. Soil organic carbon and nutrient content are usually higher after application
of solid organic manures [34-36], while the benefit of liquid organic manures, such as
slurries, is mainly to increase the nutrient content and the effect on soil organic carbon
can be neutral (no changes) [37] or positive [38,39] as the liquid manures contain a lower
amount of organic carbon than the solid. As in the case of mineral fertilizers, organic
manures can also pose a threat to the environment if not applied judiciously [40,41] or
because of the presence of pharmaceuticals [42].

One of the major problems of agriculture in Czech Republic is the disruption between
crop and livestock production, reduction of cultivated crops in crop rotations and the
fact that most of the arable land is rented [43]. Disruption of the balance between crop
and livestock production is manifested by a lack of organic manure and reduced input of
organic carbon into the soil. Together with the significant dependence of crop production
on mineral nitrogen (and the low level of phosphate and potassium fertilizers applied),
we then experience soil erosion (lack of organic carbon), lower content of macronutrients
(doses of P and K mineral fertilizers) and soil acidification (due to nitrogen fertilizers
application) [44,45]. One way to reduce the negative impact of mineral nitrogen fertilizers
on the soil while ensuring good soil nutrient supply and crop yields is to apply mineral and
manure fertilizers together. Multiple scientific papers have indicated that joint application
of mineral fertilizers and manure has a positive effect on both crop yields and reduction of
negative impacts of mineral fertilizers on the soil properties [46-50]. Another problem of
Czech agriculture is the reduction of crops in crop rotation. Over the years, there has been
a change in the proportion of crops grown, mainly in favor of winter rape. Soil-improving
crops such as root crops, forage crops and legumes are grown to a lesser extent than in
the past [51]. While root crops (potatoes and sugar beet) are considered as soil-improving
plants mainly due to the manure applied to them, legumes have a unique ability to fix
airborne nitrogen in the soil, due to their symbiosis with rhizobacteria. Field pea (FP) is the
most cultivated legume in Czech Republic (79% of all legumes), yet its representation in
the crop rotations of Czech Republic is low (1.2%) (average values from 2015 to 2019 [52]).
From the point of view of human nutrition and soil care, it is a valuable crop. Thanks to
their symbiosis with rhizobia bacteria, legumes and FP cover a large part of their nitrogen
needs from the symbiosis (depending on the type of legumes, they cover their nitrogen
requirement from the soil from approximately 15-30%) and leave nitrogen in the soil for use
by subsequent crops [53,54]. Although FP can use nitrogen from symbiosis with rhizobia
bacteria, fertilizer application significantly affects its yield and quality. Foliar application
of phosphorus can significantly improve yield and quality parameters of FP, especially on
soils with low phosphorus content [55], but even on soils rich in P content, it has a positive
effect on FP yields [56]. N fertilization can also increase yield and quality. Early application
of N fertilizers is important, as the actual fixation of airborne nitrogen takes place only in
the later stages of growth. Depending on soil and climate conditions, optimum N rates can
range from 40 to 80 kg ha~! N and higher doses can provide lower yields as high N doses
can reduce bacteria nodule mass [57]. However, under different soil and climate conditions
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the response of FP to N fertilization may be different as yields can increase up to the dose
of 135 kg ha~1 N [58].

In 1972, long-term experiments were set up at two sites with different soil and climatic
conditions to study the effect of the application of organic manure (pig slurries), mineral
fertilizers and their combinations on soil chemistry and yields of wheat, barley and peas.
The design of this experiment allows us to analyze the long-term effect of different fertilizer
combinations on soil properties, which is currently a hot topic due to the dependence of
conventional agriculture on mineral nitrogen, the low rates of applied P and K fertilizers
and the limited availability of organic manures (slurries). In other words, our experiment
can provide answers on how to take better care of the soil with the help of organic manure
and how to avoid undesirable effects of mineral nitrogen applied without organic manure
(current situation in Czech Republic). Soil types are represented by Cambisol (about 45%
of the soil in Czech Republic) and Luvisol (about 13% of the soil in Czech Republic),
representing the two most widespread soil types in Czech Republic. The article includes
an analysis of the effect of fertilization on pea yields in 2017 and 2020 in Pernolec and
the determination of a reasonable dose (using a linear-plateau model) of mineral nitrogen
fertilization.

2. Materials and Methods
2.1. General Information and Sites Description

The results come from two long-term field trials located at Pernolec and Kostelec,
Czech Republic, Central Europe. Both trials were established in 1972. The long-term trials
aim to analyze the effect of mineral fertilizers (mineral nitrogen-N, phosphorus-P and
potassium-K), pig slurry (three different doses), and their combination on the yield of
arable crops. The crop rotation of both trials consists of winter wheat (Triticum aestivum L.,
WW), spring barley (Hordeum vulgare L., SB) and field pea (Pisum sativum L., FP). At the
same time, the effect of long-term fertilizer application on basic soil properties is monitored
(pH, the concentration of soil P, K, magnesium-Mg, calcium—Ca, the content of soil organic
carbon-Cox, the content of soil total N-Ntot). In this paper, we assessed the period from
2015 to 2020 (six years) to analyze how long-term regular application of mineral fertilizers
and organic manures affects soil properties and FP yields (yields from the years 2017 and
2020; 2015-WW, 2016-SB, 2017-FP, 2018-WW, 2019-SB, 2020-FP).

According to Kopper-Geiger climate classification [59], both sites are located in warm
summer humid continental climate (Dfb). The basic site description of both localities is
shown in Table 1. Detailed weather information can be found in Section 2.3. It should
be noted here that our team was not the team that established the experiments in 1972
and we have not been able to find the results of soil analyses from the period of the
trial establishment.

Table 1. The description of trial sites—Pernolec and Kostelec.

Pernolec Kostelec
GPS N 49°4¢6’ E 12°41’ N 50°12' E 16°20
Altitude (m a.s.l.) 530 290
Long—term'a\'/era.\ge total annual 557 714
precipitation (mm)
Long-term average annual
temperature (°C) 75 85
Soil type [60] Sandy loam, gleyiccambisol luvisol

Top soil layer (cm) 0-28 0-30
Precipitation 2017 (mm) 423 774
Precipitation 2020 (mm) 544 961
Temperature 2017 (°C) 8.4 9.3
Temperature 2020 (°C) 9.0 10.0

Note: the long-term average precipitation and temperature for Pernolec are based on the data from the years
1977-2014 (37 years) and for Kostelec from the years 1982-2014 (32 years).
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2.2. Field Trials Description

In both long-term trials, the effect of a total of fifteen fertilization treatments with four
replications has been running since 1972. The trial consists of sixty plots (15 x 4) arranged
in a completely randomized block design. The plot size is 8 m x 5.5 m (44 m?). The
fertilization treatments are identical in both trials, but the fertilization rates differ slightly
(Tables 2 and 3 show fertilizer treatments and rates applied to FP in Pernolec and Kostelec.
Tables S1 and S2 show the fertilizer treatments and rates applied over the whole three-year
crop rotation—the sum of nutrients applied to all three crops over the three years). Mineral
N was applied in two forms. Ammonium sulfate (AS) was applied in the spring, before
the planting. Calcium ammonium nitrate (CAN) was applied during the beginning of
stem elongation (BBCH 30). Mineral P was applied as superphosphate and mineral K as
potassium sulfate. Both mineral fertilizers and PS were applied in the autumn, before
tillering. Mineral fertilizers were spread by hand at both sites. Pig slurries were applied
by manual sprayer. The average content of dry matter (DM) ranged from 0.68% (Pernolec)
to 1.8% (Kostelec). This is a very low value: the amount of DM in slurry usually ranges
from 0.7% to 24% [61] and is significantly affected by the season of the year [62]. Quality
slurry is considered to have a dry matter content between 6% and 8%. The average pH
and concentrations of N, P, K, Ca and Mg (% of DM) in Pernolec were 7.75, 1.79%, 0.52%,
16.77%, 1.11%, and 0.73%, respectively. In Kostelec, the average pH value of PS was 7.68
and the concentrations of N, P, K, Ca and Mg (% of DM) were 1.95%, 1.53%, 14.53%, 3.84%
and 0.98%, respectively. Pig slurries were obtained from the nearest livestock farms that
were able to supply manure in time. The FP (cul. Eso) was sown at the beginning of April
(one million germinating seeds per ha, approximately 270 kg) and harvested in the first
half of August.

Table 2. Forms and doses of mineral fertilizers and pig slurry (PS) according to the fertilizer treatments
applied to FP in Pernolec.

N (kg ha=1) PS P(kgha=1) K(kgha™1)
AS CAN tha'l N (kgha™1)
Control 0 0 0 0 0 0
PK 0 0 0 0 19.8 132.8
NPK 30 0 0 0 19.8 132.8
PS1 0 0 17 85 0 0
PS1+PK 0 0 17 85 19.8 132.8
PS1+NPK 30 0 17 85 19.8 132.8
PS2 0 0 34 170 0 0
PS2+PK 0 0 34 170 19.8 132.8
PS2+NPK 30 0 34 170 19.8 132.8
PS3 0 0 51 255 0 0
PS3+PK 0 0 51 255 19.8 132.8
PS3+NPK 30 0 51 255 19.8 132.8
NPK E1 70 0 0 0 15 25
NPK E2 70 70 0 0 30 50
NPK E3 45 75 0 0 45 75

Note: AS—ammonium sulphate; CAN—calcium ammonium nitrate; N (kg ha~!) in the PS column represents the
content of N applied in PS.

2.3. Weather Information

Weather data (average monthly temperatures and monthly precipitation) were evalu-
ated according to [63], which describes the World Meteorological Organization’s recom-
mendations for describing meteorological and climatological conditions of a defined period
(text in Czech, tables in English). The weather analysis was based on long-term records. In
Pernolec we compared the years 2017 and 2020 with the period from 1977 to 2014 (37 years).
In Kostelec, we based our analysis on the period from the years 1982 to 2014 (32 years).
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In Pernolec, the year 2017 was evaluated as warm (+0.9 °C in comparison with long—
term average) and 2020 as very warm (+1.5 °C). In terms of precipitation, 2017 was a very
dry year (76% of the long—term average), while 2020 was normal (98%). In Kostelec, the
year 2017 was evaluated as warm (+0.8 °C) and 2020 as very warm (+1.5 °C). In terms of
precipitation, 2017 was a normal year (109%), while 2020 was a very wet year (135%, Table 1).
Detailed weather information for 2017 and 2020 at both sites, including assessments, is
provided in Tables S3 and S4.

Table 3. Forms and doses of mineral fertilizers and pig slurry (PS) according to the fertilizer treatments
applied to FP in Kostelec.

N (kg ha—1) Pig slurry P (kg ha~1) K (kg ha—1)
AS  CAN tha-1 N (kg ha™1)
Control 0 0 0 0 0 0
PK 0 0 0 0 19.8 132.8
NPK 30 30 0 0 19.8 132.8
PS1 0 0 20 70 0 0
PS1+PK 0 0 20 70 19.8 132.8
PS1+NPK 30 30 20 70 19.8 132.8
PS2 0 0 40 140 0 0
PS2+PK 0 0 40 140 19.8 132.8
PS2+NPK 30 30 40 140 19.8 132.8
PS3 0 0 60 210 0 0
PS3+PK 0 0 60 210 19.8 132.8
PS3+NPK 30 30 60 210 19.8 132.8
NPK E1 30 60 0 0 18 28
NPK E2 30 60 0 0 36 56
NPK E3 30 60 0 0 54 84

Note: AS-ammonium sulphate; CAN—calcium ammonium nitrate; N (kg ha™!) in the PS column represents the
content of N applied in PS.

2.4. Soil Analyses

Following the harvest of the crops, soil samples were taken using the stainless-steel
soil probe sampler. The soil samples were taken from the topsoil layer (020 cm). Four
samples from each plot were taken. The samples were then mixed and transported to the
laboratory, where they were dried and sieved to get fine and dry soil. The soil pH was
analyzed potentiometrically using 0.2 mol KCl (inoLab pH 730, WTW, Xylem Analytics,
Weilheim, Germany). The concentration of total N (Ntot) was analyzed using sulfuric acid
in the heating block (Tecator, Foss Analytics, Hillered, Denmark), followed by the Kjeldahl
method [64]. The concentrations of P, K, Ca and Mg were analyzed using the Mehlich III
solution [65], followed by the ICP-OES analysis (Thermo Scientific iCAP 7400 Duo, Thermo
Fisher Scientific, Cambridge, UK). The SOC content was analyzed colorimetrically and via
oxidimetric titration according to [66,67].

2.5. Data Analyses

One-way and multivariate analysis of variance (ANOVA, MANOVA) was used to
compare the results of pH and soil element concentrations as affected by fertilization
treatments and to analyze the effect of weather and fertilization treatments on FB yields
(Pernolec locality only). Due to the occurrence of certain problems, we have only the
summed FP yield values (average values without repeats) from the Kostelec site. For this
reason, it was not possible to perform statistical analysis as in the case of the Pernolec.
However, the average FP yield values from the Kostelec were suitable for PCA. FP yields
from the Kostelec site are shown in Table S5. In this article, we have analyzed a total of
fifteen fertilization treatments. Such a large set makes the interpretation of the results
difficult and ambiguous (the results of the post hoc analysis overlap widely). For this
reason, we proceeded to group the treatments (Control, PK, NPK, PS, PS+PK, PS + NPK)
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and calculate separate ANOVA for soil parameters where significant differences between
the fertilizer treatments were recorded previously. If statistically significant differences
were found, we used Tukey’s HSD post hoc analysis to separate treatments. Statistical
analyses were performed in Statistica 13.3. (Tibco Software Inc. Palo Alto, CA, USA). The
nitrogen use efficiency (NUE) was calculated as ((GY1-GYc)/N rate) where GYT represents
grain yield from the particular fertilizer treatment and GY¢ represents the grain yield
from the Control treatment. The NUE was calculated from seven fertilizer treatments
(NPK, PS1, PS1+NPK, PS2, PS2+NPK, PS3, and PS3+NPK. To evaluate the relationships
between the yields, fertilizer treatments and soil parameters, principal component analysis
(PCA) and factor analysis (FA) were used (Statistica 14.0.). MS Excel 2019 was used for
weather analyses (Microsoft Corporation, Washington, DC, USA). The linear-plateau model,
analyzing the reasonable N dose for FP (calculated from mineral fertilizer treatments), was
calculated using R software (R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria, 2020), together with three R
packages [68-70].

3. Results
3.1. Comparison of Localities

The two sites are statistically significantly different from each other in all observed
soil parameters (results from all fertilizer treatments and for the whole period 2015-2020,
Table 6). Compared to Kostelec, the soil in Pernolec is characterized by a higher pH value,
and lower mean content of available P, K and Ca. In contrast, the average content of Mg,
Cox and Ntot is higher in Pernolec.

3.2. The Effect of Fertilizer Treatments on Soil Chemical Properties

In the following sections the results of the effect of fertilization on pH, nutrient
concentration, Cox and Ntot at each site will be presented. A summary description of the
relationships between the fertilization treatments and the individual parameters is given in
the last section, in which the PCA results are presented.

3.2.1. Soil Reaction

In Pernolec (Cambisol), the soil pH was statistically significantly affected by the
fertilizer treatment (d.f. = 14; F = 10.6; p < 0.001). Comparing all 15 treatments, the lowest
mean pH value (4.73) was recorded in the NPK E3 treatment. The highest mean pH value
(5.93) was recorded in PK treatment (Table 4). Comparing the groups of fertilizers, the
lowest mean pH was recorded in NPK treatments (5.16), followed by PS+NPK (5.48), while
the highest pH was recorded in PS+PK (5.81) and PK (5.93) treatments (Figure 1a).

In Kostelec (Luvisol), the value of the pH was also significantly affected by the fertilizer
treatment (d.f. = 14; F = 4.2; p < 0.001). The lowest mean pH value was recorded in PS2 + NPK
(5.04) treatments, while the highest was in Control (5.75) and PK (5.67) treatments (Table 5).
Comparing the groups of fertilizer treatments, similarly to Pernolec, the lowest mean pH
values were recorded in treatments with mineral N-NPK (5.33) and PS+NPK (5.14), while the
highest value was recorded in Control (5.75) treatment (Figure 1b).

The results show that the application of NPK, either alone or in combination with
PS, results in the lowest pH values. In Kostelec, the pH values for the NPK and PS+NPK
treatments were comparable and significantly different from the other treatments. In Pernolec,
the effect of NPK was most significant, while the combined application of PS+NPK was
comparable to PS, yet lower. The negative effect of ammonium nitrogen on pH is particularly
noticeable when compared to the PK treatment (Figure 1).

3.2.2. Phosphorus

The concentration of P in the soil was not affected by the long-term application of slurry
and mineral fertilizers in Pernolec (d.f. = 14; F = 0.6; p = 0.84). The lowest mean concentration
was recorded in Control (58 mg kg~ 1), and the highest in PS3+PK treatment (111 mg kg~1)
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(Table 4). A different situation occurred in Kostelec, where differences between fertilizer
treatments were significant (d.f. = 14; F = 16.47; p < 0.001). As in Pernolec, the lowest concen-
tration was recorded in Control (124 mg kg~!), and the highest in PS3+NPK (262 mg kg~ !)
treatment (Table 5). Comparing the groups of fertilizers, ANOVA separated three groups of
fertilizers according to their effect on soil P concentration in Kostelec (Figure 2a). The lowest
mean concentration was recorded in Control (124 mg kg~ 1), followed by NPK, PK and PS
treatments. The combined application of PS+NPK and PS+PK resulted in the highest mean P
concentrations, ranging from 229 to 235 mg kg~ ! (Figure 2a).

Table 4. Soil pH value, the concentration of P, K, Ca and Mg (mg kg~ 1), the content of organic carbon
(Cox, %) and total nitrogen (Nt, %) as affected by the fertilizer treatments (2015-2020) in Pernolec.

pH P K Ca Mg Cox Nt
Control 5.69 & 0.08 ¢E 58 + 11 120+£54 1356 + 36 BD 114+ 8 0.89 + 0.02 0.11 4 0.01
PK 593 4+ 0.08 E 87 +13 205+10€ 1331 + 278D 119 £ 11 0.88 +0.03 0.11 £ 0.01
NPK 5.52 + 0.08 B-E 83+ 15 184 + 9 BC 1293 + 49 A-D 111+ 11 0.96 + 0.03 0.12 £ 0.01
PS1 5.76 + 0.08 P 76 + 22 147 + 4 AB 1447 +29 P 131410 0.88 = 0.04 0.11 + 0.01
PS1+PK 5.89 +0.10 E 97 + 23 208 +10€ 1371 + 56 €P 128 +£12 0.94 +0.05 0.12 £ 0.01
PS1+NPK 573 4+ 0.10 P 98 + 22 215+ 11€ 1282 4+ 52 A-D 12449 0.92 + 0.02 0.12 £ 0.01
PS2 5.66 & 0.08 BE 76 + 14 132+ 44 1288 + 52 AD 124 + 10 0.89 + 0.04 0.11 4+ 0.01
PS2+PK 5.70 + 0.06 P 94+ 16 191 +9€ 1287 + 39 A-D 127 +£11 0.88 +0.04 0.11 £ 0.01
PS2+NPK  5.34 +0.10 B-D 94 +17 193 +10€ 1176 + 34 A=C 113 +£9 0.99 4+ 0.05 0.13 4 0.01
PS3 5.68 & 0.10 ¢E 93415 138 £44 1329 + 53 B-D 125 + 10 0.91 + 0.05 0.12 + 0.01
PS3+PK 5.83 +0.10 P 111+ 19 198 +6€ 1366 + 55 B-D 130 £ 11 0.93 +0.05 0.12 +0.01
PS3+NPK  5.38 +0.12 B-D 101 £ 23 196 +11 € 1252 4+ 32 A-D 121 £ 10 1.02 £ 0.03 0.12 4 0.01
NPK E1 5.19 £ 0.10 A€ 76 +9 116 +64 1166 & 19 AB 115 £ 11 0.94 + 0.06 0.12 + 0.01
NPK E2 5.18 +0.12 AB 78 +10 126 + 84 1191 + 50 A€ 118 +£11 0.96 + 0.05 0.12 +0.01
NPK E3 47340174 82 +13 125+74 1113 £ 294 104 £ 11 0.97 4+ 0.06 0.12 4 0.01
Mean values (+SE) followed by the same letter (a vertical comparison of the effect of fertilizer treatment) are not
statistically significantly different. Columns without letters (P, Mg, Cox, Nt) represent values without statistically
significant differences, where the effect of fertilizer treatments was insignificant.
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Figure 1. The effect of fertilizer treatments on pH in (a) Pernolec and (b) Kostelec (2015-2020). Mean
values followed by the same letter are not significantly different. Red triangles represent the raw data.
The blue lines represent the mean value of the particular treatment, while the red line represents the
mean value calculated from all fertilizer treatments.
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Table 5. Soil pH value, the concentration of P, K, Ca and Mg (mg kg~!), the content of organic carbon
(Cox, %) and total nitrogen (Nt, %) as affected by the fertilizer treatments (2015-2020) in Kostelec.

pH P K Ca Mg Cox Nt
Control 5.75 4+ 0.09 € 124 +74 113+ 74 1549 + 31D 73 424D 0.824+0.03  0.10 +0.01
PK 567 +0.10€ 170+ 74D 200+ 8P-H 1430 + 44 AD 64 + 3 AB 0.77+0.03  0.10 £0.01
NPK 53440124C 174+ 8BD 187 +10CC 1341+ 644D 58 +£34 0.804+0.03  0.10 £0.01
PS1 5.59 =+ 0.06 BC 194 + 7 CF 168 4+ 7 B-E 1465 + 41 BD 80 +2CD 0.81 +£0.03  0.11 +0.01
PS1+PK 551 +0.084C 225+ 6EH 2344+ 13C6GH 1330 + 464D 73 + 3 B-D 0.78 £0.03  0.11 +0.01
PS1+NPK 527 +0.094C 231+ 7FH 221411 FH 1277 4+ 27 AC 68 +2AC 0.814+0.03  0.11£0.01
PS2 5.57 +0.10 BC 174 + 8 BD 151 + 9 AD 1468 + 41 BD 79 +2CP 0.824+0.03  0.11 +£0.01
PS2+PK 552 +0.094C 2164+ 12PH 2284 gGH 1355 4 41 4D 72 + 34D 0.79 £0.02  0.11 +0.01
PS2+NPK 5.04 4+ 0204 2144906 207+ 10EFH 1213 + 484 65 + 3 AC 0.8240.03  0.11£0.01
PS3 557+0.058  197+10¢F 170+ 11B8F 1476 £ 52BD 8343PD 0.84+0.04  0.11 +0.01
PS3+PK 563 +0.058C 246 +13GH 252 + 14 H 1486 + 54 €P 82 44D 0.83+£0.02  0.11 +0.01
PS3+NPK  5.12 4+ 0.10 AB 262+ 14 H 237 + 18 GH 1249 4 29 AB 75 + 4 B-D 0.874+0.04  0.11+0.01
NPK E1 539+ 0.124C 1394 7AB 112 +84 1443 4 60 A0 68 + 3AC 0.80+0.02  0.10 £ 0.01
NPK E2 544 +0.104C 164+ 9AC 135 4 7 AB 1409 + 53 A-D 64 + 2 AB 0.79 £0.03  0.11 +0.01
NPK E3 514401448 183 +12BEF 146+ 104C 1303 +54AC 61+ 3 4B 0.81 4 0.01 0.11 +0.01

Mean values (£SE) followed by the same letter (a vertical comparison of the effect of fertilizer treatment) are not
statistically significantly different. Columns without letters (P, Mg, Cox, Nt) represent values without statistically
significant differences, where the effect of fertilizer treatments was insignificant.

Table 6. Average values of soil parameters in Pernolec and Kostelec. The values are based on the
results of soil analyses of all fertilization treatments and all analyzed years (2015-2020).

F d.f. P Pernolec Kostelec
pH 433 1 <0.05 5.55 £ 0.04 B 544 £0.034
P (mgkg™) 302 1 <0.001 87 £44 194 +£58
K (mgkg™) 6.80 1 <0.01 166 + 44 184 +58
Ca (mgkg™!) 26 1 <0.001 1283 +13 4 1386 + 158
Mg (mg kg1 312 1 <0.001 120 £ 38 71+£14
Cox (%) 76 1 <0.001 093 4 0.01° 0.81 £0.014
Nitot (%) 25 1 <0.001 0.12 +£0.017 011 £0.014

Note: F: F statistic; d.f.: degree of freedom; p: level of significance. Mean values + standard error of the mean (SE)
followed by the same letter are not significantly different.

3.2.3. Potassium

Of all the analyzed parameters, potassium was the element most affected by the
fertilization treatments (d.f. = 14; F = 22.83; p < 0.001 for Pernolec and d.f. = 14; F = 19.11;
p < 0.001 for Kostelec). In Pernolec, the lowest concentration was recorded in NPK E1
treatment (116 mg kg_l), and the highest in PS1+NPK treatment (215 mg kg_l) (Table 4).
In Kostelec, the K mean concentration varied from 112 mg kg~! (NPK E1) to 252 mg kg~!
(PS3+PK) (Table 5). If we compare the fertilizer groups, we find that both localities have
a comparable pattern. In Pernolec, application of no fertilizers (Control), NPK and PS
resulted in lower K soil concentrations without differences between these treatments, while
application of PK, PS+NPK and PS+PK resulted in higher K concentrations (Figure 3a).
The situation in Kostelec was similar, with one exception, namely for the PK and PS
treatments. The differences between these two treatments were not significant, as in
Pernolec (Figure 3b).

3.2.4. Calcium

In Pernolec, the mean Ca soil concentrations varied significantly (d.f. = 14; F = 4.83;
p < 0.001) between the treatments and ranged from 1113 mg kg~! (NPK E3) to 1447 mg
kg’1 (PS1) (Table 4). Similarly, in Kostelec, the differences between fertilization treatments
were significant (d.f. = 14; F = 4.46; p < 0.001), and varied from 1213 mg kg~! (PS2+NPK)
to 1549 mg kg~! (Control) (Table 5). Comparing the fertilizer groups, we find that the
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effect of fertilization on soil Ca content is similar in the two sites. The lowest mean
Ca concentrations were recorded in NPK and PS+NPK treatments (Figure 4a,b), while

application of no fertilizers (Control) and PS resulted in the highest Ca concentrations.
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Figure 2. The effect of fertilizer treatments on (a) soil P and (b) Mg concentration in Kostelec (2015-2020).
The differences between P and Mg concentrations as affected by fertilizer treatment were insignificant in
Pernolec (Table 6). Mean values followed by the same letter are not significantly different. Red triangles
represent the raw data. The blue lines represent the mean value of the particular treatment, while the
red line represents the mean value calculated from all fertilizer treatments.
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Figure 3. The effect of fertilizer treatments on soil K concentration in (a) Pernolec and (b) Kostelec
(2015-2020). Mean values followed by the same letter are not significantly different. Red triangles
represent the raw data. The blue lines represent the mean value of the particular treatment, while the
red line represents the mean value calculated from all fertilizer treatments.

3.2.5. Magnesium

Average soil Mg concentrations in Pernolec were not significantly affected by the
fertilization treatments (d.f. = 14; F = 0.57; p = 0.88) and ranged from 104 mg kg~ ' (NPK E3)
to 131 mg kg1 (PS1) (Table 4). In Kostelec, on the other hand, the long-term application
of slurry and mineral fertilizers had a significant effect on the Mg concentration (d.f. = 14;
F = 7.10; p = 0.001), which varied from 58 mg kg~! (NPK) to 83 mg kg~! (PS3) (Table 5).
Comparing the groups of fertilizers, the lowest mean concentrations were recorded in NPK
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and PK treatments, while the highest concentrations occurred in PS and PS+PK treatments
(Figure 2b).
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Figure 4. The effect of fertilizer treatments on soil Ca concentration in (a) Pernolec and (b) Kostelec
(2015-2020). Mean values followed by the same letter are not significantly different. Red triangles
represent the raw data. The blue lines represent the mean value of the particular treatment, while the
red line represents the mean value calculated from all fertilizer treatments.

3.2.6. Soil Organic Carbon Content

Long-term and regular application of slurry, mineral fertilizers and their combinations
did not significantly affect the soil organic carbon content in either Pernolec (d.f. = 14;
F =0.91; p = 0.56) or Kostelec (d.f. = 14; F = 0.77; p = 0.70). In Pernolec, the Cox content in
the soil varied from 0.88% (PK, PS1) to 1.02% (PS3+NPK) (Table 4). In Kostelec, the Cox
ranged from 0.77% (PK) to 0.87% (PS3+NPK) (Table 5).

3.2.7. Total Nitrogen Content

Similar to soil organic carbon, long-term and regular application of manure, mineral
fertilizers and their combinations did not significantly affect total soil nitrogen content at
either of the two sites (Pernolec: d.f. = 14; F = 0.52; p = 0.91; Kostelec: d.f. = 14; F = 0.64;
p = 0.83). In Pernolec, the Ntot content ranged from 0.11% to 0.13% (Table 4), in Kostelec
from 0.10% to 0.11% (Table 5).

3.2.8. Principal Component Analysis (PCA)

Based on the PCA results (Figure 5a), we can classify the fertilizers in Pernolec (cam-
bisol) into four categories according to their effect on yield and soil properties (Figure 5b).
(1) The unfertilized treatment (Control) gives lower crop yields and has low P and K concen-
trations due to no external supply of nutrients. (2) Pig slurry (PS) applied alone, application
of mineral P and K (PK), and combination of PS+PK (generally the fertilizers without min-
eral N): these fertilizers have a positive relationship with pH and Ca and Mg content, and
there is no decrease in pH compared to other treatments. On the other hand, the absence of
mineral N puts this group at a disadvantage in terms of low grain and straw yields and the
soils have a low organic matter content (no organic matter in the PK treatment and low
organic matter in the slurry). (3) The third group is represented by PS+NPK treatments.
The joint application of PS and mineral NPK represents a kind of golden mean ensuring
relatively high grain and straw yields, nutrient and soil organic matter content. However,
the presence of the ammonium form of mineral N negatively affects soil pH. (4) The fourth
group consists of separately applied mineral fertilizers (NPK, without manure supplement).
Mineral fertilizers are clearly closely and positively associated with yield, followed by soil
organic carbon and nitrogen. On the other hand, the presence of the ammonium form of
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nitrogen, accompanied by the absence of slurry, accentuates the negative effect on pH even
more significantly (compared to PS+NPK combinations).
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Figure 5. Results of the PCA—relationships between soil chemical parameters and grain and straw
yields as affected by the fertilization treatments: (a,b) Pernolec, (c,d) Kostelec. Grain and straw yields
are based on the average WW, SB and FP yield from 2015 to 2020.

With a change in soil type (Kostelec, luvisol), we can see a different response to
the long-term application of manure and mineral fertilizers on yield and soil properties
(Figure 5c). The separation of fertilizers in Kostelec (Figure 5d) is not as clear-cut as
in Pernolec, which means that the differences between fertilizer treatments are not as
pronounced. As in Pernolec, unfertilized Control is strongly and positively correlated with
pH and soil Ca content. On the other hand, treatment without external nutrient inputs
(Control) is associated with low grain and straw yields and also with low concentrations of
soil P and K (soil depletion). The PK group (mineral P and K fertilizers) has a completely
different status than PS (in Pernolec these two fertilizer groups were together in one cluster).
PK has a strong negative relationship with soil organic carbon and total nitrogen. This
treatment highlights the need for nitrogen, either supplied in mineral form or the form of
manure. In contrast, the application of pig slurry (PS) is strongly and positively associated
with soil organic carbon content combined with a neutral relationship to both yield and pH.
Mineral fertilizers (NPK) occupy a similar position to PS in terms of yield and pH, with the
exception that they are closer to higher yields and lower pH. Quite different (compared to
Pernolec) is their relationship to soil organic carbon, with which it is moderately and rather
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negatively correlated. Similarly to Pernolec, the PS+NPK fertilizer group is dominant. It is
associated with high yields, high soil nutrient content, a relatively neutral relationship to
soil organic matter and a significantly (strongly) negative relationship to soil pH (stronger
negative relationship to pH than in Pernolec).

3.2.9. FP Grain and Straw Yields

As mentioned in Section 2.5, the results of the FP grain and straw yields from Kostelec
cannot be statistically analysed. The average grain and straw yields in 2017 and 2020
are shown in Table S5. In 2017, the grain yields varied from 2.8 tha~! (PS1, PS1+PK) to
3.7 tha~1 (PS3+NPK), while in 2020 the grain yields varied from 2.5 t ha—1 (NPK E2) to
3.3 tha~! (PS1+PK). Straw yields varied from 2.1 tha~—! (PS1) to 3.2 t ha~! (PS3+NPK) in
2017 and from 3.0 t ha—! (PS1+NPK, NPK E1) to 3.6 t ha~! (PS2) (Table S5).

According to MANOVA results, the FP grain yields were significantly affected by year
(df. =1; F =71.55; p < 0.001), fertilizer treatment (d.f. = 14; F = 6.76; p < 0.001), and their
interaction (d.f. = 14; F = 2.33; p < 0.01) in Pernolec. The effect of year was dominant (89%),
while the effect of fertilizer treatment influenced yields by 8%. If we look at the weather
in a particular year, we find that 2017 in Pernolec was marked by drought in May and
June. Moreover, 2017 was significantly marked by very high temperatures in June and July
(Table S3). These were factors that caused significantly lower yields compared to 2020, which
was characterized by both higher precipitation and milder temperatures (Table 1). Straw
yields were comparable in 2017 and 2020 as the differences were insignificant in Pernolec
(d.f. =1; F = 0.40; p = 0.53), while the effect of the fertilizer treatment was significant (d.f. = 14;
F =4.32; p <0.001). The interaction between the factors of year and treatment was insignificant
(d.f. = 14; F = 1.90; p < 0.07).

In 2017, the grain yields were significantly affected by the fertilization (d.f. = 14;
F =3.18; p < 0.01) and varied from 1.2 t ha~! (Control) to 2.3 t ha~! (PS3+PK and NPK E3)
(Table 7). Significantly different were Control and PS1+PK against PS3+PK, PS3+NPK and
NPK E3. Grain yield slightly increased with increasing nitrogen rate (Figure 6a). According
to the linear-plateau model, calculated from the mineral fertilizer treatments (NPK, NPK
E1, NPK E2, NPK E3), the FP yield response to different rates of mineral N plateaued at
97 kg ha~! N, with a corresponding yield of 2.08 t ha~! (Figure 7, left). Comparing the
nitrogen use efficiency (NUE), the highest NUE was recorded in NPK treatment (23.3 kg
per 1 kg of N applied), followed by PS1 (5.9 kg), PS1+NPK (4.3 kg), PS2, PS3 and PS3+NPK
(3.5 kg), the lowest NUE was recorded in PS2+NPK treatment (3.0 kg per 1 kg of N applied).
This calculation shows that mineral fertilizers, compared to organic manures (slurries),
supply nutrients very quickly and, even in small quantities can significantly and efficiently
promote growth. On the other hand, their effectiveness is offset by their negative effect on
the soil environment.

In 2020, the grain yields varied from 1.8 t ha~! (PS1 and PS1+PK) to 2.8 t ha™!
(NPK E3). As we can see, the response to the fertilization was a little different as the
weather conditions changed (Figure 6b, the red line representing a quadratic model). We
can see that grain yield slightly increased with increasing N dose, as in 2017. The course of
the function indicates the attainment of a local maximum, which, according to the quadratic
model, is located at an N rate of 400 kg ha—!. At this rate, the maximal average yield of
2.4 tha~! would be achieved, which is actually lower than the yields already obtained
with lower inputs (Figure 6b). According to the linear-plateau model, the response of FP
yields to different rates of N doses plateaued at 73 kg ha~!, corresponding with the yield
2.71 tha~! (Figure 7, right), showing better weather conditions for yield development in
2020. Comparing the NUE, the highest efficiency was again recorded in NPK treatment
(10.0 kg per 1 kg N applied), followed by PS2+NPK (3 kg), PS1+NPK (2.6 kg), PS3+NPK
(2.4 kg), PS3 (0.4 kg) and PS1 and PS2 (—2.4 and —0.5, respectively), where the efficiency
was negative as the mean yield was lower than in the Control treatment.
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Table 7. The effect of the year (2017, 2020) and fertilizer treatment on FP grain and straw yield (t ha~')

in Pernolec.

Fertilizer Grain Yield (tha™1) Straw Yield (tha=1)
Mean Mean
Treatment 2017 2020 2017 2020
Control 12+024 2.0+ 0.148 1.6 024 1.3+014 15+014 144014
PK 1.4 + 0.2 ABC 2.1 + 0.2 ABCD 1.8+ 0248 1.5+ 014 1.9+ 0248 1.7 + 0.2 ABC
NPK 1.9+ 034BC 23401 ABCDE 514 2ABCD 234064 1.9+ 0248 2.1+ 0.3 ABC
PS1 1.7 + 0.1 ABC 1.8+024 1.8+ 0148 1.7 £044 1.7 40148 1.7 + 0.2 ABC
PS1+PK 1.3+014 1.8+ 014 1.6 +0.14 14+014 1.7 £0.14B 1.5+ 0.1 4B
PS1+NPK 1.7 +0.14BC 234 014BCDE 504 (.1 ABC 1.7+014 1.8 +0.148 1.8 + 0.1 ABC
PS2 1.8 + 0.2 ABC 1.9+024 1940148 1.8+044 1.7 40148 1.7 + 0.2 ABC
PS2+PK 1.7 £0.14BC 224 01ABCDE 541 ABC 204014 1.9 + 0.1 4B 2.0 £ 0.1 ABC
PS2+NPK 1.8 + 0.3 ABC 2.6 + (0.1 BCDE 2.2+ 0.2 BCD 224024 2140248 2.1+ 0.1 ABC
PS3 2.1 4 0.2 ABC 2.140.14BCD 214071 ABCD 244024 1940148 2.240.18C
PS3+PK 23+01€ 2.1 + 0.2 ABC 2.2 + 0.1 B€D 25+024 1.8 + 0.1 4B 2.1+ 0.2 ABC
PS3+NPK 22+40.18¢ 2.7 +0.1 €PE 244010 25+014 2140148 234+01€
NPK E1 1.8 4+ 0.2 ABC 2.7 +0.1 PE 2.2 4 0.2 BCD 1.7 +£024 244028 2.1 4 0.3 ABC
NPK E2 1.9 + 0.1 ABC 2.7+ 0.1DE 2.3+ 0.2 BCD 214024 2340148 22+0.18C
NPK E3 23+02€ 28+0.1E 25+0.1P 26+024 2240248 24402€
Mean 1.8+0.12 23+0.1Pb 204012 19+0.12
Mean values (+SE) followed by the same letter (a vertical comparison of the effect of fertilizer treatment) are not
statistically significantly different.
a) Crain vield (t ha-1) = 1.4427+0.002x+2.8566E-6*x"2 b) Crain yield (t ha-1) = 2,1037+0.0016*%-2.0357E-6"x"2
4.0 4.0
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Figure 6. FP grain yield (t ha~!) as affected by N dose in Pernolec in (a) 2017 and (b) 2020. The
average yields (blue points) are interleaved with the quadratic function (red line). The equation of
the quadratic model is given above the figure.

Comparing the results from both years (Table 7), we find that the highest average yields
were obtained with the NPK E3 treatment (2.5 t ha—1). However, lower, but statistically
comparable, yields were obtained with the NPK (30 kg mineral N ha~! with an average
yield of 2.1 tha~!) and PS3 (51 t ha~! with an average yield of 2.1 t ha™!) treatments. This
is a very important finding as PS applied in higher doses can completely replace mineral
fertilizers and a negative effect of mineral fertilizers on soil pH can be partially avoided.
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Figure 7. The response of FP yields to different doses of mineral N fertilizers (NPK, NPK E1, NPK
E2, NPK E3 treatments) in 2017 (left) and 2020 (right). Yields (black dots) are interleaved with the
linear-plateau model (blue line). The equation of the model is given above the figure.

Straw yields were significantly affected by fertilization in 2020 (d.f. = 14; F = 3.26;
p < 0.05), with insignificant differences in 2017 (d.f. = 14; F = 3.07; p < 0.05, Tukey’s test did
not confirm ANOVA as multiple comparison methods generally have lower test power
than analysis of variance-ANOVA). Straw yield tended to increase with increasing fertilizer
rate. The differences between 2017 and 2020 were insignificant. The highest yields obtained
were recorded for the PS3+NPK and NPK E3 treatments; however, the PK, PS1 and PS2
treatments also provided statistically comparable yields (Table 7).

4. Discussion

Long-term and regular application of mineral fertilizers, pig slurry, and their combi-
nations significantly affected soil properties and the effect of fertilizers depends on soil
conditions (type) of the site. One of the most important soil properties is the value of
the pH. Soil pH is considered to be the dominant factor directly influencing other soil
properties such as elements’ availability [10,71,72] and abundance and representation of
plant and microbial communities [73] and their activity [74]. All macronutrients are best
available in neutral to alkaline soils, while in acid soils their availability decreases and
the availability of elements such as Fe, Mn, B, Zn and Al increases. Changes in pH thus
directly affect the soil’s ability to supply nutrients to plants. In our case, the lowest pH
values were recorded for the NPK treatments (applied alone or in combination with PS, but
only in the NPK treatments with the highest N doses, Tables 4 and 5). The same result was
recorded worldwide [11,13,21,72,75] and has been known for a long time [76]. The primary
driver of downward pH changes is mineral nitrogen, in its ammonium form, because the
conversion of the ammonium form to nitrate in soils releases hydrogen, directly affecting
its concentration in the soil environment. This can be particularly evident in the case of PK
treatments. As mentioned above, Czech conventional crop production is primarily depen-
dent on mineral nitrogen. Add to this the fact that most of the cultivated land is rented and
its owners have no idea or do not care about acidification. This leaves room for acidification
to run freely. An interesting survey was carried out in the USA, which also shows that
acidification is taking place there and that about half of the farmers were not even aware
of it [77]. One way to reduce the negative effects of mineral fertilizers on soil pH is to
combine mineral fertilizers and organic manures [78]. Co-application of mineral fertilizers
and organic manures is often cited as a sustainable method of fertilization, providing high
and stable yields and a healthy state of the soil. The unifying element of this approach is
organic matter (together with nutrients) [3,5,7,8,13,29,79,80] added to the soil, beneficially
affecting soil chemical, physical and microbiological properties. From this point of view, we
can support these results only partially as the combined application of PS+NPK provided
better pH values than NPK only in Pernolec (Figure 1a), in contrast to Kostelec (lower

164



Land 2022, 11, 187

and comparable to NPK treatment, Figure 1b). This may be due to the overall higher soil
organic matter content in Pernolec (Table 1) and the very low organic matter content in the
slurry, which seems to be behind the non-significant Cox differences between fertilization
treatments in both locations (Tables 4 and 5). The DM of pig slurry usually ranges from 0.7%
up to 23% [61] and quality slurry has a dry matter content between 6% and 8% in Czech
Republic. In our case, the dry matter content of the available and applied pig slurry was
very low, which is probably the reason why the soil organic matter content is slightly higher
in the high slurry fertilizer treatments, but not statistically significantly higher compared to
the other fertilization treatments.

From the point of view of nutrients, the highest concentrations of macronutrients were
always connected with PS+PK, NPK and PS+NPK treatments (Figure 5), while nutrient
depletion can be found in Control treatment. PS+PK treatment has a close relationship to
nutrient content and a moderate relationship to yields (Figure 5), showing that nitrogen is a
limiting element in this treatment and its P and K nutrients are not utilized completely. The
combination of mineral fertilizers and organic manures provides high yields while leaving
a high micronutrient content in the soil (Figure 5). From the point of view of agriculture
in Czech Republic, we can expect that acidification problems will intensify, as mineral
nitrogen is important for all agricultural crops and significantly affects yields, which is the
most monitored parameter. The application of mineral fertilizers at higher doses (NPK
E3, PS2+NPK, PS3+NPK treatments) significantly reduced the soil reaction values at both
sites (Kostelec and Pernolec) compared to the Control; a more significant decrease was
recorded on the luvisol soil type (Kostelec). Similar findings (decrease in pH in treatments
fertilized with mineral fertilizers only) are supported by some other studies [81-84]. The
negative effect of acidification on the content of available nutrients (Ca, Mg) in the plough
soil horizon is shown in Tables 4 and 5 (in the NPK E3, PS2+NPK, PS3+NPK treatments,
low Ca and Mg contents were recorded at both sites). For available nutrients P and K,
the acidification effect was predominant in the mineral fertilized treatments (NPK E1-3).
This is confirmed by the results of the multicriteria PCA evaluation. These results are in
agreement with [85,86], which showed a negative effect of acidification on the regime of
available nutrients in the soil. Without the addition of other nutrients (PK treatments),
there will be a reduction in the content of these nutrients in the soil (as in the case of
Control). The combination of mineral fertilizers and organic manures can partially reduce
the negative effect of mineral fertilizers on pH (depending on the location and soil and
climate conditions), which is good news, but the lack of organic manures due to reduced
livestock production in the country plays against the solution to the current problems.

In terms of pea yields, we can clearly see the dependence of yields on nitrogen,
with pea yields increasing with increasing nutrient rates, although the differences are
not statistically significant between higher doses of fertilizers. The yields are strongly
affected by fertilization and by weather conditions. While nutrient utilization is lower in
years with poorer weather conditions, nutrient utilization increases in years with normal
conditions. This can be seen in the results of the linear-plateau model, which compared
nutrient and yield dependence in 2017 and 2020. Based on this model, we can say that
under normal weather conditions the optimum nitrogen rate in Pernolec is around 70 kg
ha~!. As the variation from normal conditions increases, the nutrient requirement increases
as the optimal dose of N raised to 97 kg ha=! N in 2017. Another important finding is that
mineral fertilizers can be completely replaced by PS applied in higher doses (51 tha~! in
our case). PS has a low C:N ratio, and the mineralization of slurries is rapid, providing a
huge amount of available nutrients at the beginning of the season before symbiosis with
mycorrhizal bacteria fully develops. Replacing mineral fertilizers with PS can provide
comparable yields without a negative effect on soil pH value.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/1and11020187/s1, Table S1: Forms and doses of mineral fertilizers and pig slurry (PS) according to
the fertilizer treatments applied in Pernolec. Cumulative doses for the entire three-year crop rotation.
Table S2: Forms and doses of mineral fertilizers and pig slurry (PS) according to the fertilizer treatments
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applied in Kostelec. Cumulative doses for the entire three-year crop rotation. Table S3: The long-
term mean precipitation (Mean; 1977-2016 for Pernolec; 1982-2016 for Kostelec; mm) and the sum of
precipitation (mm) in individual months in 2017 and 2020 in Pernolec and Kostelec. The comparison
between long-term mean and actual (2017, 2020) precipitation was done according to [63]. Table S4: The
long-term mean temperature (Mean; 1977-2016 for Pernolec; 1982-2016 for Kostelec; °C) and the average
temperature (°C) in individual months in 2017 and 2020 in Pernolec and Kostelec. The comparison
between the long-term mean and actual (2017, 2020) temperature was done according to [63]. Table S5:
The effect of the year (2017, 2020) and fertilizer treatment on FP grain and straw yield (t ha~1) in Kostelec.

Author Contributions: Conceptualization, L.H., L.M. and E.K.; methodology, E.K.; software, L.H,
L.M. and K.K,; formal analysis, L.H., L.M. and K.K.; investigation, L.H., L M. and K.K.; resources,
EXK. and PC. writing—original draft preparation, L.H.; writing—review and editing, L.H., L.M. and
E.K,; visualization, L.H. and K.K,; supervision, E.K.; project administration, E.K.; funding acquisition,
E.K. and P.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Agriculture of the Czech Republic, grant
number RO0418, Czech National Agency for Agricultural Research, grant number QK1810010,
QK21020155 and QK21010124, and EU project H2020 677407—Soil care for profitable and sustainable
crop production in Europe.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to the non-use of experimental animals or human subjects.

Informed Consent Statement: No human trials were conducted during the study.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the staff at the experimental station in Pernolec, Pavel
Benes and Vera Folejtarova, and the staff of the experiment in Kostelec nad Orlici, Petr Ivi¢ic, Vlatimil
Basaf and Jaroslav Malek.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yanai,].; Okada, T.; Yamada, H. Elemental composition of agricultural soils in Japan in relation to soil type, land use and region.
Soil Sci. Plant Nutr. 2012, 58, 1-10. [CrossRef]

2. Domagata-Swiatkiewicz, I.; Gastol, M. Soil chemical properties under organic and conventional crop management systems in
south Poland. Biol. Agric. Hortic. 2013, 29, 12-28. [CrossRef]

3. Cai, A.; Xu, M.; Wang, B.; Zhang, W.; Liang, G.; Hou, E.; Luo, Y. Manure acts as a better fertilizer for increasing crop yields than
synthetic fertilizer does by improving soil fertility. Soil Tillage Res. 2019, 189, 168-175. [CrossRef]

4. Triberti, L.; Nastri, A.; Baldoni, G. Long-term effects of crop rotation, manure and mineral fertilisation on carbon sequestration
and soil fertility. Eur. J. Agron. 2016, 74, 47-55. [CrossRef]

5. Shang, Q.; Ling, N.; Feng, X.; Yang, X.; Wu, P; Zou, J.; Shen, Q.; Guo, S. Soil fertility and its significance to crop productivity
and sustainability in typical agroecosystem: A summary of long-term fertilizer experiments in China. Plant Soil 2014, 381, 13-23.
[CrossRef]

6. Hemkemeyer, M.; Schwalb, S.A.; Heinze, S.; Joergensen, R.G.; Wichern, F. Functions of elements in soil microorganisms.
Microbiol. Res. 2021, 252, 126832. [CrossRef] [PubMed]

7. Chen, Y.; Camps-Arbestain, M.; Shen, Q.; Singh, B.; Cayuela, M.L. The long-term role of organic amendments in building soil
nutrient fertility: A meta-analysis and review. Nutr. Cycl. Agroecosyst. 2018, 111, 103-125. [CrossRef]

8. Du, Y.; Cui, B.; Zhang, Q.; Wang, Z.; Sun, J.; Niu, W. Effects of manure fertilizer on crop yield and soil properties in China:
A meta-analysis. Catena 2020, 193, 104617. [CrossRef]

9. Shiwakoti, S.; Zheljazkov, V.D.; Gollany, H.T.; Kleber, M.; Xing, B. Macronutrients in soil and wheat as affected by a long-term
tillage and nitrogen fertilization in winter wheat-fallow rotation. Agronomy 2019, 9, 178. [CrossRef]

10. Czarnecki, S.; Diiring, R.A. Influence of long-term mineral fertilization on metal contents and properties of soil samples taken
from different locations in hesse, Germany. Soil 2015, 1, 23-33. [CrossRef]

11.  Mi, W,; Sun, Y;; Xia, S.; Zhao, H.; Mi, W.; Brookes, P.C.; Liu, Y.; Wu, L. Effect of inorganic fertilizers with organic amendments on
soil chemical properties and rice yield in a low-productivity paddy soil. Geoderma 2018, 320, 23-29. [CrossRef]

12.  Maltas, A.; Kebli, H.; Oberholzer, H.R.; Weisskopf, P; Sinaj, S. The effects of organic and mineral fertilizers on carbon sequestration,
soil properties, and crop yields from a long-term field experiment under a Swiss conventional farming system. L. Degrad. Dev.
2018, 29, 926-938. [CrossRef]

13.  Brar, B.S;; Singh, J.; Singh, G.; Kaur, G. Effects of long term application of inorganic and organic fertilizers on soil organic carbon

and physical properties in maize-wheat rotation. Agronomy 2015, 5, 220-238. [CrossRef]

166



Land 2022, 11, 187

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Eo, J.; Park, K.C. Long-term effects of imbalanced fertilization on the composition and diversity of soil bacterial community.
Agric. Ecosyst. Environ. 2016, 231, 176-182. [CrossRef]

Soman, C.; Li, D.; Wander, M.M.; Kent, A.D. Long-term fertilizer and crop-rotation treatments differentially affect soil bacterial
community structure. Plant Soil 2017, 413, 145-159. [CrossRef]

Li, H,; Liu, J.; Li, G.; Shen, J.; Bergstrom, L.; Zhang, F. Past, present, and future use of phosphorus in Chinese agriculture and its
influence on phosphorus losses. Ambio 2015, 44, 274-285. [CrossRef]

Verbeeck, M.; Salaets, P.; Smolders, E. Trace element concentrations in mineral phosphate fertilizers used in Europe: A balanced
survey. Sci. Total Environ. 2020, 712, 136419. [CrossRef]

Zwolak, A.; Sarzynska, M.; Szpyrka, E.; Stawarczyk, K. Sources of Soil Pollution by Heavy Metals and Their Accumulation in
Vegetables: A Review. Water. Air. Soil Pollut. 2019, 230, 1-9. [CrossRef]

Kissel, D.E.; Bock, B.R.; Ogles, C.Z. Thoughts on acidification of soils by nitrogen and sulfur fertilizers. Agrosystems Geosci.
Environ. 2020, 3, 1-10. [CrossRef]

Kope¢, M.; Gondek, K.; Mierzwa-Hersztek, M.; Jarosz, R. Changes in the soil content of organic carbon nitrogen and sulphur in a
long-term fertilisation experiment in czarny potok (Poland). J. Elem. 2021, 26, 33—46. [CrossRef]

Vasak, F; Cern}’/, J.; Buranova, $S.; Kulhanek, M.; Balik, J. Soil pH changes in long-term field experiments with different fertilizing
systems. Soil Water Res. 2015, 10, 19-23. [CrossRef]

Lassaletta, L.; Billen, G.; Garnier, J.; Bouwman, L.; Velazquez, E.; Mueller, N.D.; Gerber, J.S. Nitrogen use in the global food
system: Past trends and future trajectories of agronomic performance, pollution, trade, and dietary demand. Environ. Res. Lett.
2016, 11, 095007. [CrossRef]

Zhu, H.; Chen, C.; Xu, C.; Zhu, Q.; Huang, D. Effects of soil acidification and liming on the phytoavailability of cadmium in
paddy soils of central subtropical China. Environ. Pollut. 2016, 219, 99-106. [CrossRef] [PubMed]

Yang, Z.; Ha, L. Analysis and comparison of nutrient contents in different animal manures from Beijing suburbs. Agric. Sci. 2013,
4,50-55. [CrossRef]

Eghball, B.; Wienhold, B.J.; Gilley, ].E.; Eigenberg, R.A. Biological Systems Engineering: Papers and Publications Mineralization
of Manure Nutrients Mineralization of manure nutrients. J. Soil Water Conserv. 2002, 57, 470-473.

Eghball, B. Nitrogen Mineralization from Field-Applied Beef Cattle Feedlot Manure or Compost. Soil Sci. Soc. Am. ]. 2000, 64,
2024-2030. [CrossRef]

Hamm, A.C; Tenuta, M.; Krause, D.O.; Ominski, K.H.; Tkachuk, V.L.; Flaten, D.N. Bacterial communities of an agricultural soil
amended with solid pig and dairy manures, and urea fertilizer. Appl. Soil Ecol. 2016, 103, 61-71. [CrossRef]

Simon, T.; Czakd, A. Influence of long-term application of organic and inorganic fertilizers on soil properties. Plant Soil Environ.
2014, 60, 314-319. [CrossRef]

Suwara, I.; Pawlak-Zareba, K.; Gozdowski, D.; Perzanowska, A. Physical properties of soil after 54 years of long-term fertilization
and crop rotation. Plant Soil Environ. 2016, 62, 389-394. [CrossRef]

De la Torre, A.L; Jiménez, J.A.; Carballo, M.; Fernandez, C.; Roset, J.; Muoz, M.J. Ecotoxicological evaluation of pig slurry.
Chemosphere 2000, 41, 1629-1635. [CrossRef]

Diez, J.A.; Hernaiz, P.; Mufioz, M.].; de la Torre, A.; Vallejo, A. Impact of pig slurry on soil properties, water salinization, nitrate
leaching and crop yield in a four-year experiment in Central Spain. Soil Use Manag. 2005, 20, 444-450. [CrossRef]

Antezana, W.; De Blas, C.; Garcia-Rebollar, P.; Rodriguez, C.; Beccaccia, A.; Ferrer, P.; Cerisuelo, A.; Moset, V.; Estellés, F.;
Cambra-Lépez, M.; et al. Composition, potential emissions and agricultural value of pig slurry from Spanish commercial farms.
Nutr. Cycl. Agroecosyst. 2016, 104, 159-173. [CrossRef]

Moral, R.; Perez-Murcia, M.D.; Perez-Espinosa, A.; Moreno-Caselles, J.; Paredes, C.; Rufete, B. Salinity, organic content, micronu-
trients and heavy metals in pig slurries from South-eastern Spain. Waste Manag. 2008, 28, 367-371. [CrossRef] [PubMed]

Antil, R.S.; Singh, M. Effects of organic manures and fertilizers on organic matter and nutrients status of the soil. Arch. Agron. Soil
Sci. 2007, 53, 519-528. [CrossRef]

Aula, L.; Omara, P; Dhillon, J.S.; Fornah, A.; Raun, W.R. Influence of Applied Cattle Manure on Winter Wheat (Triticum aestivum
L.) Grain Yield, Soil pH and Soil Organic Carbon. Commun. Soil Sci. Plant Anal. 2019, 50, 2056-2064. [CrossRef]

Han, X.; Wang, S.; Veneman, P.L.M.; Xing, B. Change of organic carbon content and its fractions in black soil under long-term
application of chemical fertilizers and recycled organic manure. Commun. Soil Sci. Plant Anal. 2006, 37, 1127-1137. [CrossRef]
Ziogas, M.; Ipsilantis, I.; Matsi, T.; Kostopoulou, S. Long-term Fertilization with Liquid Cattle Manure Leaves Legacy Nutrients,
but not Organic Carbon and Has No Effect on Soil Microbial and Physical Properties a Year after Last Application. Commun. Soil
Sci. Plant Anal. 2021, 52, 1264-1274. [CrossRef]

Furtado e Silva, J.A.M.; do Amaral Sobrinho, N.M.B.; Lima, E.S.A.; Garcia, A.C. Modifications of soil organic matter structure by
long-term pig slurry amendment of tropical soil. Arch. Agron. Soil Sci. 2020, 68, 1-15. [CrossRef]

Biiytikkili¢ Yanardag, A.; Faz Cano, A.; Mermut, A.; Yanardag, 1.H.; Gomez Garrido, M. Organic carbon fluxes using column
leaching experiments in soil treated with pig slurry in SE Spain. Arid L. Res. Manag. 2020, 34, 136-151. [CrossRef]

Marszatek, M.; Kowalski, Z.; Makara, A. The Possibility of Contamination of Water-Soil Environment as a Result of the Use of Pig
Slurry. Ecol. Chem. Eng. S 2019, 26, 313-330. [CrossRef]

Yuan, Z.; Pan, X.; Chen, T.; Liu, X.; Zhang, Y.; Jiang, S.; Sheng, H.; Zhang, L. Evaluating environmental impacts of pig slurry
treatment technologies with a life-cycle perspective. J. Clean. Prod. 2018, 188, 840-850. [CrossRef]

167



Land 2022, 11, 187

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.
67.

68.

69.

Ghirardini, A.; Grillini, V.; Verlicchi, P. A review of the occurrence of selected micropollutants and microorganisms in different
raw and treated manure-Environmental risk due to antibiotics after application to soil. Sci. Total Environ. 2020, 707, 136118.
[CrossRef] [PubMed]

Lorencova, E.S.; Frélichovd, J.; Nelson, E.; Vagkaf, D. Past and future impacts of land use and climate change on agricultural
ecosystem services in the Czech Republic. Land Use Policy 2013, 33, 183-194. [CrossRef]

Losék, T.; Cermak, P, Hlusek, J. Changes in fertilisation and liming of soils of the Czech Republic for the past 20 years. Arch. Agron.
Soil Sci. 2012, 58, 17-20. [CrossRef]

Kubat, J.; Lipavsky, J. Evaluation of organic matter content in arable soils in the Czech Republic. In Crop Science and Land use for
Food and Bioenergy; Agrobios Publications: Jodhpur, India, 2011; p. 500. ISBN 9788190430982.

Wei, W.; Yan, Y.; Cao, J.; Christie, P.; Zhang, E; Fan, M. Effects of combined application of organic amendments and fertilizers on
crop yield and soil organic matter: An integrated analysis of long-term experiments. Agric. Ecosyst. Environ. 2016, 225, 86-92.
[CrossRef]

Jaskulska, I.; Lemanowicz, J.; Breza-Boruta, B.; Siwik-Ziomek, A.; Radziemska, M.; Dariusz, J.; Biatek, M. Chemical and biological
properties of sandy loam soil in response to long-term organic-mineral fertilisation in a warm-summer humid continental climate.
Agronomy 2020, 10, 1610. [CrossRef]

Domingo-Olivé, F.; Bosch-Serra, AD,; Yagtie, M.R.; Poch, R.M.; Boixadera, J. Long term application of dairy cattle manure and
pig slurry to winter cereals improves soil quality. Nutr. Cycl. Agroecosyst. 2016, 104, 39-51. [CrossRef]

Zavattaro, L.; Bechini, L.; Grignani, C.; van Evert, FX.; Mallast, J.; Spiegel, H.; Sandén, T.; Pecio, A.; Giraldez Cervera, J.V.;
Guzman, G.; et al. Agronomic effects of bovine manure: A review of long-term European field experiments. Eur. ]. Agron. 2017,
90, 127-138. [CrossRef]

Qaswar, M.; Yiren, L.; Jing, H.; Kaillou, L.; Mudasir, M.; Zhenzhen, L.; Honggian, H.; Xianjin, L.; Jianhua, J.; Ahmed, W.; et al. Soil
nutrients and heavy metal availability under long-term combined application of swine manure and synthetic fertilizers in acidic
paddy soil. J. Soils Sediments 2020, 20, 2093-2106. [CrossRef]

Véznik, A.; Kral, M.; Svobodova, H. Agriculture of the Czech Republic in the 21st century: From productivism to post-
productivism. Quaest. Geogr. 2013, 32, 7-14. [CrossRef]

Czech Statistical Office. Statistical yearbook of the Czech Republic 2020; Czech Statistical Office: Prague, Czech Republic, 2021.

Af Geijersstam, L.; Martensson, A. Nitrogen fixation and residual effects of field pea intercropped with oats. Acta Agric. Scand.
Sect. B Soil Plant Sci. 2006, 56, 186-196. [CrossRef]

Buraczynska, D.; Ceglarek, F.; Gasiorowska, B.; Zaniewicz-Bajkowska, A.; Plaza, A. Cultivation of wheat following pea and
triticale/ pea mixtures increases yields and nitrogen content. Acta Agric. Scand. Sect. B Soil Plant Sci. 2011, 61, 622—632. [CrossRef]
ékarpa, P; Skolnikova, M.; Antosovsky, J.; Horky, P; Smykalova, I.; Horacek, J.; Dostédlova, R.; Kozdkova, Z. Response of normal
and low-phytate genotypes of pea (Pisum sativum L.) on phosphorus foliar fertilization. Plants 2021, 10, 1680. [CrossRef] [PubMed]
Wen, G.; Chen, C.; Neill, K.; Wichman, D.; Jackson, G. Yield response of pea, lentil and chickpea to phosphorus addition in a clay
loam soil of central Montana. Arch. Agron. Soil Sci. 2008, 54, 69-82. [CrossRef]

Brki¢, S.; Milakovi¢, Z.; Kristek, A.; Antunovi¢, M. Pea yield and its quality depending on inoculation, nitrogen and molybdenum
fertilization. Plant Soil Environ. 2004, 50, 39-45. [CrossRef]

Deibert, E.J.; Utter, R.A. Field pea growth and nutrient uptake: Response to tillage systems and nitrogen fertilizer applications.
Commun. Soil Sci. Plant Anal. 2004, 35, 1141-1165. [CrossRef]

Beck, H.E.; Zimmermann, N.E.; McVicar, T.R.; Vergopolan, N.; Berg, A.; Wood, E.F. Present and future koppen-geiger climate
classification maps at 1-km resolution. Sci. Data 2018, 5, 1-12. [CrossRef]

FAOUN. World reference base for soil resources 2014. In International Soil Classification System for Naming Soils and Creating Legends
for Soil Maps; FAOUN: Rome, Italy, 2014; ISBN 9789251083697.

Risberg, K.; Cederlund, H.; Pell, M.; Arthurson, V.; Schniirer, A. Comparative characterization of digestate versus pig slurry and
cow manure-Chemical composition and effects on soil microbial activity. Waste Manag. 2017, 61, 529-538. [CrossRef]

Kowalski, Z.; Makara, A.; Fijorek, K. Changes in the properties of pig manure slurry. Acta Biochim. Pol. 2013, 60, 845-850.
[CrossRef]

Koznarova, V.; Klabzuba, ]. Recommendation of World Meteorological Organization to describing meteorological or climatological
conditions-Information. Plant Soil Environ. 2011, 48, 190-192. [CrossRef]

Kirk, P.L. Kjeldahl Method for Total Nitrogen. Anal. Chem. 1950, 22, 354-358. [CrossRef]

Mehlich, A. Mehlich 3 soil test extractant: A modification of Mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 1984, 15,
1409-1416. [CrossRef]

Sims, J.R.; Haby, V.A. Simplified colorimetric determination of soil organic matter. Soil Sci. 1971, 112, 137-141. [CrossRef]
Nelson, D.W.; Sommers, L.E. Total Carbon, Organic Carbon, and Organic Matter. In Total Carbon, Organic Carbon, and Organic
Matter: Methods of Soil Analysis Part 3-Chemical Methods; American Society of Agronomy: Madison, WI, USA, 1996; pp. 961-1010.
Arnhold, E. Easynls: Easy Nonlinear Model, R Package Version 5.0. 2017. Available online: https://cran.r-project.org/web/
packages/easynls/easynls.pdf (accessed on 11 January 2021).

Mangiafico, S. Functions to Support Extension Education Program Evaluation; The Comprehensive R Archive Network: Vienna,
Austria, 2019; pp. 1-82.

168



Land 2022, 11, 187

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.; Frangois, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, ].; et al.
Welcome to the Tidyverse. . Open Source Softw. 2019, 4, 1686. [CrossRef]

Xiang, J.; Haden, V.R.; Peng, S.; Bouman, B.A.M.; Visperas, RM.; Nie, L.; Huang, J.; Cui, K. Improvement in nitrogen availability,
nitrogen uptake and growth of aerobic rice following soil acidification. Soil Sci. Plant Nutr. 2009, 55, 705-714. [CrossRef]
Rutkowska, B.; Szulc, W.; Sosulski, T.; Stepieri, W. Soil micronutrient availability to crops affected by long-term inorganic and
organic fertilizer applications. Plant Soil Environ. 2014, 60, 198-203. [CrossRef]

An, G.; Miyakawa, S.; Kawahara, A.; Osaki, M.; Ezawa, T. Community structure of arbuscular mycorrhizal fungi associated with
pioneer grass species Miscanthus sinensis in acid sulfate soils: Habitat segregation along pH gradients. Soil Sci. Plant Nutr. 2008,
54, 517-528. [CrossRef]

Aciego Pietri, J.C.; Brookes, P.C. Relationships between soil pH and microbial properties in a UK arable soil. Soil Biol. Biochem.
2008, 40, 1856-1861. [CrossRef]

Fan, J.; Ding, W.; Chen, Z.; Ziadi, N. Thirty-year amendment of horse manure and chemical fertilizer on the availability of
micronutrients at the aggregate scale in black soil. Environ. Sci. Pollut. Res. 2012, 19, 2745-2754. [CrossRef]

Hoyt, P.B.; Hennig, A.ML.E. Soil Acidification By Fertilizers and Longevity of Lime Applications in the Peace River Region. Can. ].
Soil Sci. 1982, 62, 155-163. [CrossRef]

Mahler, R.L.; Wilson, S.; Shafii, B.; Price, W. Long-Term Trends of Nitrogen and Phosphorus Use and Soil pH Change in Northern
Idaho and Eastern Washington. Commun. Soil Sci. Plant Anal. 2016, 47, 414-424. [CrossRef]

Hoffmann, S.; Berecz, K.; Téth, Z. Soil fertility as affected by long-term fertilization and crop sequence. Arch. Agron. Soil Sci. 2010,
56, 481-488. [CrossRef]

Macholdt, J.; Piepho, H.P.; Honermeier, B. Mineral NPK and manure fertilisation affecting the yield stability of winter wheat:
Results from a long-term field experiment. Eur. J. Agron. 2019, 102, 14-22. [CrossRef]

Kérschens, M.; Albert, E.; Armbruster, M.; Barkusky, D.; Baumecker, M.; Behle-Schalk, L.; Bischoff, R.; Cergan, Z.; Ellmer, F;
Herbst, E; et al. Effect of mineral and organic fertilization on crop yield, nitrogen uptake, carbon and nitrogen balances, as well as
soil organic carbon content and dynamics: Results from 20 European long-term field experiments of the twenty-first century.
Arch. Agron. Soil Sci. 2013, 59, 1017-1040. [CrossRef]

Shi, R.Y.; Liu, Z.D.; Li, Y,; Jiang, T.; Xu, M.; Li, ].Y.; Xu, R. kou Mechanisms for increasing soil resistance to acidification by
long-term manure application. Soil Tillage Res. 2019, 185, 77-84. [CrossRef]

Ning, Q.; Chen, L.; Jia, Z.; Zhang, C.; Ma, D.; Li, F; Zhang, |J.; Li, D.; Han, X,; Cai, Z.; et al. Agriculture, Ecosystems and
Environment Multiple long-term observations reveal a strategy for soil pH-dependent fertilization and fungal communities in
support of agricultural production. Agric. Ecosyst. Environ. 2020, 293, 106837. [CrossRef]

Xiang, X.; Liu, J.; Zhang, J.; Li, D.; Xu, C.; Kuzyakov, Y. Soil & Tillage Research Divergence in fungal abundance and community
structure between soils under long-term mineral and organic fertilization. Soil Tillage Res. 2020, 196, 104491. [CrossRef]

Nobile, C.M.; Bravin, M.N.; Becquer, T.; Paillat, ]. Chemosphere Phosphorus sorption and availability in an andosol after a
decade of organic or mineral fertilizer applications: Importance of pH and organic carbon modi fi cations in soil as compared to
phosphorus accumulation. Chemosphere 2020, 239, 124709. [CrossRef]

Barak, P.; Jobe, B.O.; Krueger, A.R.; Peterson, L.A.; Laird, D.A. Effects of long-term soil acidification due to nitrogen fertilizer
inputs in Wisconsin. Plant Soil 1997, 197, 61-69. [CrossRef]

Matgjkova, S.; Kumhalovs, J.; Lipavsky, J. Evaluation of crop yield under different nitrogen doses of mineral fertilization.
Plant Soil Environ. 2010, 56, 163-167. [CrossRef]

169






7/ land

Article

Perceived Causes and Solutions to Soil Degradation in the UK

and Norway

Niki Rust !, Ole Erik Lunder 2, Sara Iversen 3, Steven Vella 4, Elizabeth A. Oughton 1 Tor Arvid Breland 2,
Jayne H. Glass 5, Carly M. Maynard 5, Rob McMorran 5 and Mark S. Reed ®*

Citation: Rust, N.; Lunder, O.E.;
Iversen, S.; Vella, S.; Oughton, E.A.;
Breland, T.A.; Glass, ].H.; Maynard,
C.M.; McMorran, R.; Reed, M.S.
Perceived Causes and Solutions to
Soil Degradation in the UK and
Norway. Land 2022, 11, 131. https://
doi.org/10.3390/1and11010131

Academic Editors: Guido Wyseure,
Julidan Cuevas Gonzilez, Jean Poesen

and Christine Fiirst

Received: 24 November 2021
Accepted: 13 January 2022
Published: 14 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centre for Rural Economy, Newcastle University, Kings Road, Newcastle NE2 THA, UK;
niki_rust@hotmail.co.uk (N.R.); Elizabeth.Oughton@newcastle.ac.uk (E.A.O.)

Faculty of Biosciences, Norwegian University of Life Science, 1432 Aas, Norway;

Ole@greenhouse.bio (O.E.L.); tor.arvid.breland@nmbu.no (T.A.B.)

Department of Agroecology, Aarhus University, Blichers All¢, 8830 Tjele, Denmark; sara.iversen@agro.au.dk
School of the Built Environment, Birmingham City University, 15 Bartholomew Row, Birmingham B5 5JU, UK;
stevenvella@gmail.com

Rural Policy Centre, Department of Rural Economy, Environment & Society, Scotland’s Rural College (SRUC),
Peter Wilson Building, Kings Buildings, West Mains Road, Edinburgh EH9 3]G, UK;

Jayne.Glass@sruc.ac.uk (J.H.G.); CarlyMaynard@sruc.ac.uk (C.M.M.); Rob.McMorran@sruc.ac.uk (R.M.)
Thriving Natural Capital Challenge Centre, Department of Rural Economy, Environment & Society, Scotland’s
Rural College (SRUC), Peter Wilson Building, Kings Buildings, West Mains Road, Edinburgh EH9 3]G, UK
Correspondence: mark.reed@sruc.ac.uk

Abstract: Soil quality is declining in many parts of the world, with implications for the produc-
tivity, resilience and sustainability of agri-food systems. Research suggests multiple causes of soil
degradation with no single solution and a divided stakeholder opinion on how to manage this
problem. However, creating socially acceptable and effective policies to halt soil degradation re-
quires engagement with a diverse range of stakeholders who possess different and complementary
knowledge, experiences and perspectives. To understand how British and Norwegian agricultural
stakeholders perceived the causes of and solutions to soil degradation, we used Q-methodology with
114 respondents, including farmers, scientists and agricultural advisers. For the UK, respondents
thought the causes were due to loss of soil structure, soil erosion, compaction and loss of organic
matter; the perceived solutions were to develop more collaborative research between researchers and
farmers, invest in training, improve trust between farmers and regulatory agencies, and reduce soil
compaction. In Norway, respondents thought soils were degrading due to soil erosion, monocultures
and loss of soil structure; they believed the solutions were to reduce compaction, increase rotation and
invest in agricultural training. There was an overarching theme related to industrialised agriculture
being responsible for declining soil quality in both countries. We highlight potential areas for land
use policy development in Norway and the UK, including multi-actor approaches that may improve
the social acceptance of these policies. This study also illustrates how Q-methodology may be used to
co-produce stakeholder-driven policy options to address land degradation.

Keywords: conservation agriculture; deliberative democracy; q-methodology; regenerative agricul-
ture; soil conservation; sustainable land management

1. Introduction

“Countries can withstand coups d’état, wars and conflict, even leaving the EU,
but no country can withstand the loss of its soil and fertility”. (Rt Hon Michael
Gove, former Secretary of State for the Environment, speaking at the British
parliamentary launch of the ‘Sustainable Soils Alliance’, October 2017).

The ground beneath our feet is not only a substrate upon which we traverse this earth
but is also a vital component of our natural capital. Soils are the foundation of terrestrial
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food production, supporting directly or indirectly 95% of our food production [1]. Along
with providing a substrate to grow our food, soils also confer other essential ecosystem
services, such as water storage and filtration, nutrient cycling, biodiversity and carbon
storage [2]. However, demand for food, increasing human populations and the effects
of climate change are placing unprecedented pressures on soil. Over the last 70 years,
the supply of global per capita food calories increased by about one-third, with the use
of irrigation water roughly doubling and use of inorganic nitrogen fertiliser increasing
nearly nine-fold [3]. At the same time, climate change has led to faster rates of warming
on land than the global mean and altered precipitation patterns, which have contributed
to altered growing seasons and regional crop yield reductions [4]. With rising human
populations, coupled with increased individual wealth, it is expected that food demand
will grow by as much as 70% by 2050; an estimated 46% of that demand needs to come
from increasing food production [5]. This increase in food productivity must be achieved
whilst significantly reducing greenhouse gas emissions from agriculture, if warming is
to be restricted “well below” 2 °C, as proposed in the Paris Agreement [6]. How this is
achieved without negatively impacting soils any further remains a challenge.

Soil quality ! in many parts of the world is declining due to a combination of physical,
chemical and biological degradation coupled with socio-economic drivers, reducing the
soil’s ability to undertake these important ecosystem functions [7]. Globally, 20-30 gigatons
of soil are lost each year due to water erosion [7] and climate change is projected to increase
erosion from water and reduce levels of soil organic carbon, especially in drylands [4].
There is thus an urgent need to develop and encourage widespread adoption of effective
and profitable sustainable soil management practices [8,9]. This is articulated in Sustainable
Development Goal 15, which aims to “protect, restore and promote sustainable use of terres-
trial ecosystems, sustainably manage forests, combat desertification, and halt and reverse
land degradation and halt biodiversity loss” [10], and its Land Degradation Neutrality
target which aims to counterbalance expected losses with measures to achieve equivalent
gains within the same type of land [11].

There are many competing methods to deal with agricultural soil degradation at dif-
ferent governance scales: from multilateral policies such as the United Nations Convention
to Combat Desertification (UNCCD) and the proposed EU Soils Directive, to national and
sub-national policies and measures designed to incentivise and regulate the management
of soils. These policies typically seek changes in management at farm and field scales, for
example through the adoption of soil-improving cropping systems and other sustainable
land management technologies and approaches (e.g., WOCAT [12]). The lack of scalable
policy options was cited in the UNCCD’s Global Land Outlook [9] as a key barrier to
more sustainable land management, but there are no easy solutions given the different
social, cultural, economic, environmental and technological contexts in which policies and
practices need to operate [8]. Again, the attractiveness and appropriateness of different
options for policy and practices differ based on the subjective experience and contrasting
knowledge and values of the people the policies are meant to serve.

Policies and practices that can tackle the multiple causes of declining soil quality are
urgently needed and stakeholder engagement in the policy formulation process is crucial
for this complex issue, given the subjective and value-laden nature of both the causes of
and solutions to the challenge. Effectively representing diverse stakeholder perspectives in
decision-making processes can lead to better informed, more durable, and flexible outcomes
across a wide range of contexts (De Vente et al., 2016). Policies created through deliberative
democracy can align better with social and cultural norms, resulting in increased trust
and ownership of problems and solutions; together, this can lead to decisions that are
more likely to be accepted and implemented, helping to achieve environmental goals more
effectively [13,14].

As interest has grown in participatory approaches to policy making and other forms
of deliberative democracy, methods have been sought to represent and integrate the range
of perspectives, values and beliefs held by citizens in the policy-making process [15]. The
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application of Q-methodology to the co-production of policy options with stakeholders has
been used by Rust [16] and Addams and Proops [17] as a form of deliberative democracy.
These studies had the normative goal of representing more diverse perspectives in the
policy-making process. They also had a pragmatic goal of improving the quality of decisions
or range of policy options based on more comprehensive information inputs and/or
improving the acceptability of policies based on deeper insights into the way publics
conceptualise environmental issues.

In this study, we used Q-methodology to understand a wide range of stakeholder
perspectives that could inform the design of socially acceptable options in agricultural
soil management policy and practice. To address the lack of scalable policy options noted
above by the UNCCD, this was done in the UK and Norway which are two countries
experiencing similar types of soil degradation that are broadly representative of soil quality
issues and climatic variation across northern temperate regions of Europe. The countries
have contrasting agricultural policy environments, with Norway not being a part of the
EU and the UK in the process of leaving the EU when the research was conducted. The
countries also have quite different models of social democracy in land governance [18],
which provides an opportunity to consider how the different land tenure regimes influence
policy formulation and application. Both countries are interested in the co-development
of policies to increase food production whilst reducing the environmental impacts of
agriculture. By understanding where agricultural stakeholders agreed and disagreed over
causes and solutions to declining soil quality in each country, we sought to highlight
potential scalable options for land use policy development. This study also illustrates how
Q-methodology may be used to co-produce stakeholder-driven policy options to address
land degradation.

2. Materials and Methods
2.1. Study Sites
2.1.1. UK

Like much of the rest of Europe, the UK has a long history of unsustainable soil
management practices, leading to a loss of soil structure and fertility. About 25% of the
total land area of the UK is suitable for arable cropping, with an average farm size of
81 hectares [19]. Currently, soil erosion exceeds the rate of soil formation in many areas in
the UK, with around 17% of arable land showing signs of erosion, although as much as
40% may be at risk of further degradation [20]. The cost of soil erosion to the UK has been
estimated at £45 million a year, including £9 million in lost production [21]. UK soil is being
lost at a rate ten times that which it is created [2], with dramatic economic implications.

A comparison of soil nutrient balances from the year 2000 to 2019 shows a 24%
decrease for nitrogen and a 46% decrease for phosphate (in kg per hectare) [19]. Soil
erosion, compaction and loss of organic matter are thought to cost arable farmers an
average of £5584 per year [22] and English water companies spend £21 million a year
on addressing soil erosion [23]. Improving soil management in the UK is therefore not
only an environmental but also an economic imperative. Soil quality decline in the UK
is more pronounced in arable regions due to the highly intensive practices used, such as
monocropping, use of heavy machinery, overuse of chemical inputs and a lack of integration
of organic material [21,24].

2.1.2. Norway

Only 3.1% of the total land area in Norway is suitable for arable cropping, with an
average farm size of 23.9 hectares in 2016; cereals can only be grown on one third of this
area due to limiting natural conditions [25]. Although agricultural policies in Norway
advocate multifunctional agriculture [26], regional agricultural specialisation, known as
“kanaliseringspolitikken”, was introduced in the after-war period, which led to increased
agricultural production by incentivising cereal production in lower-lying areas [27]. In
the last two decades, the total Norwegian cereal yield has declined due to a reduction in
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the area used for cropping [28]. Despite this decline, the Norwegian government has set a
target of increasing food production by 20% by 2030 from 2010 levels, to meet projected
population growth in Norway [29]. Three counties (Akershus, Ostfold, and Hedmark) in
southeastern Norway produce 60% of the country’s cereal; however, soil organic matter
(SOM) content has declined in the region, with an average loss of 1% of SOM a year from
1991 to 2001, which is not sustainable [30]. The underpinning governance and institutions
(both formal and informal) are strongly communal in character [26]. The long history of
collective land management, the regulation of the Norwegian land market and the self-
imposed limits to farm scale are in contrast to the generally unregulated land market and
existence of larger-scale farms in the UK.

2.2. Research Design

Q-methodology is a mixed-methods approach using interviews to explore participants’
subjective understanding of a topic using Q sorts where respondents rate the extent to
which they agree with statements, which are then analysed using by-person factor anal-
ysis, correlating people with others who hold similar opinions based on their Q-sorts.
Q-methodology was chosen due to its capacity to shed light on complex, subjective phe-
nomena where individuals hold differing views and values [30]. It allows for exploration
of tensions in knowledge and perspectives between stakeholders that may affect the ef-
fectiveness and acceptability of a land use policy. The results can show areas of statistical
agreement and disagreement, whilst also revealing distinct narratives emerging from
groups of respondents [31,32]. When applied to situations with conflicted stakeholder
dynamics, Q-methodology can be useful in identifying common ground among diverse
stakeholders in situations where conservation or resource management is contested [16,33].
This makes the method particularly useful for this study due to the above benefits.

2.3. Data Collection

The research undertaken in the UK took place in late 2018 (when the UK was still part
of the EU) and in Norway in mid-2019. Q-methodology studies commonly begin by using
a qualitative approach, where interviews are undertaken with a range of stakeholders on
a study’s topic to gather the diversity of opinions on the phenomenon in question. This
data collection can be enhanced or replaced with a literature review. This qualitative step is
used to develop the “concourse”, which is the range of views (listed as statements) held
on a topic, followed by a structured, quantitative interview where participants rank the
concourse statements, usually based on the extent to which they agree/disagree. During
these interviews, qualitative information is gathered from participants on their decision-
making processes and preferences. Because the concourse is designed to cover as closely
as possible all perspectives on a topic, and participants are chosen to cover the range of
views, then random sampling from the wider population is not necessary. Because of
non-random sampling and smaller sample sizes, conclusions cannot be generalised but the
aim is to understand the range rather than the frequency of the views, and to find points of
convergence or divergence of opinion.

The concourse for this study was developed by interviewing 18 European agricultural
stakeholders on causes of declining soil quality and corresponding solutions. Interviewees
were purposefully chosen to represent researchers, land managers and other stakeholders
from ten European countries participating in the wider project, SoilCare, on which this
study is based. Ten researchers and eight other stakeholders (representing agricultural
unions, farmers and other landowners) were interviewed. An interview guide was used,
which was piloted on a subset of the sample population and amended due to feedback.
Interview themes and prompts are shown in Table 1. Interviews were undertaken by
telephone or Skype and lasted an average of an hour. Free, prior informed consent was
obtained from all interviewees and ethical approval was gained from Newcastle University.
Interviews were recorded with permission from the participants and later transcribed.
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Interviews were conducted in English, apart from one which took place in Italian, which
was later translated to English for analysis.

Table 1. Interview guide used to develop the concourse.

Questions Prompts
1%

What do you see as the main threats to soil quality in Europe? These may be general or specific to the locality

What roles do you see to changes in cropping practices to overcome
these threats or to improve soil quality?

These may be general or specific to the locality or threat

How do you know if these approaches are actually improving the soil?

Who should have primary responsibility for improving soils in your
country or across the EU?

Individual versus collective; Private versus public, etc.

In your experience, why do people promote or adopt soil-improving
cropping systems?

Why should people promote or adopt these?

What factors incentivize or prevent soil improvement from farm to

landscape scales?

Name as many reasons as you can why farmers may choose to adopt

soil-improving cropping systems or not

A narrative review was undertaken, based on a broad-based search for relevant
material, to provide further evidence to supplement the interviews and further expand
the concourse. This review was to ensure that the topic was sufficiently covered by the
statements developed from the interview data. Data were then analysed using a thematic
analysis focusing on reasons for soil quality decline and solutions for how to fix this. A
total of 142 statements was obtained from across all interviews and the literature review,
which included statements both for the problem Q-set and the solution Q-set.

Similar statements for each set were merged, whilst trying to retain as far as possible
the original wording of the interviews to capture the intent of the source. For both studies,
some statements arising from the literature were amended subtly to match the country’s
context, e.g., changing the statement “EU agricultural policy” to “Norwegian agricultural
policy”, and adding local problems such as drainage. For the UK study, this resulted
in 41 statements for the “problems” Q-set and 34 statements for the “solutions” Q-set,
and in Norway, this resulted in 42 problem statements and 36 solution statements (see
Tables A1-A4, Appendix A).

A “Q-sort” is the ranking of the Q-set by participants. Data collection for the Q-sort
was undertaken via an online survey using Google Forms. The Q-sort survey was first
piloted on a subset of the target population and subsequently adapted following feedback
to improve question clarity and to include additional statements that were not captured via
the interviews or literature review. Participations then ranked the statements on a scale
of —2 (strongly disagree) to +2 (strongly agree). The UK survey was distributed via soil-
specific newsgroups, British agricultural union members and by sharing on agricultural
social media channels. A total of 61 UK respondents undertook the survey: 19 scientists,
19 farmers, 16 agricultural advisers, three water company employees who work in agri-
culture, two nature conservationists, one agricultural union representative and one civil
servant. For the Norwegian study, a link to the survey was distributed in “Plantenytt”, a
newsletter from the government extension service Norsk Landbruksrddgivning @st and to
a local “soil education group”. Forty-two Norwegian farmers took part in the survey, as
well as six agricultural advisers and five scientists, totaling 53 respondents. The substantial
weighting towards farmers in the Norwegian study was deemed acceptable due to the
smaller average farm size in Norway and the historical legacy of communal land manage-
ment which is embedded in national agricultural institutions [26]. However, the findings
of our analysis may need to be interpreted in light of the greater diversity of stakeholders
in the UK study.
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At the end of the survey, participants were asked what they thought was the leading
cause of declining soil quality and the most important solution to solve this problem.
Participants could choose a statement from the Q-sort or add a new statement. These
open-ended questions were used to find out what, subjectively, respondents thought were
the most important drivers for causing declining soil quality and how to fix these. Data
from these open-ended questions were analysed via thematic analysis. Quotes in the results
section are used to highlight common sentiments as well as responses that stood apart from
the rest. Quotes from the Norwegian study were translated into English.

2.4. Analysis

Data from the Q-sorts were analysed using KenQ (https://shawnbanasick.github.
io/ken-g-analysis, accessed on 10 January 2022). First, a principal component analysis
(PCA) was used to identify the groups of participants who ranked their Q-sorts similarly,
also known as a “loaded factor”. Flags were automatically added to respondents that
significantly loaded onto these factors at p < 0.05.

For the UK study, the PCA for the problem Q-sort revealed eight factors with Eigen-
values >1 (which together explained 67% of the variance) but most loaded onto factors
1-4 (which together explained 53% of the variance). Large datasets, such as in this study,
run the risk of inflating the Eigenvalues [34]. Because of this, we focused on the first four
factors for the problem set as this explained over half the variance. A Varimax rotation was
then applied to the four factors, which calculated the highest variability between factors.
A z-score was calculated based on the average ranking participants gave to the statement
within each factor group. Respondents that significantly loaded onto more than one factor
were excluded from subsequent analysis because their inclusion gives little information
about the clustering of opinions. Statistical disagreement (and agreement) between partici-
pants was set where p > 0.01, which meant that the groups of participants did (not) rank
the statements differently at the 99% confidence level. The PCA for the solutions Q-sort
revealed eight factors with Eigenvalues > 1 (which together explained 79% of the variance)
but most loaded onto factors 1-3 (which together explained 65% of the variance). The rest
of the solutions analysis followed the same process as with the problem Q-sort.

For the Norwegian study, the analysis followed the same procedure as the UK study.
For the problem sort, eight principal components with Eigenvalue above 1 were extracted
through the PCA, which explained 69% of the variance. Most of the participants loaded
onto the first three problem factors, which together explained 51% of the variation, and
these three factors were carried forward for further analysis. For the solution sort, eight
factors with Eigenvalues above 1 were extracted, explaining 78% of the variance, though as
respondents loaded onto factors 1-3, explaining 63% of the variance, these three factors
were used in further analysis.

3. Results

This section describes results from the problems Q-sorts (Table Al, Appendix A:
UK; Table A2, Appendix A: Norway) and solutions Q-sorts (Table A3, Appendix A: UK;
Table A4, Appendix A: Norway). The number of respondents loading onto each factor
(i.e., who ranked statements similarly) is shown in Figure 1 (UK problem Q-sort), Figure 2
(Norway problem Q-sort), Figure 3 (UK solution Q-sort) and Figure 4 (Norway solution
Q-sort). Results are grouped under the key defining factors that emerged from each Q-sort,
which are summarised in short, narrative phrases based on the main defining traits of
each factor. Key areas of consensus and disagreement that emerged across these different
groupings are then highlighted.
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Figure 2. Professions of Norwegian respondents loading onto the three problem factor groups.
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3.1. Perceived Problems Causing Declining Soil Quality
3.1.1. UK Study
Factor 1: “Intensive Agriculture to Blame”

This factor was defined by respondents who were significantly more likely to think the
problems causing declining soil quality were due to “intensive use of soil without time to
recover” and “overuse of inputs”, more strongly agreeing with these statements than other
factors. In contrast, they strongly disagreed that the problem was caused by the fact that
“soil has become too saline”, ranking this statement more negatively than other factors.
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Factor 2: “Farmers Need to Change”

This factor was defined by respondents more strongly agreeing than other factors
that “lack of knowledge of soils amongst farmers” and “some traditions of farmers are
damaging” were causing problems in soil quality. Conversely, they more strongly disagreed
with statements regarding “declining level of nutrient status”, “loss of number of wild
species” and “I do not believe there is a problem with soil quality” than other respondents.

Factor 3: “It’s the EU, Not Farmers That Are to Blame”

Respondents here were defined by more strongly agreeing than other factors with the
idea that “EU agricultural policy” was the cause of declining soil quality, along with “lack
of knowledge of soils amongst farmers” and “natural local climate constraints”. Conversely,
they strongly disagreed that the problems were “use of contractors” and “loss of numbers
of wild species” compared with other respondents.

Factor 4: “Weather and Farm Management to Blame”

Respondents here more strongly agreed than other factors that “pressure on farmers
to produce at a low cost”, “choice of cropping system” and “flooding or drought” were
causing problems with soil. Conversely, they more strongly disagreed with statements

regarding “lack of knowledge of soils amongst farmers”, “overuse of inputs” and “distrust
of scientists by farmers” were causing problems, when compared with other respondents.

Areas of Agreement and Disagreement

Respondents in all factors strongly agreed that soil quality was declining due to loss
of soil structure, and agreed/strongly agreed that compaction, soil erosion, loss of organic
matter and insufficient knowledge exchange were other causes (Table 1). In contrast, they
did not think that the causes were due to farmers having little control over their land or
due to a distrust of scientists by farmers. Conversely, the only area of statistical dissensus
between each factor was “lack of knowledge of soils amongst farmers” (Table 1).

Leading Causes of Declining Soil Quality

There were two themes that were frequently mentioned by UK respondents as the
leading causes of declining soil quality when answering this open-ended question. The
first group blamed market pressures for pushing farmers into intensifying farming, with
a sentiment that an ever-increasing drive to produce more food at cheaper costs was a
fundamental driver of unsustainable land management, including soil quality decline. This
could relate to the Q-set statement 21, “pressure on farmers to produce at low cost”, which
respondents in Factors 1, 3 and 4 strongly agreed was a cause for declining soil quality.
This sentiment is captured by an agricultural adviser (UK2) who said:

“There is an increasing demand to produce cheaper food for a larger population
using the same/declining land area. Pressure is put on producers by supermar-
kets and the general public to provide food to contracts, often unknowingly,
which results in poor management choices”.

Conversely, the second group blamed farmers and thought that intensive agricultural
practices, such as ploughing and insufficient crop rotation, were the leading causes of soil
quality decline. Many respondents felt this was due to a lack of understanding by the
farmer of better soil management practices. One nature conservationist (UK4) summarised
this theme by saying the problems causing declining soil quality were due to:

“Traditional” farming practices and cropping, which means too many farmers not
being innovative/open to new methods. Time to start re-thinking about how we
measure what makes a successful farm-it’s not all about productivity”.

This sentiment was not reflected in the answers to the problem Q-sort. One of the
reasons for this could be that it encapsulates many of the problem statements related to
farm management, as it is a multi-faceted and complex problem.
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3.1.2. Norway Study
Factor 5: “Disconnection between Farmer and Soil”

Respondents in this factor were more likely to rank “poor management of the soil” as
one of the main reasons for the decline in soil quality. This group disagreed more strongly
with the statement “I do not think there is a problem with soil quality”. Instead, they
ranked statements on agricultural practices and farmers’ knowledge as leading causes for
declining soil quality, such as “farmer has lost the finer touch with his land”, “overuse of
input like fertiliser and chemicals”, and “lack of knowledge of soil amongst farmers”.

Factor 6: “There Is No Problem with the Soil Quality”

Respondents in this factor disagreed that agricultural practices are reasons leading
to a decline in soil quality such as “intensive agriculture to blame” and “overuse of input
like fertilisers and chemicals”. They also strongly disagreed with the statements “use
of contractors”, “too much leased land” or “farmers have lost the finer touch with their
land”. They agreed more strongly than others with the statements “too little advice on
soil-improving practices” and “lack of knowledge-sharing between scientists, advisors,

and farmers” as problems for soil quality.

Factor 7: “Industrialised /Intensive Agriculture to Blame”

Respondents in this factor thought the problems were often outside of the farmer’s
actions and responsibility compared to factor 5, being significantly more likely to agree on
“pressure on the farmer to produce at low cost”, and “intensive agriculture” than the other
factors. This group also more strongly agreed about structural characteristics like “too large
farms” and “high share of leased land” as problems of declining soil quality compared
with other factor groups.

Areas of Agreement and Disagreement

Respondents in the three factors agreed /strongly agreed that soil quality was declining
because of “soil erosion”, “repetition of the same crop, year after year”, and “loss of soil
structure”. There were also numerous areas of statistical disagreement between the factor
groups (Table A2, Appendix A), such as knowledge/education, environmental conditions

and management of the farm.

Leading Causes of Declining Soil Quality
There were two common perceived causes of declining soil quality. The first was an
increase in use of large machinery causing soil compaction, captured by the statement (N5):

“Larger farms stimulate heavier machinery leading to more compaction” and “
. modern machinery can drive in unfavourable conditions”.

The second aspect was lack of crop rotation, which respondents felt contributed to
declining levels of SOM, while some connected monocultures to the regional specialisa-
tion policy.

3.2. Perceived Solutions to Address Declining Soil Quality
3.2.1. UK Study
Factor A: “Anti-Innovation”

This factor was defined by respondents more strongly agreeing that there is not much
we can do to improve soil quality and that the problems were due to natural climatic
constraints. They also disagreed with innovations and increasing early adoption of new
techniques to solve the issue, ranking these statements more negatively than other factors.

Factor B: “Yes to Financial Incentives but No to Regulation”

Respondents here more strongly agreed that financial incentives could be a solution
but more strongly disagreed that restrictive policies, such as more regulation (including
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for fertilisers and to reduce water usage) and creating a Soil Directive, would improve
soil quality.

Factor C: “Early Adoption of New Techniques”

This factor was defined by respondents more significantly agreeing to increasing early
adoption of new techniques as a solution to declining soil quality. They also more strongly
disagreed that solutions were maintaining small farms, giving more freedom for farmers to
manage their land as they would like, and that farmers have already tried lots of things.

Areas of Agreement and Disagreement

Respondents loading onto the three factors strongly agreed that more research should
be done in collaboration with farmers, and all agreed in investing in education and train-
ing (Table A3, Appendix A). They also agreed that we should work towards improving
trust between farmers and regulatory agencies and initiatives to reduce compaction. Re-
spondents did not think changing the timing of tillage would improve soil quality. There
was disagreement on numerous solutions, particularly around maintaining small farms,
increasing the early adoption of new techniques and giving more freedom to farmers to
manage their land.

The Most Important Perceived Solutions to Addressing Soil Quality Decline

There were two main themes that emerged in the responses to the open-ended question,
with the first (and most common) requesting improved knowledge exchange between
agricultural stakeholders. This links to the Q-set statements on “more research should be
done in collaboration with farmers” and “investing in education and training”, to which all
factors agreed. This theme can be best encapsulated by a quote from a researcher (UK5)
who said the solution lay with:

“Two-way communication between farmers, researchers and policy makers. Even
the best solutions will not work if they can’t be shown as favourable or acceptable
to the farmer”.

The second theme was around suggestions of using soil-improving cropping systems,
or derivatives thereof, such as diverse crop rotations, direct drilling and reduced tillage.
This related to many of the solution Q-set statements, such as on cover crops, rotation and
less use of heavy machinery.

3.2.2. Norway Study
Factor D: “Farmer-Led Demonstration and Innovation”

Respondents in this factor were more likely to rank “setting examples to follow; if one
farmer succeeds others will follow”, “more innovation” and “more targeted mapping of
soil threats” as solutions to declining soil quality than others. This group disagreed more
strongly than others on “more small farms” and “reduction of leased land” as solutions to
increase soil quality and was the only group that was neutral on the statement “reduce use

of heavy machinery”.

Factor E: “No More Regulation or Financial Incentives”

Respondents in this group agreed more strongly on “farmers have already tried many
measures to improve soil quality” compared with other factors. They disagreed on “more

use of cover crops”, “financial incentives”, “creation of a soil directive”, “more regulation
of fertiliser use”, and “more regulation” as solutions.

Factor F: “Society Needs to Change”

The respondents in this factor distinguished themselves from the others by strongly
agreeing on “society needs to change focus on what farmers produce”. This group also
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agreed that the solutions could be to “reduce use of heavy machinery” and “more use of
cover crops”, though not at the p < 0.01 level.

Areas of Agreement and Disagreement

’

Respondents agreed on “less soil compaction” and “more variation in crop rotation”
as ways to improve soil quality (Table A4, Appendix A), as well as on statements related to
education, such as “investment in education and training” and “more farmer demonstration
days”. Respondents did not think “there is not much we can do with the cropping system to
improve soil quality” or that the “problems are due to natural, climatic variations”. Further,
respondents were strongly against “more use of financial penalties” and were neutral or
disagreed with “financial incentives” as a solution.

The Most Important Perceived Solution to Declining Soil Quality

a

More than half of the respondents mentioned “soil organic matter”, “cover crops” or
“crop rotation” in the open-ended section as solutions to improve soil quality. In addition,
more drainage was mentioned by eight respondents as the most critical measure to increase
soil quality in the open-answer section, a factor not discussed at all in the UK survey.

4. Discussion

Understanding the range of stakeholder perceptions of the causes of, and solutions
to, declining soil quality is useful as it can highlight potential tensions and agreement
that might affect the acceptability of land management policies and measures. In our
work in the UK and Norway, whilst there were disagreements between respondents on
the perceived causes of soil degradation, there was consensus on numerous soil-specific
factors, e.g., compaction, soil erosion and loss of organic matter. Both groups agreed
that the underlying drivers of declining soil quality were related to wider issues around
industrialised agriculture and demand for cheap food, which many farmers felt were
out of their control. When it came to solutions, some stakeholders felt that society needs
to change in order to address these underlying drivers. Knowledge exchange between
agricultural stakeholders was also seen as key. However, many respondents were against
further regulation or financial mechanisms including both incentives and penalties.

When focusing on the causes of declining soil quality, studies show that UK soils are
threatened by soil erosion, compaction and organic matter decline [21], which reflected
the main problems that UK respondents believed were causing declining soil quality. Re-
spondents in Norway also thought soil degradation was due to soil erosion and loss of soil
structure, reflecting findings in southeast Norway, where erosion and loss of soil structure
have been linked to increased soil compaction [35]. However, Norwegian respondents
considered lack of crop rotation as a problem causing soil decline, which was not noted in
the UK study, perhaps reflecting the fact that crop rotations were at the time incentivised in
the UK via the EU Common Agricultural Policy’s three crop rule [36].

Reducing compaction was agreed to be key to improving soil quality for UK and
Norwegian respondents. There has been significant interest in the effects of compaction
over the last few years in both Norway and the UK, with numerous research projects,
training events, innovations and industry-led technology to help address this problem
(e.g., [35,37,38]). This suggests compaction is a salient issue for respondents. However,
some of the ways for dealing with compaction, such as reducing usage of heavy machinery,
were not highly rated by respondents in this survey. More research would be needed to
understand why this is.

Industrialisation of the agri-food sector was thought to be a driver of soil degrada-
tion. This perception reflects the significant structural changes in southeastern Norway,
described by Bjerlo and Rognstad [39] in their report “Barely recognisable” (translated
from Norwegian). When analysing the answers to the open-ended question about the
main problem causing declining soil quality, both British and Norwegian respondents
often highlighted the complex nature of soil degradation, related to external pressures
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along the food supply chain such as consumers demanding cheap food and agricultural
policy and supermarkets dictating farm management. One UK farmer summarised this
sentiment succinctly by stating: “give a farmer the right tools and he can put things right
but remember he is only a puppet in a political system”. Competing demands were thought
to be placed on farmers, pulling them in different directions and this was thought to have
a negative effect on the soil. To illustrate this tension, one UK adviser stated that “the
machinery industry wants to sell big heavy machinery and the agronomy industry wants
to sell more chemistry and soil health is the loser”. The pressure for farmers to produce
more food as cheaply as possible appeared to be part of the symptom of industrialised
agriculture where farmers felt trapped and unable to improve their soil quality due to these
powerful external market forces.

Whilst respondents in the UK study felt there had been a decline in soil quality, many
respondents in factor 6 of the Norwegian study (“I do not think there is a problem with
soil quality”) did not agree. There can be several reasons to why this may be, such as
respondents in factor 6 conceptualising “soil quality” in a different way to others, thereby
not considering there to be a decline. For instance, a crop consultant wrote, “I do not
think that soil quality has gone down, farmers are harvesting higher and higher yields”.
This might reflect a more historic definition of the term “soil quality” that focused on
productivity rather than wider ecosystem services [40], where continued application of
fertiliser and pesticides can mask underlying soil quality issues [41]. In addition, the larger
proportion of non-farmers in the UK study group may have resulted in a greater emphasis
on declining soil quality, with the scientists in the UK group most commonly identifying
industrial agriculture as a causal factor in declining soil quality.

When it came to improving soil quality, many respondents in both studies were neutral
towards or disagreed with financial measures, including penalties and incentives. This is a
finding also established in other studies [16,42] whereby farmers felt financial incentive