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Abstract: Soils form the basis for agricultural production and other ecosystem services, and soil
management should aim at improving their quality and resilience. Within the SoilCare project,
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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:

• 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;
• 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.

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.

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 Types of Crop Pedoclimatic Zone 1
Problems That Caused Reduced

Soil Quality or Crop Yield or
Increased Cost

1. 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

2. Viken, Norway Cereals Nemoral/Boreal, marine clay soils Erosion, nutrient loss, pests,
disease, SOC, compaction

3. Keszthely, Hungary Cereals, maize Pannonian, sandy loam,
Eutric Cambisol

Soil compaction, humus
degradation, nitrate leaching,

acidity, weeds

4. Frauenfeld, Switzerland Grass, cereals, maize, rape, potato,
sugar beet, vegetables

Continental/Alpine
South, Fluvisol

Soil structure, subsoil compaction,
pounding risk

5. Viborg, Denmark Winter cereals (wheat, 25%),
forage crops Atlantic North, sandy–loamy soils SOC, compaction, erosion,

nutrient losses (N and P)

6. Loddington, United Kingdom Cereals, oilseeds, pulses,
grass/clover leys Atlantic Central/North, clay soils Compaction, SOC

7. 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.

Study Site Types of Crop Pedoclimatic Zone 1
Problems That Caused Reduced

Soil Quality or Crop Yield or
Increased Cost

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

9. Legnaro, Italy Maize, wheat, sugar beet,
soybean, alfalfa Mediterranean North, Cambisol SOC, compaction,

climate variations

10. Szaniawy, Poland Barley, rye, wheat, oats, potatoes,
maize, grassland. Continental, Sandy, loamy soils Water deficit, SOC, acidity,

compaction, weeds.

11. Caldeirão, Portugal Cereals (maize and
rice), vineyards Lusitanean, silty–clayey soils Water availability

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

13. Orup, Sweden Winter wheat, spring barley,
spring oilseed rape, peas Nemoral, sandy loams Compaction

14. Prague-Ruzyně,
Czech Republic

Barley, rye, wheat, oats, potatoes,
maize, grassland Continental, Luvisol

Erosion, compaction,
SOC, acidification,

reduced water retention

15. Almeria, Spain Olive, stone fruit crops Mediterranean South,
Regosol, Leptosol

Erosion, salinization,
water shortage

16. Brittany, France Wheat, maize, grassland Lusitanian/Atlantic
Central, Cambisol Compaction, weeds

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

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:

• 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.

• 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.

• 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

Impact
Economic Impact

Sociocultural
Impact

Impact on
Sustainability

Belgium Wood chips 0.00 −0.93 −0.33 −0.38

Norway Spring-sown cover
crop/root mix 0.00 0.03 −0.26 −0.07

Hungary
N (maize 210, winter wheat

150, winter barley 120
kg/ha) + farmyard manure

0.34 −0.12 −0.13 0.06

Hungary N fertilization (as above) +
straw/stalk 0.37 0.38 0.60 0.44

Hungary
Minimum tillage + N (maize

180, winter wheat 160
kg/ha)

0.00 0.04 0.20 0.07

Switzerland

Controlled Uptake
Long-Term Ammonium

Nutrition (CULTAN)
method

−0.10 −0.60 0.20 −0.16

Switzerland Green manure, no pesticide −0.15 −0.01 0.10 −0.03

Germany Glyphosate + cover crops 0.00 −0.03 0.07 0.01

Romania Rotation + mouldboard
ploughing 0.24 0.31 −0.20 0.13

Italy No-till, radish cover crop 0.00 0.07 0.00 0.02

Portugal Conventional maize, Urban
Sludge amendment 0.35 0.15 −0.56 0.02

Portugal Maize with legume winter
cover crop 0.11 0.03 −0.26 −0.03

Greece Conversion from orange to
avocado 0.03 0.76 0.00 0.24

Spain

Deficit irrigation with
minimum tillage and

pruning chips or temporal
cover crops

0.30 −0.90 −0.03 −0.16

France Early wheat sowing (Aug) −0.08 −0.89 −0.20 −0.36

France Sowing on the row of
maize–buckwheat −0.07 −0.33 0.10 −0.10

average 0.08 −0.13 −0.05 −0.01

median 0.00 0.01 −0.03 0.01

# positive (>0.1) 6 4 3 3

# negative (<−0.1) 1 6 7 4

# no change (−0.1 to 0.1) 9 6 6 9
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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:

• 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;

• 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;

• 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];

• 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,
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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 U.K. 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 ß-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]. Almería (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:

• 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.

• 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.

• 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.

• 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):

• 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.

 

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:

• 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.

• 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.

• 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.

Sociocultural Factors Economic Factors

Society’s awareness and valuing of
soil—Consumers need to better understand the
impacts production methods have on soil for

more informed purchasing decisions and
increase willingness to pay prices reflecting

costs of sustainable production
New generation of farmers open to change—Habit

made many farmers reluctant to change
practices. However, there were also pioneers

who want to try out new practices
Social factors—Results reiterated the value of

social learning from different peers and
networks and the dynamics of trust and social
acceptability it can engender [107]. Influencers

and champions have a critical role to play in
lending legitimacy to important sources

of information

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

Adverse 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:

• 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.

• 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.

• 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].

• 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].

• As monitoring 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].

• 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

• Develop horizontal, holistic, long-term strategies for sustainable agriculture
• Raise and clearly define the level of ambitions in existing policies
• 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 III: 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/land11060780/s1, Table S1: Results of environmental dimension, Table S2: Results of economic
dimension, Table S3: Results of sociocultural dimension.

Author Contributions: Conceptualization: R.H., O.O., M.S.R., A.A., G.W., H.v.D., M.M., J.M., E.v.d.E.,
S.V. and F.A. (Falentijn Assinck); methodology: R.H., M.S.R., A.A., G.W., H.v.D., M.M., J.M., I.S.P.,
E.v.d.E., S.V., F.A. (Francisco Areal) and J.S.; software: I.S.P. and H.v.D.; validation: H.v.D., A.A., A.E.,
J.L., A.K., M.A.B., E.K., Z.T., M.H. (Moritz Hallama) and J.S.; investigation: A.A., A.E., J.L., A.K.,
M.A.B., E.K., Z.T., M.H. (Moritz Hallama), J.C., I.P., T.D. and J.S.; data curation: S.V., E.v.d.E., G.W.,
I.S.P. and H.v.D.; writing—original draft preparation: R.H., O.O., M.S.R., A.A., G.W., H.v.D., M.M.,
J.M. and J.E.B.; writing—review and editing: F.A. (Francisco Areal), M.H. (Marius Heinen), I.S.P.,
A.E., M.A.B., E.K., M.H. (Moritz Hallama), J.C., L.O., L.F., L.M., J.E.M.B. and J.S.; visualization: R.H.,
H.v.D., J.M. and C.-A.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 677407 (SoilCare project). R.H., O.O., E.v.d.E., S.V.,
F.A. (Falentijn Assinck) and M.H. (Marius Heinen) also received funding from the Dutch Ministry of
LNV via Kennis Basis programma 34, project KB-34-008-005. The contribution of the University of
Hohenheim was partly financially supported by the German Research Foundation (DFG) under the
Collaborative Research Centre 1253 CAMPOS (DFG grant SFB 1253/1 2017).

Institutional Review Board Statement: Not applicable in this study.

Informed Consent Statement: Ethical standards and guidelines have been applied to the collection,
processing and storage of data about persons, in accordance with the agreed project ethical statement.
All subjects gave their informed consent for inclusion before they participated in the study.

Data Availability Statement: The data presented in this study are available in the supplementary material.

Acknowledgments: We thank the stakeholders in the SoilCare study sites. Without their collabora-
tion, this research would not have been possible.

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

References

1. Van Ittersum, M.K.; Cassman, K.G.; Grassini, P.; Wolf, J.; Tittonell, P.; Hochman, Z. Yield gap analysis with local to global
relevance—A review. Field Crops Res. 2013, 143, 4–17. [CrossRef]

2. Boogaard, H.; Wolf, J.; Supit, I.; Niemeyer, S.; van Ittersum, M. A regional implementation of WOFOST for calculating yield gaps
of autumn-sown wheat across the European Union. Field Crops Res. 2013, 143, 130–142. [CrossRef]

3. Wiesmeier, M.; Hübner, R.; Kögel-Knabner, I. Stagnating crop yields: An overlooked risk for the carbon balance of agricultural
soils? Sci. Total Environ. 2015, 636, 1045–1051. [CrossRef] [PubMed]

4. Schils, R.; Olesen, J.E.; Kersebaum, K.-C.; Rijk, B.; Oberforster, M.; Kalyada, V.; Khitrykau, M.; Gobin, A.; Kirchev, H.;
Manolova, V.; et al. Cereal yield gaps across Europe. Eur. J. Agron. 2018, 101, 109–120. [CrossRef]

5. Bünemann, E.; Bongiorno, G.; Bai, Z.; Creamer, R.E.; de Deyn, G.; de Goede, R.; Fleskens, L.; Geissen, V.; Kuyper, T.W.;
Mäder, P.; et al. Soil quality—A critical review. Soil Biol. Biochem. 2018, 120, 105–125. [CrossRef]

6. Attard, E.; Recous, S.; Chabbi, A.; De Berranger, C.; Guillaumaud, N.; Labreuche, J.; Philippot, L.; Schmid, B.; Le Roux, X. Soil
environmental conditions rather than denitrifier abundance and diversity drive potential denitrification after changes in land
uses. Glob. Chang. Biol. 2011, 17, 1975–1989. [CrossRef]

7. Cassman, K.G. Ecological intensification of cereal production systems: Yield potential, soil quality, and precision agriculture. Proc.
Natl. Acad. Sci. USA 1999, 96, 5952–5959. [CrossRef]

8. Gasso, V.; Sørensen, C.A.G.; Oudshoorn, F.W.; Green, O. Controlled traffic farming: A review of the environmental impacts. Eur. J.
Agron. 2013, 48, 66–73. [CrossRef]

9. Sapkota, T.B.; Mazzoncini, M.; Barberi, P.; Antichi, D.; Silvestri, N. Fifteen years of no till increase soil organic matter, microbial
biomass and arthropod diversity in cover crop-based arable cropping systems. Agron. Sustain. Dev. 2012, 32, 853–863. [CrossRef]

10. Cuevas, J.; Daliakopoulos, I.N.; del Moral, F.; Hueso, J.J.; Tsanis, I.K. A Review of Soil-Improving Cropping Systems for Soil
Salinization. Agronomy 2019, 9, 295. [CrossRef]

21



Land 2022, 11, 780

11. Bolinder, M.A.; Crotty, F.; Elsen, A.; Frac, M.; Kismányoky, T.; Lipiec, J.; Tits, M.; Tóth, Z.; Kätterer, T. The effect of crop residues,
cover crops, manures and nitrogen fertilization on soil organic carbon changes in agroecosystems: A synthesis of reviews. Mitig.
Adapt. Strat. Glob. Chang. 2020, 25, 929–952. [CrossRef]

12. Crotty, F.; Hannula, E.; Hallama, M.; Kandeler, E. Can soil improving cropping systems reduce the loss of soil biodiversity
within agricultural soils? In Sustainable Soil Management as a Key to Preserving Soil Biodiversity and Stopping Its Degradation;
Reyes-Sánchez, L.B., Horn, R., Costantini, E.A.C., Eds.; International Union of Soil Sciences (IUSS): Vienna, Austria, 2022;
pp. 187–220.

13. Nosalewicz, A.; Lipiec, J. The effect of compacted soil layers on vertical root distribution and water uptake by wheat. Plant Soil
2014, 375, 229–240. [CrossRef]

14. Mehra, P.; Baker, J.; Sojka, R.E.; Bolan, N.; Desbiolles, J.; Kirkham, M.B.; Ross, C.; Gupta, R. A review of tillage practices and their
potential to impact the soil carbon dynamics. Adv. Agron. 2018, 150, 185–230.

15. Schneider, M.K.; Lüscher, G.; Jeanneret, P.; Arndorfer, M.; Ammari, Y.; Bailey, D.; Balázs, K.; Báldi, A.; Choisis, J.P.; Dennis, P.; et al.
Gains to species diversity in organically farmed fields are not propagated at the farm level. Nat. Commun. 2014, 5, 41–51.
[CrossRef]

16. Reeves, D.W. The role of soil organic matter in maintaining soil quality in continuous cropping systems. Soil Tillage Res. 1997,
43, 131–167. [CrossRef]

17. Panagos, P.; Barcelo, S.; Bouraoui, F.; Bosco, C.; Dewitte, O.; Gardi, C.; Erhard, M.; Hervas De Diego, F.; Hiederer, R.; Jeffery, S.; et al.
The State of Soil in Europe: A Contribution of the JRC to the European Environment Agency’s Environment State and Outlook Report—SOER
2010; EUR 25186 EN; JRC68418; Jones, A., Ed.; Publications Office of the European Union: Luxembourg, 2012.

18. Rockström, J.; Steffen, W.; Noone, K.; Persson, Å.; Chapin, F.S., III; Lambin, E.; Lenton, T.M.; Scheffer, M.; Folke, C.;
Schellnhuber, H.; et al. Planetary boundaries: Exploring the safe operating space for humanity. Ecol. Soc. 2009, 14, 32. [CrossRef]

19. Tang, F.H.; Lenzen, M.; McBratney, A.; Maggi, F. Risk of pesticide pollution at the global scale. Nat. Geosci. 2021, 14, 206–210.
[CrossRef]

20. Kanter, D.R.; Chodos, O.; Nordland, O.; Rutigliano, M.; Winiwarter, W. Gaps and opportunities in nitrogen pollution policies
around the world. Nat. Sustain. 2020, 3, 956–963. [CrossRef]

21. Zhang, X.; Davidson, E.A.; Mauzerall, D.L.; Searchinger, T.D.; Dumas, P.; Shen, Y. Managing nitrogen for sustainable development.
Nature 2015, 528, 51–59. [CrossRef]

22. Sørensen, C.G.; Halberg, N.; Oudshoorn, F.W.; Petersen, B.M.; Dalgaard, R. Energy inputs and GHG emissions of tillage systems.
Biosyst. Eng. 2014, 120, 2–14. [CrossRef]

23. Mendes, I.C.; Sousa, D.M.G.; Dantas, O.D.; Lopes, A.A.C.; Junior, F.B.R.; Oliveira, M.I.; Chaer, G.M. Soil quality and grain yield: A
win–win combination in clayey tropical oxisols. Geoderma 2021, 388, 114880. [CrossRef]

24. De Vries, F.T.; Thébault, E.; Liiri, M.; Birkhofer, K.; Tsiafouli, M.A.; Bjørnlund, L.; Bracht Jørgensen, H.; Brady, M.V.; Christensen, S.;
de Ruiter, P.C.; et al. Soil food web properties explain ecosystem services across European land use systems. Proc. Natl. Acad. Sci.
USA 2013, 110, 14296–14301. [CrossRef] [PubMed]

25. Webb, N.P.; Marshall, N.A.; Stringer, L.C.; Reed, M.S.; Chappell, A.; Herrick, J.E. Land degradation and climate change: Building
climate resilience in agriculture. Front. Ecol. Environ. 2017, 15, 450–459. [CrossRef]

26. Lori, M.; Symanczik, S.; Mäder, P.; Efosa, N.; Jaenicke, S.; Buegger, F.; Tresch, S.; Goessmann, A.; Gattinger, A. Distinct nitrogen
provisioning from organic amendments in soil as influenced by farming system and water regime. Front. Environ. Sci. 2018, 6, 40.
[CrossRef]

27. Bongiorno, G.; Postma, J.; Bünemann, E.K.; Brussaard, L.; de Goede, R.G.M.; Mäder, P.; Tamm, L.; Thuerig, B. Soil suppressiveness
to Pythium ultimum in ten European long-term field experiments and its relation with soil parameters. Soil Biol. Biochem. 2019,
133, 174–187. [CrossRef]

28. Maynard, J.J.; Levi, M.R. Hyper-temporal remote sensing for digital soil mapping: Characterizing soil-vegetation response to
climatic variability. Geoderma 2017, 285, 94–109. [CrossRef]

29. O’Sullivan, L.; Wall, D.; Creamer, R.; Bampa, F.; Schulte, R.P.O. Functional Land Management: Bridging the Think-Do-Gap using
a multi-stakeholder science policy interface. Ambio 2018, 47, 216–230. [CrossRef]

30. Rillig, M.C.; Ryo, M.; Lehmann, A.; Aguilar-Trigueros, C.A.; Buchert, S.; Wulf, A.; Iwasaki, A.; Roy, J.; Yang, G. The role of
multiple global change factors in driving soil functions and microbial biodiversity. Science 2019, 366, 886–890. [CrossRef]

31. Oehlmann, Y.; Lange, M.; Leimer, S.; Roscher, C.; Aburto, F.; Alt, F.; Dassen, S.; De Deyn, G.; Eisenhauer, N.; Gleixner, G.; et al.
Above- and Belowground Biodiversity Jointly Tighten the P Cycle. Nat. Commun. 2021, 12, 4431. [CrossRef]

32. Bossio, D.A.; Cook-Patton, S.C.; Ellis, P.W.; Fargione, J.; Sanderman, J.; Smith, P.; Wood, S.; Zomer, R.J.; von Unger, M.;
Emmer, I.M.; et al. The role of soil carbon in natural climate solutions. Nat. Sustain. 2020, 3, 391–398. [CrossRef]

33. Griscom, B.W.; Adams, J.; Ellis, P.W.; Houghton, R.A.; Lomax, G.; Miteva, D.A.; Schlesinger, W.H.; Schoch, D.; Siikamäki, J.V.;
Smith, P.; et al. Natural climate solutions. Proc. Natl. Acad. Sci. USA 2017, 114, 11645–11650. [CrossRef] [PubMed]

34. Willett, W.; Rockström, J.; Loken, B.; Springmann, M.; Lang, T.; Vermeulen, S.; Garnett, T.; Tilman, D.; DeClerck, F.; Wood, A.; et al.
Food in the Anthropocene: The EAT-Lancet Commission on healthy diets from sustainable food systems. Lancet 2019,
393, 447–492. [CrossRef]

35. Thomas, R.; Reed, M.; Clifton, K.; Appadurai, N.; Mills, A.; Zucca, C.; Kodsi, E.; Sircely, J.; Haddad, F.; Hagen, C.; et al. A
framework for scaling sustainable land management options. Land Degrad. Dev. 2018, 29, 3272–3284. [CrossRef]

22



Land 2022, 11, 780

36. Karlen, D.L.; Mausbach, M.J.; Doran, J.W.; Cline, R.G.; Harris, R.F.; Schuman, G.E. Soil Quality: A concept, definition and
framework for evaluation (a guest editorial). Soil Sci. Soc. Am. J. 1997, 61, 4–10. [CrossRef]

37. Teasdale, J.R.; Coffman, C.B.; Mangum, R.W. Potential long-term benefits of no-tillage and organic cropping systems for grain
production and soil improvement. Agron. J. 2007, 99, 1297–1305. [CrossRef]

38. Seufert, V.; Ramankutty, N.; Foley, J.A. Comparing the yields of organic and conventional agriculture. Nature 2012, 485, 229–232.
[CrossRef]

39. Pittelkow, C.M.; Liang, X.; Linquist, B.A.; van Groenigen, K.J.; Lee, J.; Lundy, M.E.; van Gestel, N.; Six, J.; Venterea, R.T.;
van Kessel, C. Productivity limits and potentials of the principles of conservation agriculture. Nature 2014, 517, 365–368. [Cross-
Ref]

40. Hatfield, J.L.; Sauer, T.; Kruse, R. Soil: The forgotten piece of the water, food, energy nexus. Adv. Agron. 2017, 143, 1–46.
41. Vogel, H.J.; Bartke, S.; Daedlow, K.; Helming, K.; Kögel-Knabner, I.; Lang, B.; Rabot, E.; Russell, D.; Stößel, B.; Weller, U.; et al. A

systemic approach for modelling soil functions. Soil 2018, 4, 83–92. [CrossRef]
42. Jones, A.; Fernandes-Ugalde, O.; Scarpa, S.; Eiselt, B. LUCAS 2022 ISSG Planning Document; Publications Office of the European

Union: Luxembourg, 2021.
43. Veerman, C.; Pinto Correia, T.; Bastioli, C.; Biró, B.; Bouma, J.; Cienciala, E.; Emmett, B.; Frison, E.; Grand, A.; Hristov, L.; et al.

Caring for Soil Is Caring for Life: Ensure 75% of Soils Are Healthy by 2030 for Food, People, Nature and Climate: Report of the Mission
Board for Soil Health and Food; Publications Office: Luxembourg, 2020. [CrossRef]

44. Tittonell, P. Ecological intensification of agriculture—Sustainable by nature. Curr. Opin. Environ. Sustain. 2014, 8, 53–61. [CrossRef]
45. Mottet, A.; Bicksler, A.; Lucantoni, D.; De Rosa, F.; Scherf, B.; Scopel, E.; López-Ridaura, S.; Gemmil-Herren, B.; Bezner Kerr, R.;

Sourisseau, J.-M.; et al. Assessing transitions to sustainable agricultural and food systems: A Tool for Agroecology Performance
Evaluation (TAPE). Front. Sustain. Food Syst. 2020, 4, 252. [CrossRef]

46. EU. Caring for Soils Is Caring for Life, Report of the Mission Board For Soil Health and Food; European Commission: Luxembourg, 2020.
47. Bouma, J.; Montanarella, L.; Evanylo, G. The challenge for the soil science community to contribute to the implementation of the

UN Sustainable Development Goals. Soil Use Manag. 2019, 35, 538–546. [CrossRef]
48. Kassam, A.; Friedrich, T.; Derpsch, R.; Kienzle, J. Overview of the Worldwide Spread of Conservation Agriculture. Field Actions

Sci. Rep. 2015, 8. Available online: http://factsreports.revues.org/3966 (accessed on 13 April 2022).
49. Anken, T.; Weisskopf, P.; Zihlmann, U.; Forrer, H.; Jansa, J.; Perhacova, K. Long-term tillage system effects under moist cool

conditions in Switzerland. Soil Tillage Res. 2004, 78, 171–183. [CrossRef]
50. Bioland. Sieben Prinzipien für die Landwirtshaft der Zukunft, pp. 22. 2014. Available online: http://bioland.de/ueber-uns/

sieben-prinzipien.html (accessed on 22 December 2014).
51. Lahmar, R. Adoption of conservation agriculture in Europe. Lessons of the KASSA project. Land Use Policy 2010, 27, 4–10.

[CrossRef]
52. Kassam, A.; Friedrich, T.; Shaxson, F.; Bartz, H.; Mello, I.; Kienzle, J.; Pretty, J. The spread of Conservation Agriculture: Policy and

institutional support for adoption and uptake. Field Actions Sci. Rep. 2014, 7. Available online: http://factsreports.revues.org/3720
(accessed on 13 April 2022).

53. Stoate, C.; Báldi, A.; Beja, P.; Boatman, N.D.; Herzon, I.; van Doorn, A.; de Snoo, G.R.; Rakosy, L.; Ramwell, C. Ecological impacts
of early 21st century agricultural change in Europe—A review. J. Environ. Manag. 2009, 91, 22–46. [CrossRef]

54. Ingram, J.; Mills, J.; Frelih-Larsen, A.; Davis, M.; Merante, P.; Ringrose, S.; Molnar, A.; Sánchez, B.; Bahadur Ghaley, B.; Karaczun, Z.
Managing Soil Organic Carbon: A Farm Perspective. Eurochoices 2013, 13, 12–19. [CrossRef]

55. Rietra, R.P.J.J.; Heinen, M.; Oenema, O. A Review of Crop Husbandry and Soil Management Practices Using Meta-Analysis
Studies: Towards Soil-Improving Cropping Systems. Land 2022, 11, 255. [CrossRef]

56. Nafziger, E. Cropping Systems. Ch 5 in Illinois Agronomy Handbook. 2012, pp. 49–63. Available online: http://extension.cropsci.
illinois.edu/handbook/ (accessed on 23 December 2014).

57. Deike, S.; Pallutt, B.; Melander, B.; Strassemeyer, J.; Christen, O. Long-term productivity and environmental effects of arable
farming as affected by crop rotation, soil tillage intensity and strategy of pesticide use: A case-study of two long-term field
experiments in Germany and Denmark. Eur. J. Agron. 2008, 29, 191–199. [CrossRef]

58. De Vita, P.; Di Paolo, E.; Fecondo, G.; Di Fonzo, N.; Pisante, M. No-tillage and conventional tillage effects on durum wheat yield,
grain quality and soil moisture content in southern Italy. Soil Tillage Res. 2007, 92, 69–78. [CrossRef]

59. Jensen, H.G.; Jacobsen, L.B.; Pedersen, S.M.; Tavella, E. Socioeconomic impact of widespread adoption of precision farming and
controlled traffic systems in Denmark. Precis. Agric. 2012, 13, 661–677. [CrossRef]

60. Oldfield, E.E.; Bradford, M.A.; Wood, S.A. Global meta-analysis of the relationship between soil organic matter and crop yields.
Soil 2019, 5, 15–32. [CrossRef]

61. Panagos, P.; Standardi, G.; Borrelli, P.; Lugato, E.; Montanarella, L.; Bosello, F. Cost of agricultural productivity loss due to soil
erosion in the European Union: From direct cost evaluation approaches to the use of macroeconomic models. Land Degrad. Dev.
2018, 29, 471–484. [CrossRef]

62. Alonge, A.J.; Martin, R.A. Assessment of the adoption of sustainable agriculture practices: Implications for agricultural education.
J. Agric. Educ. 1995, 36, 34–42. [CrossRef]

63. Rodriguez, J.M.; Molnar, J.J.; Fazio, R.A.; Sydnor, E.; Lowe, M.J. Barriers to adoption of sustainable agriculture practices: Change
agent perspectives. Renew. Agric. Food Syst. 2009, 24, 60–71. [CrossRef]

23



Land 2022, 11, 780

64. Piñeiro, V.; Arias, J.; Dürr, J.; Elverdin, P.; Ibáñez, A.M.; Kinengyere, A.; Morales Opazo, C.; Owoo, N.; Page, J.R.; Prager, S.D.; et al.
A scoping review on incentives for adoption of sustainable agricultural practices and their outcomes. Nat. Sustain. 2020,
3, 809–820. [CrossRef]

65. Mensah, A.; Asiamah, M.; Wongnaa, C.A.; Adams, F.; Etuah, S.; Gaveh, E.; Appiah, P. Adoption impact of maize seed technology
on farm profitability: Evidence from Ghana. J. Agribus. Dev. Emerg. Econ. 2021, 11, 578–598. [CrossRef]

66. Jat, H.S.; Datta, A.; Choudhary, M.; Sharma, P.C.; Jat, M.L. Conservation Agriculture: Factors and drivers of adoption and scalable
innovative practices in Indo-Gangetic plains of India–a review. Int. J. Agric. Sustain. 2021, 19, 40–55. [CrossRef]

67. Lechenet, M.; Bretagnolle, V.; Bockstaller, C.; Boissinot, F.; Petit, M.S.; Petit, S.; Munier-Jolain, N.M. Reconciling pesticide reduction
with economic and environmental sustainability in arable farming. PLoS ONE 2014, 9, e97922. [CrossRef]

68. Baffes, J.; Koh, W.C. Soaring Fertilizer Prices Add to Inflationary Pressures and Food Security Concerns. Available online: https:
//blogs.worldbank.org/opendata/soaring-fertilizer-prices-add-inflationary-pressures-and-food-security-concerns (accessed on
13 April 2022).

69. FAO. Price volatility from a global perspective. In Technical Background Document for the High-Level Event on: “Food Price Volatility
and the Role of Speculation”; FAO Headquarters: Rome, Italy, 6 July 2012.

70. EC. Europe 2020 Strategy. 2021. Available online: https://ec.europa.eu/environment/green-growth/index_en.htm (accessed on
13 April 2022).

71. Katt, F.; Meixner, O. A systematic review of drivers influencing consumer willingness to pay for organic food. Trends Food Sci.
Technol. 2020, 100, 374–388. [CrossRef]

72. Meyerding, S.G.; Trajer, N.; Lehberger, M. What is local food? The case of consumer preferences for local food labeling of tomatoes
in Germany. J. Clean. Prod. 2019, 207, 30–43. [CrossRef]

73. De Leijster, V.; Verburg, R.W.; Santos, M.J.; Wassen, M.J.; Martínez-Mena, M.; De Vente, J.; Verweij, P.A. Almond farm profitability
under agroecological management in south-eastern Spain: Accounting for externalities and opportunity costs. Agric. Syst. 2020,
183, 102878. [CrossRef]

74. Schütte, R.; Plaas, E.; Gómez, J.A.; Guzmán, G. Profitability of erosion control with cover crops in European vineyards under
consideration of environmental costs. Environ. Dev. 2020, 35, 100521. [CrossRef]

75. Stuart, A.M.; Pame, A.R.P.; Vithoonjit, D.; Viriyangkura, L.; Pithuncharurnlap, J.; Meesang, N.; Suksiri, P.; Singleton, G.R.;
Lampayan, R.M. The application of best management practices increases the profitability and sustainability of rice farming in the
central plains of Thailand. Field Crops Res. 2018, 220, 78–87. [CrossRef]

76. Metzger, M.J. The Environmental Stratification of Europe, [Dataset]; University of Edinburgh: Edinburgh, UK, 2018. [CrossRef]
77. Oenema, O.; Heinen, M.; Rietra, R.; Hessel, R. A Review of Soil-Improving Cropping Systems (Full Report). SoilCare Scientific

Report 07, Deliverable D2.1, SoilCare Project, Wageningen Environmental Research, The Netherlands. 2017. Available online:
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5b4c22812&appId=PPGMS (ac-
cessed on 13 April 2022).

78. Panagea, I.; Dangol, A.; Olijslagers, M.; Wyseure, G. SoilCare Database 3: Schema (Empty Database) and Report 34 (D5.1): Database
with Monitoring data (1.1); Zenodo: Geneva, Switzerland, 2021. [CrossRef]

79. Panagea, I.; Wyseure, G.; Hessel, R. Report on Monitoring Results and Analysis. SoilCare Report 35, p. 616, SoilCare Project,
Wageningen Environmental Research, The Netherlands. 2021. Available online: https://research.wur.nl/en/publications/report-
on-monitoring-results-and-analysis-d53 (accessed on 13 April 2022).

80. Alaoui, A.; Hallama, M.; Bär, R.; Panagea, I.; Bachmann, F.; Pekrun, C.; Fleskens, L.; Kandeler, E.; Hessel, R. A New Framework to
Assess Sustainability of Soil Improving Cropping Systems in Europe. Land 2022, 11, 729. [CrossRef]

81. Van Delden, H.; Fleskens, L.; Muro, M.; Tugran, T.; Vanhout, R.; Baartman, J.; Nunes, J.P.; Vanermen, I.; Salputra, G.;
Verzandvoort, S.; et al. Report on the Potential for Applying Soil-Improving CS across Europe SoilCare Report 43, p. 224.
2021. Available online: https://soilcare-project.eu/downloads/public-documents/soilcare-reports-and-deliverables/433-report-
43-d6-2-report-on-the-potential-for-applying-sics-across-europe-riks-full/file (accessed on 13 April 2022).

82. Van Delden, H.; Fleskens, F.; Vanhout, R.; Nunes, J.P.; Baartman, J.; Lesschen, J.P.; Verzandvoort, S.; Hessel, R.; All Study Site
Partners. Report on the Integration and Synthesis of Study Site Results and Their Potential for Upscaling. SoilCare Report 42,
p. 197. 2021. Available online: https://library.wur.nl/WebQuery/wurpubs/fulltext/570318 (accessed on 13 April 2022).

83. Van Delden, H.; Vanhout, R.; Fleskens, L.; Nunes, J.P.; Baartman, J.; Verzandvoort, S.; Hessel, R.; All Study Site Partners.
Interactive Mapping Tool for the Application of Soil Improving Cropping Systems across Europe. SoilCare Report 44, p. 16.
2021. Available online: https://www.soilcare-project.eu/downloads/public-documents/soilcare-reports-and-deliverables/43
4-report-44-d6-3-interactive-mapping-tool-for-the-application-of-sics-across-europe-riks-full/file (accessed on 13 April 2022).

84. Salamon, P.; Banse, M.; Donnellan, T.; Hass, M.; Jongeneel, R.; Laquai, V.; van Leeuwen, M.; Reziti, I.; Salputra, G.; Zirngibl, M.-E.
AGMEMOD Outlook for Agricultural and Food Markets in EU Member States 2018–2030; Thünen Working Paper 114; Johann Heinrich
von Thünen-Institut: Braunschweig, Germany, 2019. [CrossRef]

85. Van Delden, H.; Hurkens, J. A generic Integrated Spatial Decision Support System for urban and regional planning. In Proceedings
of the 19th International Congress on Modelling and Simulation, Perth, Australia, 12–16 December 2011.

86. Kirkby, M.J.; Irvine, B.J.; Jones, R.J.A.; Govers, G.; PESERA Team. The PESERA coarse scale erosion model for Europe. I.—Model
rationale and implementation. Eur. J. Soil Sci. 2008, 59, 1293–1306. [CrossRef]

24



Land 2022, 11, 780

87. Fleskens, L.; Baartman, J.; Van Delden, H.; Vanhout, R. Madagascar: Land Use Planning for Enhanced Resilience of Landscapes
(LAUREL); Final Report National LANDSIM-P; World Bank Project; Wageningen University: Wageningen, The Netherlands, 2020;
p. 150.

88. Velthof, G.L.; Oudendag, D.; Witzke, H.P.; Asman, W.A.H.; Klimont, Z.; Oenema, O. Integrated assessment of nitrogen emissions
from agriculture in EU-27 using MITERRA-EUROPE. J. Environ. Qual. 2009, 38, 402–417. [CrossRef]

89. Glaesner, N.; Helming, K.; de Vries, W. Do current European policies prevent soil threats and support soil functions? Sustainability
2014, 6, 9538–9563. [CrossRef]

90. Vrebos, D.; Bampa, F.; Creamer, R.E.; Gardi, C.; Ghaley, B.B.; Jones, A.; Rutgers, M.; Sandén, T.; Staes, J.; Meire, P. The Impact of
Policy Instruments on Soil Multifunctionality in the European Union. Sustainability 2017, 9, 407. [CrossRef]

91. Rust, N.; Ptak, E.N.; Graversgaard, M.; Iversen, S.; Reed, M.S.; de Vries, J.; Ingram, J.; Mills, J.; Neumann, R.; Kjeldsen, C.; et al.
Social capital factors affecting uptake of Soil-Improving management practices. A review. Emerald Open Res. Sustain. Food Syst.
2020, 2, 8. [CrossRef]

92. Leeuwis, C. Communication for Rural Innovation: Rethinking Agricultural Extension with Contributions from Anne van den Ban;
Blackwell Science Limited: Oxford, UK, 2004; ISBN 0-632-05249-X.

93. Duesberg, S.; Dhubháin, A.N.; O’Connor, D. Assessing policy tools for encouraging farm afforestation in Ireland. Land Use Policy
2014, 38, 194–203. [CrossRef]

94. Greiner, R.; Gregg, D. Farmers’ intrinsic motivations, barriers to the adoption of conservation practices and effectiveness of policy
instruments: Empirical evidence from northern Australia. Land Use Policy 2011, 28, 257–265. [CrossRef]
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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.

 

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 Local relief—st. dev.
of elevation 1 ESDAC database (RECARE project)

Climate

Equilibrium phase model (long-term current climate)

Mean monthly temperature 12

Based on E-OBS version 21.0e, at 0.1◦ spatial
resolution and daily scale. [58]. 1981–2010

Mean monthly
temperature range 12

Mean monthly rainfall 12

Mean monthly rainfall per
rain day 12

Coefficient of variation of
mean monthly rainfall per

rain day
12

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;

RCP4.5
MPI-ES-LR + CCLM4-8-17

Data: JRC EU High Resolution and
Precipitation dataset: https:

//data.jrc.ec.europa.eu/dataset/jrc-liscoast-10011
(accessed on 18 December 2020) [60]

Mean monthly
temperature range

12 * n_years

Monthly rainfall 12 * n_years

Maximum daily rainfall 12 * n_years

Soil properties

Erodibility class (sensitivity
to erosion) 1

Classified RUSLE K-factor map by Panagos et al. [61]
https://esdac.jrc.ec.europa.eu/content/soil-

erodibility-k-factor-high-resolution-dataset-europe
(accessed on 1 July 2021)

Crusting class (sensitivity to
soil surface crusting) 1 Pedotransfer functions based on soil type and

texture (ESDB)

Scale depth (proxy
for infiltration) 1 Based on Texture classes (ESDB)

Soil water available to plants
(0–300 mm) 1

Pedotransfer functions based on Available Water
Content, Texture, Soil packing density and

restriction of soil to bedrock; ESDB and
SWAT-HWSD [62] for Iceland and Cyprus

Soil water available to plants
(300–1000 mm) 1

Effective soil water
storage capacity 1

Land use &
crop data

Land use map 1 From Metronamica application, processed data from
Eurostat and Corine Land CoverCrop map 1

Planting month (for
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

Surface storage reduction (%) 1 Following PESERA project manual: 50% for crops,
0% for other land uses

Rooting depth 1

Combined approach following PESERA project
manual, FAO data

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.

 

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 0.1º 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 (0.1º), 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 Köppen-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:

(a) 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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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
• 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
Agroclimatic
Zone

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

Spring cereal

Continental 10 50 90 95 40
Mediterranean 10 50 90 95 40
Oceanic 10 50 90 95 40
Subartic 10 50 90 95 40
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Table 2. Cont.

Y1 Y2

Crop
Agroclimatic
Zone

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

Winter cereal

Continental 5 5 25 50 75 90 95 95 85 30
Mediterranean 5 35 60 80 90 95 90 30
Oceanic 5 5 25 50 75 90 95 95 85 30
Subartic 5 5 10 15 25 50 75 90 95 90 30

Maize

Continental 20 50 75 95 95 40 10
Mediterranean 20 60 95 95 40
Oceanic 20 50 75 95 95 40 10
Subartic

Pulses

Continental 20 65 95 70
Mediterranean 20 65 95 70
Oceanic 20 65 95 70
Subartic

Sugarbeet

Continental 10 50 70 90 95 85 50
Mediterranean 10 35 60 75 90 95 85 50
Oceanic 10 50 70 90 95 85 50
Subartic

Potato

Continental 10 70 95 95 85 35 10
Mediterranean 10 70 95 95 85 35
Oceanic 10 70 95 95 85 35 10
Subartic

Oilseed

Continental 10 50 80 90 90 90 95 95 85 50
Mediterranean 5 35 60 80 90 95 90 30
Oceanic 10 50 80 90 90 90 95 95 85 50 50
Subartic 10 50 80 90 90 90 95 90 50

Veg &
Flowers
(sunflowers)

Continental 10 75 95 30
Mediterranean 10 65 80 95 30
Oceanic 10 75 95 30
Subartic

Rice

Continental 10 40 65 85 90 60
Mediterranean 10 40 65 85 90 60
Oceanic 10 40 65 85 90 60
Subartic

Forage

Continental 10 65 70 70 75 80 70 50
Mediterranean 10 10 70 70 80 50
Oceanic 10 65 70 70 75 80 70 50
Subartic

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

• 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);

• For consumption maize (sweet maize) and fodder maize (grain maize): FAO http://
www.fao.org/3/S2022E/s2022e07.htm (accessed on 15 December 2021);

• For oilseed (winter oilseed rape):

• Length of the growing stages: (Marjanović-Jeromela et al., 2019)
• Kc values: (Corlouer et al., 2019) (Figure 2 in their suppl. Material) [73]

• For rice: FAO paddy rice: http://www.fao.org/3/S2022E/s2022e07.htm (accessed on
15 December 2021)

• 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 S4). 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.

 

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.

Parameter Cover Crops (CC) Mulching (M)
Compaction

Reduction (CR)
Minimum

Tillage (MT)
Cover Crops + CR

& MT
Mulching + CR

& MT

General description

Annual crops: cover
crop in fallow

period
Permanent crops:

cover crop
in interrows

0.2 kg/m2 mulching
added each year

Decrease in use of
heavy machinery

Tillage depth
reduced by 40%

(except root crops);
40% stubble

cover left

Cover crops,
compaction

reduction and
minimum tillage

Mulching,
compaction

reduction and
minimum tillage

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
capacity * +25% +30% +10% = +25% +30%

Soil evaporation = −40% = = = −40%

Root depth = = +10% = +10% +10%

Vegetation

Water use (wue) Permanent
crops: +0.1 = = = Permanent

crops: +0.1 =

Active period
Annual crops: cover

crop in fallow
period (0.6 kg/m2)

= = =
Annual crops: cover

crop in fallow
period (0.6 kg/m2)

=

Soil Organic Matter
SOM

breakdown rate = = = Decreased in
tillage month

Decreased in
tillage month

Decreased in
tillage month

SOM added to soil 0.06 kg/m2

at tillage

0.01 kg/m2 each
month (except

tillage and harvest)
= = 0.06 kg/m2

at tillage

0.01 kg/m2 each
month (except

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:

• 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.

• 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).

• 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%).

• 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/y,
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.

 

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–S15). 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.

 

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

Land Use/Crop LUCAS PESERA
Ratio
(%)

LUCAS PESERA
Ratio
(%)

LUCAS PESERA
Ratio
(%)

LUCAS PESERA
Ratio
(%)

spring cereal 50.8 46.7 91.9 36.6 35.5 97.0 49.6 46.5 93.6 X X X
winter cereal 50.8 51.1 100.5 36.6 48.9 133.8 49.6 50.7 102.2 36.6 47.5 129.8
consumption

maize 46.7 52.2 111.6 51.4 41.0 79.8 47.3 57.7 121.9 X X X

fodder maize 46.7 57.6 123.2 51.4 40.6 79.1 47.3 65.8 139.1 51.4 12.5 24.3
pulses 46.0 51.4 111.8 44.2 43.3 97.9 55.4 52.6 94.9 44.2 41.5 93.9

sugarbeet 47.0 56.8 120.8 40.0 36.2 90.4 44.2 54.4 123.0 X X X
potato 47.0 61.9 131.8 40.0 40.8 101.8 44.2 71.3 161.4 40.0 15.2 37.9
oilseed 51.1 50.6 99.0 21.2 47.1 221.7 51.3 49.4 96.2 X X X

veg&flowers 41.1 39.9 97.0 29.9 29.2 97.5 49.8 43.3 86.9 29.9 23.8 79.5
forage 62.2 59.8 96.0 38.2 41.7 109.2 40.6 64.8 159.7 38.2 21.1 55.2
fallow (NA) 21.3 (NA) (NA) 12.1 (NA) (NA) 25.9 (NA) (NA) 8.1 (NA)

rice X X X 44.4 39.5 88.9 X X X X X X
vineyards X X X 35.3 46.4 131.6 47.9 57.9 121.0 35.3 38.9 110.4
fruit trees 90.1 58.1 64.5 49.8 42.1 84.6 57.8 61.1 105.6 49.8 37.5 75.3

olives X X X 46.6 42.7 91.5 X X X 46.6 38.5 82.5
pasture 149.1 105.7 70.9 72.8 103.0 141.4 103.2 109.0 105.6 72.8 95.8 131.5

broadleaf forest 174.1 147.6 84.8 111.2 119.4 107.5 134.3 149.4 111.3 111.2 84.4 75.9
coniferous

forest 267.8 180.8 67.5 135.0 138.5 102.6 176.4 205.0 116.2 135.0 130.5 96.7

mixed forest 216.6 189.2 87.4 151.0 147.3 97.5 204.0 207.3 101.6 151.0 140.3 92.9
scrub 276.0 107.5 38.9 99.6 108.6 109.1 126.9 109.3 86.2 99.6 107.2 107.7

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.

 
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
in LS.
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Figure 9. Simulated difference in erosion (t/ha/y) between 2020 and 2050 for each scenario.

48



Land 2022, 11, 943

 

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 S20), 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.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/land11060943/s1. Supplementary material S1: Input data maps for PESERA (Figures S1–S11;
Tables S1–S5). S2: EU scale maps of SOC stocks (Figures S12–S15) and erosion (Figures S16–S18) used
for model evaluation and SOC calibration data (Table S6). S3: Literature used to compile effect of
measures (Table S7); and S4: Simulated erosion maps for the baseline (2020; Figure S19), RttB, UP LS
and CS 2050 (Figure S20).
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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

• 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].

• 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).

 

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).

Variable
Weight

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.

• 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.

• 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].

• 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.

• 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

1. Workload 0.4

1.1. Increase/decrease in workload
Strongly increased, slightly increased,
remained the same, slightly decreased,
strongly decreased

1.2. Workload increase during already
existing work peaks Yes/no

2. Perceived risks 0.4

2.1. Health risk Yes/no
2.2. Economic risk Yes/no
2.3. Risk of crop failure Yes/no
2.4. Risk of conflicts Yes/no
2.5. Other risk Yes/no

3. Farmer’s reputation 0.2
3.1. The (positive/negative) effect SICS
application has on the reputation of
the farmer

Strongly improved, slightly improved,
remained the same, slightly worsened,
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:

• Labour costs indicate total person days, either paid or voluntary.
• 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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• Agricultural inputs include seeds, seedling, fertilizer, biocides, compost/manure, etc.
and indicate costs and quantities needed.

• 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 –Bene f it score =
(

ΔRCbene f its × Bene f it weight
)
− (ΔRCcosts × Cost weight) (1)

With ΔRCbenefits = Relative change in benefits, calculated as follows:

ΔRCbene f its =
∑ CostsSICS

∑ CostsControl
(2)

ΔRCcosts = Relative change in costs, calculated as follows:

ΔRCCosts =
∑ Bene f itsSICS

∑ Bene f itsControl
(3)

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:

Bene f it weight =
|Bene f itSICS − Bene f itControl |

|CostsSICS − CostsControl | + |Bene f itSICS − Bene f itControl | (4)

Cost weight = 1 − Bene f it 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 × 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−1 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−1 N, 17.5 kg ha−1 P, 53.1 kg ha−1 K, 8.1 kg ha−1 Mg
and 20 kg ha−1 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−1 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
SOC 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

Overall 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 β-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:

• Overall 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].

• An economic 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.

• 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.

• 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].

• 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.

• 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.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/land11050729/s1, File S1: Excel Tool for the evaluation of the sustainability, File S2: Excel
Tool to assess economic dimension, File S3: Results of the statistical analysis–study site in Tachen-
hausen, Germany.
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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
Advisory 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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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].

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:

• 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.

• 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.

Norway
Flanders
(Belgium)

Spain England (UK) Germany Poland

N1
Representative of
NLR (Norsk Land-
bruksrådgivning)
Norwegian
Agricultural
Advisory
Private independent/
FBO

BE1
Researcher and
extension worker
at Flemish
Research Station
Public

ES1
Technical director
of agriculture and
research at
association of
farmers and
livestock breeders
FBO

UK1
Independent
agricultural
consultant
Private independent

GR1
Representative
from the district
administration,
Agricultural Office
Baden-
Württemberg
Public

PL1
Professor of
Agriculture
Science (fruit and
veg sector)
Public

N2
Representative of
NLR
Private independent/
FBO

BE2
Adviser at the Soil
Service of Belgium
Private independent

ES2
Professor of soil
science and
agricultural
chemistry Public

UK2
National farm
advice manager for
a consultancy
Private commercial

GR2
Representative
from the district
administration,
Agricultural office,
Baden-
Württemberg
Public

PL2
Company
producing
micro-organisms
and organic
grower
Private commercial

N3
Representative of
NLR
Private independent/
FBO

BE3
Representative of
Flemish Land
Agency
Public

ES3
Research
coordinator at
research and
transfer centre
Private
commercial

GR3
Board member of
agricultural
cooperative,
Brandenburg
FBO

P3
Company adviser
for horticultural
sector
Private
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
Structure

Norway
Flanders
(Belgium)

Spain England (UK) Germany Poland

Integration/
fragmentation

Private or FBOs
cooperate and
obtain support
from public
bodies for SHM

Research
institutes
collaborate to
address soil
topics

Synergies exist,
but some
conflict and
tensions at farm
level

Horizontally
fragmented, but
partnerships
work with
shared goal

Synergies exist,
but some
tensions
between
individuals

Synergies
between public
ODRs and
private sector
but
some tensions

AAS capacity

Management
and
organisation for
SHM advice

Good
competence
and capacity to
deliver SHM
advice in NRL

Staff
recruitment and
retention is a
problem

Reliance on
short-term
project funding
reduces
continuity in
SHM advice

Good
organisation
and
management in
FBOs but
limited in
others

Culture of
short-term
projects limits
outlook

Absence of
planning for the
necessary SHM
skills and staff

Consultation
services are
well equipped,
good resources;
public
provision has
staffing
limitations
(Brandenburg)

Public sector
under-
resourced
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Table 3. Cont.

Governance
Structure

Norway
Flanders
(Belgium)

Spain England (UK) Germany Poland

Level of
advisers’ SHM
knowledge

Knowledge and
practical
experience

Soil fertility focus

Environmental
shift
Heterogeneity

Public bodies
not very
competent or
up to date,
main role in
supporting
fertilizer plans
and subsidies,
but high
standard of soil
management in
the
independent
NRL

Good
knowledge
where advice
linked to
research
institutes and
independent
services but
commercial
advisers have
fertilizer focus

Unequal
distribution of
quality SHM
advice

Commercial
and technical
advisers
emphasise
fertilizers

Big range in
SHM advice
quality, poor
quality linked
to new
untrained
advisers, good
quality in
organic sector

Some shift in
private adviser
activities to
environmental
and soil advice

Large range,
some excellent
advisers
(independent
and in non-
commercial
initiatives) but
commercial
advisers have
limited SHM
knowledge

Good quality
advice in
consultation
services, but
scope could be
wider

Commercial
advisers’
emphasis on
fertilization
conflicts with
advice for other
soil functions
but some shift
to supplying
environmental
advice

Commercial
advisers more
active than
public advisers
but ‘locked-in’
by company
goals

Knowledgeable
public advisers
move to private
sector

Organic sector
provides
high-quality
SHM advice

Advisers’
training for
SHM advice

Time and
resources for
soil training are
often limited

Good
attendance at
dissemination
events

Limited time
and resources
for soil training
in all sectors

Limited SHM
training of
technical
advisers
Need
continuing
education, as
college training
inadequate

No unified
certification

Good
attendance at
dissemination
events

Good quality
CPD courses
but could be
more integrated

Large range of
training
courses, with
more offered in
recent years

In-service
training in
ODRs

All sectors need
continuing
education to
update college
training

Attitudes and
motivations of
advisers and
AAS

Positive NRL
adviser
attitudes
towards the soil

High level of
personal
commitment to
SHM needed

Horticulture
advisers’
commercial
motivations can
lead to low
social value

A range of
attitudes linked
to advisers’
objectives

High level of
personal
commitment to
SHM needed

Balancing
commercial
advantage and
farmer respect
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-
Württemberg (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 landbruksrådgiving 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 Länder 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
Brwinów (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-Württemberg), 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-Württemberg); 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
a good 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 2–4 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 [
. . . ] 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.
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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.

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].
Adviser 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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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;
(ii) 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.
Bünemann 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

[50]

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.

[39]

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.

[52]

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.
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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.

[54]

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.

[56]

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).

[57]

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.

[59]

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.
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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 NH3 volatilization, NO3

- 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 use

Water conservation

Water management

RISE
Water consumption

monitoring and measures for
water saving

PG
Irrigation, flooding defences,

pollution reduction, water
management plan

SAFA
Reduction in water

consumption/water
withdrawals

Dependency of
water MASC Irrigation, water availability

and crop water requirements

Water security (supply without
compromising available water

resources)
Water Supply RISE Assessment at watershed scale

Availability of water resources
for irrigation, salinization Irrigated areas LADA Water availability

Water quality Water resources degradation

Overexploitation of
water resources,

salinization
LADA Groundwater level, salinity of

water, arsenic contamination

Clean water target SAFA Concentration of water
pollutants, wastewater quality

Water pollution Water pollution risks Pesticides losses in
water SMART NO3 losses, phosphorus losses
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Table 2. Cont.

Theme Sustainability Objectives Indicators Framework Parameters

Soil quality/land
degradation

Providing the best conditions
for plant growth and soil

health, preventing
land degradation

Physical and
chemical properties

SMART Compaction, erosion, SOC,
phosphorus fertility,

PG
Cultivation, winter grazing,
NPK management, cropland
diversity, livestock diversity

RISE Soil reaction

SAFA Soil chemical and biological
quality, soil structure and SOM

Identification of soil and
terrain resource degradation

Erosion,
compaction,

nutrient and soil
biodiversity decline,

salinization
(regional)

LADA

Texture, structure, pH, organic
matter, water

infiltration/drainage, salinity,
soil depth, landslides, gullies

RISE Soil erosion, soil compaction

SAFA
Soil health, soil degradation,

net loss/gain of
productive land

Soil resources
(local) LADA

Heavy metals, earthworms
(and others), root development,

soil color

Air quality
Prevention of air pollutant

emissions and elimination of
ozone-depleting substances

GHG, air quality

SMART
RISE

Air pollution, ozone
substances, GHG

SAFA

Emission of air pollutants,
number of days of the year

with exceedance of air
pollution values, GHG

emission, net direct
GHG emission

Climate

Climate resources:
Identification

drought/desertification and
water erosion

Aridity, soil
moisture,

variability of
rainfall

LADA
Aridity index, soil moisture

change, inter-annual and
trends of rainfall

Extreme events: Tsunami,
heavy rains, long drought,

dust storms, volcanic eruption,
water erosion

Extreme events,
disasters,

slope/land use
LADA

Salinization, landslides, loss of
land cover and biodiversity,

sedimentation

Plant and fertility

Fertilizer conservation:
Prevent nutrient losses

through runoff
Wastewater quality

SAFA Nitrate and orthophosphate
concentrations

RISE Material flows, fertilisation
Environment pollution

Abiotic resources conservation Phosphorus
conservation

SMART Crop phosphorus needs,
phosphorus use autonomy

PG Manure management

Reduce plant protection:
Reduce application of
chemicals and avoid

environmental exposure

Plant protection
Practices 1 RISE Agreement with integrated

plant protection principles
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Table 2. Cont.

Theme Sustainability Objectives Indicators Framework Parameters

Biodiversity

Preserve diversity of
ecosystem, species and generic

Species
conservation

practices

SMART
Conservation of functional

integrity, agrifood ecosystem, wild
and domesticated species

PG Conservation plan, habitats,
rare species

SAFA
Rare and endemic species, wild

animals, threatened or vulnerable
wild species

Functioning and
connectivity of

ecosystem services
SAFA

Ecosystem services, connectivity,
structural diversity of ecosystems,
land-use and land-cover change

Preserve vegetation resources

Changes in
land cover LADA Loss of biodiversity/loss

of nutrient

Genetic diversity SAFA

Wild genetic diversity,
agro-biodiversity, locally adapted

varieties/breeds, rare and
traditional varieties and breeds

Pesticide use intensity Number of doses MASC Sprayed area, insecticides,
fungicides, herbicides

Infrastructure and production Management and
production RISE

Management of biodiversity,
ecological infrastructure,
distribution of ecological

infrastructures, diversity and
intensity of

agricultural production

Energy use
(temperature

control/heating
storage and
transport)

Reduce GHG emissions and
energy consumption

Measures to
save energy

SAFA Implementation of
energy-saving practices

PG GHG emissions

Energy
conservation

MASC Energy consumption,
energetic efficiency

PG Energy balance, benchmarking

RISE Energy management, energy
intensity, greenhouse gas balance

Reduce non-renewable energy
sources’ dependency

Renewable energy

SAFA Net of energy use and share of
sustainable energy transports

Waste reduction and disposal SMART Prevention of waste generation

PG Disposal of farm waste

Energy use
Substrate and

containers

Reduce non- renewable
materials (e.g., plastic, peat)

Material
consumption

practices
SAFA

Replacement of non-renewable
materials by renewable and

recycled materials

Reduce non-degradable waste
such as plastic or
substrate (perlite)

Waste reduction
practices SAFA

Reducing the generation and
hazardousness of waste, food loss

and waste reduction
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Table 2. Cont.

Theme Sustainability Objectives Indicators Framework Parameters

Animal welfare Animal health and freedom
from stress

Animal health

SMART No thirst, hunger, injury
and disease

PG Housing, bio security, ability to
perform natural behaviors

RISE

Animal production
management, productivity of
animal production, possibility

of species-appropriate
behavior, living conditions,

animal health

SAFA
Reduce pain and injury risk of

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
contract/agreement

Workers’ stability and secure
workplace through

legal contracts

Employment relations;
ability to cover the costs of

production, right
of suppliers

SAFA Written agreements
with employees

No forced labor, no child
labor, freedom of

association and right
to bargaining

SMART Fair prices, rights of suppliers are
respected, labor rights

Workload
Allows overtime

compensation and quality
of life

Working hours RISE
Working hours and vacations

recorded and following
the standards

Wages
Wages provide reasonable life

quality for workers and
their families

Wage level SAFA SMART Living wage paid to employees

Profession and education,
financial situation, social

relations, personal
freedom and
values, health

RISE Education, economic and social
situation, health

Health safety

Occupational health and
operational difficulties:

Employees trained for health
and safety issues/complexity

of implementation

Safety and health
trainings/health risks

SAFA
MASC

Existence and effectiveness of
employees’ health and safety
training/physical constraints,
number of specific operations,

number of crops

Safe working environment Safety of workplace SAFA
SMART

Determining safe, clean and
healthy workplace

Medical care:
Access to affordable medical

care for employees;

Health coverage and
access to medical care SAFA Employees’ access to medical care;

and health provisions

Job satisfaction Attract and retain employees Capacity development
SAFA

Opportunities for employees’
capacity development

and advancement

PG Skills and knowledge

Decent livelihood

Enjoy a livelihood, time for
culture and nutritionally

adequate diet, training and
education, access to means

of production

Life quality, development
capacity, fair access to

production income
SMART

Adequate livelihood, possibilities
for education and training, access

to production means
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Table 3. Cont.

Theme Sustainability Objectives Indicators Framework Parameters

Gender equality/equity

No gender discrimination,
including support of working
mothers through provision of

maternity leave; non
discrimination, support to

vulnerable people

Gender equality equity,
non-discrimination

SAFA
SMART

Resources to provide women’s
pregnancy rights; equity and

non-discrimination policies are
taken into account; disadvantaged

groups are promoted
and supported.

Cultural diversity
Freedom of choice and

ownership in regards to
production means

Indigenous knowledge,
food sovereignty SMART

Intellectual property right, choice
and ownership in regards to

production means

Benefits to/investment in
local communities

Support of/invest in
local communities Community investment SAFA Investment to meet local

community needs

Employment Contribution to local/
regional employment Regional workforce

SAFA
MASC

History of preferential hiring of
local employees when possible,

PG Community engagement

Consumer safety Product free of highly
hazardous pesticides Hazardous pesticides SAFA

Any highly hazardous and other
pesticides used (safety to

consumers and pollinators)

Transparency
Consumer informed of

product quality through a
reliable labeling system

Product labeling SAFA Products are labeled in compliance
with standards

Table 4. Economic themes, sustainability objectives, indicators and measured parameters for each
framework considered in his study.

Theme Subtheme Sustainability Objectives Indicators Framework Parameters

Profitability

Net
income/autonomy

Maintain short- and
long-term profitability of
the business/autonomy

Net income
SAFA
MASC

SMART

Total revenue in the last five years
associated with producing goods

and services exceeds the
totalprofitability, independency,

efficiency, specific equipment needs

Liquidity, stability,
profitability,

indebtedness,
livelihood

RISE Liquidity, stability,
indebtedness, livelihood

Profitability per
unit product

Costs of unit production
are lower than the price
per unit of product sold

Cost of production
SAFA
RISE

Cost of the products sold per unit
of production, break-even point

PG Financial viability

Vulnerability

Stable production
Mitigating production risk

such as unpredictable
weather conditions and

pathogen infestation

Production risk 1

SAFA
Implementation of mechanisms to

prevent disruption of volume
or quality

SMART
Stable business relationships and

accessibility to alternative
procurement channels

SAFA

Procurement channels to reduce the
risk of having input supply

shortages, stability of
supplier relationships

Assortment

Diversified products to
ensure market growth,

product differentiation and
reduced risk (market,

weather, price)

Product
diversification SAFA

Number and type of products, as
well as development of

new products

Diversified income

Diversified income
structure (marketing

channels and buyers) and
production contract with

buyers

Stability of market SAFA
SMART

Activities to diversify marketing
channels and stabilize prices

Risk management
Internal and external risks
(e.g., demand uncertainty,

shortage in workforce)
Risk management

SAFA
SMART

RISE

Existence of a plan or a strategy to
reduce risks and adapt 3

PG Farm resilience

Liquidity Financial liquidity to
withstand shocks

Financial liquidity 2

/independence

RISE
MASC

SMART

Cash flow plus available credit
lines divided by average

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). Röös 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 Médière 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, NH3 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 Sector of Application
Completeness

Assessment
Framework Strengths (+) and Weaknesses (−)

Global
SAFA

• Qualitative and quantitative data (+)
• Complex framework, requires expert

in sustainability (−)

LADA
• Qualitative and quantitative data (+)
• Limited to people with multi-sectoral

expertise (−)

Farm

RISE
• Quantitative and qualitative data (+)
• High number of input data, requires

specialist (−)

PG
• Only qualitative data used (−)
• Scores of the indicators coming

directly from farmers answers (+)

MASC
• Highly adaptable for qualitative and

quantitative data (+)
• Requires researcher/professional (−)

SMART
• 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, Håkansson [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).

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

Sweden SLU
Loosening of subsoil

with and without
straw incorporation

Conventional tillage

United Kingdom GWCT Ploughing Direct drilling

Italy UNIPD
No-tillage with

deep-rooted cover
crop

Conventional tillage
with bare soil

between the main
crops

Romania ICPA Ploughing, subsoiling,
chisel

Disking as main soil
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 × 1.5 m plots for a total of 16 plots, that is, four
rotations × two compaction levels (compacted vs. uncompacted) × 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 (n = 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 1–4 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 × 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−1. 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 25–40 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
(0–25 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 × 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 cm2 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 m2) 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 × 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 cm3 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/BDref × 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 Håkansson [67], as follows:

BDref = 1.308 + 0.0119 clay + 0.0103 sand + 0.00018clay2 − 0.00008sand2

−0.00062siltOM − 0 : 00059sandOM
(2)

where OM is the soil organic matter. The RND index was derived from the ratio between
the BD and the critical bulk density (BDcrit), the latter being 1.6 g cm−3 for soils with
clay < 16.7% or calculated with the following equation for soils with clay > 16.7% [68]:

BDcrit = 1.75 − 0.0009 × 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−3 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 (30–40 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
(g cm−3)

TPV
(%)

AC
(%)

Ks
(m day−1)

Air Perm
(um2)

2015
Reference plot 1.59 ± 0.04 a 46.1 ± 1.3 a 3.42 ± 0.82 ns 7.56 × 10−2 ± 1.02 × 10−1 ns 11.9 ± 13.32 ns

Compacted plot 1.69 ± 0.04 b 40.0 ± 1.7 b 3.38 ± 1.03 ns 7.30 × 10−3 ± 5.1 × 10−3 ns 26.1 ± 20.90 ns
2020

Reference plot
Treatment 1 1.44 ± 0.06 ns¶ 48.2 ± 5.5 ns 6.31 ± 1.06 ns¶ 9.68 × 10−2 ± 1.24 × 10−1 ns 1.1 ± 1.30 ns
Treatment 2 1.45 ± 0.05 ns¶ 47.0 ± 1.5 ns 6.41 ± 0.53 ns¶ 3.00 × 10−3 ± 2.7 × 10−3 ns 0.1 ± 0.06 ns
Treatment 3 1.48 ± 0.04 ns¶ 45.2 ± 2.5 ns 5.19 ± 1.78 ns 1.5 × 10−3 ± 8.00 × 10−4 ns 0.1 ± 0.02 ns
Treatment 4 1.44 ± 0.03 ns¶ 46.7 ± 1.3 ns 5.33 ± 1.12 ns¶ 1.46 × 10−1 ± 2.18× 10−1 ns 1.5 ± 1.97 ns

Compacted plot
Treatment 1 1.63 ± 0.07 a 45.1 ± 3.3 ns¶ 9.68 ± 5.36 a 1.48 × 10−2 ± 1.71 × 10−2 ns 0.3 ± 0.27 ns¶
Treatment 2 1.55 ± 0.16 ab 42.5 ± 5.1 ns 6.58 ± 1.06 ab¶ 3.13 × 10−1 ± 3.76 × 10−1 ns 2.7 ± 3.16 ns¶
Treatment 3 1.68 ± 0.05 a 42.4 ± 1.7 ns 5.26 ± 0.86 b¶ 1.90 × 10−3 ± 1.00 × 10−3 ns¶ 0.1 ± 0.02 ns¶
Treatment 4 1.45 ± 0.07 b¶ 47.0 ± 1.8 ns¶ 5.71 ± 1.12 ab¶ 60.1× 10−1 ± 1.20 ns 3.8 ± 7.49 ns

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−1 and 1.2 um2 on average, respectively. Compared to 2015, there was a
significant reduction in Ks by 5.40 ×10−3 m day−1 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 um2. 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.

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
(1.46 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 × 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
in the topsoil.

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 × 10−2 m s−1

± 5.22 × 10−3, control dd: 1.53 × 10−2 m s−1 ± 6.25 × 10−3).
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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.

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−3

and was always significantly different from the other treatments, which had higher values
between 1.42 to 1.48 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 ×=10−8 m s−1) >TR4
(74 × 10−8 m s−1) >TR3 and TR1 (60 × 10−8 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−1 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.

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.

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 Håkansson [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].

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 μm) but a lower proportion of macro-
aggregates (>250 μm) [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 μm) and macro-aggregates
(250–2000 μm) 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-

141



Land 2022, 11, 223

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 10–20 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 S4). 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 μm), 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.

Figure 10. Scatterplot of fines 20 (% of particles below 20 μm) 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−1) [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/land11020223/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−1 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−1 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

152



Land 2022, 11, 187

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 Köpper–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◦46′ E 12◦41′ N 50◦12′ E 16◦20′
Altitude (m a.s.l.) 530 290

Long-term average total annual
precipitation (mm) 557 714

Long-term average annual
temperature (◦C) 7.5 8.5

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 × 4) arranged
in a completely randomized block design. The plot size is 8 m × 5.5 m (44 m2). 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 (kg ha−1) K (kg ha−1)

AS CAN t ha−1 N (kg ha−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−1) 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 t ha−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−1) 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 (0–20 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, Hillerød, 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 ((GYT-GYC)/N rate) where GYT represents
grain yield from the particular fertilizer treatment and GYC 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−1), and the highest in PS3+NPK (262 mg kg−1)
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−1 (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 C–E 58 ± 11 120 ± 5 A 1356 ± 36 B–D 114 ± 8 0.89 ± 0.02 0.11 ± 0.01
PK 5.93 ± 0.08 E 87 ± 13 205 ± 10 C 1331 ± 27 B–D 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 CD 76 ± 22 147 ± 4 AB 1447 ± 29 D 131 ± 10 0.88 ± 0.04 0.11 ± 0.01

PS1+PK 5.89 ± 0.10 E 97 ± 23 208 ± 10 C 1371 ± 56 CD 128 ± 12 0.94 ± 0.05 0.12 ± 0.01
PS1+NPK 5.73 ± 0.10 CD 98 ± 22 215 ± 11 C 1282 ± 52 A–D 124 ± 9 0.92 ± 0.02 0.12 ± 0.01

PS2 5.66 ± 0.08 B–E 76 ± 14 132 ± 4 A 1288 ± 52 A–D 124 ± 10 0.89 ± 0.04 0.11 ± 0.01
PS2+PK 5.70 ± 0.06 CD 94 ± 16 191 ± 9 C 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 C 1176 ± 34 A–C 113 ± 9 0.99 ± 0.05 0.13 ± 0.01
PS3 5.68 ± 0.10 C–E 93 ± 15 138 ± 4 A 1329 ± 53 B–D 125 ± 10 0.91 ± 0.05 0.12 ± 0.01

PS3+PK 5.83 ± 0.10 CD 111 ± 19 198 ± 6 C 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 C 1252 ± 32 A–D 121 ± 10 1.02 ± 0.03 0.12 ± 0.01
NPK E1 5.19 ± 0.10 A–C 76 ± 9 116 ± 6 A 1166 ± 19 AB 115 ± 11 0.94 ± 0.06 0.12 ± 0.01
NPK E2 5.18 ± 0.12 AB 78 ± 10 126 ± 8 A 1191 ± 50 A–C 118 ± 11 0.96 ± 0.05 0.12 ± 0.01
NPK E3 4.73 ± 0.17 A 82 ± 13 125 ± 7 A 1113 ± 29 A 104 ± 11 0.97 ± 0.06 0.12 ± 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.

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−1), 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 ± 0.09 C 124 ± 7 A 113 ± 7 A 1549 ± 31 D 73 ± 2 A–D 0.82 ± 0.03 0.10 ± 0.01
PK 5.67 ± 0.10 C 170 ± 7 A–D 200 ± 8 D–H 1430 ± 44 A–D 64 ± 3 AB 0.77 ± 0.03 0.10 ± 0.01

NPK 5.34 ± 0.12 A–C 174 ± 8 B–D 187 ± 10 C–G 1341 ± 64 A–D 58 ± 3 A 0.80 ± 0.03 0.10 ± 0.01
PS1 5.59 ± 0.06 BC 194 ± 7 C–F 168 ± 7 B–E 1465 ± 41 B–D 80 ± 2 CD 0.81 ± 0.03 0.11 ± 0.01

PS1+PK 5.51 ± 0.08 A–C 225 ± 6 E–H 234 ± 13 GH 1330 ± 46 A–D 73 ± 3 B–D 0.78 ± 0.03 0.11 ± 0.01
PS1+NPK 5.27 ± 0.09 A–C 231 ± 7 F–H 221 ± 11 F–H 1277 ± 27 A–C 68 ± 2 A–C 0.81 ± 0.03 0.11 ± 0.01

PS2 5.57 ± 0.10 BC 174 ± 8 B–D 151 ± 9 A–D 1468 ± 41 B–D 79 ± 2 CD 0.82 ± 0.03 0.11 ± 0.01
PS2+PK 5.52 ± 0.09 A–C 216 ± 12 D–H 228 ± 8 GH 1355 ± 41 A–D 72 ± 3 A–D 0.79 ± 0.02 0.11 ± 0.01

PS2+NPK 5.04 ± 0.20 A 214 ± 9 D–G 207 ± 10 E–H 1213 ± 48 A 65 ± 3 A–C 0.82 ± 0.03 0.11 ± 0.01
PS3 5.57 ± 0.05 BC 197 ± 10 C–F 170 ± 11 B–F 1476 ± 52 B–D 83 ± 3 D 0.84 ± 0.04 0.11 ± 0.01

PS3+PK 5.63 ± 0.05 BC 246 ± 13 GH 252 ± 14 H 1486 ± 54 CD 82 ± 4 D 0.83 ± 0.02 0.11 ± 0.01
PS3+NPK 5.12 ± 0.10 AB 262 ± 14 H 237 ± 18 GH 1249 ± 29 AB 75 ± 4 B–D 0.87 ± 0.04 0.11 ± 0.01
NPK E1 5.39 ± 0.12 A–C 139 ± 7 AB 112 ± 8 A 1443 ± 60 A–D 68 ± 3 A–C 0.80 ± 0.02 0.10 ± 0.01
NPK E2 5.44 ± 0.10 A–C 164 ± 9 A–C 135 ± 7 AB 1409 ± 53 A–D 64 ± 2 AB 0.79 ± 0.03 0.11 ± 0.01
NPK E3 5.14 ± 0.14 AB 183 ± 12 B–E 146 ± 10 A–C 1303 ± 54 A–C 61 ± 3 AB 0.81 ± 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 4.33 1 <0.05 5.55 ± 0.04 B 5.44 ± 0.03 A

P (mg kg−1) 302 1 <0.001 87 ± 4 A 194 ± 5 B

K (mg kg−1) 6.80 1 <0.01 166 ± 4 A 184 ± 5 B

Ca (mg kg−1) 26 1 <0.001 1283 ± 13 A 1386 ± 15 B

Mg (mg kg−1) 312 1 <0.001 120 ± 3 B 71 ± 1 A

Cox (%) 76 1 <0.001 0.93 ± 0.01 B 0.81 ± 0.01 A

Ntot (%) 25 1 <0.001 0.12 ± 0.01 B 0.11 ± 0.01 A

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−1), and the highest in PS1+NPK treatment (215 mg kg−1) (Table 4).
In Kostelec, the K mean concentration varied from 112 mg kg−1 (NPK E1) to 252 mg kg−1

(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−1 (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−1 (PS2+NPK)
to 1549 mg kg−1 (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.

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.

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−1 (NPK E3)
to 131 mg kg−1 (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−1 (NPK) to 83 mg kg−1 (PS3) (Table 5).
Comparing the groups of fertilizers, the lowest mean concentrations were recorded in NPK

159



Land 2022, 11, 187

and PK treatments, while the highest concentrations occurred in PS and PS+PK treatments
(Figure 2b).

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).

 

 
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 t ha−1 (PS1, PS1+PK) to
3.7 t ha−1 (PS3+NPK), while in 2020 the grain yields varied from 2.5 t ha−1 (NPK E2) to
3.3 t ha−1 (PS1+PK). Straw yields varied from 2.1 t ha−1 (PS1) to 3.2 t ha−1 (PS3+NPK) in
2017 and from 3.0 t ha−1 (PS1+NPK, NPK E1) to 3.6 t ha−1 (PS2) (Table S5).

According to MANOVA results, the FP grain yields were significantly affected by year
(d.f. = 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−1 (Control) to 2.3 t ha−1 (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−1 N, with a corresponding yield of 2.08 t ha−1 (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−1 (PS1 and PS1+PK) to 2.8 t ha−1

(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−1. At this rate, the maximal average yield of
2.4 t ha−1 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−1, corresponding with the yield
2.71 t ha−1 (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−1)
in Pernolec.

Fertilizer
Treatment

Grain Yield (t ha−1)
Mean

Straw Yield (t ha−1)
Mean

2017 2020 2017 2020

Control 1.2 ± 0.2 A 2.0 ± 0.1 AB 1.6 ± 0.2 A 1.3 ± 0.1 A 1.5 ± 0.1 A 1.4 ± 0.1 A

PK 1.4 ± 0.2 ABC 2.1 ± 0.2 ABCD 1.8 ± 0.2 AB 1.5 ± 0.1 A 1.9 ± 0.2 AB 1.7 ± 0.2 ABC

NPK 1.9 ± 0.3 ABC 2.3 ± 0.1 ABCDE 2.1 ± 0.2 ABCD 2.3 ± 0.6 A 1.9 ± 0.2 AB 2.1 ± 0.3 ABC

PS1 1.7 ± 0.1 ABC 1.8 ± 0.2 A 1.8 ± 0.1 AB 1.7 ± 0.4 A 1.7 ± 0.1 AB 1.7 ± 0.2 ABC

PS1+PK 1.3 ± 0.1 A 1.8 ± 0.1 A 1.6 ± 0.1 A 1.4 ± 0.1 A 1.7 ± 0.1 AB 1.5 ± 0.1 AB

PS1+NPK 1.7 ± 0.1 ABC 2.3 ± 0.1 ABCDE 2.0 ± 0.1 ABC 1.7 ± 0.1 A 1.8 ± 0.1 AB 1.8 ± 0.1 ABC

PS2 1.8 ± 0.2 ABC 1.9 ± 0.2 A 1.9 ± 0.1 AB 1.8 ± 0.4 A 1.7 ± 0.1 AB 1.7 ± 0.2 ABC

PS2+PK 1.7 ± 0.1 ABC 2.2 ± 0.1 ABCDE 2.0 ± 0.1 ABC 2.0 ± 0.1 A 1.9 ± 0.1 AB 2.0 ± 0.1 ABC

PS2+NPK 1.8 ± 0.3 ABC 2.6 ± 0.1 BCDE 2.2 ± 0.2 BCD 2.2 ± 0.2 A 2.1 ± 0.2 AB 2.1 ± 0.1 ABC

PS3 2.1 ± 0.2 ABC 2.1 ± 0.1 ABCD 2.1 ± 0.1 ABCD 2.4 ± 0.2 A 1.9 ± 0.1 AB 2.2 ± 0.1 BC

PS3+PK 2.3 ± 0.1 C 2.1 ± 0.2 ABC 2.2 ± 0.1 BCD 2.5 ± 0.2 A 1.8 ± 0.1 AB 2.1 ± 0.2 ABC

PS3+NPK 2.2 ± 0.1 BC 2.7 ± 0.1 CDE 2.4 ± 0.1 CD 2.5 ± 0.1 A 2.1 ± 0.1 AB 2.3 ± 0.1 C

NPK E1 1.8 ± 0.2 ABC 2.7 ± 0.1 DE 2.2 ± 0.2 BCD 1.7 ± 0.2 A 2.4 ± 0.2 B 2.1 ± 0.3 ABC

NPK E2 1.9 ± 0.1 ABC 2.7 ± 0.1 DE 2.3 ± 0.2 BCD 2.1 ± 0.2 A 2.3 ± 0.1 AB 2.2 ± 0.1 BC

NPK E3 2.3 ± 0.2 C 2.8 ± 0.1 E 2.5 ± 0.1 D 2.6 ± 0.2 A 2.2 ± 0.2 AB 2.4 ± 0.2 C

Mean 1.8 ± 0.1 a 2.3 ± 0.1 b 2.0 ± 0.1 a 1.9 ± 0.1 a

Mean values (±SE) followed by the same letter (a vertical comparison of the effect of fertilizer treatment) are not
statistically significantly different.

 

Figure 6. FP grain yield (t ha−1) 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−1 with an average
yield of 2.1 t ha−1) and PS3 (51 t ha−1 with an average yield of 2.1 t ha−1) 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
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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−1. As the variation from normal conditions increases, the nutrient requirement increases
as the optimal dose of N raised to 97 kg ha−1 N in 2017. Another important finding is that
mineral fertilizers can be completely replaced by PS applied in higher doses (51 t ha−1 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/land11020187/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.
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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 1 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, Østfold, 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

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 Landbruksrådgivning Øst 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-q-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 A1, 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 1. Professions of UK respondents loading onto the four problem factor groups.

Figure 2. Professions of Norwegian respondents loading onto the three problem factor groups.
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Figure 3. Professions of UK respondents loading onto the three solution factor groups.

Figure 4. Professions of Norwegian respondents loading onto the three solution factor groups.

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

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 Bjørlo 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 incentives
in particular were bribes to coerce farmers into doing what others wanted them to do.
Whilst there may be some reluctance to agree to using financial incentives to change farmer
behaviour, when implemented effectively they can change farmer practices and produce
environmental benefits [43,44]. Leaving the EU presents the UK with an opportunity to
revolutionise its agricultural policy and there is increasing interest in paying farmers for
providing essential ecosystem services, such as soil conservation [45]. However, given that
numerous respondents in this study did not think financial incentives could reduce soil
degradation, it remains to be seen whether this approach will result in widespread uptake
or improved soil quality, especially if fundamental drivers of soil degradation are not also
addressed. For instance, if supermarkets and consumers continue to demand and purchase
high quantities of cheap food, it is possible that market forces may undermine Government
incentive schemes if the profits that farmers make from selling cheap, industrially produced
food is more than what the Government can offer. Equally, supermarkets often tie farmers
into contracts, with strict requirements on yield and quality of food but limited attention
towards how the food is produced. To transform the agri-food system, supermarkets
should also start requiring food to be produced in more sustainable ways [46].

Many UK and Norwegian farmers in this study did not believe EU or national in-
tervention could improve soils, such as by creating a Soils Directive, and were also more
negative with regards to any form of regulation. In the UK, this may partly be as a result
of longstanding political opposition on the issue; in 2012, UK Ministers, together with
Germany, France, The Netherlands and Austria, played a key role in blocking an EU Soils
Directive [47]. This finding may also reflect the fact that the survey ran during the EU
“Brexit” negotiations, where trust in the EU by many UK citizens was at a low point, sug-
gesting a lack of faith in the UK’s national application of the Common Agricultural Policy.
It remains to be seen whether trust can be rebuilt between British farmers and policymakers
as the UK leaves the EU and devises its own agricultural policies.

Investing in education and training were additional solutions that respondents agreed
upon. Research has shown that education and training can be effective at spreading
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awareness and encouraging uptake of more sustainable agricultural practices [48,49]. This
may work best with farmers who are more open to learning about new topics and trying
novel approaches. However, conservative farmers that are more risk-averse and less willing
to change might be less likely to attend training events or try new practices [50] and it could
be these farmers that are undertaking the most soil-damaging practices. Targeting these
hard-to-reach farmers has continued to prove challenging though one way of addressing
this could be to frame knowledge exchange events in ways that attract these farmers by
focusing on aspects they are passionate about, and where the event is run by someone
whom they respect and relate to. In particular, local peer-to-peer knowledge exchange
events have been identified as offering scope for strengthening land manager networks and
facilitating behavioural change through exchange of information and experience [51,52].
Opportunities also exist to use online information and integration to influence farmers
to change their practice, although more understanding of the effectiveness of this type
of approach is needed [53]. Another solution agreed upon by many respondents was to
undertake more research in collaboration with farmers. The EU Horizon 2020 funding
stream promotes a “multi-actor approach” for agricultural research projects, encouraging a
diverse group of stakeholders to work together rather than research solely (or primarily)
being conducted by researchers [54]. This approach has many potential benefits as it can
help promote greater understanding of different perspectives, building empathy, making
research more robust, allowing quicker uptake of results, and grounding research in non-
academic stakeholder experiences and knowledge, as well as others [55]. This collaborative
approach may help stakeholders understand their epistemological differences and build
trust to work together more effectively and respect each other’s perspectives. Given
that one of the suggested solutions was to build trust between regulators and farmers,
future work should encourage participation of regulators in multi-actor projects. In the
Norwegian study, “farmer demonstration days” were considered as an agreed solution to
improve soil quality, where researchers, extension services and farmers meet to discuss both
theoretical and practical aspects of agriculture. These demonstration days could provide
a valuable opportunity for knowledge exchange between researchers, farmers and other
stakeholders. Similar events are held in the UK and have been met with great success from
the farmers attending.

5. Conclusions

To be well-informed, equitable and transparent, public decision-making needs to
take account of the views of the diversity of stakeholders they may affect. Taking these
perspectives into account in the policy-making process has the potential to deliver more
robust decisions that are more beneficial for the environment and more likely to be im-
plemented. Participatory processes can elicit a more inclusive range of perspectives than
conventional consultative processes, revealing areas of consensus and disagreement that
can inform policy development. They are also able to capture the likely social impacts of
proposed policies, which are often neglected in favour of more straightforward environ-
mental and economic appraisals [16,56]. Using Q-methodology to analyse the diversity of
stakeholder perspectives, this research has shown that there is a diversity of perspectives on
the problems of and solutions to declining soil quality across different professions within
the agricultural sector in Norway and the UK.

Respondents in both countries found it easy to agree on the physical processes causing
declining soil quality (in both countries, respondents pointed to a loss of soil structure and
soil erosion). It was harder to find agreement on social and political drivers from the Q-
sorts, other than a lack of knowledge exchange in the UK. However, analysis of qualitative
data suggested that respondents primarily blamed industrial agricultural methods, which
in turn, they blamed on market drivers, pushing down farm-gate prices (in the UK) and
regional specialisation policies (in Norway). Although these drivers of declining soil
quality are difficult to address in the short term, and market drivers are outside the control
of policymakers, the proposed solutions were pragmatic, focusing primarily on capacity
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building measures. Respondents in both countries agreed that more investment was needed
in training for farmers to use soil-improving cropping systems as an important way of
improving soil quality. Respondents in Norway were strongly against the use of financial
penalties to encourage the use of these cropping systems, and UK respondents believed that
trust needed to be built between farmers and regulators, and that more research needed
to be done in collaboration with farmers. It may be possible to engage farmers in action
research, including the development of evidence-based training tailored to their needs,
drawing on both existing evidence and findings from new collaborative research.

Linked to this, future research might integrate Q methodology with Delphi or other
structured elicitation techniques to further triangulate and increase the robustness of
findings. Notwithstanding the sample sizes in this research, it is important to note that Q
methodology alone should not be used to generalise findings to wider populations, and
so these findings should be seen as indicative of the views of some stakeholders in each
country, rather than as an authoritative representation of the perspectives of these groups
in general.

Although the limited sample makes generalisations inadvisable at national scales,
areas of consensus are important for policy makers to understand, as they could indicate
areas where policy changes might be more acceptable to a range of stakeholders, addressing
the challenge of creating scalable policy options noted by the UNCCD. It is also useful to
highlight areas of disagreement among stakeholders, so that further consultation can be
carried out to understand the basis of dissensus and its likely impact on policy implemen-
tation. For example, in this study we highlighted the diverging view of perspectives on the
underlying causes of declining soil quality, which variously blamed farmers (who “have
lost touch with their land and are afraid of doing something new”), policy-makers (“it’s
EU policy, not farmers that are to blame”), the industrial system (“intensive agriculture to
blame”) and external forces from society (“pressure to produce at low cost”).

As policymakers in the UK, Norway and other countries grapple with the challenge of
feeding growing populations whilst mitigating climate change, there is a greater need than
ever before to develop policies that are acceptable, implementable and sustainable. In this
context, policies are needed that address the widest possible range of real and perceived
causes of declining soil quality, harnessing the adaptability and ingenuity of farmers and
other stakeholders as part of wider attempts to address systemic market and policy failures
across the agri-food system. Dealing with soil degradation requires tackling underlying
drivers and this study has highlighted numerous solutions for addressing this challenge
that are acceptable to a range of agricultural stakeholders.
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Appendix A

Table A1. Average Q-sort scores for each of the four factors identified as causing problems by UK
respondents. Bold text indicates distinguishing statement at p < 0.01, underlined text indicates
consensus statements; scale from −2 (strongly disagree) to 2 (strongly agree).

Factors *
Problem Statements

1 2 3 4

1. Intensive use of soil without time to recover 2 1 0 0

2. Farmers have lost touch with the finer understandings of their land −2 1 0 −1

3. Land is being used for other purposes (e.g., grazing, housing, industry) 0 −1 −1 0

4. Farming has become too quantified, where everything is measured −2 −1 −1 0

5. Some traditions of farmers are damaging 0 2 0 1

6. Loss of organic matter 2 2 2 1

7. Loss of numbers of wild species 1 −2 −2 −1

8. Compaction 1 2 1 2

9. Soil has become too saline −2 −2 −2 −2

10. Declining level of nutrient status 0 −2 1 1

11. Overuse of inputs like fertilisers and pesticides 2 0 −1 −2

12. Repetition of the same crops, year after year 1 0 1 −1

13. No crop cover over winter 1 1 0 −1

14. Loss of soil structure 2 2 2 2

15. Choice of cropping system 0 0 1 2

16. Soil tillage practices 0 2 2 2

17. Use of contractors 0 1 −2 0

18. Poor management 1 1 1 −1

19. Farms have become too big 0 −1 −2 0

20. Soil erosion 2 1 2 1

21. Pressure on farmers to produce at low cost 2 0 2 2

22. Product demand from national/international markets 1 0 0 0

23. Help towards improvements are not given fairly −1 0 0 1

24. Too many regulations −2 −2 0 −1

25. Too much environmental regulation −2 −2 0 −1

26. EU agriculture policy −2 −1 2 −1

27. Farmers have little control over their own land −1 −2 −1 −2

28. Climate change 1 −1 −1 1

29. Natural local climate constraints −1 −1 1 0

30. Topography of the land −1 −1 1 1

31. Flooding or drought 0 −1 0 2

32. Disconnection between nature-based land use and modern agriculture 1 0 −1 0

33. I do not believe that there is a problem with soil quality −2 −2 −2 0

34. Distrust of new technology and innovations by farmers −1 0 −2 −2

35. Fear of doing something new 0 1 0 −1

36. Distrust of scientists by farmers −1 −1 −1 −2

37. Not enough knowledge being shared 1 1 1 1

38. Distrust between farmers and advisory agencies −1 0 −1 −2

39. Peer pressure by others −1 0 −2 0

40. Lack of knowledge of soils amongst farmers −1 2 1 −2

41. Modern machinery is too large 0 1 −1 1

* Factor 1—Intensive use of agriculture to blame; Factor 2—Farmers need to change; Factor 3—It’s the EU, not
farmers that are to blame; Factor 4—Weather and farm management are to blame.
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Table A2. Average Q-sort scores for each of the four factors identified as causing problems by
Norwegian respondents. Bold text indicates distinguishing statement at p < 0.01, underlined text
indicates consensus statements; scale from −2 (strongly disagree) to 2 (strongly agree).

Factors *
Problem Statements

5 6 7

1. Compaction 2 2 2

2. Soil tillage practices 1 0 1

3. Lack of use of new technology and innovation −2 0 −1

4. Use of entrepreneurs/external labor 1 −1 1

5. Intensive agriculture 0 −1 1

6. Not enough knowledge being shared between scientists, advisors and farmers 0 1 −1

7. Loss of organic matter 2 2 2

8. Soil erosion 2 2 2

9. Fear of new practices and methods 0 1 −1

10. Local weather and climate −1 1 1

11. Lack of knowledge on soil amongst farmers 2 1 0

12. Distrust of scientists among farmers −1 0 −2

13. Soil being used to other types of agriculture (grazing/other plant production) −2 −1 −2

14. Flooding or drought −2 0 1

15. Pressure on farmer to produce at a low cost 0 1 2

16. Soil has become too saline −1 −1 −2

17. Too little advise on soil-improving practices 1 2 −1

18. Peer-pressure −1 −1 −2

19. Choice of crops (cropping system) 1 1 1

20. Too much environmental regulation −2 0 −1

21. Too large farms −1 −2 1

22. Topography of the land −2 0 0

23. Loss of number of wild species 0 −2 −2

24. Farmer has lost touch with the finer understandings of his land 1 −2 −1

25. Climate change −2 0 1

26. Farmer has little control over his own land −1 −2 −1

27. Loss of soil structure 2 1 2

28. Declining level of nutrient status 0 1 0

29. Distrust between farmers and advisory agencies −1 −1 −2

30. Poor management of the soil/poor soil management 2 1 0

31. Too many regulations −2 0 −1

32. Overuse of input like fertilizers and pesticides 1 −2 −1

33. I do not believe that there is a problem with soil quality −2 2 −2

34. No cover crop over winter 1 2 1

35. Disconnection between nature-based agriculture and the modern agriculture 1 −1 0

36. Product demand from the market 0 −2 0

37. Repetition of same crop year after year; monoculture 2 1 2

38. Norwegian agriculture policy 1 −1 0

39. Agriculture has become too quantified, everything is to be measured −1 −1 0

40. High share of leased land 0 −2 1

41. Too little drained land 0 2 2

* Factor 5—Disconnection between farmer and soil; Factor 6—There is no problem with the soil quality; Factor
7—Industrialised agriculture to blame.
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Table A3. Average Q-sort scores for each of the four factors identified as solutions to improve soil by
UK respondents. Bold text indicates distinguishing statement at p < 0.01, underlined text indicates
consensus statements; scale from −2 (strongly disagree) to 2 (strongly agree).

Factors *
Solution Statements

A B C

1. Keep updated with new information 0 0 1

2. Farmers have already tried lots of things to improve soil quality −2 −1 −2

3. More technical advice 0 1 0

4. Setting examples for others to follow 1 0 2

5. More innovations −1 1 1

6. Maintain small farms 0 −1 −2

7. More resting/recuperating of the soil 1 −1 0

8. More organic fertilizer 0 0 0

9. More cover crops 2 0 −1

10. More diverse crop rotations 2 0 1

11. Less use of heavy machinery 0 0 0

12. Change the timing of tillage −1 −1 −1

13. Reduce compaction 1 2 2

14. More targeted mapping of soil threats 0 0 0

15. More financial incentives 0 1 0

16. More financial penalties −2 −2 0

17. More freedom for the farmers to manage their land as they would like −1 0 −2

18. More regulation −2 −2 −1

19. More regulations for water usage −1 −1 −1

20. More regulations for fertilisers −1 −2 −1

21. We cannot do much as the problems are down to natural climatic constraints −2 −1 −2

22. Creation of a ‘Soil Directive’ 0 −2 0

23. More research done in collaboration with farmers 2 2 2

24. More traditional farming practices −1 −1 −1

25. Improve trust between farmers and regulatory agencies 1 1 1

26. Society needs to change focus on what we want to produce 0 0 −1

27. Increase early adoption of new techniques −1 0 1

28. More farmer demonstration days 0 1 1

29. More communication and sharing of knowledge between farmers locally 0 2 1

30. More local knowledge and experience 1 0 0

31. More education on environmental impacts 2 1 0

32. Increase knowledge of difference in soil types 1 2 0

33. Invest in education and training 1 1 2

34. There is not much new we can do in terms of soil management −2 −2 −1

* Factor A—Anti-innovation; Factor B—Yes to financial incentives but no to regulation; Factor C—Early adoption
of new techniques.
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Table A4. Average Q-sort scores for each of the four factors identified as solutions to improve soil
by Norwegian respondents. Bold text indicates distinguishing statement at p < 0.01, underlined text
indicates consensus statements; scale from −2 (strongly disagree) to 2 (strongly agree).

Factor *
Solution Statements

D E F

1. Regulation of water usage −2 −1 −1

2. More communication and sharing of knowledge between farmers on a local level 0 1 1

3. Investment in education and training 1 1 2

4. More use of local knowledge and experience 0 2 1

5. More regulations for fertilizers −1 −2 0

6. Less use of heavy machinery 0 1 2

7. More farmer demonstration days 1 1 1

8. Change the timing of tillage 0 0 −1

9. More research done in collaboration with farmers 1 0 1

10. More small farms −2 0 0

11. Improve trust between farmers and institutions −1 0 0

12. More resting soil −1 −2 −2

13. More innovations 1 −1 −1

14. There is not much we can do with the cropping system to improve soil quality −2 −2 −2

15. Financial incentives (e.g., subsidies) 0 −1 0

16. Setting examples to follow; if a farmer succeed others will follow 2 1 0

17. Creation of a “Soil Directive” −1 −2 −1

18. There is not much we can do; problems are due to natural, climatic variations. −2 −1 −2

19. Less soil compaction 2 2 2

20. More diverse crop rotation 2 2 2

21. More education on environmental impacts 1 0 1

22. More use of organic fertilizer 1 1 0

23. Society needs to change focus on what farmers produce 0 0 2

24. More advise on use of technology 0 0 −1

25. More targeted mapping of soil threats 1 0 0

26. More cover crops 2 −1 2

27. More traditional agricultural practices −1 −1 −1

28. Farmers have already tried many measures to improve soil quality −1 1 −1

29. More regulation −1 −2 −2

30. Increase adoption of new techniques 0 −1 −1

31. More financial penalties −2 −2 −2

32. Increase knowledge of soil types 2 2 1

33. Reduce share of leased land −2 1 0

34. More drainage of agricultural land 2 2 1

* Factor D-Farmer-led demonstration and innovation; Factor E—No more regulation or financial incentives; Factor
F—Society needs to change.

Note

1 Definitions of “soil quality” vary and have progressed from focusing solely on agricultural production to a broader focus on
the complex and diverse functions that soil confers to humans and our environment [7]. Here, we define soil quality as “the
capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal
productivity, maintain or enhance water and air quality, and support human health and habitation. In short, the capacity of the
soil to function” [57].
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Abstract: The evaluation of the effects of conservation agriculture during the transition from con-
ventional tillage to no-tillage requires numerous indicators to be considered. For this purpose, we
monitored changes in a multi-parameter dataset during a three-year experiment that combined
three tillage intensities (conventional tillage—CT; minimum tillage—MT; and no tillage—NT) with
three soil covering managements (tillage radish cover crop, winter wheat cover crop and bare soil).
Using a multivariate analysis, we developed a Relative Sustainability Index (RSI) based on 11 physical
(e.g., bulk density and penetration resistance), chemical (e.g., soil organic carbon and pH) and biolog-
ical soil properties (e.g., earthworm density) to evaluate cropping systems sustainability. The RSI was
most affected by tillage intensity showing higher RSI values (i.e., better performances) in reduced
tillage systems. Specifically, the RSI under NT was 42% greater than that of CT and 13% greater than
that of MT. Soil covering had little impact on the RSI. Among the tested parameters, the RSI was
increased most by saturated hydraulic conductivity (+193%) and earthworm density (+339%) across
CT and NT treatments. Our results suggest that conservation agriculture and, particularly, reduced
tillage systems, have the potential to increase farm environmental and agronomic sustainability.

Keywords: conservation agriculture; no tillage; minimum tillage; principal component analysis; soil
quality index; scoring function

1. Introduction

Conservation agriculture (CA) is defined as the combination of three principles: min-
imum soil disturbance, permanent soil organic cover and species diversification [1]. In
addition to reduced management costs, CA is considered to enhance several ecosystem
services (soil physical and chemical properties, soil organic carbon (SOC) and biodiver-
sity) [2,3] and prevent some soil threats, such as soil erosion [4–6]. Although some of
these benefits remain less clear, the worldwide adoption of CA grew to 12.5% of 2016
global cropland. At odds with this growth trend, there is Europe, where only 5% of total
cropland is managed with CA. One country that has shown particularly limited adoption
is Italy—less than 300,000 ha (a mere 2% of agricultural land) [7].

Adoption of CA has suffered slow adoption in Europe primarily due to the long
transition time that follows conversion from conventional agriculture to CA before the
positive effects are realized. During this crucial period, farmers face reduced crop yield
and new equipment expenditures. Conversion to CA also requires a permanent soil
covering, yet another cost that would benefit from economic support [8]. A key reason
behind the very limited use of CA in Italian agrosystems is the long conversion time
(more than five years) required before SOC, fertility and nutrient use efficiency benefits are
observed [9,10]. Most studies have considered transition time only as a function of a single
parameter, such as soil physical properties [11,12], yield [13–16], net SOC stock [17,18], soil
aggregate stability, biodiversity, SOC content [19,20], earthworm density, or CO2 emission
reduction [21]. However, each of these exerts an effect on CA. As such, we suggest that a
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holistic approach capable of considering multiple parameters may provide a better means
by which to evaluate the effects of CA.

The ecosystem services delivered by CA justify the need for environmentally conscious
policymakers to consider economic support of the practice through a program such as the
“green payments” program already established in the EU Common Agricultural Policy [22].
Alternatively, yield losses and/or other negative effects could be limited or compensated
in some fashion. In either case, programs such as these are effective only when the protocol
created is adaptable to local area specifics but is assessable by a single, consistent set of
criteria. As is often described in the literature, an index represents one way to determine
and compare the impact of different management strategies [23,24]. Similarly, the literature
has already identified potential soil quality indicators to comprise an index: physical soil
property measures (soil hydraulics, penetration resistance and bulk density) [25,26] plus
soil aggregate stability [27], soil C and N content and earthworm density [28]. Masto
et al. [29] previously adopted a statistical methodology to determine the impact of different
management strategies on soil quality and sustainability using a dataset with several
soil characteristics, as reported above. The method involved the application of a principal
component analysis (PCA) to derive the weight of the different soil parameters in promoting
the sustainability. The derived index showed to be a reliable tool to assess the performance
and impacts of alternative land uses and soil management options [23].

In this work, three tillage systems (no tillage, minimum tillage and conventional
tillage) were combined with three different soil coverings (tillage radish cover crop, winter
wheat cover crop and bare soil) to compare the effects of the main factors influencing
CA. A multivariate approach was applied to a dataset of soil quality measures taken
during a north Italy field experiment. A sustainability index was calculated to compare
different treatment combinations as a function of the selected indicator variability. This
study aims to determine the short-term effects of reduced tillage and cover crops on the
studied parameters. Our starting hypothesis was that a reduced tillage system combined
with tillage radish could minimize conversion time side effects and improve soil properties.

2. Materials and Methods

2.1. Experimental Design

The experiment took place at the Lucio Toniolo Experimental Farm, located in Legnaro,
PD (NE Italy, 45◦21 N; 11◦58 E; 6 m a.s.l.). The climate is sub-humid with average tempera-
tures between −1.5 ◦C in January and 27.2 ◦C in July. Rainfalls reaches 850 mm annually.
The reference evapotranspiration of 945 mm exceeds rainfalls from April to September.
The highest rainfalls occur in June (100 m) and October (90 mm), while winter is the driest
season, with average rainfalls of 55 mm. The shallow water table ranges in depth from
0.5 to 2 m, with the lowest values recorded in summer.

This three-year study began in spring 2018 and it was designed as a split plot, with
two replicates located in a flat area of the Po valley with a maximum slope < 1%. An area
of 2 ha was divided into 18 plots, each of 1111 m2. The soil at the site was Fluvi-Calcaric
Cambisol [30] with a silt loam texture (25% clay, 50% silt and 25% sand), pH 7.8, 27.1%
total carbonate content, <1% soil organic carbon and <0.1% total nitrogen. The main factor
was tillage intensity; conventional tillage (CT) was ploughed to a depth of 30 cm and then
harrowed to 15 cm; minimum tillage (MT) was tilled with a harrow to a depth of 15 cm;
no tillage (NT) was sod seeded with a zero-tillage seeder that included double disks for
furrow openers and press wheels for soil firming. Within each main plot, three winter
soil coverings were randomized: tillage radish (TR—Raphanus sativus L.), winter wheat
(WW—Triticum aestivum L.) and bare soil (BS), where only residues from the previous year
crop were present. Cover crops were seeded on residues from the main crop (always maize,
Zea mays L.) in autumn 2018 and 2019.
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2.2. Field Surveys

According to what already reported by other authors [25–28], we chose 11 parameters
to monitor changes in the condition of the soil: (1) aggregate stability (Agg), (2) bulk
density (BD), (3) soil organic carbon (C org), (4) total nitrogen (N tot), (5) gravimetric water
content (GWC), (6) penetration resistance (PR), (7) saturated hydraulic conductivity (Ks),
(8) earthworm density (EW), (9) mineral nitrogen (N min), (10) pH and (11) cash crop yield
(Y) (Table 1). Each parameter was measured at two times. The first measurement was taken
immediately after treatment combination adoption (T0) and the second measurement was
taken at the end of the three-year period (T1). The method for determination of the measure
of each parameter is fully described below.

Table 1. Soil parameters used for building the sustainability index.

Soil Characteristic Acronym Used Method

Aggregate stability Agg Slakes application
Bulk density BD Core method

Soil organic carbon C org CNS Elemental analyzer
Total nitrogen N tot CNS Elemental analyzer

Gravimetric water content GWC Oven-dried at 105 ◦C
Penetration resistance PR Penetrologger

Saturated hydraulic conductivity Ks Infiltrometer method
Earthworm density EW Mustard extraction

Mineral nitrogen N min Photometry
pH pH 1 M KCl solution

Cash crop yield Y Oven-dried at 105 ◦C

A continuous value of Agg was determined. The Slakes application [27,31] was em-
ployed to soil aggregates in the 0.2–2 cm fraction sampled from the 0–20 cm soil layer. Three
randomly selected aggregates from each sample were analyzed to produce a dimensionless
slaking index (SI) with a value ≥ 0. A low SI (<3) represents high aggregate stability, an SI
between 3 and 7 indicates moderate stability and an SI above 7 indicates that the aggregates
have low stability. The SI was calculated as the difference between the wet aggregate area
(At) after 10 min of water saturation and the dry aggregate area (At0), divided by At0, as
shown in Equation (1).

SI =
At − At0

At0
(1)

The BD was measured in the 0–30 cm soil profile with the core method as described in
Grossman and Reinsch [32]. In the studied soil, a BD value of 1.55 g cm−3 was considered
a limiting condition to the growth of plant roots [33].

The C org and N tot contents were determined from shallow layer (0–30 cm) sam-
ples. The soil was air-dried and sieved at 0.5 mm and the inorganic carbon was re-
moved with an acid pre-treatment. Subsequently, SOC and N tot were determined with
flash combustion using a CNS Elemental analyzer (Vario Max; Analysensysteme GmbH,
Langenselbold, Germany).

Four sampling areas were selected in each plot for GWC and PR measurements. For
the PR, the measures were taken from the 0–20 cm layer and an average PR value was
calculated. In each sampling area, a disturbed soil core was collected, weighted and oven-
dried at 105 ◦C to determine the GWC. For the PR, the measures were taken in each plot
with the Penetrologger (Eijkelkamp, Giesbeek, The Netherland). A PR value above 2.5 MPa
was considered a limiting factor to plant root growth [34].

The Ks [35] was determined using the double-ring infiltrometer method [36]. An inner
ring of 60 cm in diameter was used to measure both the row and inter-row areas in the
tillage radish plots. The water within the inner ring was maintained at two levels. As one
operator measured the time for the water to reach the lower level from the upper level,
another added more water to reach the upper level again. This operation was replicated
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until the infiltration rate was constant. Meanwhile, the water in the external ring was
suspended at an average value between the two levels of the inner ring. Then, the data
were analyzed by fitting Philip’s equations [37] with the Solver Add-in for Microsoft Excel.

i(t) = S × t1/2 + At (2)

v(t) =
S × t

2

−1/2
+ A (3)

where i(t) is the water infiltration (m) and v(t) is the infiltration rate (m s−1) expressed as a
function of time. Parameters S and A were calculated with the Solver add-in by minimizing
the square difference between predicted and observed i(t) and v(t). The Ks was calculated
as below and m is a constant equal to 2/3.

Ks =
A
m

(4)

The EW was measured with a mustard extraction as described by Valckx et al. [38].
The measure was performed by taking an earthworm extraction from the soil surface using
a water-suspended mustard in a 25 × 25 cm2 frame [38]. First, we used the number of
extracted earthworms to score soil quality [39]. A density of <4 was the lowest score or
of “poor” soil condition, a density of 4–8 was “moderate” soil condition and the highest
density (>8) was “good” soil condition. Then, the earthworm count was compared amongst
the different treatment combinations.

We estimated N min based on samples of the 0–20 cm soil layer. Concentrations
of ammonium, nitrite and nitrate were measured using a KCl extraction followed by
photometry, as described by García-Robledo et al. [40].

Soil pH was determined from air dried, mixed and sieved (0.5 mm) samples taken
from the 0–20 cm soil layer. The pH was measured in a 1 M KCl solution (1:2.5 solid–liquid
ratio) [41].

At the end of the cropping season, four biomass samples were collected from each
subplot to determine maize grain Y at 27% grain moisture. After the harvest, a grain sample
was oven dried at 105 ◦C until it maintained a constant weight to determine the dry mass
weight. The Y was expressed in kilogram of dry grain per hectare.

2.3. Data Analyses and Statistics

First, a mixed-effects model was constructed using tillage, covering and their inter-
actions in each monitored year. These effects were treated as fixed effects and the block
effects as random. Post hoc pairwise comparisons of least-squares means were performed,
using Tukey’s method to adjust for multiple comparisons, with a p < 0.05.

To calculate a soil quality index, we relied on the method of Masto et al. [23,29]. The
procedure requires that indicators be selected once they have been surveyed and normalized
with linear or non-linear scoring functions, so that higher scores represent better-performing
observations. The indicators and their weights were determined using the multivariate
analysis method of Andrews et al. [42,43], which has been adapted and applied to many
studies evaluating long-term practices [23,29], combinations of various crop rotations under
different residue managements [44,45] and different tillage practices [46].

The sampled data were normalized with a linear scoring function [23] by applying
Equations (5)–(7).

S =
xij − xi min

xi max − xi min
(5)

S = − xij − xi max

xi max − xi min
(6)

S =

∣∣xij − 7
∣∣

|xi − 7|max − |xi − 7|min
(7)
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where xi max is the maximum value measured during the i parameter survey and xi min is
the smallest. The S value ranges between 0 and 1, which corresponds to the minimum and
maximum values, respectively, observed in the i parameter. Equation (5) was used as a
“more is better” scoring function for C org, GWC, Ks, EW, N min, N tot and Y. Alternatively,
the parameters Agg, BD and PR were scored with Equation (6), according to a “less is
better” approach. Finally, Equation (7) was used for pH scoring. In this way, treatment
combinations that most favorably impacted the parameters scored highest.

The Relative Sustainability Index (RSI) was calculated as the sum of the observed pa-
rameter score, weighted with principal component analysis weighting factors (PWs). These
factors were calculated according to Masto et al. [23], by selecting principal components
(PCs) explaining at least 10% of the variability. Within each of these PCs, loaded factors
(values > |0.2|) were selected and their correlations were measured [43]. In cases in which
r > |0.8|, only the factor with the highest load was used for RSI calculation, together with
all the other uncorrelated highly loaded factors. The percentage of variation explained by
each PC provided the PW. The RSI was calculated with Equation (8).

RSI =
n

∑
i=1

PWi × Si (8)

To normalize the RSI, this was divided by the highest RSI value obtained. A total
of 36 RSIs were calculated, one per treatment combination replication in survey T0 and
another in T1.

RSI differences amongst tillage, soil covering and their interaction were tested with
mixed models and the model with the smallest Akaike’s Information Criterion (AIC) was
selected [47]. Post hoc pairwise comparisons of least-squares means were performed using
Tukey’s method to adjust for multiple comparisons, with a p < 0.05. The statistical analyses
were performed using Microsoft Excel 2016, ClustVis [48] and SAS (SAS Institute Inc., Cary,
NC, USA), version 5.1.

3. Results

Below is a description of the mixed model results comparing changes in the 11 indi-
cators of soil quality under the tested treatments over time (Table 2). Table 3 reports the
average 2019 and 2020 values used to calculate RSIs.

Table 2. Comparison of p-values among the linear mixed-effect model analysis of observed param-
eters (Agg—aggregate stability; BD—bulk density; C org—soil organic carbon; N tot—soil total
nitrogen; GWC—gravimetric water content; PR—penetration resistance; Ks—saturated hydraulic
conductivity; EW—earthworm density; N min—mineral nitrogen; Y—yield, CC—cover crop).

Time Tillage CC Time × Till Time × CC Till × CC Time × Till × CC

Agg 0.001 ** 0.111 0.831 0.928 0.507 0.227 0.112
BD 0.155 0.663 0.529 0.043 * 0.469 0.672 0.536

C org 0.715 0.633 0.99 0.35 0.768 0.778 0.882
N tot 0.052 0.188 0.87 0.192 0.545 0.766 0.566
GWC <0.001 *** 0.255 0.03 * 0.443 0.808 0.677 0.915

PR <0.001 *** 0.004 ** 0.635 0.334 0.815 0.724 0.877
Ks 0.034 * 0.046 * 0.187 0.39 0.564 0.252 0.68

EW 0.389 0.126 0.104 0.006 ** 0.199 0.161 0.796
N min 0.451 0.906 0.615 0.169 0.589 0.343 0.501

pH <0.001 *** 0.159 0.982 0.551 0.612 0.867 0.97
Y 0.84 0.904 0.68 0.76 0.378 0.648 0.589

*, ** and *** mean p < 0.05, <0.01 and <0.001, respectively.
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Table 3. Descriptive statistics of studied parameters for T0 and T1 surveys (Agg—aggregate stability;
BD—bulk density; C org—soil organic carbon; N tot—soil total nitrogen; GWC—gravimetric water
content; PR—penetration resistance; Ks—saturated hydraulic conductivity; EW—earthworm density;
N min—mineral nitrogen; St. Dev.—standard deviation; Var. Coef.—coefficient of variation).

Survey Parameter Unit Min Max Mean St. Dev. Var. Coef.

T0

Agg - 2.90 6.10 4.50 0.92 0.20
BD g cm−3 1.32 1.54 1.43 0.05 0.04

C org % 0.64 1.07 0.83 0.12 0.14
N tot ‰ 0.08 1.09 0.88 0.23 0.26
GWC % 20 25 23 1 0.06

PR MPa 0.46 1.05 0.70 0.14 0.21
Ks m s−1 6.7 × 10−6 1.7 × 10−4 3.4 × 10−5 3.9 × 10−5 1.15

EW n m−2 0.00 16.00 6.17 4.69 0.76
N min mg kg−1 12.85 46.90 22.97 8.91 0.39

pH - 7.22 7.49 7.36 0.06 0.008
Yield Mg ha−1 5.41 12.36 9.96 1.62 0.16

T1

Agg - 0.30 5.20 3.19 1.25 0.39
BD g cm−3 1.36 1.56 1.46 0.06 0.04

C org % 0.63 1.01 0.82 0.11 0.13
N tot ‰ 0.74 1.21 1.01 0.13 0.13
GWC % 12 22 16 2 0.13

PR MPa 0.96 1.96 1.34 0.25 0.19
Ks m s−1 8.2 × 10−6 3.6 × 10−4 8.7 × 10−5 1.0 × 10−4 1.16

EW n m−2 0.00 20.00 7.44 6.21 0.83
N min mg kg−1 6.49 53.41 26.11 14.37 0.55

pH - 6.93 7.22 7.05 0.08 0.01
Yield Mg ha−1 9.28 11.09 10.04 0.55 0.05

All values of Agg, GWC and pH were significantly higher at T0 than at T1. Overall,
average Agg was higher at T0 (4.50) than at T1 (3.19) and was characterized as of high-to-
moderate stability, according to the SI range (0.3–6.1). At T0, all aggregate samples, except
one, were of moderate stability (>3). The exception sample value, collected from treatment
combination MT–BS, was 2.9. During the T1 survey, 44% of the observations were <3 (high
aggregate stability) and the lowest values found in the reduced tillage systems (NT and
MT). The measures of the GWC were strictly related to the pedoclimatic conditions on the
sampling dates, with the GWC ranging from 20% to 25% in 2019 and from 12% to 22%
in 2020. Cover crop treatments showed significant effects on GWC, as demonstrated by
values of 18.3% in TR and 20.3% in WW, while BS had an intermediate value. Despite
the significantly lower pH values at T0 versus T1, the pH values maintained non-critical
averages (7.36 in T0 and 7.05 in T1).

Between survey T0 and T1, the N tot, PR and Ks all increased significantly. The N tot
rose from 0.88‰ at T0 to 1.01‰ at T1. During each survey, the N tot maintained a modest
variability, as indicated by the coefficients of variation at T0 (0.26) and T1 (0.13). The PR
test values differed from an average of 0.70 MPa in T0 to an average of 1.34 MPa in T1. In
the second survey, the PR was not only significantly higher, but also more variable than
it was in T0; all of the PR observations across both surveys registered below the 2.5 MPa
threshold. The PR differences occurred among the differing tillage systems. Specifically,
CT reported a PR of 0.88 MPa, which proved to be significantly higher than the 1.18 MPa
observed under NT. The PR result under MT was intermediate. Last, the Ks increased by
158% between T0 (3.4 × 10−5 m s−1) and T1 (8.7 × 10−5 m s−1). This parameter showed
it was also significantly impacted by different tillage intensities, as shown by the average
Ks values of 1.05 × 10−4 m s−1 in NT, 3.58 × 10−5 m s−1 in CT and an intermediate value
in MT.

The parameters BD and EW were affected by the time × tillage interaction. Despite a
generally limited effect on the BD across the various treatments, the average BD under CT
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was lower during the first survey (1.39 g cm−3) versus the second survey (1.45 g cm−3). All
measures of BD were less than its 1.55 g cm−3 threshold. In the case of EW, variability was
higher; it ranged between 0 and 20 (Table 3). Among the treatments, during T1, the EW
differences were, on average, significantly higher (13.17) under NT than under CT (3.00).

The C org, Y and N min parameters resulted as unaffected by all factors tested. On
average, the C org was 0.83% and displayed only a modest variability within and between
the surveys. Similarly, Y (10.00 Mg ha−1, on average) and N min (24.54 mg kg−1, on average)
showed no significance among the treatment combinations in the different surveys.

The values presented in Table 3 were normalized. The average of each treatment combi-
nation is presented in Figure 1 (biochemical parameters) and Figure 2 (physical parameters).
Normalization allows higher values to be associated with parameter improvement and
wider areas to represent an overall sustainability increment.

 
Figure 1. Biochemical parameter scores with average values in treatment combinations at T0
and T1 surveys (C org—soil organic carbon; N tot—soil total nitrogen; EW—earthworm den-
sity; N min—mineral nitrogen; Y—yield; BS—bare soil; TR—tillage radish; WW—winter wheat;
CT—conventional tillage; MT—minimum tillage; NT—no tillage).
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Figure 2. Physical parameter scores with average values in treatment combinations in T0
and T1 surveys (Agg—aggregate stability; BD—bulk density; GWC—gravimetric water content;
PR—penetration resistance; Ks—saturated hydraulic conductivity; BS—bare soil; TR—tillage radish;
WW—winter wheat; CT—conventional tillage; MT—minimum tillage; NT—no tillage).

Figures 1 and 2 show sizeable differences between the treatment combinations and two
years. The correlation matrix between each parameter pair is shown in Table 4. As expected,
the highest correlation resulted between the C org and N tot (r = 0.924). To identify which
of these highly-correlated parameters could best explain treatment variation—and warrant
inclusion in the RSI—we performed a principal component analysis (PCA).
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Table 4. Correlation among the parameters. Boldface indicates highly-correlated values (r > 0.8).
(Agg—aggregate stability; BD—bulk density; C org—soil organic carbon; N tot—soil total nitrogen;
GWC—gravimetric water content; PR—penetration resistance; Ks—saturated hydraulic conductivity;
EW—earthworm density; N min—mineral nitrogen).

Agg BD C Org EW GWC Ks N Min N Tot pH PR Y

Agg 1
BD −0.009 1

C org −0.131 0.187 1
EW −0.274 0.234 0.033 1

GWC −0.152 0.299 0.340 0.175 1
Ks 0.032 0.007 0.256 0.310 0.344 1

N min 0.385 0.091 −0.134 −0.153 −0.150 −0.037 1
N tot −0.165 0.100 0.924 0.038 0.328 0.293 −0.022 1
pH −0.091 −0.038 0.000 −0.069 0.115 0.100 0.182 −0.086 1
PR 0.038 0.130 −0.203 −0.271 0.012 −0.469 −0.154 −0.284 −0.039 1
Y −0.043 −0.119 0.009 0.104 −0.182 0.144 −0.088 0.024 −0.037 −0.332 1

Table 5 presents the PCA results. Each parameter was weighted according to the
treatment variation it explained based on the PC selected.

Table 5. Results of principal component analysis under different treatment combination in different
years. Bolded factor loads were considered as high. Bolded and underlined factor loads determined
for each variable were those the PC considered in the RSI calculation. The weighting factor (PW)
for each variable was equal to the variation explained by the PC selected (Agg—aggregate stability;
BD—bulk density; C org—soil organic carbon; N tot—soil total nitrogen; GWC—gravimetric water
content; PR—penetration resistance; Ks—saturated hydraulic conductivity; EW—earthworm density;
N min—mineral nitrogen).

Principal Components PC-1 PC-2 PC-3 PC-4

Variation 0.241 0.149 0.135 0.117
Cumulative variation 0.241 0.389 0.525 0.642

Agg 0.196 −0.134 0.536 −0.062
BD 0.153 −0.355 −0.072 0.420

C org 0.498 −0.168 −0.222 −0.334
EW 0.248 0.131 0.403 0.441

GWC 0.355 −0.326 −0.018 0.302
Ks 0.378 0.304 −0.057 0.277

N min −0.124 0.176 −0.601 0.265
N tot 0.504 −0.097 −0.244 −0.357
pH 0.010 0.046 −0.169 0.338
PR −0.291 −0.563 0.073 −0.056
Y 0.079 0.502 0.196 −0.174

The parameters selected in PC-1 were N tot, GWC, Ks and EW. It showed that the
N tot should be included in the RSI because it had the highest weight and it was highly
correlated to the C org. In PC-2, the highly weighted parameters BD, PR and Y were all
included in the RSI as they showed limited correlation amongst them. In PC-3, the Agg
and N min were selected and, in PC-4, the pH was chosen. The PW of each parameter
equals the variability explained by the PC selected for that specific factor (0.241 for PC-1,
0.149 for PC-2, 0.135 for PC-3 and 0.117 for PC-4). To normalize the RSI, the sum of the
weighted parameters was divided by the highest sum of the weighted parameters reported
across all observations (1.247). The value was reported under NT–WW (block 1) during the
survey T0. The lowest value (0.358) was under CT–TR (block 2) in T1. Then, the resulting
RSI was expressed by Equation (9).

RSI =
0.135Agg + 0.149BD + 0.241EW + 0.241GWC + 0.241Ks + 0.135Nmin + 0.241N tot + 0.117pH + 0.149PR + 0.149Y

1.247
(9)

Then, mixed models were calculated on RSI values, considering the combination of
tillage and CC effects. The smallest AIC for the RSI linear mixed model was obtained when
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intercept, tillage and covering were tested as fixed factors and block was a random factor.
Table 6 summarizes the p-values for the selected mixed model.

Table 6. Linear mixed model analysis of RSI output.

T0 T1

Effect F p F p

Intercept 75.81 <0.001 *** 81.27 <0.001 ***
Tillage 0.20 0.823 5.57 0.019 *

Covering 2.48 0.125 2.88 0.095
* and *** mean p < 0.05 and <0.001, respectively.

Figure 3 displays the average RSIs and corresponding contribution from each parame-
ter to it under each treatment. On average, the GWC (0.09) and N tot (0.13) impacted the
RSI the most. During T1, their highest scores were in NT (GWC = 0.10 and N tot = 0.13.)
Observations of the Ks and EW were notable in that they contributed little to the RSI, yet
they were high variable across treatments. During T1, the Ks averaged 0.08 under NT,
which was three-fold the value observed under MT (0.03) or CT (0.02). Similarly, the EW
averaged 0.13 in NT, which was double that in MT (0.06) and four-fold the value observed
in CT (0.03).

Figure 3. Average RSIs and the contribution of each parameter under different tillage systems in different
years. Agg—aggregate stability; BD—bulk density; GWC—gravimetric water content; Ks—saturated
hydraulic conductivity; PR—penetration resistance; EW—earthworm density; N min—mineral nitrogen;
N tot—soil total nitrogen; Y—yield; CT—conventional tillage; MT—minimum tillage; NT—no tillage.
Different letters represent significant differences of the global treatment RSI at p < 0.05.
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No clear effect was observed for the soil covering treatment in either year and no
statistical difference was found. During both years under TR, the minimum RSI was always
reached (0.604 in 2019 and 0.583 in 2020). Higher values were recorded for coverings WW
in 2019 and BS in 2020 (Figure 4).

Figure 4. Average RSI values for different soil coverings in different years. BS—bare soil;
TR—tillage radish; WW—winter wheat. Agg—aggregate stability; BD—bulk density;
GWC—gravimetric water content; Ks—saturated hydraulic conductivity; PR—penetration resis-
tance; EW—earthworm density; N min—mineral nitrogen; N tot—soil total nitrogen; Y—yield;
CT—conventional tillage; MT—minimum tillage; NT—no tillage. Different letters represent signifi-
cant differences of the global treatment RSI at p < 0.05.

4. Discussion

In total, 8 of the 11 parameters revealed significant differences between T0 and T1,
which suggests that the soil system was changing regardless of the agronomic management
applied. One potential cause of these results may be attributed to differences in the
environmental conditions at T0 and T1. The GWC was found to be affected by CC. For those
who have considered the effects of CC on water cycle, the results have been contradictory.
Some have found CC to improve water balance and water availability [49], while others
have reported soil water reduction in the subsequent crop after CC termination [50]. Our
results, where under WW, the GWC was high and, under TR, the GWC was at its lowest,
are also mixed. In both instances, the results can be equally attributed to either better
maintenance of soil water content by WW, or higher soil evaporation under TR, due to a
lesser soil covering.

The different tillage systems seemed to have a stronger impact, especially on some
parameters (BD, PR, Ks and EW), if compared to the CC effect. For example, under CT,
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the BD and PR values aligned with previous evidence that reduced tillage systems can
increase soil strength and bulk density, especially in the first years [51]. The reduced BD
and PR values were expected tillage effects under CT, given that that they were measured
in the 0–20 cm soil layer. This result may also relate to instrument resolution; the PR can be
negatively impacted by the high spatial variability in reduced tillage systems [52]. However,
in this instance, the BD almost always remained below its threshold (1.55 g cm−3) for which
it is known to limit plant root growth in silty loam soils [33]. Similarly, the PR values
(0.46–1.96 MPa) fell well below the growth-limiting threshold usually set at 2.5 MPa [34].
Finally, the soil at the experimental site was characterized as having structural inertia in
response to management changes [53–55].

Although the BD and PR values worsened slightly (i.e., soil strength increased) under
reduced tillage systems, soil function was improved in NT, as evidenced by an increase
of 193% in the Ks under NT relative to CT during T1. The highest EW value observed in
this study may relate to the significant contributions made by earthworm bio-macropores
to soil function and, in particular, air and water permeability, even in compacted soils.
Earthworms can improve soil structure [56] and hydraulic properties [57] by burrowing and
casting. The positive effects of NT on the EW confirm previous studies evidence [9,21,28].

The computation of the RSI highlighted the strong effect of the EW as it carried a high
relative weight (11%, on average) within the index. It also showed a high variability among
the different treatments. Additional parameters that averaged high impact on the RSI were
the N tot (17%), GWC, (14%) and PR (11%), which, together, accounted for more than 50%
of the RSI. In addition to the EW, RSI variability was driven by the Ks, N min and Y. In
absolute terms, the Ks, N min and Y each had impacts of less than 10% on the RSI, but their
variation coefficients ranged the highest (from 0.67 for the Ks to 0.31 for the Y). These two
conditions suggest that this set of measures should be considered as the best to indicate soil
quality changes during the conversion from conventional tillage to CA. The RSI results also
suggest that the Ks and EW are two sustainability indicators that were positively affected
by NT.

The final RSI score evaluates the combination of tillage intensity and soil covering with
an holistic approach [58]. It showed the positive effect of NT relative to conventional tillage,
even in the short term. Midway between the effects of CT and NT lay the MT system. It
mitigated the negative effects on some physical parameters but lessened the improvements
of biological parameters (EW). According to Issaka et al. [59], both the minimum and
no-tillage systems resulted as sustainable techniques, considering the nutrient cycles. As
opposed to other studies [9,10,54], clear negative effects during the transition time were
not detected during this three-year experiment.

The limited differences reported for the various soil coverings may be evidence that
a CC effect was masked by the strong effects of reduced tillage systems combined with
the sampling methods used. It may be that longer conversion times or different sampling
methods are required for CC effects to be revealed [60]. Even in the case of BS, a partial
and spontaneous covering (weeds) may impact soil properties in a way not unlike that
expected with CCs. Indeed, “spontaneous CCs” have provided ecosystem services [61–65].
In the presence of plant residues, microbial diversity [66] could improve to the point where
it should even be considered an environmental sustainability indicator [67].

From another perspective, the modest TR effect could relate to sample timing. Most
TR-related benefits (improved porosity and pore connectivity) occur only when taproots
are degraded. At the same time, reports of short-term tillage radish benefits exist [68,69],
although it seems that longer timespans are necessary to exploit the benefits of TR on soil
properties [10]. The bio-tillage effect, which was expected from TR, as suggested by Zhang
et al. [70], could be masked by earthworm activity in NT treatments, irrespectively from
the presence of TR. The high EW values observed under NT could have performed this
bio-tillage effect, which, according to the authors, could replace conventional tillage.

Then, even if the WW fibrous root apparatus had a limited impact on soil struc-
ture, many Poaceae CC improved overall system sustainability [71,72] and aggregate
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stability [49,65,73], or nutrient cycles [74–76]. The combination of grass CC and reduced
tillage systems proved to positively affect environmental sustainability, fostering biodiver-
sity [77] and soil organic carbon [78].

In conclusion, to correctly evaluate the CA effect, especially on the soil system, a
holistic approach should be preferred to consider both the effects on crop production and
on soil physics, considering different soil function at different scales.

5. Conclusions

A multivariate analysis of selected sustainability indicators revealed a positive effect
of reduced tillage systems management and in particular NT, despite the limited variation
in the observed parameters.

Despite the short-term nature of the experiment, this positive result could be the
effect of an increase in soil fauna activity, which could have contributed to soil structure
improvement. As a consequence, NT seemed to impact soil physics and soil habitability,
resulting in a significantly higher RSI value. The effect of CC was limited, but WW reported
the best results in the short term, with a tendency to have higher RSI values.

Collectively, the combination of NT and WW can be considered the most promising in
terms of sustainability improvement. In this study, only the short-term effect of different
tillage and soil cover management results were reported. Therefore, longer-term experi-
ments could better evaluate the effects of these management systems on some parameters,
such as soil organic carbon, which have a wide impact on sustainability, yet vary little in
the short term.

In conclusion, to correctly evaluate the CA effect, especially on the soil system, a
holistic approach should be preferred to consider both the effects on crop production and
on soil physics, considering different soil functions at different scales.

Author Contributions: Conceptualization, F.S.; formal analysis, F.S. and A.B.; investigation, F.S.
and R.P.; data curation, F.S. and R.P.; writing—original draft preparation, F.S.; writing—review and
editing, F.S., I.P., R.P. and A.B.; visualization, F.S.; supervision, I.P. and A.B.; project administra-
tion, A.B.; funding acquisition, A.B. All authors have read and agreed to the published version of
the manuscript.

Funding: The research leading to these results received funding from the European Union HORI-
ZON2020 Programme for Research, Technological Development and Demonstration under Grant
Agreement No. 677407 (SOILCARE Project).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Rudi Hessel (project coordinator) and all the work package leaders for
coordinating the project activities.

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

References

1. FAO. Conservation Agriculture. Available online: http://www.fao.org/conservation-agriculture/en/ (accessed on
23 October 2020).

2. Baveye, P.C.; Rangel, D.; Jacobson, A.R.; Laba, M.; Darnault, C.; Otten, W.; Radulovich, R.; Camargo, F.A.O. From Dust Bowl to
Dust Bowl: Soils are Still Very Much a Frontier of Science. Soil Sci. Soc. Am. J. 2011, 75, 2037–2048. [CrossRef]

3. Palm, C.; Blanco-Canqui, H.; DeClerck, F.; Gatere, L.; Grace, P. Conservation agriculture and ecosystem services: An overview.
Agric. Ecosyst. Environ. 2014, 187, 87–105. [CrossRef]

4. Komissarov, M.A.; Klik, A. The Impact of no-Till, conservation, and conventional tillage systems on erosion and soil properties in
lower Austria. Eurasian Soil Sci. 2020, 53, 503–511. [CrossRef]

5. Carretta, L.; Tarolli, P.; Cardinali, A.; Nasta, P.; Romano, N.; Masin, R. Evaluation of runoff and soil erosion under conventional
tillage and no-till management: A case study in northeast Italy. Catena 2021, 197, 104972. [CrossRef]

205



Land 2022, 11, 55

6. Derpsch, R.; Friedrich, T.; Kassam, A.; Li, H. Current status of adoption of no-till farming in the world and some of its main
benefits. Int. J. Agric. Biol. Eng. 2010, 3, 1–25.

7. Kassam, A.; Friedrich, T.; Derpsch, R. Global spread of Conservation Agriculture. Int. J. Environ. Stud. 2019, 76, 29–51. [CrossRef]
8. Troccoli, A.; Maddaluno, C.; Mucci, M.; Russo, M.; Rinaldi, M. Is it appropriate to support the farmers for adopting conservation

agriculture? Economic and environmental impact assessment. Ital. J. Agron. 2015, 10, 169–177. [CrossRef]
9. Perego, A.; Rocca, A.; Cattivelli, V.; Tabaglio, V.; Fiorini, A.; Barbieri, S.; Schillaci, C.; Chiodini, M.E.; Brenna, S.; Acutis, M.

Agro-environmental aspects of conservation agriculture compared to conventional systems: A 3-year experience on 20 farms in
the Po valley (Northern Italy). Agric. Syst. 2019, 168, 73–87. [CrossRef]

10. Camarotto, C.; Piccoli, I.; Dal Ferro, N.; Polese, R.; Chiarini, F.; Furlan, L.; Morari, F. Have we reached the turning point? Looking
for evidence of SOC increase under conservation agriculture and cover crop practices. Eur. J. Soil Sci. 2020, 71, 1050–1063.
[CrossRef]

11. Piccoli, I.; Camarotto, C.; Lazzaro, B.; Furlan, L.; Morari, F. Conservation agriculture had a poor impact on the soil porosity of
Veneto low-lying plain silty soils after a 5-year transition period. Land Degrad. Dev. 2017, 28, 2039–2050. [CrossRef]

12. Pagnani, G.; Galieni, A.; D’Egidio, S.; Visioli, G.; Stagnari, F.; Pisante, M. Effect of soil tillage and crop sequence on grain yield and
quality of durum wheat in Mediterranean areas. Agronomy 2019, 9, 488.

13. Piccoli, I.; Lazzaro, B.; Furlan, L.; Berti, A.; Morari, F. Examining crop root apparatus traits in a maize-soybean-winter wheat
rotation under conservation agriculture management. Eur. J. Agron. 2021, 122, 126171. [CrossRef]

14. Calzarano, F.; Stagnari, F.; D’egidio, S.; Pagnani, G.; Galieni, A.; Di Marco, S.; Metruccio, E.G.; Pisante, M. Durum wheat quality,
yield and sanitary status under conservation agriculture. Agriculture 2018, 8, 140.

15. Vastola, A.; Zdruli, P.; D’Amico, M.; Pappalardo, G.; Viccaro, M.; Di Napoli, F.; Cozzi, M.; Romano, S. A comparative multidimen-
sional evaluation of conservation agriculture systems: A case study from a Mediterranean area of Southern Italy. Land Use Policy
2017, 68, 326–333. [CrossRef]

16. Ruisi, P.; Giambalvo, D.; Saia, S.; Di Miceli, G.; Frenda, A.S.; Plaia, A.; Amato, G. Conservation tillage in a semiarid Mediterranean
environment: Results of 20 years of research. Ital. J. Agron. 2014, 9, 1–7. [CrossRef]

17. Piccoli, I.; Chiarini, F.; Carletti, P.; Furlan, L.; Lazzaro, B.; Nardi, S.; Berti, A.; Sartori, L.; Dalconi, M.C.C.; Morari, F. Disentangling
the effects of conservation agriculture practices on the vertical distribution of soil organic carbon. Evidence of poor carbon
sequestration in North-eastern Italy. Agric. Ecosyst. Environ. 2016, 230, 68–78. [CrossRef]

18. Longo, M.; Piccoli, I.; Minasny, B.; Morari, F. Soil apparent electrical conductivity-directed sampling design for advancing soil
characterization in agricultural fields. Vadose Zone J. 2020, 19, e20060. [CrossRef]

19. Massaccesi, L.; Rondoni, G.; Tosti, G.; Conti, E.; Guiducci, M.; Agnelli, A. Soil functions are affected by transition from conventional
to organic mulch-based cropping system. Appl. Soil Ecol. 2020, 153, 103639. [CrossRef]

20. Piazza, G.; Pellegrino, E.; Moscatelli, M.C.; Ercoli, L. Long-term conservation tillage and nitrogen fertilization effects on soil
aggregate distribution, nutrient stocks and enzymatic activities in bulk soil and occluded microaggregates. Soil Tillage Res. 2020,
196, 104482. [CrossRef]

21. Stagnari, F.; Pagnani, G.; Galieni, A.; D’Egidio, S.; Matteucci, F.; Pisante, M. Effects of conservation agriculture practices on soil
quality indicators: A case-study in a wheat-based cropping systems of Mediterranean areas. Soil Sci. Plant Nutr. 2020, 66, 624–635.
[CrossRef]

22. European Commission. Report from the Commission to the European Parliament and the Council on the Implementation of the European
Statistical Programme 2013–2017; European Commission: Brussels, Belgium, 2017.

23. Masto, R.E.; Chhonkar, P.K.; Purakayastha, T.J.; Patra, A.K.; Singh, D. Soil quality indices for evaluation of long-term land use
and soil management practices in semi-arid sub-tropical India. Land Degrad. Dev. 2008, 19, 516–529. [CrossRef]

24. Xuefang, H.; Juanling, W.; Mingjing, H.; Cong, Z.; Huatao, L. Sustainability of soil-crop systems under different long-term
fertilizations in Chestnut Cinnamon soil areas. Zhongguo Shengtai Nongye Xuebao Chin. J. Eco-Agric. 2018, 26, 1107–1116.

25. Blanco-Canqui, H.; Mikha, M.M.; Presley, D.R.; Claassen, M.M. Addition of Cover Crops Enhances No-Till Potential for Improving
Soil Physical Properties. Soil Sci. Soc. Am. J. 2011, 75, 1471–1482. [CrossRef]

26. Blanco-Canqui, H.; Ruis, S.J. Cover crop impacts on soil physical properties: A review. Soil Sci. Soc. Am. J. 2020, 84, 1527–1576.
[CrossRef]

27. Fajardo, M.; McBratney, A.B.; Field, D.J.; Minasny, B. Soil slaking assessment using image recognition. Soil Tillage Res. 2016, 163,
119–129. [CrossRef]

28. Crotty, F.V.; Stoate, C. The legacy of cover crops on the soil habitat and ecosystem services in a heavy clay, minimum tillage
rotation. Food Energy Secur. 2019, 8, e00169. [CrossRef]

29. Masto, R.E.; Chhonkar, P.K.; Singh, D.; Patra, A.K. Soil quality response to long-term nutrient and crop management on a
semi-arid Inceptisol. Agric. Ecosyst. Environ. 2007, 118, 130–142. [CrossRef]

30. FAO-UNESCO. Soil Map of the World. Revised Legend; Food and Agriculture Organization of the United Nations: Rome, Italy, 2008.
31. Flynn, K.D.; Bagnall, D.K.; Morgan, C.L.S. Evaluation of SLAKES, a smartphone application for quantifying aggregate stability, in

high-clay soils. Soil Sci. Soc. Am. J. 2020, 84, 345–353. [CrossRef]
32. Grossman, R.B.; Reinsch, T.G. 2.1 Bulk density and linear extensibility. In Methods of Soil Analysis: Part 4 Physical Methods; Dane,

J.H., Topp, C.G., Eds.; Soil Science Society of America: Madison, WI, USA, 2002; pp. 201–228.

206



Land 2022, 11, 55

33. USDA NRCS. Soil Quality Information Sheet Soil Quality Resource Concerns: Compaction USDA Natural Resources Conservation Service;
USDA: Washington, DC, USA, 1996.

34. Groenevelt, P.H.; Grant, C.D.; Semetsa, S. A new procedure to determine soil water availability. Aust. J. Soil Res. 2001, 39, 577–598.
[CrossRef]

35. Parr, J.F.; Bertrand, A.R. Water infiltration into soils. Adv. Agron. 1960, 12, 311–363.
36. Lai, J.; Ren, L. Assessing the Size Dependency of Measured Hydraulic Conductivity Using Double-Ring Infiltrometers and

Numerical Simulation. Soil Sci. Soc. Am. J. 2007, 71, 1667. [CrossRef]
37. Philip, J.R. The theory of infiltration: 4. Sorptivity and algebraic infiltration equations. Soil Sci. 1957, 84, 257–264. [CrossRef]
38. Valckx, J.; Govers, G.; Hermy, M.; Muys, B.; Valckx, J.; Govers, G.; Hermy, M.; Muys, B. Optimizing Earthworm Sampling in

Ecosystems. Soil Biol. 2011, 24, 19–38.
39. Shepherd, G.; Janssen, H. Visual Soil Assessment, Field Guide for Cropping; Landcare Research: Palmerston North, New Zealand,

2000; ISBN 1-877221-92-9.
40. García-Robledo, E.; Corzo, A.; Papaspyrou, S. A fast and direct spectrophotometric method for the sequential determination of

nitrate and nitrite at low concentrations in small volumes. Mar. Chem. 2014, 162, 30–36. [CrossRef]
41. Van Reeuwijk, L.P. Procedures for soil analysis. Int. Soil Ref. Inf. Cent. 1986, 9, 106.
42. Andrews, S.S.; Mitchell, J.P.; Mancinelli, R.; Karlen, D.L.; Hartz, T.K.; Horwath, W.R.; Pettygrove, G.S.; Scow, K.M.; Munk, D.S.

On-Farm Assessment of Soil Quality in California’s Central Valley. Agron. J. 2002, 94, 12–23.
43. Andrews, S.S.; Karlen, D.L.; Mitchell, J.P. A comparison of soil quality indexing methods for vegetable production systems in

Northern California. Agric. Ecosyst. Environ. 2002, 90, 25–45. [CrossRef]
44. Armenise, E.; Redmile-Gordon, M.A.; Stellacci, A.M.; Ciccarese, A.; Rubino, P. Developing a soil quality index to compare soil

fitness for agricultural use under different managements in the mediterranean environment. Soil Tillage Res. 2013, 130, 91–98.
[CrossRef]

45. Kumar, M.; Mitra, S.; Mazumdar, S.P.; Majumdar, B.; Saha, A.R.; Singh, S.R.; Pramanick, B.; Gaber, A.; Alsanie, W.F.; Hossain, A.
Improvement of Soil Health and System Productivity through Crop Diversification and Residue Incorporation under Jute-Based
Different Cropping Systems. Agronomy 2021, 11, 1622. [CrossRef]

46. Raiesi, F.; Kabiri, V. Identification of soil quality indicators for assessing the effect of different tillage practices through a soil
quality index in a semi-arid environment. Ecol. Indic. 2016, 71, 198–207. [CrossRef]

47. Schabenberger, O.; Pierce, F. Contemporary Statistical Models for the Plant and Soil Sciences; CRC Press: Boca Raton, FL, USA, 2001;
ISBN 978-1-58488-111-7.

48. Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis and
heatmap. Nucleic Acids Res. 2015, 43, W566–W570. [CrossRef] [PubMed]

49. García-González, I.; Hontoria, C.; Gabriel, J.L.; Alonso-Ayuso, M.; Quemada, M. Cover crops to mitigate soil degradation and
enhance soil functionality in irrigated land. Geoderma 2018, 322, 81–88. [CrossRef]
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Abstract: Soil compaction can occur due to trafficking by heavy equipment and be exacerbated by
unfavourable conditions such as wet weather. Compaction can restrict crop growth and increase
waterlogging, which can increase the production of the greenhouse gas nitrous oxide. Cultivation
can be used to alleviate compaction, but this can have negative impacts on earthworm abundance
and increase the production of the greenhouse gas carbon dioxide. In this study, a field was purpose-
fully compacted using trafficking, then in a replicated plot experiment, ploughing, low disturbance
subsoiling and the application of a mycorrhizal inoculant were compared as methods of compaction
alleviation, over two years of cropping. These methods were compared in terms of bulk density,
penetration resistance, crop yield, greenhouse gas emissions and earthworm abundance. Plough-
ing alleviated topsoil compaction, as measured by bulk density and penetrometer resistance, and
increased the crop biomass in one year of the study, although no yield differences were seen. Earth-
worm abundance was reduced in both years in the cultivated plots, and carbon dioxide flux increased
significantly, although this was not significant in summer months. Outside of the summer months, ni-
trous oxide production increased in the non-cultivated treatments, which was attributed to increased
denitrifying activity under compacted conditions.

Keywords: nitrous oxide; N2O; carbon dioxide; CO2; greenhouse gas; compaction; earthworms;
direct drilling; bulk density

1. Introduction

Soil compaction is a form of soil degradation, which is an issue worldwide, due to
the detrimental effects it has on agricultural productivity, through reduced crop growth,
increased soil erosion and nutrient depletion [1]. Within England and Wales, almost
4 million hectares of soil are at risk of compaction [2]. Compaction was identified by DEFRA
as one of the three key threats to the agricultural and environmental productivity of soils [3]
and one of the ten soil threats identified in Europe [4]. Although soil compaction is not a
recent phenomenon, some modern farming techniques can exacerbate the risks, including
increasing field size and weight of farm equipment [5,6]. In this study, we specifically
looked at the impact of topsoil compaction exerted by trafficking, which can occur when
soils are trafficked by heavy equipment, especially in wet conditions [7,8]. The susceptibility
of soils to compaction depends on the interaction between soil physical properties and
climate; often soils are workable when soil moisture is lower than field capacity, making
the window of opportunity for poorly draining soils particularly narrow [5,9]. Heavy clay
soils, such as those found at this experimental site, are therefore often prone to compaction
when necessary field operations, such as harvest, coincide with wet weather. This may be
exacerbated with the impact of climate change making weather patterns more extreme, with
warmer wetter winters and increased occurrences of intense storms, potentially reducing
machinery working days [10].
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Compacted soils have less pore space, and increased bonding between particles, which
leads to several problems. They will take more energy to cultivate, and aggregates will
be harder to separate [11]. As pore spaces shrink, less space is available for water, and
capillary attraction holding water within the soil increases, reducing water availability and
plant uptake. Lower pore space and reduced infiltration also reduces soil aeration; this
combined with restricted root growth impairs nutrient and water availability, reducing crop
growth [9,12]. Compacted soils can also have detrimental effects on soil fauna, most notably,
earthworms are often cited as being negatively affected by compaction, due to physical
crushing and disruption of their burrow network [13]. Earthworms are also considered
one of the key biological engineers needed to improve soil structure after compaction [14].

Due to the poor structure of compacted soils, they can become progressively poorer at
absorbing rainfall, becoming more anaerobic over time without ameliorative action [14],
which can affect microbial activity, subsequent nutrient cycling and greenhouse gas emis-
sions. Carbon dioxide (CO2) is produced through many microbial processes [15] and can
spike immediately after ploughing due to the flush of CO2 released from the mixing of the
microbial community with decomposable substrates and aerated voids produced through
tillage [16]. Pore space and pore connectivity allow for oxygen exchange within the soil,
and when these are reduced, oxygen will deplete more rapidly leading to anoxic condi-
tions [15] changing microbial activity. The microbial process of denitrification produces
nitrous oxide (N2O) and is greatest in wet conditions, so less plant available nitrogen can
be found in the soil and more nitrogen is lost to the atmosphere as N2 and N2O [17]. As
N2O has a global warming potential 298 time higher than that of CO2 [18], compaction has
implications for global warming emissions as well as soil health and productivity.

The efficacy of three methods for mitigating compaction damage was compared with
the direct drilled control to see, not only the impact of these methods on crop production,
but also their impact on soil health and greenhouse gas emissions. Ploughing was used as
the conventional cultivation method for alleviating topsoil compaction. As ploughing aer-
ates the soil profile, it can accelerate the loss of soil organic carbon (SOC) to the atmosphere
as CO2, and destroy soil aggregates, exposing organic carbon for mineralization [19]. The
physical process of running a plough through a soil can also have a detrimental effect on
earthworm populations [13,20]. Both SOC and earthworm numbers have beneficial impacts
on aggregate stability and soil structure [21], improving infiltration and resilience to future
compaction. Low disturbance subsoiling (LDS) can be used as an alternative method of
compaction alleviation, particularly in the subsoil layer, as the topsoil remains undisturbed.
LDS theoretically has lower impact on CO2 emissions due to the non-inversion nature of
the cultivation, reducing the mixing and oxygenation of SOC, and potentially reducing
damage to earthworms in the topsoil layers.

Due to poor root exploration in compacted soils and microbial processes occurring
in waterlogged soils, there can be lower access to nutrients for plants [7,22]. Mycorrhizal
association has been suggested to benefit plants in these conditions, as the excess hyphae
network can scavenge nutrients from a larger volume of soil [23,24]. As a final compaction
alleviation method, a mycorrhizal inoculant was introduced to help plants overcome the
detrimental effects of compaction on nutrient acquisition. The overall aim of the study
was to identify the detrimental impacts of topsoil compaction, and to compare methods
of alleviating this compaction in terms of their impact on soil compaction, earthworm
populations, plant productivity and greenhouse gas emissions.

2. Materials and Methods

The experimental area was set up in October 2017 at the Allerton Project—a 300 hectare
mixed arable and livestock research, demonstration and education farm (Game & Wildlife
Conservation Trust, Fordingbridge, Hampshire, UK), at Loddington, Leicestershire, UK
(N 052◦36′53′′ W 00◦50′31′′; 186 m a.s.l). Soils are predominantly a heavy clay loam, UK
soil series: Denchworth, texture 47% clay, 31% silt, and 22% sand, soil organic matter 4.2%.
To create compaction in the field, a tractor (Massey Ferguson 7720, approximate weight
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8 tonnes) was driven across part of the field (100 m × 50 m), so that every area of the plots
had been passed over by a tractor wheel twice. The compaction was checked using a cone
penetrometer (SC 900, Field Scout, Aurora, IL, USA), taking an average of 10 measurements
per plot, and showing an average of 15% higher compaction measured across 45 cm depth,
that peaked at an increase of 32% at 7.5 cm depth. Penetration resistance measurements
were repeated 4 times across the year.

Plots were arranged across the compacted area in randomized blocks (with tramlines
excluded from the experimental treatments), measuring 6 m wide and 40 m long, giving an
area of 240 m2. The effectiveness of cultivation at alleviating the compaction was tested
using four treatments: plough, low disturbance subsoiler (LDS), mycorrhizal inoculant
(AMF), and a no cultivation direct drilled control. Cultivations took place each year in
autumn. Plough plots were ploughed to a depth of 25 cm, then disked to a depth of 10 cm
(Väderstad carrier); LDS plots were subsoiled to a depth of 30 cm; AMF plots received a
granular application of inoculant SR1:Cereals (Plantworks Ltd., Sittingbourne, UK) drilled
with the crop at a rate of 10 kg/ha; while direct drill plots only received a straw rake before
drilling. All crops were established using a direct drill (Eco M, Dale Drills, Market Rasen,
UK) and standard farm practice was used for the application of manufactured fertiliser and
plant protection products, which was consistent across all plots. Following cultivations in
October 2017, Hordeum vulgare was planted across all plots and harvested in July 2018. The
compaction and cultivation treatments were repeated in October 2018 keeping the same
plot structure and Vicia faba was planted across all plots and harvested in September 2019.

Topsoil bulk density 0–10 cm was measured yearly in spring using a bulk density
ring (10 cm depth, 5 cm diameter); three measurements were averaged per plot. Yield was
taken from the combine as each plot was harvested. Plant biomass was also taken before
combine harvest, by cutting three 0.25 m2 quadrats per plot, and drying the biomass in an
oven at 70 ◦C until a stable weight was achieved. Earthworm abundance was measured
using three replicates of 20 × 20 × 25 cm soil blocks per plot that were removed by spade.
Soil was sorted by hand and all worms were counted and weighed.

Greenhouse gas measurements were taken monthly across the two cropping seasons
using an FT-IR gas analyser (DX4040, Gasmet, Helsinki, Finland), set to measure CO2
and N2O simultaneously, with a 20 cm soil survey chamber attached (Li-cor). Plastic
rings (20 cm diameter) were placed in the soil to a depth of 10 cm, allowing a 15 cm
lip above the soil, at least 48 h before the first measurement. The chamber formed an
airtight seal when placed on top of the rings. Gas flux was measured over 10 min, with
the machine set to average measurements over 60 s. The initial 4 min were discarded to
allow for gas equilibration in the system, and gas flux was calculated from the increase in
gas concentration measured over the remaining 6 min. N2O was multiplied by 298 to give
an equivalent global warming potential to CO2 to make comparisons between these two
greenhouse gasses [18].

Statistical analysis used the Genstat software package [25]. A one-way ANOVA was
used for all statistics, with the exception of the penetration resistance analysis. Where mul-
tiple measurements were taken, a repeated measures ANOVA was used. For penetration
resistance, a principal component analysis (PCA) reduced the dimensionality of data, so
comparisons between treatments at all depths could be made. PC1 (containing 75.53% of
the overall variation) was used in a repeated measures ANOVA to test between treatments
over the multiple measurement times.

3. Results

Penetration resistance showed significantly higher compaction in the uncultivated
(AMF and control) plots (p = 0.002), which was mostly due to differences within the
7.5–2 5 cm depth range (Figure 1). There was also a significant impact of measurement
time (p = 0.008) due to variation in soil condition over the year.
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Figure 1. Penetration resistance (kPa) measured 0–45 cm depth through the soil profile. Graph shows
average ± SE of all readings taken across the two years of measurements.

Bulk density (0–10 cm) measurements only showed significant results in the first year.
Bulk density was lower in the ploughed plots, but surprisingly, significantly higher in
the LDS plots (p < 0.001) (Figure 2). Bulk density measurements taken in the second year
followed the same trend, with plough the lowest and LDS treatment as the highest, but
this was not significant.

Figure 2. Soil bulk density (g cm−3) measured in the topsoil 0–10 cm in 2018. Bars show mean ± SE.
Letters denote significant differences at p < 0.05.

Despite the measurable compaction, it was not strong enough to influence yield, with
no difference seen in crop yield seen in the two years. For the 2018 barley (Hordeum vulgare)
crop, overall plant biomass was significantly (p < 0.001) higher in the two cultivated plots
(Figure 3), but no biomass differences were seen in the subsequent bean crop (Vicia faba).
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Figure 3. Barley crop (Hordeum vulgare) plant biomass measured in May 2018. Bars show mean ± SE.
Letters denote significant differences at p < 0.05.

Earthworm numbers were higher in the non-cultivated plots (AMF and control) in
both years (p = 0.046) (Figure 4). There was a highly significant difference between years
(p > 0.001), with 2019 having less than half the number of worms counted in 2018 (average
411 ± 65 in 2018, 172 ± 28 in 2019).

Figure 4. Average earthworm number (per m2) measured in 2018 and 2019, to a depth of 25 cm. Bars
show mean ± SE. Letters denote significant differences between cultivation treatments for both years
at p < 0.05.

N2O and CO2 were measured monthly during cropping. Initially, repeated measures
ANOVA showed no significant treatment effects for CO2 (p = 0.076), however, splitting the
results by season resulted in significant treatment effects for CO2 flux in the winter months
(p = 0.034), with ploughed plots having significantly higher CO2 emissions (Figure 5).
Initial N2O emissions analysis showed significant treatment differences (p = 0.046), with
significant differences between sampling times (p < 0.001) and a significant interaction
between treatment and time (p = 0.033). Further investigation showed the interaction was
due to much lower N2O emissions during the warmer drier summer months. Breaking
the analysis down into summer months (June, July and August) and all the other months
(referred to as winter for simplicity), gave significant treatment effects for winter months
(p = 0.037), with the AMF and the control plots showing much higher N2O emissions
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(Figure 6), but no significant effects were seen in summer months due to the overall
lower emissions. The CO2 and N2O results were combined to give total green-house gas
emissions for winter. The combined gasses showed no significant treatment differences in
total gas fluxes recorded in winter (p = 0.595), although the composition of the gas fluxes
changes between the plots.

Figure 5. CO2 flux measured monthly during 2018–2019 cropping and averaged over summer
(June, July, August) and winter (all other months). Bars show mean ± SE. Letters denote significant
differences between winter treatments at p < 0.05.

Figure 6. N2O flux measured monthly during 2018–2019 cropping and averaged over summer (June,
July, August) and winter (all other months). N2O flux is displayed as CO2 equivalent by 298. Bars
show mean ± SE. Letters denote significant differences at p < 0.05.

4. Discussion

Direct drilling is established as a management practice that can improve aspects of
soil health by leaving the soil undisturbed, which helps build soil organic matter and soil
biology, such as earthworm populations. However, it does require soil to be in a fit state
for conversion to direct drilling; compaction is a common problem across agricultural
land, and can lead to issues including reduced root growth, reduced water and nutrient
uptake and overall reduced productivity if not resolved with some form of compaction
alleviation. This study compared the effectiveness of ploughing, low disturbance subsoiling
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and mycorrhizal inoculation as compaction alleviation methods to direct drilling over a
compacted area.

Uncultivated plots, AMF and the control plots had significantly higher compaction in
the 7.5–20 cm range (Figure 1), when measured using a penetrometer. This is unsurprising,
as this is the depth of soil that would have been influenced by the plough and the LDS
cultivations. High penetration resistance scores of 1000–2000 kPa are linked with slower
root elongation rates [26] and thicker roots, due to the increased pressure needed to
penetrate the soil [27], which can be detrimental to plant growth as they require extra
energy to explore the soil. A lower proliferation of roots can also result in reduced nutrient
and water access for the crop. However, in this experiment compaction only reached above
1000 kPa at a depth of approximately 20 cm (Figure 1), suggesting that compaction in the
topsoil where cultivation was used was not large enough to elicit a yield response. In
2018, a plant biomass response was seen in the barley crop, with smaller plants in the
uncultivated plots (Figure 3). Previous studies have suggested that monocot crops are more
capable of tolerating compaction than dicot crops [28], which could explain the difference
between the response in the barley and the bean crop. Bulk density measurements taken in
the top 10 cm of soil showed that ploughing resulted in the least densely packed topsoil,
while LDS, surprisingly, resulted in the highest compacted topsoil (Figure 2). Subsoilers are
designed to alleviate compaction at lower levels, leaving the topsoil relatively undisturbed.
However, in some cases, subsoilers have been recorded to increase the compaction at the
soil surface [29].

Earthworm numbers have been linked to improved infiltration [30], plant rooting
depth [31], aggregate stability [21] and overall plant production [32], making them an
excellent indicator of soil biological health [33]. Previous studies have suggested that earth-
worm populations diminish under cropping compared to pastureland, and under tillage
compared to untilled cropped systems [34], which has been attributed to the mechanical
damage and destruction of the earthworm habitat [20]. However, there is evidence that soil
conditions such as high bulk density and low soil pore space caused by compaction can
have adverse effects on earthworm populations, sometimes reducing numbers in unculti-
vated systems [35]. In the present study, earthworm numbers were significantly reduced
under the cultivated treatments LDS and plough, across both years measured (Figure 4),
suggesting mechanical damage had reduced the earthworm population, with potential
detrimental effect on soil health and plant productivity in these plots. This highlights the
trade-off between cultivation to alleviate the damaging effects of compaction, with the
disturbance this causes on soil fauna needed for healthy soil processes. A long period of
drought in 2018 is likely to have been a factor in the reduction in earthworm abundance
between years. As the climate changes and the likelihood of prolonged droughts increases,
these deleterious effects on earthworm populations will continue [36].

Direct drilling can reduce CO2 emissions and lead to an overall accumulation of SOC,
due to an increase in aggregate stability and a change in chemical composition of carbon to
more recalcitrant forms [37]. N2O is also a greenhouse gas emitted from soils, but with a far
higher global warming potential than CO2 [18]. The production of N2O is primarily through
denitrification, which increases when water-filled pore spaces within soils are around
65–75% [38]. As direct drilled soils generally have a greater bulk density, particularly if
newly converted or previously compacted as in the present experiment, water-filled pore
space is often higher favouring denitrification [39]. Bulk density measurements taken in
this experiment were significantly lower in ploughed plots, suggesting that water-filled
pore spaces would be similarly lower under the ploughed treatment (Figure 3). Higher bulk
density was seen in the LDS plots, but this was only measured in the top 10 cm, as the LDS
is designed not to disturb the topsoil, but to alleviate compaction at lower depths; there
may still have been higher pore space lower down in the soil profile, which the penetration
resistance measurement confirms (Figure 1).

Greenhouse gas flux measurements showed overall higher CO2 emissions in the
summer months (June, July and August), when soil activity is at its highest due to warmer
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temperatures. No significant treatment differences were seen in CO2 emissions between
treatments in these warmer months, but when all other months were analysed together,
significantly higher CO2 emissions were seen from the two cultivated treatments, LDS
and plough (Figure 5), due to the mechanical stimulation of organic matter breakdown
in the soil [16]. In contrast, N2O was produced at a much higher rate during the winter
months than the summer months. During the winter months, there was significantly higher
production of N2O under the two non-cultivated treatments, AMF and control (Figure 6).
These results are similar to those seen by Gregorich et al. [40], who found an increase in
N2O production in compacted soils, which corresponded to precipitation and high soil
water content and was not seen in uncompacted treatments under the same conditions.
Similarly, additional experiments at the site of our experiment, which used direct drill
treatments without prior compaction have not shown this increase in N2O flux (data not
shown). Therefore, the increase in N2O flux seen within this experiment was attributed to
the reduced pore space, and subsequent increased water-filled pores in the compacted soil
during the wetter winter months, causing an increase in denitrification activity and N2O
emissions. This has implications for compacted soils exacerbating N2O emissions under
future climate predictions of warmer wetter winters [10].

5. Conclusions

Overall, the efficacy of three methods of mitigating compaction damage to soil health
and greenhouse gas emissions were compared with a direct drilled control. Two methods
tried to improve soil structure and reduce compaction mechanically in situ, whilst the
third, a biological method, attempted to reduce the impact of compaction on plant growth
and nutrient acquisition. This study highlighted that compaction alleviation techniques
differ in their efficacy as well as differing in their impact on soil health and greenhouse
gas emissions. Earthworm abundance, a key indicator of soil health, was significantly
reduced in the mechanical alleviation treatments, whilst emissions of CO2 also increased.
However, the link between compaction and increased N2O emissions during wetter months
is concerning, as seen in the AMF treatment and the direct drill control. Considering around
30% of soils in Europe are at risk (or susceptible) to compaction [4] and that winter rainfall
is expected to increase due to climate change [18], greenhouse gas emissions may increase,
dependent on agricultural (mis)management. This study highlights the importance of
understanding how to alleviate compaction if we want to reach our climate emission goals
and become net-zero within agriculture by 2040.
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Abstract: Soil water retention (SWR) is an important soil property related to soil structure, texture,
and organic matter (SOM), among other properties. Agricultural management practices affect some
of these properties in an interdependent way. In this study, the impact of management-induced
changes of soil organic carbon (SOC) on SWR is evaluated in five long-term experiments in Europe
(running from 8 up to 54 years when samples were taken). Topsoil samples (0–15 cm) were collected
and analysed to evaluate the effects of three different management categories, i.e., soil tillage, the
addition of exogenous organic materials, the incorporation of crop residues affecting SOC and water
content under a range of matric potentials. Changes in the total SOC up to 10 g C kg−1 soil (1%)
observed for the different management practices, do not cause statistically significant differences in
the SWR characteristics as expected. The direct impact of the SOC on SWR is consistent but negligible,
whereas the indirect impact of SOC in the higher matric potentials, which are mainly affected by
soil structure and aggregate composition, prevails. The different water content responses under the
various matric potentials to SOC changes for each management group implies that one conservation
measure alone has a limited effect on SWR and only a combination of several practices that lead to
better soil structure, such as reduced soil disturbances combined with increased SOM inputs can lead
to better water holding capacity of the soil.

Keywords: soil organic carbon; soil-water content; no-till; reduced tillage; manure; compost; soil care

1. Introduction

Soil water retention (SWR) is a measure of how much water a particular type of soil
can retain. It is an important soil property related to the distribution of pore space and, thus,
is highly dependent on soil structure and texture, as well as on other related properties
such as soil organic matter (SOM) [1]. SWR is critical for crop growth with a profound
influence on crop yield and crop failure and acts as the main source of moisture for the
soil’s biota, which contributes to land productivity and biological soil health.

The relationship between the volumetric soil water content (θ) and the pressure head
(or matric potential head, h) is described by the soil water retention curve (WRC), also
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known as the soil moisture characteristic curve or pF curve [2]. This curve is characteristic
for different soils and is used to predict soil water storage for applications in agronomy,
ecology, hydrology and many other soil-related sectors [3–6], as well as in earth systems
models [7,8].

For the determination of the WRC, different field and laboratory methods exist [9–11].
Analytical models [12] or regression equations—empirical formulas called pedo-transfer
functions (PTF)—are used to predict the WRC values from easily measured or already
available soil properties [13–17]. The majority of the PTFs for estimating the WRC use soil
texture, bulk density and SOM content as predictors [1,13,17], although the necessity of
the latter has been questioned [18] or shown to improve the estimations only for specific
soil water potentials [19]. For modelling purposes, analytical functions are fit to a set of
observed h-θ values used to represent the continuous WRC. The most common retention
functions have been presented by Brooks and Corey [20] and by van Genuchten [21].

The dependence of the SWR on texture and structure has been widely researched
and demonstrated [22]. The dependence of the SWR on SOM content has also been
proven [23,24], but the results on the quantitative influence of SOM are contradictory and
vary with texture, pressure head and soil organic carbon (SOC) content as such [24–26] and
therefore need to be further evaluated [27]. Analysing the effect and relationship of SOC
content on SWR taking into account different soil textures has shown that the sensitivity of
the SWR to SOC changes depending on the soil textural classes and on the SOM content
itself [24,26]. For the same SOC increase, soils with coarser textures and low SOC contents
present a larger increase in water retention than the finer soils [26], which may also present
a decrease [24]. In contrast, for soils with high SOC contents the water retention increases
for all textural classes, especially for sandy and silty soils [24]. Nevertheless, as pointed
out in a review by Minasny and McBratney [26], a 1% absolute mass increase of SOC
(10 g C kg−1 soil) has a limited effect on the SWR and can increase the available water
capacity by up to 1.16% volumetrically. They also found that the effect is relatively larger
for sandy soils. A change in the SOC content also influences the water content at the
different pressure points in a different way [26], with field capacity (FC at −33 kPa or
pF 2.5) to present higher sensitivity than the wilting point (WP at −1500 kPa or pF 4.2) [24].
Nevertheless, the use of SOM as an auxiliary predictor for the SWR through PTFs has been
proven to be redundant when bulk density is also used as a predictor [18].

The different management practices applied in cropping systems affect the soil struc-
ture and soil composition, and consequently the SWR and other physical soil properties.
Organic and conservation farming (defined as a farming system that promotes practices
about maintenance of a permanent soil cover, minimum soil disturbances and crop di-
versification [28]) can increase the soil water storage through better soil aggregation and
improved soil structure [29], but in some cases, the conventional systems yield higher
water contents as a result of higher microporosity [30]. The SOC decreases when SOC
losses due to erosion or/and mineralization, which can be stimulated also through soil
tillage, exceed the organic carbon inputs coming from the addition of exogenous organic
inputs (compost or manure) and organic inputs from crop residues (shoots and roots) [31].

Adding more exogenous organic materials such as compost or farmyard manure
and the incorporation of crop residues into the soil above the SOC mineralization rate
causes an increase in the total SOC in most cases [32–34]. However, the quality and stage
of decomposition of exogenous organic materials affect how much of this added carbon
remains as stable organic carbon in the soil [31,35]. The degree of maturation of manure
and the composition of the compost greatly affects retention rates of organic carbon in
the soil [36]. The addition of exogenous organic material increases the volumetric water
content at most pressure heads, mainly because of the increase in total porosity [37] and the
increase in total SOC. Mulching with or incorporating the crop residues has been proven
to significantly impact the SWR in the wet range (pF < 2), but not in the dryer range
(pF > 3) [34,38,39].
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Reduced or no-tillage is often advocated to increase the SOC in the topsoil, which is
important for a good structure, increased infiltration and reduced soil erosion rates when
compared to conventional ploughing, but the results are controversial when considering
the whole soil profile [31,40,41]. Conservation tillage has been proven to improve chemical
soil properties such as SOM or physical soil properties such as aggregate stability of the
topsoil, but the effects on soil water content are, in many cases not, significant [42] or
controversial [43]. Sometimes the results are not solely dependent on soil tillage type but
vary with matric potential [44–46]. The water content tends to be larger in the higher
pressures (pF < 1 or wetter part) for conventional tillage when compared with conservation
or no-tillage but in the smaller potentials the water content is larger for the conservation or
no-tillage practices [44,46]. There are also cases where significant differences in the water
content are present only in the more negative (pF > 3 or dryer) matric potentials [47]. López
et al. [48] and Kargas and Londra [47] found that reduced and conventional tillage result in
similar water content values, whereas no-tillage leads to lower values of water storage. On
the other hand, Bescansa et al. [44] found that soil water content was higher in the no-tillage
fields when compared to conventional tillage, especially in the drier condition because of
the higher available water content caused by increased SOC content and changes in the
pore distribution of the untilled soils.

Although previous studies have investigated the effects of management on the soil
chemical and physical properties, less attention has been given to the link between com-
bined management practices and SWR. In addition, most studies include a limited number
of management practices and intensities and are not replicated in multiple agroecosystems
and/or study regions that cover broad environmental gradients (i.e., climatic conditions
and soil properties), possibly due to the logistical constraints associated with extensive field
work. Finally, a comparison between published data is frequently hindered by methodolog-
ical discrepancies between studies. To this end, studies that investigate broad management
practices and intensities in multiple agroecosystems and regions with distinct environ-
mental conditions are well needed to understand the interactions between soil structure,
organic carbon, and water retention.

In our study, we compared seven long-term (8–54 years) experimental setups by
sampling the topsoil with identical methods and analysing all samples in the same labo-
ratory. The field experiments have been set up with specific and different objectives, but
all together they cover a broad range of tillage practices, fertilization, additions of organic
materials and management of crop residues. The objective of this study was to evaluate
and quantify comprehensively the effect of different management practices on SOC content
and their impact on the water-holding capacity of the soils.

2. Materials and Methods

2.1. Experiments’ Descriptions

Topsoil samples were collected from seven different long-term agricultural experi-
ments with different treatments in 5 European countries (the towns, countries, coordinates,
start year of the experiment and main soil type of the sites are given in Table 1). In each
country, the experiments were setup with different objectives and under different envi-
ronmental conditions. Although the diversity of the experiments makes it challenging
to combine them, they offer a wide range of representative management practices and
pedo-climatological conditions. As the original experiments attempted to answer different
scientific questions, they include several management treatments. For this research, a
subset of treatments was selected from each experiment to include treatments from three
main categories. The first category includes different soil tillage treatments (CZ, HU_2,
UK), the second category comprises the addition of different types of exogenous organic
materials (BE, IT_1c, IT_1p), and the third category deals with the incorporation of crop
residues in the topsoil (HU_1, IT_2c, IT_2l). The experiments in Italy are conducted on
two different soil types each and, in this study, are analysed as separate experiments: a
clay and an initially peaty soil for IT_1 (i.e., IT_1c and IT_1p) and a clay and a loamy soil
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for experiment IT_2 (i.e., IT_2c and IT_2l) resulting in nine experiments in our study. The
selected treatments per experiment are presented in Table 2. At the five study sites, an
identical sampling procedure was performed for determining the WRC and SOC.

Table 1. Description of the study sites.

Code
Town,

Country
Coordinates

(Decimal Degrees)
Agro-Climate

Zone [49]
Start of

Experiment
Soil Type

Name of
Experiment

Reference/Detailed
Information

BE Bierbeek, BE 50.8244
4.79605

Maritime
North 1997 Silt Loam VFG Compost trial Tits et al. [50]

CZ
Prague-
Ruzyně,

CZ

50.0880
14.2980 Continental 1995 Silt Loam Tillage trial

Mühlbachová,
Kusá and

Růžek, [51]

HU_1 Keszthely, HU 46.7332
17.2295 Pannonian 1983 Silt Loam

Organic &
inorganic

fertilization trial-
IOSDV

Kismányoky and
Tóth, [52]

HU_2 Keszthely, HU 46.7346
17.2302 Pannonian 1972 Silt Loam

Soil tillage systems
in wheat and maize

bi culture

Hoffmann and
Kismányoky, [53]

IT_1c Legnaro, IT 45.3506
11.9497

Maritime
South 1964 Silty Clay

Loam
Organic & mineral

fertilization trial Giardini, [54]

IT_1p Legnaro, IT 45.3506
11.9497

Maritime
South 1964 Peat* 18%

OC initially
Organic & mineral

fertilization trial Giardini, [54]

IT_2c Legnaro, IT 45.3507
11.9498

Maritime
South 1970 Silty Clay

Loam

Nitrogen
fertilization and
crop residue trial

Giardini, [54]

IT_2l Legnaro, IT 45.3507
11.9498

Maritime
South 1970 Silt Loam

Nitrogen
fertilization and
crop residue trial

Giardini, [54]

UK
Loddington,

UK
52.6089
0.83257

Maritime
North 2011 Clay loam Soil Biology and

Soil Health -

Table 2. Details of the soil treatments in the various experiments ‡ Randomized complete block design (RCBD); ϕ Split
plot-randomized complete block design (Split Plot-RCBD).

Code
Name of Experiment/
Experimental Design

Treatments
Replications
(#)

Main Crop Types

BE
Vegetable-Fruit-Garden
waste (VFG) compost
trial ‡

No organic: No organic fertilization (control)
45tntriannually: 45 t/ha compost * applied every three years
15tnannually: 15 t/ha compost * applied yearly
45tnannually: 45 t/ha compost * applied yearly
* C/N ≈ 12

4
Winter wheat,
carrots, sugar
beet, potatoes

CZ Tillage trial

Conventional: Conventional ploughing (Turning of stubble—furrow
opener at 10 cm, Mouldboard plough at 22 cm) (control)
Minimum: Minimum tillage (Turning of stubble- furrow opener at
10 cm, 30% of crop residues remain on the soil surface)
Zero: Zero tillage (all residues remain in the soil surface)

4
oil rapeseed,
winter wheat,
Peas

HU_1
Organic & inorganic
fertilization trial-
IOSDV ϕ

NPK: Only mineral fertilization/ removal of straw (control)
NPK+FYM: 35 t/ha 0.5% N, farmyard manure application every
3 years/removal of straw
NPK+STR: Straw and stalk incorporation completed with 10 kg N*t
straw/ha

3
maize,
winter wheat,
winter barley

HU_2
Soil tillage systems in
wheat and maize bi
culture ϕ

Conventional: Deep winter ploughing (27–28 cm) + secondary tillage
(control)
Minimum: Disking just before drilling (<15 cm)
Shallow: Shallow winter disking (<15 cm) +secondary tillage

4 winter wheat,
maize
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Table 2. Cont.

Code
Name of Experiment/
Experimental Design

Treatments
Replications
(#)

Main Crop Types

IT_1c
Organic & mineral
fertilization trial ‡

Unfertilized: No organic or mineral fertilization (control)
Manure L1: 20 t/ha manure applied annually *
Manure L2: 40 t/ha manure applied annually *

2

maize, winter
wheat, potato,
tillage radish (as
winter cover
crop), ryegrass,
silage maize

IT_1p
Organic & mineral
fertilization trial ‡

Unfertilized: No organic or mineral fertilization (control)
Manure L1: 20 t/ha manure applied annually *
Manure L2: 40 t/ha manure applied annually *
* Farmyard manure from dairy cows (20% dry matter, 0.5% N,
0.25% P2O5, 0.7% K2O)

2

IT_2c
Nitrogen fertilization and
crop residue trial ‡

Residue Removal: Removal of the previous crop residues (control)
Residue incorporation: Burial of the previous crop residues 3

IT_2l
Nitrogen fertilization and
crop residue trial ‡

Residue Removal: Removal of the previous crop residues (control)
Residue incorporation: Burial of the previous crop residues 3

UK
Soil Biology and Soil
Health ‡

Conventional: Ploughing at 25 cm (control)
Direct drilling: Direct drilling of the seeds into previous crop residues 3 winter wheat,

whet, oat

2.2. WRC Points Determination

To estimate the water content at the different points of the WRC, three undisturbed
topsoil samples (positioned in the middle of 0–15 cm layer) were collected from each
experimental plot (apart from Italy where the plots are too small and only one ring sample
per plot could be collected) with the use of a Kopecky ring, of a known volume (100 cm3).
The 177 soil samples taken at different dates do not represent an equal number for each
experiment and experimental plot (details about the number of samples per experimental
plot are shown in Table 3). The top organic layer was first removed and with the use
of suitable equipment (i.e., hammering holders and plastic hammer) to minimize soil
disturbances the rings were pushed into the soil to collect the samples, which were stored
afterwards at room temperature until analysis.

Table 3. Sampling details per experiment.

Code Ring Soil Samples per Plot (#) Sampling Month/Year Years Applied When Sampling

BE 3 October 2019 22

CZ 3 November 2018 23

HU_1 3 November 2018 35

HU_2 3 November 2018 46

IT_1c 1 November 2018 54

IT_1p 1 November 2018 54

IT_2c 1 November 2018 48

IT_2l 1 November 2018 48

UK 3 April 2019 8

In this paper, we use pF to indicate the soil water potential. The pF is defined as the
decimal logarithm of the absolute value of pressure head expressed in cm (pF = log10|h|).

The drainage or drying cycle was used for the determination of the volumetric water
content at moisture tensions (suction) from pF 0 to pF 4.2. Sandboxes were used for the
determination of the water content at the lower suction values (pF 0.0, pF 1.0, pF 1.8
and pF 2.0) and pressure plates cells (Soilmoisture Equipment Corp.) were used for the
determination of the sample water content at pF 2.7, pF3.4 and pF 4.2 [55].

2.3. OC Determination

The largest component and easiest indicator of SOM status to measure is the SOC
content and it is used in this report both to present the results and when we refer to content
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changes in the existing literature. SOC content was determined by dry combustion and
mass spectrometry elemental analysis (Carlo-Erba EA 1110, Thermo Scientific, Waltham,
MA, USA). Fresh disturbed field topsoil samples (0–15 cm) were taken with a sharp shovel
from various spots within each experimental plot, mixed and directly broken to pass a
<8 mm sieve. Soil samples were then stored in plastic containers to avoid compaction and
disturbance during transportation and then stored in the refrigerator until air-drying could
be carried out. All samples were air-dried at 40 ◦C until a constant mass was achieved and
stored in a dark and dry place at room temperature. A subsample of the bulk soil was taken
with a soil sample splitter to allow for a random representative sample, crushed manually
to a homogenized powder and weighted into an Ag capsule. To determine only the carbon
present in organic form carbonates were removed by adding HCl (35%). After drying at
40 ◦C the soil samples were loaded into the autosampler for combustion with oxygen at
800 ◦C with the presence of a catalyst. The organic carbon (OC) reacts to carbon dioxide
(CO2) which is quantified by infrared absorption spectroscopy and the mass percentage
is determined

2.4. Statistical Analysis and Visualization Tools

The statistical data analysis was performed using R-Studio, R version 3.6.1 [56]. One-
way Analysis of Variance (ANOVA) was carried out with the R software [57] to test
for differences between treatments. Estimated marginal means (also known as least-
squares means) by factors were computed by the least square method using the package
“emmeans” [58]. Graphs were produced with the package “ggplot2” [59]. In the present
work, statistical significance is assumed at p < 0.05. The assumptions of normality and
homoscedasticity of the residuals were assessed by visual inspection of Q-Q plots and by
plotting the normalized residuals against the fitted values.

3. Results and Discussion

3.1. Soil Organic Carbon

The total SOC as determined in the bulk soil is presented in Figure 1. Generally, SOC
is relatively sensitive to the different management treatments and statistically significant
differences are present among most of them. In the field experiments sampled, values of
total organic carbon vary between 6 and 56 g C kg−1 soil (0.6–5.6%). The highest values
observed is in the IT_1p experiment, in which an initially peaty soil was treated with
different levels of manure. The lowest values were observed in the IT_2l experiment, where
removal of residues took place in a loamy soil.

In the organic input experiments, as was expected [33], the higher amount of manure
or compost resulted in a higher SOC. Nevertheless, statistically significant SOC differences
are observed only between the higher levels of additions and the controls, which in all cases
are those with only mineral inputs apart from the IT_1p and IT_1c in which the control
is unfertilized treatment. In the IT_1p experiment, no statistically significant differences
are observed but despite this, treatments with organic inputs show a trend that follows
that same assumption i.e., higher input of organic materials leads to higher SOC. In this
experiment, where agricultural management was established in initially peaty soil, there is
a reduction in the total SOC over the years because of cultivation, but the decline is lower
when manure is added, highlighting the importance of organic fertilizers in maintaining
soil fertility in the long term [60].

In the tillage experiments, the treatments with the minimum soil disturbance present
statistically significantly higher values of SOC content in the 0–15 cm layer than the treat-
ments where conventional tillage took place, since fresh organic material will be kept
concentrated at the topsoil [61,62]. As a result of the no- or reduced- tillage practices, apart
from the increased organic inputs from the crop residues which are concentrated in the top
layer, and the roots that remain intact in the soil, the carbon outputs by mineralization are
reduced in the no-tillage systems. Reduced tillage systems present similar levels of mineral-
ization with the conventional ploughing [61,63] but, according to recent evidence, reduced
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tillage presents lower CO2 emissions [64] or higher levels of mineralizable carbon [65]
when compared to conventional ploughing, indicating reduced mineralization because of
minimal disruption of the stable aggregates. A more stable soil structure and improved ag-
gregation also lead to reduced losses of fertile carbon-rich topsoil because of reduced water
erosion. Nevertheless, it should always be kept in mind that only the topsoil 0–15 cm was
sampled. Carbon stock changes may be observed in the no- or reduced-tillage experiments
within the top layer sampled but if the whole soil profile is considered, conclusions cannot
be drawn from our analysis. There is recent evidence to show that when the time since the
adoption of the no-tillage system is considered (i.e., at least 6 years application of no-till),
the increase of the carbon content in the top layers (0–20 cm) and the no change of the SOC
in the deeper layers of the soil profile lead to an overall increase in the carbon stocks under
no-tillage [41]. On the other hand, there is also evidence that when the entire soil profile is
analysed, soil cultivation methods do not affect the SOC quantity but rather redistribute it
in the profile [31,61,66–68].

 

Figure 1. SOC content in the topsoil (0–15 cm) for each study site (see also Table 1 for the codes and Table 2 for a description
of the soil improving treatments). Error bars represent the standard error (n -number of treatments replications- is denoted
in Table 3 for each experiment).

In the HU_1 experiment, the incorporation of the straw and stalks causes a small but
statistically significant difference in the SOC content when compared with the only mineral
fertilized treatment and also significantly increased soil aggregate stability [69], supporting
this way the physical soil condition. In contrast, in the IT_2c and IT_2l experiments, small
or no statistically significant changes are noticed between the treatments. This, on the
one hand, confirms the little potential of crop residues for soil improvement [70] and,
on the other hand, raises questions if only the incorporation of crop residues without
any kind of pre-processing like composting, conversion to biochar or the parallel use
of other conservation measures such as reducing tillage, can contribute to the build-up
of SOC. Indeed, in the same Italian experiment Dal Ferro et al. [71] recently found that

225



Land 2021, 10, 1362

residues incorporation seems to be effective in SOC storage only when coupled with
minimum-tillage practice.

The results indicate that the SOC is a sensitive and good indicator to monitor changes
caused in the soil quality by management practices in the long-term. The results should
always consider the sampling depth, especially when tillage practices with different tillage
depths are compared.

3.2. WRC

In Figure 2, the soil water content as a function of the matrix pressures (expressed in
pF) is shown for all the study sites as measured in the laboratory conditions which may be
different from field conditions. Although all trends looked consistent, whereby more SOC
consistently meant a slightly higher water content for a given pF, we detected only a few
statistically significant differences (in only 3 out of 9 experiments and in a limited number
of pressure points).

 
Figure 2. Soil water content at the different pressure points for each study site (see also Table 1 for the codes and Table 2 for a
description of the soil improving treatments). Error bars represent the standard error (n -number of treatments replications-
is denoted in Table 3 for each experiment).

In the soil tillage experiments, there are no statistically significant changes in the soil
water content among the different levels of tillage, but a pattern is observed. In the CZ
and UK experiments, we observe that in the higher matric potential range the treatments
with the higher levels of disturbances present higher water content, whereas in the lower
pressures the pattern is opposite: here, the higher the soil disturbance the lower is the
water content. This happens because in the higher pressures (less negative) the macropores
and capillary forces play an important role in the total water content, whereas in the lower
matric potential the adsorption on the soil particles and the SOM work as water storage
pools [72]. These results follow McVay et al. [42], who also observed that tillage methods
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do not significantly affect the WHC of most of the soils analysed and reported changes
only in the higher matric potentials [44,46,47], indicating that tillage mainly influences
the volume of larger pore sizes, dominantly influencing water infiltration and aeration of
the soil.

Higher organic matter input always led to modestly higher water content at all
pressures. Only in the BE experiment, there are statistically significant differences among
the treatments in the higher pressures (less negative or wetter part) as a result of an annual
addition of 45 tonnes of compost per hectare. It is important to point out that a yearly
dose of 45 tonnes of compost is excessive as compared to normal practice. In the IT_1c
experiment, in which different levels of farmyard manure are applied in clay soil, the high
variability in the water content among the replicates did not allow to detect statistically
significant differences, but the same trend is observed i.e., higher organic matter input
leads to higher water content at all pressures. In the same experiment with the peaty soil
with initially 18% organic carbon, this trend is not noted. The results are consistent with
Eusufzai and Fujii [37] who found that organic amended soils present increased water
content, especially in the higher pressure points.

In the last experiment group in which the crop residues are incorporated into the
soil after the cropping season, our analysis does not reveal consistent changes in the
water storage capacity, or at least consistent trends to justify the reported findings in the
literature that incorporation of residues impacts the water retention in the higher matric
potentials [34,38,39].

An analysis of the effect of different practices in the whole WRC as calculated from
the Rosseta version 3 model [17] is presented in Figure S2 of the Supplementary Materials;
changes are observed only in the wetter part of the retention curve, whereas the dryer part
is not affected by the different applied cropping systems.

3.3. Water Retention as Affected by Carbon Changes and Management Practices

In Figure 3, the percentage differences of water content in relation to the percentage
differences of SOC content among the different plots of each experiment are presented
as differences with the corresponding control treatment of the relevant block. When all
experiments are analysed together, it is observed that the increase of total SOC over the
period that each experiment is running, generally causes an increase in water content at
all moisture tensions, especially for the higher matric potentials (wetter conditions) at
which the regression relationship is also statistically significant (Table 4). This trend is less
pronounced at the permanent wilting point (pF 4.2), where the impact is almost negligible.
As a result of the negligible increase in the wilting point and the bigger increase in the
water content at field capacity, the plant available water increases even with an 1% increase
of the total SOC.

Table 4. F-statistic of the linear regression analysis. Significance codes of p-value: ** 0.05, * 0.1.

Saturation pF1 pF1.8 pF2 pF2.7 pF3.4 pF 4.2

All experiments
F-statistic 1.32 6.99 3.33 6.17 1.87 3.86 0.42

p-value 0.27 0.02 ** 0.08 * 0.02 ** 0.19 0.07 0.53

Exogenous OM
F-statistic 1.32 6.98 3.33 6.17 1.87 3.86 0.42

p-value 0.27 0.02 ** 0.08 * 0.02 ** 0.19 0.07 * 0.53

Soil cultivation
F-statistic 0.31 0.98 3.30 2.43 2.25 1.27 0.44

p-value 0.59 0.34 0.09 * 0.14 0.15 0.28 0.51

Residues
F-statistic 1.49 5.88 1.25 1.69 2.23 0.18 0.18

p-value 0.25 0.04 ** 0.29 0.22 0.17 0.68 0.87
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Figure 3. Relationship of the percentage change in soil water content and percentage change in SOC
content. The water content and SOC values represent the percentage differences between the different
treatments’ plots and the control plot of each block of the experiment. The different colours represent
the water content change in the different pressure points of the WRC. (a): All the experiments plotted
together. (b–d): Each experimental group plotted separately (b): addition of compost or manure,
(c): tillage experiments, (d): residue management).

Comparing the results of the percentage differences of water content in relation with
the SOC percentage changes in each experiments group, it is observed that the impact
of increased carbon content on the water content does not only depend on the pressure
point, texture, and organic carbon content, but also on the applied management practices.
Management practices that increase bulk density (no- tillage, reduced OM inputs etc.)
decrease the volume fraction of macro-pores, but at the same time increase the volume
fraction of both micro- and meso-pores, resulting in an increase of the water content at
lower matric potentials and a decrease under wetter conditions [73]. In the soil tillage
experiments where the maximum carbon increase observed is about 0.65% as a result
of practices that minimize topsoil disturbances, an increase in the soil water content is
observed in the lower matric potentials (drier conditions) as a result of increased SOC and
surface adsorption [72,74], as also observed from Bescansa et al. [44] and a smaller increase
of the water content in the wetter conditions (saturation and pF 1) as a result of changes
in the pore distribution and capillary forces [72,74]. These two conditions may lead to a
decrease in the plant available water content (AWC) when cultivation practices with less
soil disturbance are followed as also mentioned by Hill [75]. Indeed, as shown in Figure S1
in the Supplementary Materials, the AWC in the CZ experiment is statistically significantly
lower in the zero-tillage treatment when compared with the minimum tillage, and in the
UK experiment it is lower, but not statistically significant in the direct drilling treatment
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in comparison with the conventional ploughing. In the experiments where exogenous
organic material is added, a cca. 1% increase in SOC increases the soil water content
under all applied pore water pressures but the increase is lower in the drier conditions
and sometimes also a decrease in the soil water content is presented when compared to no
addition of organic materials. The addition of organic material leads to increased macro
aggregation and therefore increased meso- and macroporosity [37,73] and increased water
content in these pores, resulting in less water available for storing in the micropores. A
negligible increase in the dryer conditions denotes also that the increase of SOC does
not increase the sorbed water or that it is counteracted by the increased macroporosity.
Nevertheless, the negligible increase in the water content in the wilting point and the big
increase in the water content at field capacity will lead to higher plant available water
content (Figure S1—Supplementary Materials), something that impacts positively the plant
growth. In the experiments where the residues have been incorporated in the topsoil, the
soil water content decreases or remains similar, even if an increase of 0.3% of the total
SOC is observed. Despite the long-term application, there were no large SOC changes
following the incorporation of the residues. Building up SOC and simultaneously a stable
soil structure might be more important than a large increase in SOC content, especially
during wetter soil conditions.

There is a strong belief and impression by practitioners and advocates of conservation
agriculture and organic farming that an increase in the total SOC increases water retention
directly and substantially [76–78]. In this research, the water retention characteristics
present the expected but modest trends. However, it is remarkable that even after 54 years
of practices that increase SOC, the observed differences in the water content, especially in
the lower pressures (drier conditions), are negligible from a practical point of view, and
almost all not statistically significant. It was expected that in the lower water pressures
(pF > 2.5) where the macropores and capillarity do not have an important impact and
surface adsorption and SOC content seems to play the most important role in the soil’s
water content, the differences in SWR among the different treatments would be noticeable.
The statistically significant linear relationship of the carbon change and the water retention
mainly in the wetter conditions (Table 4) and not in the drier conditions suggest that the
direct impact of the increased SOC on water retention is limited and the indirect impact
stronger. The fact that the change of SOC affects the water content under the different
matric potential in a different way and is statistically significant only in the higher matric
potentials implies that the impact of SOC is indirect and is more linked to the changes in
other soil parameters and most probably in soil structure and aggregation status.

4. Conclusions

We analysed different groups of management practices for improving soil quality
as applied in long-term experiments in five European countries. We investigated their
effect on SOC and the link with the capacity of the soil to retain water at different matric
potentials. Our findings suggest that practices that minimize soil disturbances cause an
increase in SOC in the topsoil but may lead to decreased plant available water content
as a result of the increased water content at wilting point and a less profound increase
in water content at field capacity, jeopardizing the crop yield. On the other hand, the
different soil-improving management practices that increase the organic materials in the
soil (both exogenous and incorporation of residues) contribute to an increase in the soil
water availability for the crops, but not because of increased water holding capacity as
a result of increased SOC. The addition of organic materials affects the soil structure,
and it is more likely that the soil structure—as improved by the SOM—affects the water
availability because of more macro and mesopores, rather than because of larger water-
holding capacity per soil volume caused by a SOC increase. The better structure formed by
higher amounts and more stable SOC and the increase in SWR are important factors leading
to increased water infiltration, even under long-term rainy conditions, and promoting
several soil functions such as less soil erosion minimised effects of extreme rainfalls and

229



Land 2021, 10, 1362

droughts deeper rooting of the crops end enhanced crop productivity. The negligible effect
of increased SOC under different management practices during drier conditions, and the
increased effect in wetter conditions, implies that the indirect effects of SOC increase in the
soil structure are more important and should be considered in future research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/land10121362/s1, Figure S1: Plant Available Water Content as calculated from the difference
between water content at field capacity (pF 2) and water content at wilting point (pF 4.2). Figure S2:
WRC for each treatment. The lines represent the WRC as calculated from the Rosetta version 3 model
with input the average silt clay and sand percentages, the average bulk density of the treatments as
measured and the water content at field capacity and wilting point.
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Abstract: Little information is available on the effect of soil-improving cropping systems (SICS) on
crop productivity on low fertility sandy soils although they are increasingly being used in agriculture
in many regions of the world due to the growing demand for food. The study aimed at quantifying
the effect of four soil-improving cropping systems applied on sandy soil on cereal productivity
(yield of grain and straw and plant height) in a 4-year field experiment conducted in Poland with
spring cereal crops: oat (2017), wheat (2018), wheat (2019), and oat (2020). The experiment included
the control (C) and the following SICS: liming (L), leguminous catch crops for green manure (LU),
farmyard manure (M), and farmyard manure + liming + leguminous catch crops for green manure
together (M + L + LU). To quantify the effect of the SICS, classic statistics and the Bland–Altman
method were used. It was shown that all yield trait components significantly increased in the last
study year (2020) under SICS with M and M + L + LU. All yield trait components were significantly
lower in the dry years (2018–2019) than in the wet years (2017 and 2020). The relatively large rainfall
quantity in May during intensive growth at shooting and the scarce precipitation during later growth
in the dry year 2019 resulted in a significantly greater straw yield compared to the other dry year
2018. The values of Bland–Altman bias (mean difference between the particular SICS and the control)
varied (in kg m−2) from −0.002 for LU in 2019 to 0.128 for M and 0.132 for M + L + LU in 2020. The
highest limits of agreement (LoA) were in general noted for all yield trait components (the least
even yield) in the most productive SICS including M and M + L + LU in the wet year 2020. The
Bland–Altman ratio (BAR) values indicate that quantification of the effects of all soil-improving
practices was most uncertain in the dry year 2018 for the grain yield and in the wet year 2020 for
the straw yield and much less uncertain for the plant height in all SICS and study years. The results
of this study provide helpful information about the effect of the SICS on the different yield trait
components depending on the period of their application and weather conditions prevailing during
the growing season.

Keywords: soil improving practices; crop response; weather conditions; Podzol soil; Bland–Altman
statistics

1. Introduction

Sandy soils cover globally approximately 900 million ha [1]. They occur in different
regions across the world [2–4], particularly in arid or semi-arid regions [5]. In Poland,
around 50 percent of soils developed from sands [6,7].

Sandy soils are characterized by low crop productivity. This is mostly attributed to
a weakly developed aggregated structure [8], high saturated hydraulic conductivity and
permeability and low water-retention capacity due to the high contribution of large pores
between sand particles [9–11], low nutrient levels, and poor ability to store and exchange
nutrients [1]. Furthermore, after rapid dewatering, the large pores become air-filled first
and act as a barrier (discontinuity) to water flow through the smaller pores towards the
plant roots in unsaturated soil conditions [12,13].
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Another threat limiting crop production on sandy soils is their acidity due to the
presence of acid from the post-glacial acidified parent material, leaching exchangeable base
cations [14,15], and chemical N fertilization [16]. Soil acidity limits crop productivity by
increasing Al3 + toxicity leading to production of short, thick, and shallow plant roots and
deficiency of some nutrients in the soil solution [12]. Instead, sandy soils require rather
low energy inputs for tillage [17] and warm up rapidly in the spring prior to the growing
season to achieve the minimum soil temperature for plant growth [12].

Despite low fertility and quality, sandy soils are increasingly being used for crop
production due to the shortage of agricultural land resources [1,18,19] as well as the
growing population and demand for food [20,21]. However, arable farming on these
soils require large amounts of irrigation and nutrient inputs [22,23] in many areas, which
reduces the profitability of agricultural products.

There is a broad agreement that water and nutrient supply for plant growth in sandy
soils can be improved by increasing organic matter content [1,24–28]. This is related to the
fact that soil organic matter increases plant available water capacity [21,29] by reducing pore
diameter [30] and improves the capability of soils to retain and exchange nutrient cations
and hold hydrogen ions, thereby neutralizing soil acidity [31]. Furthermore, increase in soil
organic carbon (SOC) content in sandy soils is responsible for variation in cation exchange
capacity [1].

There are many soil-improving cropping systems to maintain or increase the SOM
content. They include application of organic amendments and diversified crop rotation
favoring formation of stable soil aggregates, which protect soil organic carbon (SOC) from
mineralization [27,32]. Inclusion of legumes fixing nitrogen from the atmosphere in crop
rotation reduces the need for mineral nitrogen fertilization, thereby increasing profitability
in crop production [33–35], and is one of the ways to meet greening requirements [36].
Furthermore, these practices are important in terms of increasing cereal-based crop rota-
tions that along with conventional treatments (plough) disintegrate soil organic matter
by physical disturbance of the soil structure and stability [27]. Increasing the soil organic
matter content is part of the global strategy to enhance carbon sequestration stocks, reduce
chemical leaching [1,32,37,38], and create drought resilient soils to mitigate global warming
effects [21,39].

The aim of the work was to quantify the effect of different soil-improving practices,
including application of farmyard manure, liming, and catch crops, on cereal produc-
tivity of sandy soil in a 4-year experiment with the use of the statistical Bland–Altman
method [40,41]. Plotting the yield differences between a given treatment and the control
against their averages and determining the average difference (bias), limits of agreement,
and confidence intervals in this method allow quantifying the direct effect of the examined
soil-improving cropping systems on crop yields. The Bland–Altman method is widely
used in medicine (e.g., [42–44]) and in some satellite research [45,46]. More recent studies
showed usefulness of this approach to quantify pure effects of agricultural practices on
crop yield and soil physical properties [47,48] and the agreement between methods for
determining the Atterberg plastic and liquid limits of soils [49]. This study was inspired
by recent literature reviews indicating that, despite their importance, sandy soils have
received less research attention compared to other soils [1,5].

2. Materials and Method

2.1. Study Area and Field Experiment

The field experiment (350 × 35 m) was localized in a private farm in Szaniawy,
Podlasie region, Poland (51◦58′56.5′′ N 22◦32′22.1′′ E) on Podzol soil [50] derived from
sandy material of glacial origin. The soil contains 62.9% of sand (2–0.05 mm), 34.8% of silt
(0.05–0.002 mm), 2.2% of clay (<0.002 mm), and 0.8% of organic carbon and has pH 4.0 (in
H20) and cation exchange capacity 12.3 cmol kg−1. Such and similar soils predominate
in the region and in Poland. A randomized field-experiment was established in autumn
2016 and conducted for four years with the following spring cereal crops: oats (Avena
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sativa L.) (2017), wheat (Triticum aestivum L.) (2018), wheat (2019), and oats (2020), which
predominate in the crop rotation of the region.

The experiment included the following 5 treatments: (C) control, (L) liming with
5.6 t ha−1 CaCO3 (applied once in autumn 2016), (LU) catch crops for green manure
including yellow lupin (Lupinus luteus L.) with seeding rates in brackets (130 kg ha−1),
serradella (Ornithopus sativus) (30 kg ha−1), and phacelia (Phacelia tanacetifolia Benth.) (3 kg
ha−1) sown every year, (M) farmyard manure applied at 30 t ha−1 every year in autumn),
and (M + L + LU) manure (10 t ha−1) + liming with 5.6 t ha−1 CaCO3 + catch crops for
green manure including lupines with seeding rates in brackets (130 kg ha−1), serradella
(30 kg ha−1), and phacelia (3 kg ha−1) (applied every year), except liming only in autumn
2016. Yellow lupine, serradella, and phacelia are common plants used for green manures
in Poland. Each treatment had three replicate plots (35 × 20 m) separated by a 1.0-m
margin between the plots. The grain yield, straw yield, and plant height were measured
in nine one-square-meter sub-plots in each of the five treatments (three sub-plots × three
replicate plots).

Stubble tillage (10 cm) using a cultivator plus tooth harrows was done after harvesting
in all treatments (first half of August) and then catch crops were sown in treatments LU and
M + L + LU. Next, mouldboard ploughing (20–25 cm) in late autumn and disking (10 cm)
and tooth harrowing (6 cm) in spring (2nd half of March) were applied in all treatments
(1st half of April) to prepare the seedbed for spring cereals. The autumn ploughing in M
and M + L + LU also ploughed down the catch crops for green manure. Weed control
and crop protection were carried out by herbicides, insecticides, and fungicides used
in the farm where the experiment was conducted in the same manner in all treatments.
All management practices were done using light wheel tractors (2.5 to 3.5 Mg mass) to
minimize soil compaction effects on crop yield.

2.2. Descriptive Statistics

Descriptive statistics including the mean, standard deviation, coefficient of variation,
minimum and maximum values, skewness, and kurtosis were calculated for each yield trait.
Pearson correlation coefficients between the yield trait components within the particular
years and between the years were determined using STATISTICA 12 PL (StatSoft 2019).

2.3. Bland–Altman Method

The Bland–Altman statistics was adopted to determine the separate effect of the
different SICS vs. control plots on the cereal yield trait components. In this method, the
differences in the cereal yield trait components (grain, straw, and plant height) between the
plots with different SICS and the control plots against the average yield with SICS and the
control were graphically presented for each study year. The agreement between the yield
in the plots with SICS and the control plots was assessed using bias (average of differences
between the yield from the plots with SICS and control plots), the limit of agreement (LoA)
defined as bias ±1.96 × standard deviation (SD), confidence intervals (CI) for the bias
and LoA defined as ± standard error × the value of t distribution with n–1 degrees of
freedom, and the Bland–Altman ratio (BAR) defined as the ratio of half the range of LoA to
the mean of the pair including the yield from plots with SICS and control plots, the and
regression line from the equation y = ax + b, where y—differences between the plots with
different SICS and the control plots, x—average yield from plots with SICS and the control,
a—regression coefficient, b—intercept. The BAR values were graded as good, moderate,
and insufficient for values (BAR < 0), (0.2 ≤ BAR < 0.4), or (BAR ≥ 0.4), respectively [48].

Root mean square residuals (RMSR) and maximum relative residuals (MRR), which
are the differences in the yield between the plots with SICS and the control plots, were
determined for all yield trait components and each study year.
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3. Results

3.1. Weather Conditions

Figure 1 illustrates the course of monthly mean air temperatures and rainfall sums for
2017, 2018, 2019, and 2020 in the study site. The average temperatures during the growing
season (April–September) and the annual temperatures in the successive years were 14.8,
17.1, 15.9, and 15.1 ◦C and 8.7, 9.3, 10.0, and 9.7 ◦C, respectively. The respective sums of
the growing season and annual precipitation were 424.1, 308.1, 306.2, and 439.8 mm and
670.1, 509.1, 475.9, and 666.2 mm, respectively. The growing season precipitation rates in
2017–2020 were below the long–term average (567 mm).

Figure 1. Monthly average air temperatures and sums of precipitation during the period of 2017–2020.

3.2. Descriptive Statistics

Basic statistical parameters of the grain and straw yields and plant height are given
in Table 1. The ranges of the mean, minimum, and maximum values of the grain yield
(in kg m−2) in the growing seasons 2017–2020 were 0.123–0.361, 0.070–0.240, and 0.180–0.530,
respectively. The corresponding ranges for the straw yield (in kg m−2) were 0.205–0.432,
0.140–0.230, and 0.310–0.770 and plant height (in cm): 53.5–90.1, 48–75, and 63–110. The
minimum values of all yield trait components were noted in 2018 or 2019 and the maximum
values were determined in 2017 or 2020. The largest and similar coefficient variations (CVs)
were recorded for the grain yield (17.5–28.1%) and the straw yield (19.7–28.5%), whereas
lower values were calculated for the plant height (7.5–10.2%).

According to the classification proposed by Dahiya et al. [51], the CV values for the
grain and straw yields were moderate (15–75%) and low (0–15%) for the plant height. The
asymmetry (skewness) of the grain and straw yields was positive (0.053–0.930), whereas
that of the plant height ranged from positive 0.803 in 2018 to negative −0.052 in 2017.
The kurtosis of the grain yield varied from 0.141 in 2018 to negative −0.445 in 2020. The
corresponding ranges for the straw yield and the plant height were 0.480 in 2017 to −0.249
in 2019 and −0.349 in 2019 to −1.018 in 2020. In general, the skewness and kurtosis values
indicate that the yield trait components were close to the normal distribution, which was
slightly flattened in nine cases and slightly slender in three cases.

The response of the cereals to the SICS applied was related to the yield trait components
and the study year. The differences in the mean grain yield between the particular
treatments and the control in the first three study years (2017–2019) varied from 18.0% to
−16.6% (Figure 2a). However, in the last study year (2020), the wheat grain yield increased
(p < 0.05) in the M and M + L + LU treatments by up to 47.3% and 45.8, respectively,
compared to that in the control (0.279 kg m−2). A substantially lower and statistically
insignificant increase was observed in the lime (L) and catch crop (LU) treatments (by
10–18%). On average, the cereal grain yield during the experimental period (2017–2020)
increased in the L, M, and M + L + LU variants by 2.5, 23.3, and 16.6%, respectively, and
slightly decreased in LU (by 0.7%) compared to the control (0.224 kg m−2). Irrespective of
the treatment, the grain yields were considerably lower in both dry years 2018 and 2019
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(growing season rainfall: 306 and 308 mm) than in the wet years 2017 and 2020 (growing
season rainfall: 424 and 440 mm). The grain yields averaged over the treatments were
0.123–0.143 kg m−2 in the dry years (2018–2019) and 0.333–0.361 kg m−2 in the wet years
2017 and 2020 (Table 1). The inter-annual variations in the grain yields were relatively
greater than those between the SICS treatments in all study years.

Table 1. Basic statistics for cereal yield trait components during the period of 2017–2020.

Year 2017, Oats Year 2018, Spring Wheat
(kg m−2) (cm) (kg m−2) (cm)

Yield Grain Straw Height Grain Straw Height
Number 45 45 45 45 45 45

Mean 0.361 0.350 74.3 0.143 0.205 53.5
SD 0.063 0.069 5.6 0.040 0.040 4.2

CV (%) 17.5 19.7 7.5 28.1 19.3 7.9
Minimum 0.240 0.220 64.0 0.070 0.140 48.0
Maximum 0.530 0.560 85.0 0.250 0.310 63.0
Skewness 0.276 0.596 −0.052 0.883 0.930 0.803
Kurtosis −0.340 0.480 −1.018 0.141 0.406 −0.514

Year 2019, Spring Wheat Year 2020, Oats

(kg m−2) (cm) (kg m−2) (cm)

Yield Grain Straw Height Grain Straw Height
Number 45 45 45 45 45 45

Mean 0.123 0.395 71.6 0.333 0.432 90.1
SD 0.026 0.094 5.6 0.072 0.123 9.2

CV (%) 20.9 23.8 7.8 21.5 28.5 10.2
Minimum 0.070 0.200 59.0 0.170 0.230 75.0
Maximum 0.180 0.590 84.0 0.490 0.770 110.0
Skewness 0.249 0.053 −0.229 0.322 0.477 0.300
Kurtosis −0.289 −0.249 −0.349 −0.445 −0.031 −0.494

The straw yield changes in response to the SICS applied varied in the first three years
from 22.3% (in M + L + LU in 2019) to −11.4% (in L in 2018) (Figure 2b). The highest
straw yield increment was observed in 2020 in the M and M + L + LU variants, where the
straw yield increased by 58.2% and 65.0%, respectively, compared to that in the control
(0.340 kg m−2). It is worth noting that this increase in the straw yield in both treatments
was relatively greater than that of the grain yield and was reflected in lower grain/straw
ratios (Figure 2c). Noteworthy, the similar mean grain yield of spring wheat in the dry
years 2018–2019 (0.123–0.143 kg m−2) was accompanied by a considerably (almost twice)
higher straw yield (0.395 kg m−2) in the dry year 2019 than in the other dry year 2018
(0.205 kg m−2).

The high straw yield in 2019 was clearly reflected in the considerably lower grain/straw
ratios in all treatments (0.287 to 0.331), compared to those in the other years, i.e., 2017
(0.969 to 1.084), 2018 (0.633 to 0.787), and 2020 (0.733 to 0.874) (Figure 2c). The straw yield
averaged over the whole experimental period (2017–2020) increased in L, LU, M, and M +
L + LU by 1.5, 4.3, 23.8, and 29.0%, compared to the control 0.311 kg m−2, respectively.

The plant height at harvest in the first three years (2017–2019) in the particular SICS
was slightly lower (to 5.8%) or higher (to 9.7%) and statistically insignificant compared
to the control (Figure 2d). However, in 2020, the plant height was significantly (p < 0.05)
higher in M (by 16.0%) and in M + L + LU (by 20.7%), compared to the control (86.7 cm). It
is worth noting that the plant height response to the particular SICS was relatively lower
than that for grain and straw, irrespective of the study year. The plant height averaged
over the four study years increased in L, LU, M, and M + L + LU by 3.1, 0.8, 8.4, and 11.6%,
respectively, compared to the control (69.4 cm).
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Figure 2. Mean values of the grain yield (a), straw yield (b), grain to straw yield ratio (c), plant height (d), and in response
to soil-improving cropping systems. C—control, L—liming, LU—leguminous catch crops, M—farmyard manure and M + L
+ LU—farmyard manure + liming + leguminous catch crops. The vertical bars indicate the standard deviations (n = 9).

3.3. Correlation Coefficients between Yield Trait Components

As can be seen from Table 2, the highest correlation coefficient (r) between straw and
grain was determined in the wet and last study year 2020 (0.798), whereas the lowest value
was reported in the dry 2018 (0.393); both values were statistically significant (p < 0.05).
The correlation coefficients between the plant height and the grain yield were more closely
correlated in the wet and last study year 2020 (0.776) (p < 0.05), compared to the first three
study years (0.487–0.596). The lowest correlation coefficients between the plant height
and the straw yield were calculated in the dry 2018 (0.189), and the highest values were
recorded in the wet and last study year 2020 (0.833) (p < 0.05). Noteworthy, there were
markedly different r values between the plant height and the straw yield in the two dry
years, i.e., 2018 (0.189) and 2019 (0.785), with much higher straw yield (and higher plant
height) in the latter at a similar grain yield in both years. In line with this finding, there
are significant positive correlations for the grain yield and the plant height between 2018
(0.322) and 2019 (0.333) (p < 0.05) in contrast to the insignificant and negative correlation
for the straw yield (−0.57). Overall, the highest coefficient correlations between all paired
yield trait components were recorded in the last study year.

3.4. Bland–Altman Analysis

Bland–Altman plots including horizontal lines of the bias line (mean difference from
the SICS and control plots), limits of agreement (LoA = bias ± 1.96 × SD) along with
confidence intervals (CI), regression lines (y = ax + b), and Bland–Altman ratio (BAR, half
the range of LoA to the mean differences between the SICS and control plots) describe
quantitatively the impact of particular SICS vs. the control on the cereal grain and straw
yields and plant height. They are shown in Figures 3–5.
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Table 2. Correlation coefficients (r) between grain, straw, and height in the study years. The correlation coefficients in bold
are significant at p < 0.05.

Oats, 2017 Spring Wheat, 2018 Spring Wheat, 2019 Oats, 2020
Grain Straw Height Grain Straw Height Grain Straw Height Grain Straw Height

2017
Grain 1.000 0.623 0.487 −0.112 −0.169 0.081 0.155 −0.116 0.067 0.182 −0.022 0.073
Straw 1.000 0.562 −0.257 −0.126 −0.014 −0.153 −0.181 −0.096 0.116 −0.020 0.057
Height 1.000 −0.063 −0.001 0.229 0.325 0.150 0.230 0.306 0.135 0.336

2018
Grain 1.000 0.393 0.512 0.322 0.228 0.109 0.174 0.122 −0.007
Straw 1.000 0.189 −0.096 −0.057 −0.080 0.136 0.115 0.058
Height 1.000 0.329 0.346 0.333 0.217 0.198 0.112

2019
Grain 1.000 0.676 0.596 0.312 0.121 0.330
Straw 1.000 0.785 0.473 0.367 0.506
Height 1.000 0.375 0.326 0.483

2020
Grain 1.000 0.798 0.776
Straw 1.000 0.833
Height 1.000

The average differences (biases) indicate that the application of the particular SICS
resulted in a lower grain yield (bias < 0) in seven cases and a higher grain yield (bias > 0)
in nine cases (Figure 3). The negative biases varied in kg m−2 from −0.002 for LU in 2019
to −0.017 for LU in 2018, and positive biased ranged from 0.006 for M + L + LU in 2017
and L in 2020 to 0128 for M and 0.132 for M + L + LU in 2020. It is worth noting that all
negative biases occurred in the first three study years and the most positive ones were
noted in the last study year. The ranges of LoA for the grain yields were in general similar
in 2017 and 2018 in all comparable SICS treatments (except higher in LU in 2018). They
decreased considerably in 2019 and then increased in 2020. The increase in 2020 was most
pronounced in M and M + L + LU, where the ranges of LoA± in kg m−2 (0.318, −0.062 and
0.241, 0.023) were several times greater than those in 2019 (0.077, −0.033 and 0.069, −0.016).
The largest ranges of LoA in M and M + L + LU in 2020 correspond with the respective
highest maximum values of root mean square residuals (RSMR) (0.16 and 0.143 kg m−2)
and maximum relative residuals (MRR) (164.7 and 158.8%) (Figure 6). Irrespective of the
treatment, the largest Bland–Altman ratio (BAR) values were noted in 2018 (0.809–0.929)
and the lowest were recorded in 2017 (0.231–0.330), which indicates insufficient (BAR ≥ 0.4)
and moderate (0.2 ≤ BAR < 0.4) agreement, respectively, between the grain yield in the
SICS and control plots [48].

As to the straw yield, the negative biases occurred in seven of the 16 cases and changed
in kg m−2 from −0.002 for M + L + LU in 2018 to −0.036 for LU in 2017 (Figure 4). The
positive biases varied from 0.011 for LU in 2018 to 0.198 for M and 0.221 for M + L + LU in
2020. The highest positive biases correspond with the highest RMSR (0.251–0.269 kg m−2)
and MRR (196.2–204.3%). The ranges of the limits of agreements (LoA = bias ± 1.96 × SD)
were in general relatively narrow and similar in all treatments in the first two study years
2017–2018, but increased largely in all SICS treatments in 2019–2020. This increase was most
pronounced in 2020 in the M and M + L + LU treatments, where the LoAs ranges approxi-
mately doubled compared to those in 2017–2018. The lowest BAR values were recorded
(0.311–0.425) in the first study year 2017, and the largest were noted in 2020 (0.490–0.753)
in all comparable treatments (Figure 6), which indicates moderate (0.2 ≤ BAR < 0.4) and
insufficient (BAR ≥ 0.4) agreement, respectively, between the straw yield in the SICS and
control plots [48].
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Figure 6. Root mean square residuals (RMSR) and maximum relative residuals (MRR), which are the difference in the yield
trait components between the particular SICS and control plots, BAR—Bland–Altman ratio, Bias—mean of the differences,
LoA—limit of agreements, SD—standard deviation of the differences.

The bias values for the plant height were mostly positive in 13 of the 16 cases (except
two negative values for LU in 2017 and L in 2018 and 0 for LU in 2018). The lowest bias in
cm (−4.33) was recorded in 2017 for LU and the highest in 2020 for M (13.33) and M + L
+ LU (17.22). In comparable treatments, the lowest biases occurred in general in the dry
growing season 2018 with the lowest mean plant height among the study years and the
highest values in 2020 with the highest plant height (Figure 5). The ranges of LoAs were
wider in 2020 than in the other years. The highest BAR values for most of the comparable
pairs were recorded in 2020 when the plants were the tallest. In all years except 2017,
the highest BAR values were noted for M + L + LU. The BAR values in 8 cases (0.111 to
0.199) and in four cases (0.212–0.262) (Figure 6) indicated good or moderate and moderate
agreement [48], respectively, between the grain yield in the SICS and control plots. As can
be seen in Figure 6, the BAR values for the plant height were lower than those for the grain
and straw yields, irrespective of the treatment and study year. The lower BAR values for
the plant height correspond with the higher RMSR and lower MRR values.

The regression lines of the differences between the particular SICS and control plots
against the average yield of both indicate that the trends for grain were descending,
ascending, or almost unchanged (close to the bias line) depending on the SICS type and
study year. Ascending trends were mostly observed for the paired treatment M and Control.

245



Land 2021, 10, 1199

As to straw yield and plant height, the regression lines indicate slightly descending or
ascending trends.

Regardless of the SICS type, yield trait component, and study year, the Bland–Altman
plots indicate that a bulk of the points are within the limits of agreement (LoA) and
outliers—within the confidence intervals (CI) (Figures 3–5).

4. Discussion

4.1. Impact of the Soil-Improving Cropping Systems (SICS) on Yield Trait Components

Our study showed the most pronounced differences in all crop yield trait components
between SICS in the fourth and wet study year. A statistically significant and similar
increase in the crop yield was found in two SICS, i.e., M consisting of only farmyard
manure and M + L + LU providing less farmyard manure and plus lime and cover crops.
This significant impact of both treatments may result from the increased nutrient supply
from farmyard manure and cover crops although the soil organic matter content increased
only slightly (data not shown). Similarly, the high yields in the M and M + L + LU variants
imply that organic matter from deficit farmyard manure in the former can be replaced
in part by green manure/cover crops, with maintenance of the same productivity. The
positive effect of the combined SICS (M + L + LU) on the crop yield in the acid soil can also
be enhanced by yield-increasing liming improving the availability of essential nutrients
to plants [52]. These results support the recent actions in several countries, including
Poland, focused on promotion of incorporating legumes in the intercropping systems
and extending agricultural lime application [53–55]. Application of the combined SICS
should be considered not only in relation to crop productivity enhancement but also as a
sustainable strategy to improve the supply capacity of essential nutrients including fixed
atmospheric nitrogen [56], and alleviating the negative effect of soil acidity [52]. It should
also be noted that increasing the organic carbon content or even keeping good levels in
sandy soils requires a continuous supplying organic materials. This is due to the fact
that sandy soils, especially tilled, are well aerated creating conditions conducive to rapid
microbial decomposition of organic matter.

4.2. Weather Influences

Our results showed that the cereal yield trait components were largely influenced by
both the total rainfall amount and their temporal distribution during the growing seasons.
As could be expected, the wheat grain yield was appreciably lower (by more than 50%) in
the two dry growing seasons compared to the two wet growing seasons. The analysis of
the yield trait components and the weather course further revealed that, in both dry years
(2018–2019) with almost the same total amount of rainfalls during the growing season (306–
308 mm), the straw yield of spring wheat was by 160–221% higher, depending on treatment,
in 2019 than 2018. In turn, the grain yield of spring wheat in 2019, compared to 2018, was
not different or slightly lower (by 6.4–24.3%) in the comparable treatments. This opposite
response of the yield trait components can be explained by the different distribution of
rainfalls during the analyzed growing seasons. The large amounts of rainfalls in May
during intensive growth at shooting and the scarce precipitation during later growth in
2019 (Figure 1) may have stimulated top growth. Moreover, the shoot growth in May
2019 may have been favored by the lower temperature (12.5 ◦C) compared to that in 2018
(18.5 ◦C) (Figure 1) by changing evaporation rates. The more intensive shoot growth in
2019 vs. 2018 was reflected in the greater straw yield in the former season in all treatments
(Figure 4). The results imply that a good water supply at shooting increases allocation
of assimilates to shoots while reducing the grain yield. These diverse responses of the
yield trait components emphasize the importance of the increasingly frequent episodic
(extreme) drought and wet conditions during the growing season associated with climate
change [57]. The sensitivity of the yield trait components to weather variation during the
growing season in sandy soils can be enhanced by the high permeability and low water
holding capacity of these soils, which do not allow storing water for a longer time and
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efficient use of nutrients [5], and by the relatively shallow root system of spring cereals.
Understanding the relations among the yield trait components depending on the weather
course during the growing season is important in food and bioethanol production where
grain and straw, respectively, are potential feedstocks [58,59].

4.3. Usefulness of the Bland–Altman Method

The use of the Bland–Altman method contributed to improvement of the quantification
of the direct (separated) impact of a given soil-improving practice on the cereal yield trait
components in reference to the control in different inter-annual weather conditions. For
example, the small values of limits of agreement (LoA = bias ± 1.96 × SD) for the grain
yield in the most yield-producing SICS (M and M + L + LU) in the dry growing season
2019 (with the lowest yield) increased by several times in the wet season 2020 (with the
highest yield), indicating that the grain yields were less even in the latter. The reduced
evenness of the yield in the wetter growing season 2020 may have resulted in part from the
variability in soil water content and the related availability of nutrients from organic matter
provided by these two SICS. The variable soil water content in these SICS treatments may
have resulted from changes in the soil structure caused by the organic matter amendments
and from the natural variability of the soil texture in the study area [19]. This explanation
is supported by the fact that water deficit is a dominant crop yield–limiting factor in sandy
soils [5,60].

The Bland–Altman plots indicate that the orientations of the regression equation lines
for the grain and straw yield in M and M + L + LU, compared to the other SICS, were
in most cases close together to the bias lines. This can be indicative of the stabilizing
effect of the largest quantity of organic matter provided by both SICS on the yield and
uniformity of the yield components. The regression equation lines below or above the
bias line indicate a reduction in yield uniformity. It is important to add that if only one
treatment, i.e., SICS or the control, in the pair has a wide range of limits of agreement
(LoA), the Bland–Altman will always produce wide limits of agreement [61]. This means
that poor agreement between the paired SICS and control do not necessarily indicate that
the tested SICS has low evenness of crop yields in the replicate sub-plots.

The comparison of the Bland–Altman Ratio of the yield trait components revealed that
grain and straw yields, compared to plant height, exhibit appreciably higher uncertainty
(at the most comparable paired SICS and control). Even with high uncertainty, analysis
of biases and LoA values facilitates assessment of the degree of the causal (positive or
negative) effect of particular SICS on the crop yield. This observation along with inter-
annual differences in crop yield trait components is important in modelling crop responses
to SICS and weather conditions during growing seasons [62].

5. Conclusions

The results of this study indicate the following findings:

(1) Differences in the yield of grain and straw and plant height between all each soil-
improving cropping system (SICS) and the control were not significant in the first
three study years (2017–2019). In the last study year (2020), however, all yield trait
components significantly increased in SICS with the use of farmyard manure (M) and
farmyard manure, liming, and catch crops together (M + L + LU) but not in SICS with
application of liming (L) and catch crops (LU) alone.

(2) Irrespective of the type of the soil-improving cropping systems, all yield trait com-
ponents were considerably lower in the dry years (2018–2019) than in the wet years
(2017–2020). The inter-annual variations were relatively greater than those between
the SICS treatments in all study years. The relatively large amount of rainfalls in May
in 2019 during intensive growth at shooting and the scarce precipitation during later
growth resulted in a significantly greater straw yield.

(3) The values of Bland–Altman bias (mean difference) varied from (in kg m−2) −0.002
for LU in 2019 to 0.128 for M and 0.132 for M + L + LU in 2020. Irrespective of the yield
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trait components, the highest limits of agreement (LoA) were recorded in 2020 in the
M and M + L + LU variants, where all yield trait components reached the maximum
values.

(4) The highest Bland–Altman ratio (BAR) values suggest that quantification of the effects
of all soil-improving cropping practices was most uncertain for the grain yield in the
dry year 2018 and for the straw yield in the wet year 2020. The uncertainty for the
plant height was much lower than for the grain and straw yield, irrespective of the
soil-improving cropping systems and study year.

(5) Overall, the results from the Bland–Altman method well complement classical statis-
tics by providing helpful information for selection of the most yield-producing soil-
improving cropping system, depending on weather conditions prevailing during the
growing season.
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Abstract: The risk of erosion is particularly high in Mediterranean areas, especially in areas that are
subject to a not so effective agricultural management–or with some omissions–, land abandonment
or wildfires. Soils on Crete are under imminent threat of desertification, characterized by loss of
vegetation, water erosion, and subsequently, loss of soil. Several large-scale studies have estimated
average soil erosion on the island between 6 and 8 Mg/ha/year, but more localized investigations as-
sess soil losses one order of magnitude higher. An experiment initiated in 2017, under the framework
of the SoilCare H2020 EU project, aimed to evaluate the effect of different management practices
on the soil erosion. The experiment was set up in control versus treatment experimental design
including different sets of treatments, targeting the most important cultivations on Crete (olive
orchards, vineyards, fruit orchards). The minimum-to-no tillage practice was adopted as an erosion
mitigation practice for the olive orchard study site, while for the vineyard site, the cover crop practice
was used. For the fruit orchard field, the crop-type change procedure (orange to avocado) was used.
The experiment demonstrated that soil-improving cropping techniques have an important impact
on soil erosion, and as a result, on soil water conservation that is of primary importance, especially
for the Mediterranean dry regions. The demonstration of the findings is of practical use to most
stakeholders, especially those that live and work with the local land.

Keywords: soil erosion; soil-improving crop systems; sustainable land management; sustainable agri-
culture

1. Introduction

Soil erosion is a primary biophysical process involving the detachment of soil particles
from a given initial area and their transport and accumulation to a new depositional area [1].
It is considered one of the most severe natural threats worldwide, as it threatens soil fertility,
water availability and crop productivity [2]. The risk of erosion is particularly high in
Mediterranean areas, especially in areas that are subject to a not so effective agricultural
management–or with some omissions–, land abandonment or wildfires [3].

Crete’s Mediterranean soils are under imminent threat of desertification, character-
ized by loss of vegetation, water erosion, and subsequently, loss of soil. In particular, the
serious impact of the expected climate change to the southern Mediterranean regions,
together with the adoption of crop techniques by many olive groves’ farmers that neg-
atively affect the environment, such as intensive tillage, use of chemicals, burning of
pruning branches in their fields, may lead to loss of ground’s organic matter, putting
the fields in possible drought hazard in the upcoming years [4,5]. Several studies have
focused on the estimation of average soil erosion in the island. Most of the studies simulate
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erosion with the use of the revised universal soil loss equation (RUSLE) method. Kaza-
mias et al. [6], for example, estimated average soil erosion rates for the Greek territory
at 4.75 Mg ha−1 yr−1 and indicated that for over 12% of the Greek area higher ratings
than 10 Mg ha−1 yr−1 are observed, mainly located at steep areas. Similar values are es-
timated for the Cyprus area (11.75 Mg ha−1 yr−1) with October and November being the
most erosive months [7]. Panagos et al. [8] estimated soil erosion rates between 6 and
8 Mg ha−1 yr−1 for the region of Crete and Kourgialas et al. [9] suggested ratings of an
average 4.85 Mg ha−1 yr−1 for the western part of the island. Several other investigations
assess soil losses as being orders of magnitude higher. Kouli et al. [10] provided an estimate
of soil loss of up to 200 Mg ha−1 yr−1, and Alexakis et al. [11] suggested that losses of more
than 200 Mg ha−1 yr−1 were recorded for 2018. Polykretis et al. [12] assessed the intra-
annual and inter-annual fluctuations, providing similar estimates. Furthermore, changes in
rainfall patterns are foreseen to affect soil erosion in the area. Grillakis et al. [13] examined
projected changes in erosivity for the island of Crete under three concentration pathways
(RCP2.6, RCP4.5 and RCP8.5). Simulations suggest positive changes exceeding 30% for
the 2021–2050 period, while for the far future, erosivity decreased with the increase in
concentration, ranging from −10% to +30% on average, depending on the scenario and as
a result of changes in extremes [14].

Despite the extensive literature devoted in the investigation of soil erosion at the
regional scale, few studies focus on the local field scale, and in particular, at the major land
use types and associated land management practiced. Olives are the most important crop
grown on the island of Crete [15], covering 64% of the arable land and representing 86% of
the tree plantations on the island. Despite the problem of phyloxera in the 1980s [16] and
the Common Agricultural Policy (CAP) to reduce the area of vineyards, viticulture remains
one of the most important production activities of Crete. Olive orchards and vineyards
in Crete often suffer from extreme soil erosion by water due to farm slope and recent
intensification of tillage practices [17–19]. There is a need to find practices that prevent soil
erosion without reducing the profitability of both crops. Less tillage at the olive sites can
improve soil health by reducing organic matter decline, keeping soil microbiology intact,
and limiting compaction through less machine passes across fields, as well as reducing fuel
use and related emissions [20]. In addition, the simplest and most natural way to prevent
erosion in vineyards is through planting vegetation. Cover crops keep ground covered
over storm events with high rain rates and winds, which can cause erosion [21,22]. Plants
establish root systems which stabilize the soil and prevent erosion. Moreover, cover crops
can reduce the need for fertilizer and supply organic nitrogen if leguminous [23,24].

Average erosion rates for orange groves on the island are estimated at 1 Mg ha−1 yr−1,
whereasthe average rates are assessed at 8 Mg ha−1 yr−1, which is still above other cultiva-
tions. Moreover, in the Chania Prefecture of Crete, orange cultivation is a major crop, but
due to severe market competition, producer prices have significantly dropped, leaving little
or no profit. Recently, avocado plantations have been proposed as a potentially sustainable
alternative over orange groves, with high profitability and increasing demand, but soil
erosion for avocados has not been measured [25]. The cultivation is demonstrating to fit in
warm seasons of Mediterranean regions [26].

The objectives of the present experimental study are: (i) to compare different tillage
practices in olive orchards, as tillage is known to affect soil erosion rates; (ii) to test the
use of a vetch cover crop in a vineyard compared to no vetch, with vetch being a nitrogen
fixing cover crop; (iii) to compare the erosion rates as well as other soil quality parameters
between a field that has remained an orange grove for 45 years and one that was converted
to an avocado farm 20 years ago.

2. Materials and Methods

2.1. Study Site

The experiment was conducted on three real farm fields managed by farmers in three
different areas of Chania, Crete, Greece. The first field is an olive orchard located at Biolea
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in Astrikas region, at an altitude of about 260 m and covers an area of about 3000 m2

with a slope gradient of about 6%. The olive trees were planted in a dense of 90 trees per
1000 m2. The field is 25 years old and had not been tilled for 7 years before the beginning
of the project. The second field is a vineyard located in Alikampos region, in an area of
about 3000 m2 and an altitude of about 254 m. The slope gradient of the field is about 15%.
The investment began in 2013. Since then, animal manure is the fertilizer applied every
two years in the orchard, while moldboard ploughing at 20 cm depth is a standard farm
operation. The field is also drip irrigated during the summer period. The third field is a
fruit orchard (orange and avocado) located in Koufos region, in an altitude of about 86 m
and covers an area of about 2000 m2 with a slope gradient of around 10–15%. The orange
trees were planted in 1988 and the conversion of part of the orange orchard to avocado
orchard occurred in 1998. The Avocado trees’ first plantation included 40 trees per 1000 m2,
whereas the orange trees’ first plantation included 120 trees per 1000 m2. The fruit orchards
received ammonium sulphate and potassium fertilizers during the past 10 years, applied in
the irrigation water during the summer period, whereas solid potassium nitrate is banded
on the soil surface in the winter period. Every year, soil mulching with cut branches
occurs in the form of wood chips. Manure is also applied every year on the avocado trees.
Moldboard ploughing at 20 cm depth occurs every two years and glyphosate is banded
on the soil surface every year for weed management. Finally, the field is drip irrigated
according to the needs of each summer period. The topsoil of all sites has a clay loam
texture according to the USDA classification system.

Each experimental site has a representative meteorological station. The closest meteo-
rological station of the olive orchard field is Kolympari, whereas of the vineyards is Vrysses
and of the fruit orchards is Alikianos. However, the time period of temperature, precipi-
tation and evapotranspiration observations is not long. Vrysses started gauging in 2007,
Alikianos in 2012, and Kolympari in 2016. Table 1 displays the yearly hydrometeorological
records of the 2018–2020 period for the stations of interest.

Table 1. Overview of the yearly temperature, precipitation and ET0 for the experiments.

Station Period/year Tmax (◦C) Tmin (◦C) Precip (mm) ET0 (mm)

Vrysses 2018 24 12 759 1304
Kolympari 2018 23 14 704 1129

Vrysses 2019 23 11 1867 1296
Kolympari 2019 23 14 1332 1137

Vrysses 2020 23 11 1454 1306
Kolympari 2020 23 14 667 1155
Alikianos 2020 23 13 1166 1220

Crete has a typical Mediterranean island environment with about 53% of the annual
precipitation occurring in the winter, 23% during autumn and 20% during spring, while
there is negligible rainfall during summer [27,28]. The average precipitation for a normal
year on the island of Crete is approximately 934 mm, with a markedly non-uniform
distribution, a reduction of almost 300 mm from the west to the east part of the island and
a strong orographic effect. Noticeable are the high rainfall winters and the dry summers in
the Chania Prefecture [14].

Regarding the hydrometeorological conditions during the years of the experiment, on
26 October 2017, as well as on 15 and 24 February 2019, Western Crete suffered excessive
rainfall and flooding. The October 2017 event was a high-intensity and short-duration rain
event, resulting in flash floods in the low-elevation agricultural and urban areas on the
northern part of the Chania Prefecture. Persistent storm events in February 2019 resulted
in flooding, extensive riverbank erosion, landslides and rocks throughout the road network
of Chania Prefecture, as well as in the collapse of the 111-year-old historical Keritis bridge
over Alikianos River. For the entire Chania region, 2018 was a dry year followed by an
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exceptionally wet 2019, mainly due to the record high precipitation accumulations of
February (1202 mm/month for Askifou station, Chania), and a normal 2020.

As for relative mean climate conditions between the study sites during the course of
the experiment, safe results cannot be extracted due to the distance of the meteorological
stations from the sites, differences in altitude and microclimate. In general, the vineyard
site located in Alikampos receives the highest amount of mean annual rainfall (~1400 mm)
and has the lowest mean temperature (due to lower minimum temperatures at place). The
fruit orchard (orange and avocado) is located in probably the most fertile and intensively
cultivated valley of Chania prefecture with an average precipitation of about 1200 mm/year,
while the olive orchard site located in Astrikas receives less precipitation and has higher
mean annual temperature, despite the higher altitude.

2.2. Experimental Setup

The beginning of the experiment was in 2017, involving a control versus treatment
(soil-improving cropping system, SICS) experimental design. At the olive orchard field,
two treatments about soil cultivation were tested. A normally tilled area, which served as
the control plot and tilled twice within SoilCare project (November 2017 and May 2019),
was compared with the no-tilled one, which was the SICS plot. The tillage method was
moldboard ploughing at 20 cm depth. Two olive varieties were located in the experimental
organic farm of 0.29 ha, Olea europaea and Koroneiki. At the vineyard site, the experiment
compared a vetch (Vicia faba) cover crop plot with one without a vetch cover crop. The
plot with no vetch served as the control area and the other plot, which was tilled and
seeded with vetch, served as the SICS area. The grape variety was Vitis vinifera and the
plots were located on a corporate organic farm of 0.46 ha. All the farms were fully operated
and managed by the farmers, and because of practical management issues, no replicate
plots could be designed. At the fruit orchard field, the experiment compared an orange
orchard area, served as the control plot, with a rotation crop area of avocado trees, served
as the treatment (SICS). The orange orchard variety was Citrus × sinensis, whereas the crop
switch variety was Persea Americana, and the plots were located on a family conventional
farm of 0.5 ha.

Soil loss rate assessments of both the olive orchards and vineyards’ fields were un-
dertaken through cross sections’ measurements. The total soil loss is estimated by the
erosion/deposition (ER) equation:

ER =
VOL × BD

TA
(1)

where VOL is the volume (m3), BD is the bulk density (kg/m3), and TA is the total effective
area (m2).

In the olive orchard site, the soil loss rate monitoring occurred from November 2018
to June 2021 (32 months) with two cross sections, one per plot, having lengths of 5 and
5.8 m for the SICS and control plot, respectively. In the vineyard site, soil loss rate was
monitored from January 2019 to June 2021 (2.5 years) through six cross sections, three per
plot, of lengths ranging from 1.64 to 2.2 m. At the fruit orchards, soil loss rate assessments
were undertaken through soil pins’ measurements. The soil loss rate monitoring occurred
from May 2018 to June 2021 (37 months), with three to four soil pins per plot, placed per
0.5 m. Figure 1 displays the three farm fields in which experiments were conducted.

254



Land 2021, 10, 964

 

Figure 1. (a) Tilled plot (up) and non-tilled plot (down) at the olive orchard site, (b) positions of the cross sections (CS) in
which soil erosion measurements were performed at the vineyard site, and (c) oranges and avocado trees at the fruit orchard
field.

Biophysical measurements were also performed both in the control and SICS plots
regarding soil texture [29], saturated hydraulic conductivity [30,31], water stable aggre-
gates [32], bulk density [33], mineral nitrogen [34,35], available phosphorous [36], ex-
changeable potassium, sodium and magnesium [37], soil organic carbon [38], soil pH [39],
soil electrical conductivity [40] and earthworm count [41] in the three experimental fields
at the end of October for the years 2019 and 2020.

Soil texture was measured with the Bouyoucos hydrometer method [42]. Saturated
hydraulic conductivity was measured with the Beerkan method [43] but not in fully dry
conditions as shown in Figure 2a. Soil aggregate stability was counted by sampling about
100 g of three to four soil aggregates from the topsoil per plot, which was air-dried for
20 days and thereafter immersed in water on a mesh of 0.4 cm diameter. The aggregates
were observed for a few minutes for slaking [44]. The steps followed to perform the
measurement are indicated in Figure 3. Bulk density was measured in a laboratory as an
indicator of soil compaction. For its assessment, three soil samples from topsoil (10–20 cm)
and three soil samples from subsoil (40–50 cm) per experimental plot (control and SICS)
were taken with a metal ring with known volume of 246.42 cm3. Figure 2b displays the
collection of a soil sample for the bulk density measurement. The following procedure
concerned, first of all, the weighting of an ovenproof container in which each one soil
sample per time was placed on; the soil was dried for one night in a conventional oven at
105 ◦C and then weighted. The difference between the two weight measurements divided
by the soil volume gave the calculation of the bulk density [44]. A mixed soil sample
was collected from each experimental plot, with soil from under ten trees using a Z-shape
sampling methodology in order to estimate mineral nitrogen, available phosphorous,
exchangeable potassium, sodium and magnesium, soil organic carbon (SOC), soil pH, and
soil electrical conductivity. All samples collected were air-dried, grounded to pass a 2-mm
sieve, and analyzed for selected chemical properties. Concerning the available forms of the
nutrients, NO3

--N was extracted with 1M KCl and determined with spectrophotometry
at wavelengths 210 and 270 nm. Olsen P was extracted by 0.5M NaHCO3 with pH 8.5
and was quantitatively determined with molybdenum blue-ascorbic acid method [36] by
using Vis-UV spectrophotometry. Exchangeable cations K+, Na+, and Mg2+ were extracted
with 1M ammonium acetate, having pH 7 [45], and were analyzed by the inductively
coupled plasma method ICP-OES. pH was measured in a soil/water suspension at a 1:2
ratio; SOC was determined with the wet oxidation method [38], whereas the electrical
conductivity was measured in the saturation paste extract [46]. Earthworm density was
evaluated as an indicator of the biological health and condition of the soil per experimental
plot. The procedure followed was the mixing of 2 L of water with 20 g of mustard seed, the
pouring of the half mixed on a 25 cm × 25 cm sample plot where vegetation and leaves
were removed, and the observation of worms that came to surface over a period of 5 min,
and then the pouring of the remaining mix and the waiting of another 5 min to gather
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worms that came to the surface. Figure 2c,d indicate the procedure followed for earthworm
counting in the olive and vineyard field respectively.

 

Figure 2. (a) Infiltration rate experiment, (b) soil sampling for bulk density measurement, (c) pouring mix of water and
mustard for earthworm test in Astrikas, and (d) worms coming out to surface after the pouring of the mix in Alikambos.
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Figure 3. (a) Soil aggregates from both plots (control and SICS) of the three study sites: air-drying before slaking test, (b)
100 g of three aggregates of the Astrikas field to be used for the slaking test, (c) soil aggregates into the mesh before being
immersed to water, and (d) soil aggregates after the immerse to water.

2.3. Stakeholder Engagement

Throughout the SoilCare project, two stakeholders’ workshops and two stakeholders’
meetings were held, either with physical presence or virtually. The first workshop occurred
on 21 March 2017 at the Technical Chamber of Crete (West Crete Chamber), where 12 per-
sons (4 female and 8 male) participated. The main participants were farmers, agronomists
and researchers. The stakeholders introduced themselves and justified their interest in the
SoilCare project objectives. They were asked to place themselves on a stakeholder matrix
that determined the scale of motivation and perceived influence, graded from low to high.
The stakeholders also participated and contributed their experience and knowledge on
drivers, barriers and solutions for the soil erosion threat in their area. During the work-
shop, commonly accepted and applied practices to combat soil erosion, along with their
benefits and drawbacks, were discussed for further evaluation and potential outspread
to all farmers. The stakeholders were also asked to rank, in a scale from 1 to 6, suggested
ways to receive information about SoilCare during the lifetime of the project, as well as
the display ways they would receive information regarding new SoilCare practices. The
questionnaire they had to fill also concerned their preference on dissemination manners
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of information and advice of farming practices being used in SoilCare, their three main
questions that they would like to be answered when evaluating whether to apply a new
practice, as well as the way they would normally find out about new farming practices,
beyond the project.

A meeting was held in March 2018 on the premises of Technical University of Crete
(TUC), which was attended by 6 people (2 women and 4 men). All the stakeholders were
updated about the progress of the field experiments related to soil loss monitoring in the
three agricultural fields and the installation of six sediment fences/traps for collecting
deposited soil at all the study sites. The stakeholders were asked to evaluate the results of
monitoring and soil loss collection thus far. Through a constructive discussion between
stakeholders and researchers, it was agreed that the research should focus more on monitor-
ing of soil erosion/deposition implementing additional approaches. In particular, among
the following actions of the researchers, there would be the installation of triangular or
square grid for monitoring sheet erosion, monitoring of soil roughness with means of
images (stereopairs), multi-temporal monitoring and recording of rills in the study areas,
as well as correlation of soil organic matter and spectral data (field spectroradiometric
measurements) in terms of soil erodibility at a farm and watershed scales.

A research activity was afterward held within the period from April to June 2019 in
Chania, which concerned the individual interviewing of 4 stakeholders/farmers (4 men)
since it was not possible for them to be gathered in a group. Two of them were involved
in the olive orchard experiment, one in the vineyard experiment, and one in the avo-
cado/orange experiment. Toward the specific research activity, the stakeholders had to
describe the expected benefits and impacts of the SICS being tested in their field. They also
had to identify and describe the key barriers and enablers to SICS adoption. The factors
evaluated were economic (farm and market) conditions, biophysical conditions (climate
and geomorphology), technical barriers, knowledge and information barrier, and sociocul-
tural factors, as well as institutional or policy regulations. Moreover, the stakeholders were
asked to identify and assess feasibility of actions to promote SICS adoption at national
and/or (sub)regional level by ranking the enabler and barrier factors from not so important
to very important. In addition, they were requested to point out actions that would remove
barriers and support enablers as well.

The final stakeholder workshop occurred via online meetings of small groups during
various dates in February and March 2021 due to the COVID-19 pandemic restrictions
in place. A total of 18 persons (6 female and 12 male) participated and discussed project
findings. The main groups were farmers, researchers and agronomists. After the end of the
online presentations, the participants, both men and women, and especially the farmers,
raised useful questions. Indicatively, the olive groves’ farmers wanted clarifications regard-
ing tillage avoidance, especially in the dry season. The vineyard farmers showed particular
interest in the application of the experiments. The orange cultivators were interested in
understanding the way of further improving the biological health and condition of soil
on avocado trees. An important question raised was whether an avocado market will
exist for the trees currently planted which will be placed into production in five years.
Afterward, the attendees validated whether the project findings were plausible and/or
consistent with their understanding. They also identified the benefits that they gained
from SoilCare already, as well as the ones that they found important for the future from the
project findings. The stakeholders were requested as well to have an active role and state
the way they can disseminate the project findings to more people who can benefit from
them. The engagement of the stakeholders continued as they were asked to report the way
that they would like to be supported in using or implementing project/research findings.
Toward the end of the workshop, the attendees mentioned what impressed them most and
how to implement what they learned from the workshop.
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3. Results

3.1. Impacts on Soil Erosion
3.1.1. Olive Orchard Site

Concerning the sediment fences, although part of the study area was tilled, minimum
difference was evident in the collected deposited soil between tilled and no-tilled area. This
was considered as a common phenomenon as only few-deposited soil may be collected
during winter when it rains more often, due to the presence of naturally grown winter
cover crops retaining rainwater. Nevertheless, intensified tillage, which occurred twice in
18 months, contributed to increased soil erosion, as visually observed by the exposed root-
ing system. Apart from tillage, irrigation also increased soil erosion with the irrigated trees
showing shallow roots accompanied with topsoil erosion. Regarding the cross-sectional soil
loss measurements, results showed that the no-till treatment had a considerable impact on
soil erosion rates. Soil loss rate monitoring revealed that the application of no-till treatment
reduced mean soil erosion by over 14%, roughly from 3.3 to 2.9 Mg/ha during the 2.5 years
experiment (November 2018 to June 2021).

3.1.2. Vineyard Site

Extreme storm events occurred on 15 February 2019 and 24 February 2019. The nearby
rain station recorded the exceptional accumulation of 726.2 mm during this period. These
events created rills in the examined field. In the vetch plot, the rills were shorter compared
to the no vetch plot when compared visually. The application of the vetch treatment had
a direct impact on soil erosion over the 2.5-year monitoring period (January 2019 to June
2021). Soil loss rate monitoring revealed that the vetch coverage reduced mean soil erosion
by over 12% (roughly from 3.4 Mg/ha in the no vetch plot to 3 Mg/ha in the vetch plot)
during the 2.5 years experiment.

3.1.3. Fruit Orchard Field

An extreme rainfall event occurred on 26 October 2017, leading to more than 2 kg of
soil trapped in the sediment fences of 3 m2 area, corresponding to about 7 Mg/ha. In the
rest of the monitored period, the sediment traps did not collect considerable amounts of
soil after events of light rain. Further extreme precipitation events, which caused severe
flooding in the wider area, occurred in February 2019, triggering further erosion in the field.
Field measurements showed that the crop switch to avocado trees significantly reduced the
mean soil erosion compared to the orange orchards (control) over 3 years of monitoring
(May 2018 to June 2021). Soil loss rate monitoring revealed that the avocado conversion
caused over 34% reduce in mean soil erosion, roughly from 4.6 to 3 Mg/ha, during the
3-year experiment.

A one-way ANOVA was performed to compare the effect of the different treatments
on the erosion rates, with 90% CI. The analysis revealed that there was a statistically
significant difference in the erosion rates between the avocado and orange treatments
(p = 0.096) (Figure 4iii) but not for the other treatments (p = 0.745 for the olive orchard,
p = 0.561 for the vineyard). Figure 4i,ii indicate the mean soil erosion at the control and
SICS plot of the olive orchard and vineyard site respectively after 2.5-year of monitoring
through cross sections.

3.2. Impacts on Soil Properties
3.2.1. Olive Orchard Site

Topsoil bulk density was slightly higher in the no-till plot. Bottom soil bulk density
was found at the same levels in both plots. Exchangeable magnesium had an increasing
trend in both plots from 2018 to 2020. Mineral nitrogen and available phosphorus concen-
trations were lower in the no-till plots, both in 2019 and 2020. The soil organic carbon rate
had an increasing trend in both plots from 2018 to 2020, and was slightly higher at the
last year, which was probably due to the animal manure application. The crop yield was
the same at both plots (till and no-till) and was increased in 2020 compared to the years
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2018 and 2019. Earthworms’ density per m2, which can be used as a sensitive indicator to
management changes were substantially higher in the non-tilled plot compared to the tilled
one in the 2020 measurement, indicating better soil health and condition. Weed infestation
was slightly higher (10%) in the non-tilled plot compared to the tilled one, which cannot be
assumed as a considerable high hazard.

 
Figure 4. Mean soil erosion (Mg/ha) in (i) tilled and non-tilled plot at the olive orchard site during the 2.5-year of monitoring,
(ii) no vetch and vetch plot at the vineyard site during the 2.5-year of monitoring, and (iii) orange and avocado plot at the
fruit orchard field during the 3-year monitoring (* denotes significant differences at a 90% CI level).

3.2.2. Vineyard Site

By the end of 2020, top- and bottom soil bulk densities of the vetch plot were lower
compared to the no vetch plot, indicating good soil functioning, improved water and solute
movement as well as soil aeration. A soil aggregate stability test resulted in good soil
stability and resistance to erosion for both plots; however, for the vetch applied plot, slaking
effect was slightly less observed, indicating better structure maintenance. The soil organic
carbon did not follow a specific trend; it was relatively satisfactory around 4% in both plots
(control and SICS) from 2018 to 2020. The crop yield was the same at both plots (control
and SICS), having a slightly decreasing trend during the 3-year monitoring. Earthworms
per m2, which is a soil health indicator, were considerably higher in the vineyard with the
cover crop applied. The percentage of weed infestation was 20% less in the vineyard with
the cover crop.

3.2.3. Fruit Orchard Field

The soil organic carbon rate was higher in the avocado trees compared to the orange
orchards. The saturated hydraulic conductivity was considerably higher in the avocado
trees plot compared to the orange trees plot, in the 2020 measurement. The exchangeable
magnesium was also higher in the avocado trees compared to the orange orchards during
the 3-year monitoring. The level of weed infestation was 10% less in the avocado field
compared to the orange trees field. Electric conductivity values indicated high salinity
levels in both plots, while higher values were observed for avocado trees.

Due to the lack of replicates, there was no efficient way to place error bars on the
graphical values of soil properties. Nevertheless, the repetition of measurements every year
demonstrated an important variation in properties′ values, as shown in Figure 5 regarding
the 2.5-year of monitoring of the olive orchard site, Figure 6 concerning the 2.5-year of
monitoring of the vineyard site, and Figure 7, which concerned the soil properties after
3-year monitoring of the fruit orchard field.
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Figure 5. Soil properties in tilled and non-tilled plot at the olive orchard site during the 2.5-year monitoring.

 

Figure 6. Soil properties in no vetch and vetch plot at the vineyard site during the 2.5-year monitoring.
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Figure 7. Soil properties in orange and avocado plot at the fruit orchard field during the 3-year monitoring.

3.3. Assessment of Stakeholder Engagement
3.3.1. First Stakeholder Workshop (21 March 2017)

Local stakeholders underlined that soil erosion mainly depends on geomorphology
(slope), soil type, vegetation cover, climate, socio-economic and policy drivers, including
human activities (land management, soil conservation techniques). They punctuated that
soil erosion causes soil infertility, resulting in reduced production and thus income. Land
users and agronomists showed the effects and the indicators of increased soil erosion on
their cultivations, such as exposed tree roots, rills, reduced soil organic matter, soil pillars.
They also seemed aware of the functions and services offered by the soil, as well as the
impact of losing them. A few of the stakeholders perceived the soil functions and services
as were presented in the meeting, but with high uncertainty on whether the knowledge
will be consolidated. However, the meeting presentation was essential to discuss limits
and effects of soil erosion before beginning a meaningful conversation at the local scale.
The discussion with the stakeholders highlighted knowledge gaps of the interested parts
regarding the extent that the erosion affects the performance and quality of production,
the extent that different cultivation practices within the same crop or a total crop change
affect the rate of soil erosion, and the most promising erosion mitigation approaches and
technologies as well. Major barriers in adopting land management practices include the
local administration lack of partaking in decision making, yet can implement and control
what is already decided; agronomists perceive lack of interest of farmers (typically those
with lower education level), including in regular testing of soil quality of their fields, being
reactive rather than proactive; farmers’ cooperatives often realize that competitive farmers
are noncommitted to the cooperatives’ objectives, whereas outsiders perceive cooperatives
as less sustainable and profit oriented, or simply disagree with how resources are allo-
cated; there is lack of financial motives (or motive awareness) for stakeholders; educational
institutions lack the legislative freedom and means to interact with stakeholders for pi-
lot/prototype practices for soil and land management. The stakeholders considered that
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government, local municipalities and individual farmers were responsible for providing
solutions.

3.3.2. Research Activity (April to June 2019)

Based on the evaluation of the questionnaires, the olive farmers stated that the money
saved from the no tillage practice is counterbalanced by the weed spraying costs or the time
of cutting them off. The climate of Crete acts as an enabler for olives, whereas steep slopes,
stones and rocks may significantly affect the crop. Drought may further raise the rooting
system of the crop higher, affecting mostly the tilled plots. The vineyard farmer expected
the yield to be increased through the cover crop. However, because of no directly visible
benefits, the farmer, although willing to adopt the practice, stated the need for long-term
experiments such that the benefits are proven and quantified. Yet, the presence of different
crop within the vineyard competes with the soil structure in dry years. One farmer also
noted that there is sufficient access to knowledge and information, but there is difficulty
in convincing to test new alternative cultivation methods; it is preferable to recognize the
benefits from other farmers and then adopt the new techniques. The avocado yield is
expected to be profitable after the fifth year of the crop change, since the investment costs
of the crop change process are high. However, there is a high interest for this investment
since the climate conditions on Crete seem identical for the avocado crop. In addition, the
avocado demand from European markets is expected to increase. The farmer asked for
additional knowledge and advice from an experienced agronomist and identically visiting
of demonstration sites.

The farmers claimed the need for guidance and advisory services of great expertise on
soil data, soil analysis, fertilizers′ use, as well as extra skills to the specific SICS practices
to remove barriers. They also indicated the necessity for financial support and incentives
to adopt SICS practices. In addition, they suggested that the organization of workshops
could support enablers with successful studies and practical applications that would
emphasize the pros and cons of the proposed SICS. All farmers agreed that other farmers
with experience in the specific SICS practices can provide important information to them.
Social networks and videos can also help farmers adopt new techniques. New cultivation
practices according to EU regulations can also be promoted from the State through seminars
and programs.

3.3.3. Final Stakeholder Workshop (February and March 2021)

After the end of the online presentations, the soil specialists/consultants and the
researchers had well understood the project results in the three fields of its application. The
farmers generally found the presentations helpful in understanding the conceptualization
of the problems faced in the three field studies, as well as the results obtained. They found
the vetch cover crop easy to be applied, and the no-tillage practice feasible. Several of the
orange cultivators realized that switching crops to avocados would bring them a great
financial profit in long-term, while at the same time soil erosion would be reduced in their
fields.

Regarding the benefits gained from SoilCare thus far, all the farmers stated that they
gained better knowledge of their fields and the soil properties and functions as well as of
the soil erosion’s negative impacts and the way these can be avoided. The consultants noted
the necessity to inform farmers of soil improving techniques, as well as the requirement
for proper training in applying these techniques correctly. Concerning the benefits of the
project findings for the future, farmers were willing to apply the proposed SICS practices to
new sites or to the rest of the parts of their fields already tested. Several were interested in
examining the tests which concerned the soil properties. The consultants were motivated
to use the results and present them in workshops and other organized events aimed at
farmers. Certain researchers were interested in monitoring the study fields for another
2–3 years, with the agreement of the farm owners, to examine if soil erosion continued to
decrease in the SICS plot and at what rate.
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About the dissemination of the project findings to more people who can benefit, the
farmers suggested that they may share the results with other farmers either through the
cooperative or through discussion with nearby growers. Another suggestion was the
co-organization of events with local organizations, municipalities, or farmer cooperatives
at the local level. Others proposed the local media. The consultants offered to organize
training events for farmers in order to strengthen their skills on innovative soil improving
mechanisms. Among the suggestions of the researchers for dissemination were informative
brochures and workshops about the findings, in situ exhibitions of SoilCare case studies in
Crete, video demonstration of SICS solutions, as well as guidance documents about new
soil practices addressed both to farmers and agronomists.

As regards to the way the stakeholders would like to be supported in using or imple-
menting project findings, the farmers seek subsidies for new machinery, seeds, including
to avoid loans in the case of avocado investment. Several look for policy opportunities,
guidelines for crop change, further development of the agricultural associations, and con-
sulting services as well. The consultants seek additional seminars organized by government
agencies on the way that they should train the farmers about the benefits of SICS. The
researchers look for project funding for new SICS mechanisms and involvement of both
farmers and stakeholders.

4. Discussion and Conclusions

Soil-improving cropping systems (SICS) application seems to play an alleviating role
in soil loss processes, therefore it is recommended that farmers be properly informed about
the tested practices within their fields.

No tillage practice is substantially beneficial for controlling soil erosion (over 14%),
improving soil health and keeping good soil structure. Olive farmers should consider
reducing tillage practices in olive orchards, control the tillage depth, and at the same time,
limit its application especially during severe drought periods. In addition, the biological
health and condition of the no-tilled plots were clearly better compared to the tilled ones.
Water and solute movement as well as soil aeration were appropriate, including in the case
of no-tillage. Weed management is a deterrent factor for this practice.

Vetch application is an inexpensive solution and is recommended to control soil
erosion. The correct application of cover crop is a determinant in improving soil quality.
Specifically, the biological health and condition of the vetch cover plots were clearly better
compared to the no vetch. Furthermore, water and solute movement as well as soil aeration
were slightly improved in the case of cover crop application.

Avocado farms, besides having significantly higher financial benefits, can also main-
tain a comparably overall good soil quality. However, the earthworm density experiment
displayed that the biological health, and condition of the avocado plot were inferior to the
orange tree plots. Conversely, water and solute movement as well as soil aeration were
in good status for both cultivations, as identified by the top and bottom soil bulk density
experiments. Moreover, the application of regular manuring resulted in higher values
of SOC in the avocado field. The improvement of soil quality and structure through the
increase of SOC as well as the control of soil erosion was additionally achieved by the
organic material that accumulates from the intense foliage of avocados trees, resulting in a
thick layer of organic material on the ground.

Different trends were found for erosion/deposition for the various cultivations and
different treatment methods; however, the only statistically significant results were ob-
tained for the orange to avocado treatment. In the olive tree cultivation, average ero-
sion/deposition for the SICS plot with no tillage was 2.86 Mg/ha, ranging from 0.07 to
15.66 Mg/ha, depending on the observation periods. The control applied in this site was
tillage twice in the period of study (November 2017 and May 2019). Tillage resulted to
increased spread and mean erosion/deposition values of 3.33 Mg/ha (ranging from 0.43
to 11.42 Mg/ha). The application of crop cover treatment had a direct impact on mean
and spread of soil erosion/deposition in the vineyard cultivation. The application of
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vetch treatment reduced mean erosion by 13% (reduced from 3.41 Mg/ha in the control to
2.98 Mg/ha in the SICS plot). A similar trend was found for the crop change experiment.
Mean soil erosion/deposition reduced by over 34% (reduced from 4.66 Mg/ha in the
orange to 3.04 Mg/ha in the avocado plot) by changing orange to avocado trees according
to the measurements. The spread of the magnitude of these processes was also reduced.
Comparing the three different experiments, lower values of soil erosion/deposition were
obtained for olive orchards, and this may be due to the lower slope of the plot (~6%).
Regarding vineyard plot, although the study site is located in an area with a slope of
~15%, the small sediment losses can be mainly attributed to the higher concentration of silt
and clay and low sand content of the soil. The sandy soil (55.3% sand) of the orange and
avocado plot may be the main reason of higher erosion/deposition values observed. An
additional reason for not monitoring significant differences in the two experimental fields
may also be the short-term application of the SICS treatments, whereas the conversion of
orange to avocado happened already in 1998 and thus can be considered as a long-term
experiment.

This experiment demonstrates that soil improving cropping techniques have a sig-
nificant impact on soil erosion, and as a result, on soil water conservation, which is of
primary importance, especially for the Mediterranean dry regions. As reported in other
studies, tillage erosion is considered to be one of the most important processes of land
degradation in cultivated areas. The effect of tillage in soil erosion was also recorded during
the SoilCare experiment, including for the minimum tillage practice that was applied as a
soil-improving cropping method. Results of the study also show that crop cover treatment
(vetch) and crop type change have a substantial impact on soil erosion/deposition (12% to
34% lower, respectively). The proposed sustainable soil improving practices are already
being applied in many parts of the region. In particular, the change in procedure from
orange to avocado trees has been adopted by many farmers as a response to the reduced
orange prices and the high income from avocado cultivation. These results highlight the
crucial role of soil-improving cropping systems for sustainable land management.
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Abstract: The aim of this work was to identify the most sensitive soil quality indicators and assess
soil quality after long-term application of sewage sludge (SS) and conventional mineral fertilization
for rainfed cereal production in a sub-humid Mediterranean calcareous soil. The treatments included
six combinations of SS at different doses (40 t ha−1 and 80 ha−1) and frequencies (every 1, 2 and
4 years), plus a control with mineral fertilization, and a baseline control without fertilization. Twenty-
five years after the onset of the experiment, 37 pre-selected physical, chemical and biological soil
parameters were measured, and a minimum data set was determined. Among these indicators, those
significantly affected by treatment and depth were selected as sensitive. A principal component
analysis (PCA) was then performed for each studied depth. At 0–15 cm, PCA identified three factors
(F1, F2 and F3), and at 15–30 cm, two factors (F4 and F5) that explained 71.5% and 67.4% of the
variation, respectively, in the soil parameters. The most sensitive indicators (those with the highest
correlation within each factor) were related to nutrients (P and N), organic matter, and trace metals
(F1 and F4), microporosity (F2), earthworm activity (F3), and exchangeable cations (F5). Only F3
correlated significantly (and negatively) with yield. From these results, we concluded that soil quality
can be affected in opposite directions by SS application, and that a holistic approach is needed to
better assess soil functioning under SS fertilization in this type of agrosystem.

Keywords: soil quality assessment; sewage sludge; long-term effect; Mediterranean soils

1. Introduction

In the framework of circular economy and the European Green Deal goals, land
application of sewage sludge (SS) is suggested as one of the most economical and ecological
sludge disposal methods [1,2]. When properly managed, it is seen as way to prevent
environmental pollution [3], recycle nutrients, and decrease the need for commercial
fertilizers [4,5]. Sewage sludge, in general, has a high content of organic carbon, nutrients
(particularly N and P) [6], and trace elements (S, Mg, Ca), and can promote the proliferation
and activity of soil micro and mesofauna [2]. As a consequence, amending soils with SS can
improve some soil properties, such as organic matter and nutrient content, soil porosity,
bulk density, aggregate stability, or available water holding capacity [2,3,7–9].

However, SS can also contain trace metals and persistent organic pollutants, which
present a harmful risk to the environment and can be transferred to crops [10]. Indeed,
larger studies on the effect of different organic amendments on soil quality [11] observed
that the overall effect can be positive, although some aspects, such as soil contamination or
grain quality, may be compromised, depending on the type of amendment used. In particu-
lar, the consequences of SS application on soil chemical properties and the accumulation of
contaminants have been extensively studied [5,12,13] and different strategies to minimize
the risk associated with SS application have been developed [14].
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In this framework, the European Commission implemented the EU Directive 86/278/EEC
with regulatory guidelines on SS application and the concentration of toxic elements [15].
Other regulations exist at the national and regional level worldwide. Nonetheless, the
consequences of the continuous application of SS on other soil quality indicators, particu-
larly the interaction between indicators and their relation to soil functions, have received
less attention [11]. These consequences are dependent not only on the composition and
frequency of SS application, but also on the pedoclimatic and agronomic characteristics
of each site [2,16,17]. The importance of considering all dimensions and properties of soil
(in terms of its physical, chemical, biological, and organic matter properties) is intrinsic to
any such study [17–19].

In the last decades, the literature on the study of soil quality has grown substantially,
with an increasing emphasis on the inclusion of this concept associated with agriculture
and other land uses, which should consider the many relationships between soil functions
and the ecosystem services they provide [20,21]. Within the diversity of the approaches
developed, there is an agreement on the existence of a series of basic steps in the evaluation
of soil quality, among which the selection of appropriate indicators stands out for its special
relevance [22]. Global reviews of these indicators [22–24] point out the most frequently
proposed ones as those related to the organic fraction and soil reaction, together with those
referring to the status of some nutrients, porosity (density), and water retention.

In any case, the selection of soil quality indicators needs to be made by simultaneously
considering the soil functions and/or the services associated with them that are to be eval-
uated, and the local conditions imposed by the soil-climatic characteristics at the site under
consideration. Some examples of the use of this approach in Navarre, Spain [25,26] for the
evaluation of soil quality in agrosystems managed according to conservation agriculture
criteria showed that the most appropriate indicators can vary in a relatively short lapse of
time with a change of context, such as the transformation from rainfed to irrigated. The
identification of these indicators, therefore, must also consider the management context.

In the particular context of farmlands in semiarid and sub-humid Mediterranean
regions, which are usually depleted in organic matter [27], and therefore especially sensitive
to soil degradation, SS addition to croplands has been seen as a promising practice, due
to its high content in organic matter and nutrients [28]. Still, physical degradation of the
soil may occur depending on the quality of SS, the doses and frequency of application,
and the pedo-environmental conditions [29]. An adequate assessment of soil quality in
this context needs, therefore, to be holistic (comprise chemical, physical and biological
soil indicators of relevance in this type of agroecosystem [30]). In addition, adequate soil
quality indicators have ben conceptually defined not only as sensitive to changes in soil
condition, but also as precocious in their reaction as possible, easy to measure, and, if
possible, available in common soil datasets [17,31]. Ideally, soil quality indicators should
also comprise information measured at the field level (in addition to laboratory analysis),
and be easily understandable by famers and policy-makers [32].

Regional studies after long-term applications, and with extreme rates of application,
seem useful to better understand the actual effect of SS application on soil quality in these
conditions [23]. In this context, this study aimed to identify the most sensitive soil quality
indicators and, by studying their correlations, to understand the effect of the long-term
application of SS on the overall soil quality of a cultivated calcareous soil after 25 years
of SS application at different rates and doses by comparing it with conventional mineral
fertilization in a controlled experimental field in Mediterranean sub-humid conditions.
We hypothesized that the amount and frequency of SS used might induce differences in
the chemical, physical and biological condition of this soil that might be interrelated and
explained by the selected soil quality indicators.

270



Land 2021, 10, 727

2. Materials and Methods

2.1. Site and Experimental Design

The long-term experimental field site in Arazuri, Navarra, NE Spain (42◦48′ N, 1◦43′ W,
396 m a.s.l.) was established in 1992 to assess the effect of the continuous application of
SS on agricultural soil quality and productivity. The climate in the area is temperate
Mediterranean, with a humid water regime, according to Papadakis [33]. Mean annual
precipitation is 750 mm year−1, and mean annual Thornthwaite’s evapotranspiration,
687 mm year−1 [34]. The soil in this field is calcareous (approx. 20% of calcium carbonate in
the tilled layer) with a clay-loam texture in the topsoil (31% clay, 30% silt, 39% sand) [35], is
well-drained and has no salinity problems. It has been classified as a Calcaric Cambisol [36].
The soil’s main physical–chemical characteristics in the tilled layer (0–30 cm) at the control
plots are summarized in Table 1.

Table 1. Physical and chemical properties of the soil tilled layer (0–30 cm) for the control plots. Values
are given as the mean ± standard deviation (n = 3).

Soil Physical and Chemical Properties

pH
(water 1:2:5) 8.67 ± 0.03

Electrical Conductivity (μs cm−3 at 25 ◦C)
(soil:water extract 1:2.5)

169 ± 10

Bulk density (g cm−3) 1.59 ± 0.08
Carbonates (%) 16.0 ± 2.1

Clay (%) 27.72 ± 1.03
Organic Carbon (%)

(Walkley–Black) 1.35 ± 0.02

The experimental design consists of a random factorial block design with eight treat-
ments with three replicates (n = 3), each plot with an area of 35 m2 (10 m × 3.5 m). The
treatments included six combinations of SS at different doses (40 t ha−1 and 80 ha−1) and
frequencies (every 1, 2 and 4 years), plus a control with the usual mineral fertilization in
the area (46% urea and ammonium sulphate), and a baseline control without SS or mineral
fertilization. Sewage sludge treatments were denoted after the dose and frequency (40-1,
40-2, 40-4, 80-1, 80-2, and 80-4). Mineral-fertilized and baseline controls were noted as MF
and C, respectively. Both doses and frequency of SS were chosen according to the common
practices in the area, and to get the highest possible rates in the plots with high doses
and frequencies.

The crops used corresponded to the most frequent rainfed rotation of 3 years in
the area (cereal–cereal–no cereal), managed with annual tillage with a 30 cm deep mold-
board plow, and application of phytosanitary products according to the crops’ needs each
year. The most common cereal crops used were wheat (Triticum aestivum L.) and barley
(Hordeum vulgare L.), with sunflower (Helianthus annuus L.) as the non-cereal crop in the
rotation. Sewage sludge was produced in the urban wastewater treatment plant from the
city of Pamplona (population 330,000), with primary and secondary treatments, stabilized
through anaerobic digestion and mechanical dewatering. Sewage sludge characteristics,
as described by [10], are summarized in Table 2. The SS was applied each campaign in
September, 3 to 4 weeks before sowing, using a 3.5 m wide spreader trailer, followed by
moldboard plowing down to 30 cm. Mineral fertilization with a commercial fertilizer
purchased from a local provider was carried out before sowing. Wheat sampling was
carried out in June in the year of study, at harvest. Each field replicate was harvested with
a plot-scale combine, and grain yields were recorded. Grain weights were taken directly
from the combine, and grain samples were collected to analyze their water content, to
obtain yield data on a dry-mass basis.
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Table 2. Physical and chemical properties of the sewage sludge. Values are given as the mean ±
standard deviation (n = 3).

Sewage Sludge Physical and Chemical Properties

pH 8.16 ± 0.03
Electric Conductivity (μs cm−3) 1795 ± 28

Dry material (%) 18.1 ± 0.4
Volatile matter (% of dry substance) 62.8 ± 1.9

C/N 5.35 ± 0.08
Total N (%) 5.85 ± 0.13

Ammonium-N (%) 0.75 ± 0.02
Phosphorus (P2O5) (%) 5.59 ± 0.22

Potassium (K2O) (%) 0.62 ± 0.05
Iron (Fe) (%) 1.68 ± 0.04

Calcium (CaO) (%) 7.98 ± 0.29

2.2. Soil Sampling and Analysis

Soil sampling was carried out 25 years after the onset of the experiment, in September,
at each treatment and replicate at two depths (0–15 cm and 15–30 cm) after the crop cycle
was completed, and at the furthest moment in time from previous soil alterations, except
for samples for the physical properties, which were sampled in June before harvesting to
avoid the possible effect of harvesting machinery. Disturbed and undisturbed samples
were collected for the various analyses. Disturbed soil samples were collected for the
0–15 cm and 15–30 cm depths using an Edelman-type auger (Ø = 5 cm) or a shovel. Three
subsamples were collected per plot for each depth increment and combined to obtain a
composite sample. Immediately after sampling, a portion of the composite soil was stored
at 4 ◦C for further biological analyses. Part of the sample was gently pushed through a 6 mm
sieve. These aggregates were air dried and used for aggregate stability determinations. The
remainder of the soil was air-dried and ground to pass through a 2 mm sieve. Undisturbed
core samples were collected in triplicate using bevel-edged steel rings (Ø = 5 cm, total
volume = 100 cm3) for the 0–15 cm and 15–30 cm depth increments to determine soil
bulk density (ρb), permeability, and water retention characteristics. Undisturbed soil
samples were also collected using Kubiena boxes for thin section analysis. For earthworm
population assessment, two 20 × 20 × 30 cm soil blocks were extracted from each treatment
in all replicates.

2.2.1. Soil Physical Properties

The soil’s physical condition was assessed using properties related to compaction and
porosity, aggregation, and water flow and storage. Bulk density and penetration resistance
(PR) were measured to assess compaction and porosity. As explained above, the core
method was used to determine ρb [37]. Penetration resistance was measured at 9 points per
field replicate to a depth of 60 cm using a field penetrometer (Rimik CP20, Agridy Rimik
Pty Ltd., Toowoomba, Qld, Australia). Measurements were made after a rainy period to
avoid differences in water content between treatments. Measurements were recorded every
15 mm, and PR for 0–15 and 15–30 cm were calculated as weighted depth averages.

Dry aggregate stability was determined by placing 100 g of dry aggregates (<6 mm) in
the top of a column of sieves of 4, 2, 1, 0.5, and 0.25 mm openings, and shaking in a rotary
movement at 60 strokes/min for 60 s in a Retsch VS 100 device (Retsch GmbH & Co., Haan,
Germany). For wet aggregate stability, a constant shower-like flux (6 L/min) of distilled
water was applied from the top of the same set of sieves while sieving (60 strokes/min,
60 s). We used a mechanical sample divisor (Retsch GmbH & Co., Haan, Germany) to
ensure that the initial distribution of aggregates was similar among replicates. Aggregate
size distribution and stability were expressed as the mean weight diameter (MWD) after
dry and wet sieving [38]. The stability of the aggregates was also evaluated using the mass
proportion of water-stable aggregates (WSA) > 0.25 mm [39]. Soil saturated permeabil-
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ity (Ks) was measured on undisturbed soil cores after saturation with deionized water
under a vacuum using a laboratory permeameter (Eijkelkamp Soil & Water, Giesbeek,
The Netherlands).

Soil water retention at −33 kPa, −50 kPa, and −90 kPa was determined on intact
soil cores, and sieved (<2 mm) soil samples were used for water retention assessment at
−1500 kPa. Samples were placed on pressure plate extractors (Soil Moisture Equipment
Corp., Santa Barbara, CA, USA). Volumetric water was calculated using ρb. Available
water-holding capacity (AWHC) was calculated as the difference between volumetric water
content at field capacity (−33 kPa) and wilting point (−1500 kPa). From these data, as
described in [40,41], the model proposed by [42] was used to estimate the equivalent pore
diameter corresponding to each of the water potentials. According to this model, the equiv-
alent pore diameter was 9 μm for −33 kPa, and 0.2 μm for −1500 kPa. This allowed us to
obtain the equivalent size ranges of micropores in each sample, expressed as the proportion
of each pore range (<0.2 μm, 0.2–9 μm, and >9 μm), as well as the proportion of pores able
to retain water (0.2–9 μm) over those able to store water available for plants (>0.2 μm).
These were denoted as PØ < 0.2, PØ 0.2–9, PØ > 9 and PØ 0.2–9 (>0.2), respectively.

Soil thin sections were prepared from undisturbed soil samples as described in [43].
Image analysis was used in these sections to determine parameters related to macroporosity.
For this, a scanned image was obtained per thin section under two light conditions: parallel
polarizers and crossed polarizers. They were processed using Image J [44] to obtain digital
binary images. From each binarized thin section, five random images (10 × 10 mm) were
selected using an adaptation of the method used by [45], where a grid of 27 squares
(1 cm2 each) was placed in each scanned section from which the eligible squares were
chosen using a random number generator. From these, pore-size distribution analysis was
carried out based on an open mathematical algorithm: the Quantim4 library [46]. The
area occupied by pores was divided into five intervals according to the pore’s apparent
diameter: 100–400 μm; 400–1000 μm; 1000–2000 μm; >2000 μm. The proportion of the area
(equivalent to volume proportion over total soil volume) occupied by pores with diameters
between 400–1000 μm was selected for this study because of their special relevance when
describing structure (size of planar voids or fissures), and also because these pores can
result from the activity of mesofauna [47].

2.2.2. Soil Chemical Properties

All chemical analyses were performed on air-dried sieved (<2 mm) samples. Total
N was analyzed using the Kjeldahl digestion method. Available P was determined as
described by [48]. Exchangeable K and Na were quantified using atomic absorbance after
extraction with NH4OAc 1N [49]. The soil electrical conductivity (EC) and soil pH were
measured in distilled water (1:2.5). Soil pH was determined with a Crison GLP22 pH meter
(Crison Instruments, S.A., Barcelona, Spain). Conductivity was read with a Crison GLP32
conductivity meter (Crison Instruments, S.A., Barcelona, Spain).

Carbonate concentration was measured in a modified Bernard’s calcimeter [50] by
quantifying the CO2 produced after treating a soil sample with HCl. Available trace metals
(Cu, Mn, Ni, Zn, Cd and Pb) at the 0–15 cm depth were analyzed as DTPA(C14H23N3O10)-
extractable concentrations from air-dried soil samples, using the extraction procedure
described in the international standard ISO 14870:2001 [51], as described in [10]. In short,
an extraction solution was prepared by mixing, first, 0.735 g of CaCl22H2O, 0.984 g of DTPA
and 7.46 g of triethanolamine (C6H15NO3), diluted with 800 mL of deionized water, and the
pH was adjusted to 7.3 with HCl. Subsequently, in a 100 mL wide-mouth polypropylene
container, 20 g of soil and 40 mL of the solution were mixed and stirred for 2 h at 20 ◦C
on a reciprocating shaker at 30 rpm. Then, a fraction of the extract was decanted and
centrifuged for 10 min at 6000 rpm. The supernatant was filtered with a membrane filter
with a pore size of 0.45 μm and collected for analysis. The extracts were analyzed earlier
than 48 h from their preparation, by ICP-MS in a 7700x analyzer (Agilent Technologies,
Santa Clara, CA, USA), following the UNE-EN 17053 standard [52].
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2.2.3. Soil Organic Matter and Biological Properties

Soil organic C (SOC) was determined by wet oxidation on air-dried sieved (<2 mm)
samples [53]. The fraction of soil organic matter defined as particulate organic matter (POM)
based on its size (>53 μm) [54] was isolated by dispersion and sieving of 10 g of air-dried
soil [55]. Organic C in the form of POM (POM-C) was determined by wet oxidation.

Earthworms were collected crumbling the 20 × 20 × 30 cm soil blocks by hand, placing
the worms in a glass jar, and weighing to obtain a fresh weight for each field replicate [56].
This allowed us to determine the total biomass (g per m−2), the abundance (number of
individuals per m−2), and the average size (g per individual).

Microbial biomass carbon (MBC) was measured by comparing extractable C from
non-fumigated and chloroform (CHCl3)-fumigated soil [57]. Carbon concentration in the
extract (chromic acid dissolution) was analyzed by sulfuric digestion and subsequent
spectrophotometry. The functional diversity of the soil microbial population was studied
through the analysis of the community-level physiological profiles (CCPLs) in fresh sam-
ples by studying the C source utilization patterns observed using a Biolog EcoplatesTM

microplating system (Biolog, Hayward, CA, USA), as described in [58]. EcoplatesTM were
designed for determining CLPPs of terrestrial communities and comprise 31 C substrates
that are major ecologically relevant compounds. One g equivalent dry weight of soil was
mixed with 9 mL of autoclaved Mili-Q ultra-pure water and shaken in an orbital shaker at
125 rev min−1 for 1 h. After shaking, samples were left to settle and then a 1:100 dilution
was inoculated onto Biolog Ecoplates™. The plates were incubated at 30 ◦C and color
development was read twice a day at 595 nm using a microplate reader (Thermo Scientific
Multiskan® EX Waltham, Massachusetts, USA). Average well color development (AWCD)
was determined by calculating the mean of every well’s absorbance value at each reading
time. The number of substrates used by the soil microbial community (NSU), equivalent to
species richness [59], was quantified as the number of wells showing corrected absorbance
values >0.25 at the onset of the exponential microbial growth in the Biolog EcoplateTM

microplates (59 h).

2.3. Statistical Analysis

The selection of the most sensitive soil quality indicators, and the assessment of
the effect of SS application on soil quality, was conducted in a two-step procedure, as
in [26,60]. First, a multivariate analysis of variance (MANOVA) was performed to test
whether there was a significant effect of the categorical independent variables (fertilization
and depth) on at least one of the physical, chemical, or biological variables studied. For
this study, the eight fertilization treatments (SS application, MF and C) were considered
as a factor, because, despite some treatments receiving equivalent cumulative amounts of
added SS, for some soil properties, the effect of SS or mineral fertilization might be different
depending on the frequency, whereas some others might be affected by the accumulation
of SS applications with time.

Then, a univariate analysis of variance (ANOVA) for the different soil variables was
performed to examine for significant influences of fertilization treatment and depth. Only
the variables for which the F statistic for SS application or fertilization treatments was
significant (p < 0.05) were retained for further analysis. In a second step, factor analysis
was used to group the retained variables into statistical factors based on their correlation
structure. Principal component analysis (PCA) was used as the method for factor extraction.
To eliminate the effect of different units of variables, factor analysis was performed using the
correlation matrix on the standardized values of the measured soil properties; each variable
had mean = 0 and variance = 1 (total variance = number of variables [61]). We used the
determinant of the correlation matrix as an indicator to identify the existence of correlations
among variables. As in Imaz et al. (2010) [25] and Apesteguía et al. (2017) [26], using the
correlation matrix, principal components (factors) with eigenvalues > 1.5 were retained and
subjected to varimax rotation with Kaiser to estimate the proportion of the variance of each
attribute explained by each selected factor (loadings), and by all factors (communalities).
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A high communality for a soil attribute indicates that a high proportion of its variance is
explained by the factors. In contrast, a low communality for a soil attribute indicates that
much of that attribute’s variance remains unexplained. Less importance should be ascribed
to soil attributes with low communalities when interpreting the factors [62].

To evaluate the effects of the studied SS application or mineral fertilization treatments
on the extracted factors, factor scores for each sample point were calculated and ANOVA
was performed on the new score variables. Homogeneous groups among treatments were
detected using Duncan’s test (p < 0.05, unless otherwise indicated). Only factors that
differed among treatments were retained for further consideration. Soil attributes were
then assigned to the factor for which their loading was the highest [61]. For each retained
factor, highly weighted attributes were selected as possible soil quality indicators. We
considered as highly weighted those within 10% of the highest factor loading, as in [63].

Finally, a correlation analysis was conducted for wheat yields against the scores of
the extracted factors with PCA. For all analysis, the significance level was set at p < 0.05
unless otherwise indicated. All statistical treatments were performed using IBM SPSS
Statistics 27.0 [64].

3. Results

3.1. Identification of Indicators

The different treatments and sampling depth significantly affected the physical, chem-
ical, and biological properties evaluated. The analysis of variance for each individual
parameter studied showed some significant differences for the different treatments and
depths, and for some parameters, a significant interaction of both (Table 3). As the goal of
this study was to identify the most sensitive soil quality indicators and to assess overall
soil quality from PCA, and not to assess each individual parameter, only the significance of
the analysis is provided for each parameter. As depth had a significant effect in some of the
parameters studied, the factor analysis performed to select soil quality indicators was per-
formed separately for the two sampling depths. Soil parameters that were not significantly
affected by treatment per studied depth were not considered for the following analysis.

At the 0–15 cm depth, these were Ks, water retention at −33 kPa and −90 kPa, AWHC,
PØ < 0.2, PØ 400–1000 in equivalent diameter, carbonates, available Mn, available Pb, the
POM-C/SOC ratio, MBC, diversity indexes (AWCD and NSU), and earthworm abundance
(individuals m−2). At the 15–30 cm, among those studied at that depth, the parameters
excluded for PCA were all physical parameters, except for PØ < 0.2, the POM-C/SOC ratio,
and the microbial functional diversity indexes (AWCD and NSU).

3.1.1. 0–15 cm Depth

The correlation matrix for the 21 selected indicators (determinant < 0.0001) showed
several significant correlations on 101 pairs out of 210 (Table S1). The highest positive and
significant correlations were found between available P vs. available Zn, available Cu, and
available Ni (p < 0.001), and also between SOC vs. available Zn and available Ni (p < 0.001).

The PCA identified three factors (F1, F2 and F3) with eigenvalues > 1.5 for the 0–15 cm
depth, which together explained 70.2% of the variance of the 21 selected indicators (Table 4).

The soil properties with high loadings for these factors were considered potential
good soil quality indicators (Table 5). F1 showed high loadings (within 10% of the one
with the highest loading, or close) for available P, EC, available Zn, available Cu, available
Ni, available Cd, available Pb, and SOC. F1 can therefore be associated to organic matter
and chemical parameters. F2 showed high loadings for water retention at −50, the total
proportion of pores 0.2–0.9 μm (PØ 0.2–0.9), and the proportion of pores 0.2–0.9 μm over
total pores > 0.2 μm (PØ 0.2–9(>0.2)). F2 can therefore be associated with water retention
in the soil. Finally, F3 grouped earthworms’ biomass (g m−2) and earthworm average
size (g i−1) as the properties with the highest loading. F3 would represent the behavior of
earthworm populations as affected by treatments in this field.
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Table 3. Results of the analysis of variance (ANOVA) for all soil properties.

Soil Quality Indicators Depths Studied R2 Treatment (T) Depth (D) T × D

Physical ANOVA (p-value)

Bulk density 2 0.517 0.058 0.001 0.709
PR 2 0.948 0.144 0.000 0.992
Ks 2 0.310 0.543 0.150 0.538

Water −33 2 0.376 0.124 0.815 0.479
Water −50 2 0.730 0.000 0.001 0.000
Water −90 2 0.261 0.741 0.163 0.660

AWHC 2 0.338 0.230 0.317 0.622
PØ < 0.2 2 0.613 0.018 0.000 0.397

PØ > 0.2–9 2 0.335 0.444 0.682 0.297
PØ > 9 2 0.687 0.010 0.000 0.029

PØ 0.2–9(>0.2) 2 0.429 0.407 0.015 0.235
PØ 400–1000 1 0.223 0.704 NA NA

MWD dry 1 0.708 0.002 NA NA
MWD wet 1 0.567 0.033 NA NA

WSA 1 0.648 0.008 NA NA
Chemical

Available P 2 0.910 0.000 0.149 1.000
Total N 1 0.701 0.000 NA NA

Electrical conductivity 2 0.827 0.000 0.543 0.208
pH 2 0.831 0.000 0.000 0.973

Exchangeable K 2 0.529 0.102 0.001 0.433
Exchangeable Na 2 0.720 0.000 0.361 0.573

Carbonates (CaCO3) 1 0.032 0.999 NA NA
Available Mn 1 0.531 0.055 NA NA
Available Zn 1 0.908 0.000 NA NA
Available Cu 1 0.870 0.000 NA NA
Available Ni 1 0.888 0.000 NA NA
Available Cd 1 0.696 0.003 NA NA
Available Pb 1 0.703 0.003 NA NA

Organic matter and biological

SOC 2 0.878 0.000 0.000 0.290
POM-C 2 0.702 0.001 0.000 0.123

POM-C/SOC 2 0.510 0.361 0.001 0.105
AWCD 2 0.449 0.909 0.000 0.199

NSU 2 0.571 0.335 0.000 0.173
MBC 2 0.612 0.046 0.000 0.507

Earthworms’ biomass (g m−2) 1 0.587 0.024 NA NA
Earthworms’ abundance (ind/m−2) 1 0.465 0.121 NA NA
Earthworms’ average size (g/ind) 1 0.725 0.001 NA NA

Table 4. Eigenvalue, percentage, and cumulative variance explained by factor analysis using the
correlation matrix of the standardized data of soil parameters at 0–15 cm (F1, F2 and F3) and at
15–30 cm (F4 and F5) depths.

Depth Factors Eigenvalue 1 Percentage (%) Cumulative (%)

0–15 cm F1 9.562 43.463 43.463
F2 4.533 20.603 64.067
F3 1.654 6.089 70.156

15–30 cm F4 5.005 50.046 50.046
F5 1.848 18.477 68.523

1 Only factors with eigenvalues > 1.5 are shown.

3.1.2. 15–30 cm Depth

Using the nine selected indicators for this depth, a correlation matrix was developed
for the 15–30 cm depth (determinant < 0.0001), which showed significant correlations on
17 pairs out of 36 (Table S2). The most significant correlations (p < 0.001) were observed
between available P vs. SOC and POM-C, EC vs. SOC and POM-C, and finally SOC
vs. POM-C.
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Table 5. Proportion of variance explained using varimax rotation for each of the retained factors and
communalities for the selected soil properties for the 0–15 cm depth.

Soil Indicators F1 F2 F3 Communalities

PR 0.954 0.175 −0.125 0.612
Water −50 0.852 −0.014 −0.207 0.922
PØ 0.2–9 0.800 0.163 −0.099 0.700
PØ > 9 −0.765 0.212 −0.108 0.862

PØ 0.2–9(>0.2) 0.111 0.000 −0.097 0.955
WSA 0.980 0.053 −0.116 0.595

MWD dry 0.962 0.005 −0.133 0.500
MWD wet 0.949 0.104 −0.112 0.603

Av P 0.837 −0.166 −0.170 0.963
Total N 0.059 0.949 −0.022 0.768

EC 0.079 0.797 0.138 0.831
pH 0.010 −0.910 0.152 0.647

Ext Na 0.047 0.975 −0.053 0.900
Av Zn −0.535 0.362 0.306 0.982
Av Cu 0.041 0.359 −0.092 0.972
Av Ni 0.087 −0.629 0.183 0.947
Av Cd −0.659 −0.319 0.256 0.912
SOC 0.933 −0.004 −0.097 0.948

POM-C 0.553 −0.125 −0.272 0.783
Earthworms g/m2 −0.304 −0.004 0.851 0.846

Earthworms g/i −0.196 −0.214 0.866 0.863

The PCA extracted two factors (F4 and F5) with eigenvalues > 1.5, explaining 68.5%
of the variance between indicators at this depth (Table 4). For F4, the highest loadings
corresponded to EC, available P, and SOC. Like F1 at 0–15 cm, F4 can be associated to
organic matter and chemical parameters. Regarding F5, exchangeable K and Na were the
properties with the highest loadings. F5 would therefore represent exchangeable cations
(Table 6).

Table 6. Proportion of variance explained using varimax rotation for each of the retained factors and
communalities for the selected soil properties for the 15–30 cm depth.

Soil Indicators F4 F5 Communalities

PØ > 0.2 0.955 0.032 0.925
Av P 0.891 0.082 0.836

Total N 0.954 −0.008 0.934
EC −0.865 −0.360 0.881
pH 0.173 0.825 0.728

Ext K −0.114 0.859 0.753
Ext Na 0.031 −0.008 0.888

SOC 0.898 0.033 0.836
POM-C 0.684 −0.005 0.468

MBC 0.318 0.522 0.708

3.2. Sensitivity of PCA Factors to Treatment

All factor scores were sensitive to treatments (Table 7). The scores for F1 were signifi-
cantly different in C and MF than in all treatments with different doses of SS. The scores
for F2 differed significantly in C, MF, 40-4, 80-1, and 80-2 from 40-1, 40-2, and 80-4. The
scores for F3 were significantly different in C than in MF, 80-2, and 40-2, with the rest of
treatments showing intermediate values.
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Table 7. Effect of treatment on factor scores from PCA (p < 0.05).

Mean Scores

Treatment F1 F2 F3 F4 F5

40-1 0.310 b −1.321 a 0.828 bc −0.139 b 1.485 c
40-2 −0.244 b −1.247 a −0.939 a −0.637 ab 0.564 bc
40-4 0.257 b 0.818 b −0.205 ab 0.377 c 0.757 bc
80-1 1.896 c 0.546 b 0.064 ab 1.963 d −0.169 ab
80-2 0.367 b 0.842 b −0.490 a 0.792 c −0.781 a
80-4 −0.215 b −0.996 a −0.011 ab −0.323 b −0.795 a
MF −1.162 a 0.794 b −0.907 a −0.909 a −1.075 a
C −1.121 a 0.564 b 1.660 c −1.123 a 0.015 ab

Treatment
(p-value) < 0.001 < 0.001 0.002 0.000 0.002

In each column, different letters denote different Duncan’s homogeneous groups.

Factor scores for both F4 and F5 were sensitive to treatment (Table 7). For F4, scores
were significantly different for C and MF than for all treatments receiving SS. Among
them, 80-1 had the highest load, and all other treatments with SS displayed intermediate
values. Finally, F5 scores were different for 40-1 than for 80-2, 80-4, and MF, with the other
treatments showing intermediate values.

3.3. Yield

Average wheat yield was statistically different among treatments (p < 0.001, Table 8).
MF treatment had the highest values, followed by 40-1, 40-2 and 40-4. The treatment with
the highest rate of sludge, 80-1, showed the lowest yield apart from the baseline control
treatment (C), for which yield was less than half compared with the MF and 40-1 treatments.
No significant correlations were observed for the factor scores and yield, except for F3
(Pearson’s correlation coefficient = −0.638, p < 0.05).

Table 8. Crop yield results (kg ha−1) treatments with the same letters are not statistically different
(p < 0.001). Values are given as the mean ± standard deviation (n = 3).

Treatment Yield (kg ha−1)

40-1 8408 ± 921 c
40-2 8752 ± 473 c
40-4 8722 ± 460 c
80-1 6470 ± 1265 b
80-2 7558 ± 480 bc
80-4 7783 ± 782 bc
MF 8877 ± 462 c
C 3505 ± 824 a

Different letters denote different Duncan’s homogeneous groups.

The interaction between yield and F1, F3, and F4 scores, as well as the interaction
between F1 and F4 grouped by treatment are represented through scatter plot graphics in
Figure 1.
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Figure 1. Relationship between soil quality assessment factors selected through PCA and yield. Treatments (n = 3).
(a) Yield × F1; (b) yield × F3; (c) yield × F4; (d) F1 × F4.

4. Discussion

4.1. Selection of Soil Quality Indicators
4.1.1. Sensitivity to Management

The results of the preliminary ANOVA (Table 3) indicated that some of the pre-selected
soil properties were indeed sensitive to SS application and fertilization management
in the experimental field used in this study. This response was also different for the
two studied depths. At 015 cm, most of the physical and chemical indicators originally
considered were shown to be sensitive to treatments, as well as organic matter indicators
and earthworms, whereas indicators related to the soil microbial community seemed to
be less sensitive. The sensitivity of those preselected was, however, lower in the 15–30 cm
depth, despite all treatments receiving annual inversion tillage at 0–30 cm, which suggests
a depth stratification in the response to treatments. The relevance of the stratification of the
response of soil properties to management [39] and the relatively low sensitivity of SOC
stratification have been largely discussed [65,66].

Regarding the selection of the most sensitive indicators, at 0–15 cm, sensitive indicators
included water retention at −50, microporosity (PØ > 0.2–9, PØ > 9 and PØ > 0.2–9(>0.2)),
PR, aggregate stability (WSA, MWDd, MWDw), available P, total N, EC, pH, extractable
Na, available trace metals except for Mn and Pb, SOC, POM-C, earthworms’ biomass, and
average size. At 15–30 cm, they were PØ < 0.2, available P, total N, EC, pH, exchangeable
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Na, and K, SOC, POM-C, and MBC. The most sensitive indicators in the physical indicator
group were therefore those related to water retention, microporosity, or aggregate stability.
These soil properties are well known to be sensitive to changes in soil when SS or other
organic amendments are used [3,67], as they represent the changes induced in soil structure
as a response to increased inputs of organic matter [68].

On the contrary, non-sensitive indicators included ρb, Ks, AWHC, and PØ 400–1000.
This can be explained, at least partially, by the fact that all treatments receive the same
mechanical management, comprising annual moldboard tillage, seedbed conditioning,
and seeding, as well as mechanical harvesting. In terms of ρb and Ks, the effect of these
operations can counteract that of the addition of organic matter with SS, or from crop
residues. Other studies have also shown that ρb can be less sensitive to changes in the soil’s
physical condition associated to changes in organic matter than other physical indicators,
such as those related to aggregate stability. For instance, [69] found no differences in ρb
between a conventional tillage treatment and long-term no-tillage inducing gains in SOC
on a silt loam soil, while differences were found among tillage treatments concerning WSA
and MWD.

These results can also be understood as some changes in the soil’s physical condition
being more noticeable than total porosity or AWHC. In this sense, there is evidence that
some soil pore-size ranges can be more affected by changes in SOC gains than others.
Indeed, Kirchmann et al. (2002) [70] reported microporosity (1–5 μm) as more sensitive to
management than macropores in an Inceptisol amended with different exogenous organic
matter, which they related to changes in SOC concentration. This coincides with our
observation of a greater sensitivity of micro porosity indicators, especially in the 0–15 cm
depth, than PØ 400–1000 in size, which may indicate that this porosity interval is more
related to management (planar voids, fissures due to tillage), equal to all treatments, than
to the activity of mesofauna.

Among chemical indicators, those related to nutrients (N and P), EC, and pH, as
well as trace metals, proved to be the most sensitive ones at 0–15 cm. The response of
these indicators to SS addition and/or mineral fertilization was expected, and has been
reported in many previous studies on the use of SS in agriculture [12,71,72]. In particular,
the accumulation of trace metals with SS addition has been already reported and studied
in this soil [10,73]. Changes in pH and EC have also been systematically reported in soils
amended with SS, in contrast with MF or non-amended soils [12,74,75] and related to the
content in soluble salts in SS (Table 1).

Carbonate content was included in the original collection of indicators because it has
been observed that the repeated addition of SS and other sources of organic matter can
result in changes in the amount and typology of soil carbonates [76,77]. The content in
carbonates of the studied soil (Table 1) seems, however, elevated enough not to be sensitive
to these changes, although the observed sensitivity of pH (Table 3) suggests that some
changes could be expected in the future if the repeated addition of SS results in some sort
of acidification in this soil. In fact, changes in pH after SS application can occur due to
proton release due to nitrification process, as observed by Tamir et al. (2013) [78] and
Huang & Chen (2009) [79] after application of animal manure or sewage sludge compost,
respectively, which causes CaCO3 dissolution. For instance, Eid et al. (2021) [80] have
recently reported a significant decrease in soil pH (from 8.5 to 7.7) in a short-term pot
experiment when the soil was incubated with SS at doses > 30 g kg−1 soil.

At 15–30 cm (no data on trace metals were available), exchangeable K and Na were
also observed to be sensitive. A positive correlation was found between Ex Na and pH
(Table S2). Other studies confirm this correlation [9,81] between exchangeable cations
and pH, related to the increase in the amount of exchangeable cations, Na and K in this
case, resulting from the leaching process, contributing to the pH acidification. As in most
of the studies conducted on SS application [8,12,82], SOC and POM-C were seen to be
highly sensitive to treatments at both depths [83]. In our study, however, an important
observation was that while both SOC and POM-C revealed to be sensitive to the treatment,
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the proportion of POM-C over SOC was not. This suggests that the differences in SOC
and POM-C between treatments would correspond to the amount of both, and not to
differences in the quality of organic matter, or at least, to the proportion of labile C. Other
studies using SS have also observed that the long-term addition of SS results in changes
mostly in the stock of SOC, rather than in differences in its composition [84], which they
attributed to crop residues being the most relevant source of SOC compared to SS.

Finally, in relation to biological indicators, several studies have reported changes in
the soil microbial biomass or diversity with SS application [75,85,86], since the microbial
community is triggered by the increase of labile C [87], which was indeed sensitive to
treatments in our experimental field (Table 3). However, other studies, such as Urra et al.
(2019) [73], conducted in the same experimental field, or Picariello et al. (2020) [88] in an
incubation experiment, did not find a significant response of soil microbial biomass to
the treatments studied, as was the case in our study at 0–15 cm. This might be due to the
changes observed within soil chemical parameters. For instance, Lloret et al. (2016) [89]
showed that changes in EC can hinder microbial activity in a calcareous soil. Similar
to our results, Roig et al. (2012) [7] found no correlation between basal respiration, a
known indicator of soil biological activity, and the use of SS in the same experimental field
10 years before our collection of samples. In this sense, it has been reported that the soil
microbial community can be more sensitive to tillage practices than to soil organic matter
management [90,91]. Earthworm indicators were, however, clearly sensitive to treatments
in our study. Their response to soil and organic management has been widely studied, and
reported in the sub-humid and semi-arid areas of the region [55,92,93]. In contrast, at the
15–30 cm depth, MBC was found to be significantly sensitive to treatments (Table 3). This
suggests some stratification of microbial biomass, as observed for other indicators such
as ρb and PR, also showing significant differences with depth. As stated above, microbial
biomass can respond better to tillage and changes in the soil physical–chemical condition
than to changes in organic matter, as can be seen by the lack of significant correlations
between MBC and the organic matter parameters at this depth (Table S2). In fact, as in the
study by [89], significant correlations were found between MBC, EC, and pH at this depth
(Table S2).

In summary, those indicators showing the highest sensitivity to management included
some of the originally selected ones, but not all. Among those with the highest sensitivity,
physical, chemical, biological, and organic-matter related indicators were included, which
supports the idea of a holistic approach being needed to understand changes in soil when
SS is tested as an agricultural amendment.

4.1.2. Grouping and Selection of Indicators

The most significant correlations were observed for P and SOC with trace metal
availability at 0–15 cm, and for P and EC with SOC in the 15–30 cm depth. These correlations
suggest that the addition of SS, which overall implied the addition of different accumulated
doses of organic compounds, also implied an enrichment in P, trace metals, and, very
likely, soluble compounds. Zoghlami et al. (2020) [12] reported a concomitant change in
SOC, P, and exchangeable Na with higher doses of SS application. A correlation between
organic matter accumulation and an increase in EC has been also observed in similar
studies [12,75]. These observations again put in evidence the relevance of paying attention
to all consequences of the addition of SS when assessing their effects in soil, as well as the
interaction among soil properties. The correlations observed at both depths were reflected
in the results of the PCA. At the depth of 0–15 cm, the selected indicators had different
loadings in the three factors retained (F1, F2 and F3), so that F1 received high loadings from
organic matter and chemical parameters, while F2 was mostly associated to water retention,
and F3 to earthworm populations (Table 5). These results suggest that that the responses
of soil water retention and earthworms were not directly correlated to that observed for
organic matter, P, and trace metals. This can be explained by different means.
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First, although the soil’s physical condition and porosity are known to interact with
soil organic matter in most soils, the observed discrimination of water retention indicators
(F2) from those related to SOC and nutrients (F1) can be related to the particular mineral
composition of this soil, which contained 16% carbonates in the studied depth (Table 1).
Carbonates are known to interfere with the soil physical stability [94], and can be a factor
of stabilization of soil structure in calcareous soils, making it less dependent on SOC than
in other soil types [95,96]. In addition, the observed correlation between SOC and EC at
both depths and exchangeable Na (at 15–30 cm) suggests that those treatments displaying
SOC gains would also result in an increase in soluble salts, which are a known factor of soil
structure destabilization [68]. Second, the lack of correlation between earthworm indicators
(F3) and those related to SOC and nutrients (F1) and water retention (F2) indicated that
their presence and abundance did not directly respond in this soil to the amount of organic
C stored in each treatment, nor to physical indicators related to water retention. This
suggests that their activity in the studied soil would be dependent on other factors such as
toxicity or compaction.

In this framework, following the criterion for selecting the soil attributes with the
highest sum of correlation coefficients (Table 5) as the most appropriate soil quality indi-
cators [25,63], our results showed that SOC, available P and trace metals, microporosity
and water retention at low water potential (−50 kPa), and earthworms would be those
selected at the 0–15 cm depth. Available P would also be selected at 15–30 cm, together
with SOC and EC, and exchangeable monovalent cations (Na and K). It must be noted
that EC was also a secondary driving factor at 0–15 cm for F1. The relevance of SOC as
an indicator of changes in soil resulting from exogenous organic inputs is logical and has
been demonstrated in many cases [3,12,84,97]. Indeed, in a recent study conducted at a
regional level, the addition of exogenous C has been proven to be the most efficient strategy
to increase SOC stocks in the region of study [98]. SOC is also known to correlate well
with other fertility indicators, such as the cation exchange capacity, in soils where clay
mineralogy is rather stable, like the one used in this study. The linear relation between
applying SS to the soil and the enhance of P, trace metals, and soluble salts, as stated
above, is also well documented [12,81,99]. The calcareous nature of this soil can explain,
at least partially, the accumulation of both P and trace metals [100], resulting in these
indicators displaying a high correlation with the addition of SS. Their value as indicators
for this type of soils seems relevant, as both are related to environmental risks. At the same
time, the selection of earthworms as the most sensitive biological indicator supports their
increasingly recognized role as universal soil biological indicators [22,101,102].

Finally, it can be noted in relation to the selection of indicators that, although the
pre-selection of indicators was performed based on expertise, the approach used in this
study was statistical. This approach has been seen to sometimes result in unexpected or
contradictory selection of indicators [11]. Nevertheless, in our study, the most sensitive
indicators were in harmony with most soil quality assessments [22], and seemed adequate if
the aim of soil quality studies is to provide practical information, with low cost analysis and
with influence on the ecosystem services provided by the soil in the particular conditions
of calcareous soils under SS application.

4.2. Soil Quality Assessment

A soil quality assessment can be performed based on the scores of the factors selected,
and on the link between these factors and the soil functions under study, and the ecosystem
services provided by these functions [19,22]. In this case, the goal being to test the effect
of SS and MF on an agricultural soil, the main function to be assessed would be biomass
production (yield).

Our results showed that amending the studied soil with SS can result in similar yields
as with mineral fertilizers, as reported by Jaber et al. (2005) [103] and Obriot et al. (2016) [11]
on the use of municipal solid waste (MSW). When compared to the control, yields were
high and like MF in the SS treatments with intermediate doses (40-1; 40-2; 40-4; 80-2; 80-4),
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but the treatment with the highest dose (80-1) implied a decrease in yield (Table 7). The
same was previously documented by Mantovi et al. (2005) [72], who reported lower yields
on the highest doses on a on a winter wheat–maize–sugar beet rotation fertilized, due to
excess of N and wheat lodging. Differently, Cherif et al. (2009) [104] observed that a high
dose of municipal solid waste compost (80 t ha−1) enhanced wheat yield by 239%.

In relation to the relationship between factors issued from PCA and yield, for F1, PCA
discriminated the treatments with intermediate doses (40-1; 40-2; 40-4; 80-2; 80-4) from
treatment 80-1 with the highest accumulated SS dose (Table 7). In addition, both MF and C
were differentiated from the SS treatments for this factor. In the 15–30 cm depth analysis,
F4, which, as F1, was associated with nutrient dynamics, trace metals, and organic matter,
also displayed a clear discrimination of MF and C from the treatments receiving SS, and
treatment 80-1 from the other treatments with SS (Table 8). A significant correlation was
indeed found between F1 and F4 (Figure 1), indicating that the effects of the treatments
tested in this group of soil properties were similar in the two studied depths. This suggests
that the continuous application of SS as an organic amendment to the agricultural soil of
this study had a different impact on the soil chemical indicators and organic matter than
mineral fertilization, or even no fertilization, and that, within those treatments with SS, the
dose would also have different effects in this sense.

However, although F1 and F4 correlated with nutrient dynamics, organic matter, and
trace metals, no significant correlation was found between these factors and yield. This can
be explained because the few indicators selected by our analysis of F1 and F4 (available
P, total N, EC, trace metals, and SOC) are known to have implications on yield, which
act in opposite directions [105]. Indeed, as can be seen in Figure 1a, the only treatment
not following a correlation between F1 scores and yields was the one without any type
of fertilization (treatment C). Among the other treatments, the correlation was negative,
suggesting that the increasing use of SS (cumulative dose) would result in an overall
negative effect on the scores in F1 and F4 [72]. From another point of view, and concerning
trace metals, their high loadings in F1 indicate that the assessment of their bioavailability
can be of use to assess changes in soil (which may affect yield) in the conditions of the
study. The studies [10,73] have recently explained the link between SS application and
trace metal accumulation in the soil and crops of this experimental field.

In relation to soil physical indicators, under the site environmental conditions, F2
appeared as a relevant factor to assess soil functions related to structure and water storage.
However, the scores of F2 did not show a clear trend among treatments or different
fertilization management practices and were not either correlated to yield. Still, the high
loadings for microporosity and water storage parameters suggest that they might be of
relevance when assessing soil quality in the field under study.

Finally, on the biological condition of this soil, factor F3 (obtaining the highest loadings
from earthworm indicators) was the only factor that significantly correlated with yield.
The analysis of this factor separated the C treatment from those fertilized (MF and all
treatments with some amount of SS), supporting its potential as an indicator for changes
induced in the soil by mineral or organic fertilization. The correlation with yield was
negative, suggesting that the changes induced by mineral and organic fertilization in
this soil, which would result in increased yield, might be detrimental for earthworm
populations. Indeed, reports on the effect this type of fertilization has on the earthworm
population are contradictory [106]. A better understanding on the relationship between
earthworms and soil management in calcareous soils like the one studied here is needed.
In the region, it has been observed that earthworms can be positively affected by the
reduction of tillage, and the concomitant gains in SOC in long-term trials [55,92,107]. Our
results suggest that, when conventional tillage is used, fertilization may become a major
driver of earthworm abundance in this type of soil.

Overall, the soil quality assessment on a crop field with 25 years of SS application
revealed several implications regarding this type of fertilization. Sewage sludge had
a direct effect on nutrient and organic matter input, as well as on trace metals. Yield
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results indicated that the soil amended with SS was capable of accomplish similar yields as
with MF.

5. Conclusions

The goal of this study was to identify the most sensitive soil indicators to assess
changes in soil quality after long-term application of SS and MF on a cultivated calcareous
soil, and to understand these changes in a controlled experimental field in Mediterranean
sub-humid conditions.

A selection of physical, chemical, and biological indicators, as conducted using PCA
in this study, was possible, resulting in SOC, available P, total N, EC, trace metals, and
earthworms as the most sensitive indicators of changes in the calcareous soil of study.
These showed up, therefore, as the most reliable indicators in the long-term monitoring
of the effect of SS application in the conditions of the study. These indicators have been
frequently identified in other studies on the response of agricultural soils to management
and are, in general, commonly reported and easy to monitor.

The study also showed that the overall response of soil quality to the managements
tested (SS application and MF) was not linear or straightforward. As hypothesized, the
amount and frequency of SS used induced differences in the soil’s chemical, physical,
and biological condition. However, the overall effect of SS application was more evident
on organic matter, nutrients, and trace metals than on the soil’s physical condition or
earthworms. However, physical indicators and earthworms were highly sensitive to
management, and therefore seem useful for assessing changes in soil, not necessarily
related to yield. Indeed, the response of the factors issuing from PCA to the treatments
tested, and their correlation with yield (which was not always positive or significant)
showed that soil quality can be affected in opposite directions by the type of fertilization
(mineral vs. organic), or even by the use or not of fertilizers. This supports the idea that a
holistic approach, including soil chemical, physical, and biological indicators, is needed to
assess soil functioning in this type of agrosystems, while using yield as the only indicator
of soil performance may lead to incomplete diagnosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/land10070727/s1. Table S1: Correlation among measured soil attributes considered for FA in
the 0–15 cm depth across all management treatments.; Table S2: Correlation among measured soil
attributes considered for FA in the 15–30 cm depth across all management treatments. Earthworm
total biomass (EW g m−2), abundance (EW I m−2), and average size (EW g i−1).
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9. Skowrońska, M.; Bielińska, E.J.; Szymański, K.; Futa, B.; Antonkiewicz, J.; Kołodziej, B. An integrated assessment of the long-term

impact of municipal sewage sludge on the chemical and biological properties of soil. Catena 2020, 189, 104484. [CrossRef]
10. Zaragüeta, A.; Enrique, A.; Virto, I.; Antón, R.; Urmeneta, H.; Orcaray, L. Effect of the long-term application of sewage sludge

to a calcareous soil on its total and bioavailable content in trace elements, and their transfer to the crop. Minerals 2021, 11, 356.
[CrossRef]

11. Obriot, F.; Stauffer, M.; Goubard, Y.; Cheviron, N.; Peres, G.; Eden, M.; Revallier, A.; Vieublé-Gonod, L.; Houot, S. Multi-criteria
indices to evaluate the effects of repeated organic amendment applications on soil and crop quality. Agric. Ecosyst. Environ. 2016,
232, 165–178. [CrossRef]

12. Zoghlami, R.I.; Hamdi, H.; Mokni-Tlili, S.; Hechmi, S.; Khelil, M.N.; Ben Aissa, N.; Moussa, M.; Bousnina, H.; Benzarti, S.; Jedidi,
N. Monitoring the variation of soil quality with sewage sludge application rates in absence of rhizosphere effect. Int. Soil Water
Conserv. Res. 2020, 8, 245–252. [CrossRef]

13. Abreu-Junior, C.H.; de Lima Brossi, M.J.; Monteiro, R.T.; Cardoso, P.H.S.; da Silva Mandu, T.; Nogueira, T.A.R.; Ganga, A.;
Filzmoser, P.; de Oliveira, F.C.; Firme, L.P.; et al. Effects of sewage sludge application on unfertile tropical soils evaluated
by multiple approaches: A field experiment in a commercial Eucalyptus plantation. Sci. Total Environ. 2019, 655, 1457–1467.
[CrossRef] [PubMed]

14. Collivignarelli, M.C.; Abbà, A.; Frattarola, A.; Miino, M.C.; Padovani, S.; Katsoyiannis, I.; Torretta, V. Legislation for the reuse of
biosolids on agricultural land in Europe: Overview. Sustainability 2019, 11, 6015. [CrossRef]

15. Directive Council. European Comission Council Directive of 1 2 June 1986 on the Protection of the Environment, and in Particular
of the Soil, when Sewage Sludge is Used in Agriculture. Off. J. Eur. Communities 1986, 181, 6–12.

16. Guo, Z.; Zhang, Z.; Zhou, H.; Wang, D.; Peng, X. The effect of 34-year continuous fertilization on the SOC physical fractions and
its chemical composition in a Vertisol. Sci. Rep. 2019, 9, 1–10. [CrossRef] [PubMed]

17. Doran, J.W.; Parkin, T.B. Defining and Assessing Soil Quality. In Defining Soil Quality for a Sustainable Environment; Soil Science
Society of America, Inc.: Madison, WI, USA, 1994.

18. Andrews, S.S.; Karlen, D.L.; Cambardella, C.A. The Soil Management Assessment Framework. Soil Sci. Soc. Am. J. 2004, 68,
1945–1962. [CrossRef]

19. Adhikari, K.; Hartemink, A.E. Linking soils to ecosystem services—A global review. Geoderma 2016, 262, 101–111. [CrossRef]
20. Dominati, E.; Patterson, M.; Mackay, A. A framework for classifying and quantifying the natural capital and ecosystem services

of soils. Ecol. Econ. 2010, 69, 1858–1868. [CrossRef]
21. Drobnik, T.; Greiner, L.; Keller, A.; Grêt-Regamey, A. Soil quality indicators—From soil functions to ecosystem services. Ecol.

Indic. 2018, 94, 151–169. [CrossRef]
22. Bünemann, E.K.; Bongiorno, G.; Bai, Z.; Creamer, R.E.; de Deyn, G.; de Goede, R.; Fleskens, L.; Geissen, V.; Kuyper, T.W.; Mäder,

P.; et al. Soil quality—A critical review. Soil Biol. Biochem. 2018, 120, 105–125. [CrossRef]
23. Bai, Z.; Caspari, T.; Gonzalez, M.R.; Batjes, N.H.; Mäder, P.; Bünemann, E.K.; de Goede, R.; Brussaard, L.; Xu, M.; Ferreira, C.S.S.;

et al. Effects of agricultural management practices on soil quality: A review of long-term experiments for Europe and China.
Agric. Ecosyst. Environ. 2018, 265, 1–7. [CrossRef]

24. Karlen, D.L.; Obrycki, J.F. Measuring rotation and manure effects in an iowa farm soil health assessment. Agron. J. 2019, 111,
63–73. [CrossRef]

285



Land 2021, 10, 727

25. Imaz, M.J.; Virto, I.; Bescansa, P.; Enrique, A.; Fernandez-Ugalde, O.; Karlen, D.L. Soil quality indicator response to tillage and
residue management on semi-arid Mediterranean cropland. Soil Tillage Res. 2010, 107, 17–25. [CrossRef]

26. Apesteguía, M.; Virto, I.; Orcaray, L.; Bescans, P.; Enrique, A.; Imaz, M.J.; Karlen, D.L. Tillage effects on soil quality after three
years of irrigation in Northern Spain. Sustainability 2017, 9, 1476. [CrossRef]

27. Lesschen, J.P.; Stoorvogel, J.J.; Smaling, E.M.A.; Heuvelink, G.B.M.; Veldkamp, A. A spatially explicit methodology to quantify
soil nutrient balances and their uncertainties at the national level. Nutr. Cycl. Agroecosystems 2007, 78, 111–131. [CrossRef]

28. Marschner, P.; Kandeler, E.; Marschner, B. Structure and function of the soil microbial community in a long-term fertilizer
experiment. Soil Biol. Biochem. 2003, 35, 453–461. [CrossRef]

29. Hamdi, H.; Benzarti, S.; Manusadžianas, L.; Aoyama, I.; Jedidi, N. Solid-phase bioassays and soil microbial activities to evaluate
PAH-spiked soil ecotoxicity after a long-term bioremediation process simulating landfarming. Chemosphere 2007, 70, 135–143.
[CrossRef]

30. Salomé, C.; Coll, P.; Lardo, E.; Metay, A.; Villenave, C.; Marsden, C.; Blanchart, E.; Hinsinger, P.; Le Cadre, E. The soil quality
concept as a framework to assess management practices in vulnerable agroecosystems: A case study in Mediterranean vineyards.
Ecol. Indic. 2016, 61, 456–465. [CrossRef]

31. Andrews, S.S.; Carroll, C.R. Designing a Soil Quality Assessment Tool for Sustainable. Ecol. Soc. Am. 2001, 11, 1573–1585.
32. Karlen, D.L.; Ditzler, C.A.; Andrews, S.S. Soil quality: Why and how? Geoderma 2003, 114, 145–156. [CrossRef]
33. Papadakis, J. Climatic Tables for the World. Soil Sci. 1961, 93, 76. [CrossRef]
34. Gobierno de Navarra Meteorología y Climatología de Navarra. Available online: http://meteo.navarra.es/ (accessed on 25 May

2021).
35. Gee, G.W.; Bauder, J.W. Particle-size Analysis. In Methods of Soil Analysis: Part 1 Physical and Mineralogical Methods, 5.1, 2nd ed.;

Klute, A., Ed.; American Society of Agronomy, Inc.: Madison, WI, USA; Soil Science Society of America, Inc.: Madison, WI, USA,
1986.

36. FAO. International Soil Classification System for Naming Soils and Creating Legends for Soil Maps; FAO: Rome, Italy, 2014.
37. Carter, M.R. Soil Sampling and Methods of Analysis; Lewis Publishers: Boca Raton, FL, USA, 1993.
38. Bosch-Serra, D.; Yagüe, M.R.; Poch, R.M.; Molner, M.; Junyent, B.; Boixadera, J. Aggregate strength in calcareous soil fertilized

with pig slurries. Eur. J. Soil Sci. 2017, 68, 449–461. [CrossRef]
39. Franzluebbers, A.J. Water infiltration and soil structure related to organic matter and its stratification with depth. Soil Tillage Res.

2002, 66, 197–205. [CrossRef]
40. Bescansa, P.; Imaz, M.J.; Virto, I.; Enrique, A.; Hoogmoed, W.B. Soil water retention as affected by tillage and residue management

in semiarid Spain. Soil Tillage Res. 2006, 87, 19–27. [CrossRef]
41. Fernández-Ugalde, O.; Virto, I.; Bescansa, P.; Imaz, M.J.; Enrique, A.; Karlen, D.L. No-tillage improvement of soil physical quality

in calcareous, degradation-prone, semiarid soils. Soil Tillage Res. 2009, 106, 29–35. [CrossRef]
42. Rose, C.W. Agricultural Physics; Pergamon: New York, NY, USA, 1966.
43. Benyarku, C.A.; Stoops, G. Guidelines for Preparation of Rock and Soil Thin Sections and Polished Sections; Departament de Medi

Ambient i Ciències del Soòl, Universitat de Lleida: Lleida, Spain, 2005.
44. Rasband, W. ImageJ, 1.40; Toronto Western Research Institute: Toronto, ON, Canada, 2015.
45. Virto, I.; Fernández-Ugalde, O.; Barré, P.; Imaz, M.J.; Enrique, A.; Bescansa, P.; Poch, R.M. Análise micromorfológica da influencia

da composição mineral do solo na agregação a curto prazo em solos semiáridos de clima mediterrânico. Spanish J. Soil Sci. 2013, 3,
116–129. [CrossRef]

46. Vogel, H.J. Quantim4 C/C++ Library for Scientific Image Processing. Available online: https://www.ufz.eu/index.php?en=39198
(accessed on 25 May 2021).

47. FAO. State of Knowledge of Soil Biodiversity–Status, Challenges and Potentialities; FAO: Rome, Italy, 2020; ISBN 9789251335826.
48. Olsen, S.R.; Sommers, L.E. Phosphorus. In Methods of Soil Analysis. Part 2; American Society of Agronomy: Madison, WI, USA,

1982; pp. 403–430.
49. Knudsen, D.; Peterson, G.A.; Pratt, P.F. Lithium, sodium, potassium. In Methods of Soil Analysis; Page, A.L., Miller, R.H., Keeney,

D.R., Eds.; Soil Science Society of America: Madison, WI, USA, 1982; pp. 225–246.
50. Sherrod, L.A.; Dunn, G.; Peterson, G.A.; Kolberg, R.L. Inorganic Carbon Analysis by Modified Pressure-Calcimeter Method. Soil

Sci. Soc. Am. J. 2002, 66, 299–305. [CrossRef]
51. ISO. Soil Quality—Extraction ofTrace Elements by Buffered DTPA Solution; ISO: Geneva, Switzerland, 2001.
52. AENOR. Alimentos para Animales. Métodos de Muestreo y Análisis. Determinación de Elementos Traza, Metales Pesados y Otros Elementos

en los Alimentos Para Animales por ICP-MS (UNE-EN 17053); AENOR: Madrid, Spain, 2008.
53. Nelson, D.W.; Sommers, L.E. Total carbon, organic carbon and organic matter. In Methods of Soil Analysis; Page, A.L., Miller, R.H.,

Keeney, D.R., Eds.; Soil Science Society of America and Agronomy Society of America: Madison, WI, USA, 1982; pp. 539–579.
54. Cambardella, C.A.; Elliott, E.T. Particulate Soil Organic-Matter Changes across a Grassland Cultivation Sequence. Soil Sci. Soc.

Am. J. 1992, 56, 777–783. [CrossRef]
55. Virto, I.; Imaz, M.J.; Enrique, A.; Hoogmoed, W.; Bescansa, P. Burning crop residues under no-till in semi-arid land, Northern

Spain—Effects on soil organic matter, aggregation, and earthworm populations. Aust. J. Soil Res. 2007, 45, 414–421. [CrossRef]
56. Baker, G.H.; Lee, K.E. Earthworms. In Soil Sampling and Methods of Analysis; Carter, M.R., Ed.; Canadian Society of Soil Science

and Lewis Publishers: Boca Raton, FL, USA, 1993; pp. 359–371.

286



Land 2021, 10, 727

57. Vance, E.D.; Brookes, P.C.; Jenkinson, D.S. An extraction method for measuring soil microbial biomass C. Soil Eiol. Biochem. 1987,
19, 703–707. [CrossRef]

58. Mijangos, I.; Becerril, J.M.; Albizu, I.; Epelde, L.; Garbisu, C. Effects of glyphosate on rhizosphere soil microbial communities
under two different plant compositions by cultivation-dependent and -independent methodologies. Soil Biol. Biochem. 2009, 41,
505–513. [CrossRef]

59. Zak, J.C.; Willig, M.R.; Moorhead, D.L.; Wildman, H.G. Functional diversity of microbial communities: A quantitative approach.
Soil Biol. Biochem. 1994, 26, 1101–1108. [CrossRef]

60. Govaerts, B.; Sayre, K.D.; Deckers, J. A minimum data set for soil quality assessment of wheat and maize cropping in the
highlands of Mexico. Soil Tillage Res. 2006, 87, 163–174. [CrossRef]

61. Shukla, M.K.; Lal, R.; Ebinger, M. Determining soil quality indicators by factor analysis. Soil Tillage Res. 2006, 87, 194–204.
[CrossRef]

62. Brejda, J.J.; Karlen, D.L.; Smith, J.L.; Allan, D.L. Identification of Regional Soil Quality Factors and Indicators. Soil Sci. Soc. Am. J.
2000, 64, 2125. [CrossRef]

63. Andrews, S.S.; Karlen, D.L.; Mitchell, J.P. A comparison of soil quality indexing methods for vegetable production systems in
Northern California. Agric. Ecosyst. Environ. 2002, 90, 25–45. [CrossRef]

64. SPSS Inc. Statistical Software, SPSS 27.0.; SPSS: Chicago, IL, USA, 2021.
65. Stockfisch, N.; Forstreuter, T.; Ehlers, W. Ploughing effects on soil organic matter after twenty years of conservation tillage in

Lower Saxony, Germany. Soil Tillage Res. 1999, 52, 91–101. [CrossRef]
66. Dimassi, B.; Cohan, J.P.; Labreuche, J.; Mary, B. Changes in soil carbon and nitrogen following tillage conversion in a long-term

experiment in Northern France. Agric. Ecosyst. Environ. 2013, 169, 12–20. [CrossRef]
67. Zuo, W.; Gu, C.; Zhang, W.; Xu, K.; Wang, Y.; Bai, Y.; Shan, Y.; Dai, Q. Sewage sludge amendment improved soil properties and

sweet sorghum yield and quality in a newly reclaimed mudflat land. Sci. Total Environ. 2019, 654, 541–549. [CrossRef]
68. Rabot, E.; Wiesmeier, M.; Schlüter, S.; Vogel, H.J. Soil structure as an indicator of soil functions: A review. Geoderma 2018, 314,

122–137. [CrossRef]
69. Sekaran, U.; Sagar, K.L.; Kumar, S. Soil aggregates, aggregate-associated carbon and nitrogen, and water retention as influenced

by short and long-term no-till systems. Soil Tillage Res. 2021, 208, 104885. [CrossRef]
70. Kirchmann, H.; Gerzabek, M.H. Pore size changes in a long-term field experiment with organic amendments. Dev. Soil Sci. 2002,

28, 419–423. [CrossRef]
71. Alvarenga, P.; Farto, M.; Mourinha, C.; Palma, P. Beneficial Use of Dewatered and Composted Sewage Sludge as Soil Amendments:

Behaviour of Metals in Soils and Their Uptake by Plants. Waste Biomass Valorization 2016, 7, 1189–1201. [CrossRef]
72. Mantovi, P.; Baldoni, G.; Toderi, G. Reuse of liquid, dewatered, and composted sewage sludge on agricultural land: Effects of

long-term application on soil and crop. Water Res. 2005, 39, 289–296. [CrossRef] [PubMed]
73. Urra, J.; Alkorta, I.; Mijangos, I.; Epelde, L.; Garbisu, C. Application of sewage sludge to agricultural soil increases the abundance

of antibiotic resistance genes without altering the composition of prokaryotic communities. Sci. Total Environ. 2019, 647, 1410–1420.
[CrossRef]

74. Paz-Ferreiro, J.; Gascó, G.; Gutiérrez, B.; Méndez, A. Soil biochemical activities and the geometric mean of enzyme activities after
application of sewage sludge and sewage sludge biochar to soil. Biol. Fertil. Soils 2012, 48, 511–517. [CrossRef]

75. Vafa, H.J.; Raiesi, F.; Hosseinpur, A. Sewage sludge application strongly modifies earthworm impact on microbial and biochemical
attributes in a semi-arid calcareous soil from Iran. Appl. Soil Ecol. 2016, 100, 45–56. [CrossRef]

76. Sainju, U.M.; Caesar-TonThat, T.; Lenssen, A.W.; Evans, R.G.; Kolberg, R. Long-Term Tillage and Cropping Sequence Effects on
Dryland Residue and Soil Carbon Fractions. Soil Sci. Soc. Am. J. 2007, 71, 1730–1739. [CrossRef]

77. Bughio, M.A.; Wang, P.; Meng, F.; Qing, C.; Kuzyakov, Y.; Wang, X.; Junejo, S.A. Neoformation of pedogenic carbonates by
irrigation and fertilization and their contribution to carbon sequestration in soil. Geoderma 2016, 262, 12–19. [CrossRef]

78. Tamir, G.; Shenker, M.; Heller, H.; Bloom, P.R.; Fine, P.; Bar-Tal, A. Organic N mineralization and transformations in soils treated
with animal waste in relation to carbonate dissolution and precipitation. Geoderma 2013, 209–210, 50–56. [CrossRef]

79. Huang, C.; Chen, Z.-S. Carbon and nitrogen mineralization of sewage sludge compost in soils with a different initial pH. Soil Sci.
Plant Nutr. 2009, 55, 715–724. [CrossRef]

80. Eid, E.M.; Shaltout, K.H.; Alamri, S.A.M.; Alrumman, S.A.; Hussain, A.A.; Sewelam, N.; Ragab, G.A. Monitored Sewage Sludge
Application Improves Soil Quality, Enhances Plant Growth, and Provides Evidence for Metal Remediation by Sorghum bicolor L.
J. Soil Sci. Plant Nutr. 2021. [CrossRef]

81. Hamdi, H.; Hechmi, S.; Khelil, M.N.; Zoghlami, I.R.; Benzarti, S.; Mokni-Tlili, S.; Hassen, A.; Jedidi, N. Repetitive land application
of urban sewage sludge: Effect of amendment rates and soil texture on fertility and degradation parameters. Catena 2019, 172,
11–20. [CrossRef]

82. Soriano-Disla, J.M.; Navarro-Pedreño, J.; Gómez, I. Contribution of a sewage sludge application to the short-term carbon
sequestration across a wide range of agricultural soils. Environ. Earth Sci. 2010, 61, 1613–1619. [CrossRef]

83. Lorenz, K.; Lal, R.; Ehlers, K. Soil organic carbon stock as an indicator for monitoring land and soil degradation in relation to
United Nations’ Sustainable Development Goals. L. Degrad. Dev. 2019, 30, 824–838. [CrossRef]

84. Paetsch, L.; Mueller, C.W.; Rumpel, C.; Houot, S.; Kögel-Knabner, I. Urban waste composts enhance OC and N stocks after
long-term amendment but do not alter organic matter composition. Agric. Ecosyst. Environ. 2016, 223, 211–222. [CrossRef]

287



Land 2021, 10, 727

85. Antolín, M.C.; Pascual, I.; García, C.; Polo, A.; Sánchez-Díaz, M. Growth, yield and solute content of barley in soils treated with
sewage sludge under semiarid Mediterranean conditions. F. Crop. Res. 2005, 94, 224–237. [CrossRef]

86. Xue, D.; Huang, X. The impact of sewage sludge compost on tree peony growth and soil microbiological, and biochemical
properties. Chemosphere 2013, 93, 583–589. [CrossRef]

87. Odlare, M.; Arthurson, V.; Pell, M.; Svensson, K.; Nehrenheim, E.; Abubaker, J. Land application of organic waste—Effects on the
soil ecosystem. Appl. Energy 2011, 88, 2210–2218. [CrossRef]

88. Picariello, E.; Pucci, L.; Carotenuto, M.; Libralato, G.; Lofrano, G.; Baldantoni, D. Compost and sewage sludge for the improvement
of soil chemical and biological quality of mediterranean agroecosystems. Sustainability 2021, 13, 26. [CrossRef]

89. Lloret, E.; Pascual, J.A.; Brodie, E.L.; Bouskill, N.J.; Insam, H.; Juárez, M.F.D.; Goberna, M. Sewage sludge addition modifies soil
microbial communities and plant performance depending on the sludge stabilization process. Appl. Soil Ecol. 2016, 101, 37–46.
[CrossRef]

90. Carter, M.R. The influence of tillage on the proportion of organic carbon and nitrogen in the microbial biomass of medium-textured
soils in a humid climate. Biol. Fertil. Soils 1991, 11, 135–139. [CrossRef]

91. Kabiri, V.; Raiesi, F.; Ghazavi, M.A. Tillage effects on soil microbial biomass, SOM mineralization and enzyme activity in a
semi-arid Calcixerepts. Agric. Ecosyst. Environ. 2016, 232, 73–84. [CrossRef]

92. Bescansa, P.; Virto, I.; Fernández-Ugalde, O.; Imaz, M.J.; Enrique, A. Casting Activity of Scherotheca gigas in No-Till Mediterranean
Soils: Role in Organic Matter Incorporation and Influence of Aridity. Appl. Environ. Soil Sci. 2010, 2010, 1–6. [CrossRef]

93. Valdez, A.S.A.S.; Bosch-Serra, À.D.À.D.; Yagüe, M.R.; Poch, R.M.R.M.; Puigpinós, E. Earthworm community and soil microstruc-
ture changes with long-term organic fertilization. Arch. Agron. Soil Sci. 2020, 66, 957–970. [CrossRef]

94. Rasmussen, C.; Heckman, K.; Wieder, W.R.; Keiluweit, M.; Lawrence, C.R.; Berhe, A.A.; Blankinship, J.C.; Crow, S.E.; Druhan,
J.L.; Hicks Pries, C.E.; et al. Beyond clay: Towards an improved set of variables for predicting soil organic matter content.
Biogeochemistry 2018, 137, 297–306. [CrossRef]

95. Fernández-Ugalde, O.; Virto, I.; Barré, P.; Gartzia-Bengoetxea, N.; Enrique, A.; Imaz, M.J.; Bescansa, P. Effect of carbonates on the
hierarchical model of aggregation in calcareous semi-arid Mediterranean soils. Geoderma 2011, 164, 203–214. [CrossRef]

96. Rowley, M.C.; Grand, S.; Verrecchia, É.P. Calcium-mediated stabilisation of soil organic carbon. Biogeochemistry 2018, 137, 27–49.
[CrossRef]

97. Domingo-Olivé, F.; Bosch-Serra, À.D.; Yagüe, 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]

98. Antón, R.; Arricibita, F.J.; Ruiz-Sagaseta, A.; Enrique, A.; De Soto, I.; Orcaray, L.; Zaragüeta, A.; Virto, I. Soil organic carbon
monitoring to assess agricultural climate change adaptation practices in Navarre, Spain. Reg. Environ. Chang. 2021, 21, 1–15.
[CrossRef]

99. Nicolás, C.; Kennedy, J.N.; Hernández, T.; García, C.; Six, J. Soil aggregation in a semiarid soil amended with composted and
non-composted sewage sludge-A field experiment. Geoderma 2014, 219, 24–31. [CrossRef]

100. Jordán, M.M.; Almendro-Candel, M.B.; Navarro-Pedreño, J.; Pardo, F.; García-Sánchez, E.; Bech, J. Bioavailability, mobility and
leaching of phosphorus in a Mediterranean agricultural soil (ne Spain) amended with different doses of biosolids. Environ.
Geochem. Health 2020, 3. [CrossRef] [PubMed]

101. Phillips, H.R.P.; Guerra, C.A.; Bartz, M.L.C.; Briones, M.J.I.; Brown, G.; Crowther, T.W.; Ferlian, O.; Gongalsky, K.B.; van den
Hoogen, J.; Krebs, J.; et al. Global distribution of earthworm diversity. Science 2019, 366, 480–485. [CrossRef]

102. Van Groenigen, J.W.; Lubbers, I.M.; Vos, H.M.J.; Brown, G.G.; de Deyn, G.B.; van Groenigen, K.J. Earthworms increase plant
production: A meta-analysis. Sci. Rep. 2014, 4, 1–7. [CrossRef] [PubMed]

103. Jaber, F.H.; Shukla, S.; Stoffella, P.J.; Obreza, T.A.; Hanlon, E.A. Impact of organic amendments on groundwater nitrogen
concentrations for sandy and calcareous soils. Compost Sci. Util. 2005, 13, 194–202. [CrossRef]

104. Cherif, H.; Ayari, F.; Ouzari, H.; Marzorati, M.; Brusetti, L.; Jedidi, N.; Hassen, A.; Daffonchio, D. Effects of municipal solid waste
compost, farmyard manure and chemical fertilizers on wheat growth, soil composition and soil bacterial characteristics under
Tunisian arid climate. Eur. J. Soil Biol. 2009, 45, 138–145. [CrossRef]

105. Rorat, A.; Kacprzak, M.; Vandenbulcke, F.; Plytycz, B. Soil amendment with municipal sewage sludge affects the immune system
of earthworms Dendrobaena veneta. Appl. Soil Ecol. 2013, 64, 237–244. [CrossRef]

106. Barrera, I.; Andrés, P.; Alcañiz, J.M. Sewage sludge application on soil: Effects on two earthworm species. Water. Air Soil Pollut.
2001, 129, 319–332. [CrossRef]

107. Postma-Blaauw, M.B.; de Goede, R.G.M.; Bloem, J.; Faber, J.H.; Brussaard, L. Soil biota community structure and abundance
under agricultural intensification and extensification. Ecology 2010, 91, 460–473. [CrossRef]

288



Citation: Yang, P.; Dong, W.; Heinen,

M.; Qin, W.; Oenema, O. Soil

Compaction Prevention,

Amelioration and Alleviation

Measures Are Effective in

Mechanized and Smallholder

Agriculture: A Meta-Analysis. Land

2022, 11, 645. https://doi.org/

10.3390/land11050645

Academic Editors: Guido Wyseure,

Julián Cuevas González and

Jean Poesen

Received: 6 April 2022

Accepted: 24 April 2022

Published: 27 April 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/).

land

Review

Soil Compaction Prevention, Amelioration and Alleviation
Measures Are Effective in Mechanized and Smallholder
Agriculture: A Meta-Analysis

Peipei Yang 1, Wenxu Dong 2, Marius Heinen 3, Wei Qin 4 and Oene Oenema 1,4,*

1 Department of Soil Quality, Wageningen University, P.O. Box 47, 6700 AA Wageningen, The Netherlands;
peipei.yang@wur.nl

2 Hebei Key Laboratory of Soil Ecology, Center for Agricultural Resources Research, Institute of Genetics and
Developmental Biology, Chinese Academy of Sciences, 286 Huaizhong Road, Shijiazhuang 050021, China;
dongwx@sjziam.ac.cn

3 Team Soil, Water and Land Use, Wageningen Environmental Research, P.O. Box 47,
6700 AA Wageningen, The Netherlands; marius.heinen@wur.nl

4 College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China;
wei.qin@cau.edu.cn

* Correspondence: oene.oenema@wur.nl

Abstract: Background: The compaction of subsoils in agriculture is a threat to soil functioning.
Measures aimed at the prevention, amelioration, and/or impact alleviation of compacted subsoils
have been studied for more than a century, but less in smallholder agriculture. Methods: A meta-
analysis was conducted to quantitatively examine the effects of the prevention, amelioration, and
impact alleviation measures in mechanized and small-holder agriculture countries, using studies
published during 2000~2019/2020. Results: Mean effect sizes of crop yields were large for controlled
traffic (+34%) and irrigation (+51%), modest for subsoiling, deep ploughing, and residue return
(+10%), and negative for no-tillage (−6%). Mean effect sizes of soil bulk density were small (<10%),
suggesting bulk density is not a sensitive ‘state’ indicator. Mean effect sizes of penetration resistance
were relatively large, with large variations. Controlled traffic had a larger effect in small-holder
farming than mechanized agriculture. Conclusion: We found no fundamental differences between
mechanized and smallholder agriculture in the mean effect sizes of the prevention, amelioration,
and impact alleviation measures. Measures that prevent soil compaction are commonly preferred,
but amelioration and alleviation are often equally needed and effective, depending on site-specific
conditions. A toolbox of soil compaction prevention, amelioration, and alleviation measures is
needed, for both mechanized and smallholder agriculture.

Keywords: compacted subsoils; crop yield; mechanized agriculture; smallholder agriculture; soil
bulk density; soil penetration resistance; tillage

1. Introduction

Soil compaction is defined as the ‘densification of soil and the distortion of soil struc-
ture’, which cause the deterioration or loss of one or more soil functions [1,2]. Compacted
soils have a relatively high soil bulk density and soil strength, a low number of macro pores,
and a relatively high tortuosity, and thereby a low hydraulic conductivity and water infiltra-
tion rate [3,4]. These phenomena increase the risks of temporal water logging, runoff, and
erosion [5]. Compacted soils impede root elongation and development, and thereby limit
soil nutrient uptake and crop development, which in turn causes yield loss [6,7]. The altered
soil aeration and wetness and the decreased root growth and crop production also affect soil
biodiversity and biological activity, and thereby nutrient transformations and greenhouse
gas emissions [4]. Decreased aeration and increased wetness may also predispose com-
pacted soils to infection of root rot diseases [8]. Compacted soils are widespread and have
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been recognized as a global threat for modern agriculture [9,10]. Greatest concerns relate to
subsoil compaction, because of the difficulty to ameliorate subsoil compaction [11,12].

Compacted soils are not easily recognized. This relates especially to compacted subsoils.
There are various measures to assess subsoil compaction, e.g., [3], but there is little routine
monitoring of soil compaction in practice. Yet, the concerns for soil compaction in the
scientific literature is steadily increasing (Figure S1). This increased attention is especially
related to the impacts of the increasing mechanization and wheel loads of machines in
agriculture [13]. It was noted that a significant fraction of arable farmers in Germany are
aware of the risk of intensive field traffic and high axle loads for subsoil compaction, but
that this awareness had not yet led to adequate changes in practice [14]. Indeed, the impacts
of human-induced (sub)soil compaction seem to increase over time [10,15,16].

Next to human induced soil compaction, through trafficking and ploughing (forming
traffic and plough pans in the subsoil), soils may become compacted through natural
processes, e.g., during peri-glacial conditions, or as a result of the illuviation of soil colloids,
cracking and swelling processes (combined with topsoil tumbling down to the subsoil
when cracks are open), heavy rains, and soil trampling by animals. Soils may have a
compacted subsoil also because of an abrupt textural or mineralogical change with depth,
due to a different geo-genetic origin [3]. The susceptibility of soils to compaction differs
greatly. Most susceptible are soils with low soil organic matter content and a high content
of silt (particles with a size of 20 to 50 μm). These soils often have a low structural stability
and may be characterized as ‘sealing, crusting, and hardsetting’ [8,17].

Measures to ameliorate compacted subsoils and/or to alleviate their impacts have been
explored almost as long as the problem has been realized [18,19]. Hence, many studies have
examined the effectiveness of amelioration and alleviation measures, including deep tillage,
subsoiling, reduced tillage, crop rotation, reduced trafficking, and using soil amendments.
Results of these studies have been discussed and summarized in some excellent reviews.
For example, Ungar and Kaspar [6] reviewed studies examining root growth in compacted
soils and suggested that tillage and growing deep-rooted crops in rotations will help
avoid subsoil compaction and alleviate negative impacts. Soane and Van Ouwerkerk [20]
summarized the early studies related to the nature and alleviation of soil compaction.
While reviewing the literature since the early 1990s, Hamza and Anderson [21] identified
eight practices to avoid, delay, or prevent soil compaction, and suggested that specific
combinations of measures are most effective. The review of Batey [3] largely confirmed the
suggestions of Hamza and Anderson [21] and emphasized the need for the monitoring of
soil compaction in practice. Nawaz et al. [4] reviewed models simulating soil compaction
and the effects of soil compaction, while Chamen et al. [22] reviewed studies examining the
costs and benefits of measures aimed at ameliorating soil compaction. Schneider et al. [23]
quantitatively examined the effects of deep tillage on crop yield, using a meta-analysis of
data mainly from Europe and North America, and observed that deep tillage effects were
highly site-specific. Shaheb et al. [7] reviewed how soil compaction affected different crop
types and listed twelve management strategies to alleviate soil compaction. Most studies
focused on mechanized agriculture and paid little attention to smallholder agriculture. Of
a different nature, Kodikara et al. [24] reviewed how soil compaction can be improved in
civil engineering and transport.

Evidently, soil compaction is a complex and persistent phenomenon affecting the
sustainability of crop production in modern agriculture in large areas of the world. The
threat of subsoil compaction for crop production is thought to be most severe in mechanized
agriculture with high axle loads on wet soils [2,12,25,26]. However, there are also reports
on subsoil compaction in smallholder agriculture in China, for example, as a result of long-
term soil cultivation practices, irrigation, and natural conditions [27]. It is unclear whether
the effects of amelioration and alleviation measures are different between mechanized
and smallholder agriculture. Machine weight is much less and ploughing depth is also
less in smallholder agriculture than in mechanized agriculture. We hypothesized that
amelioration and alleviation measures are more effective in smallholder agriculture than in
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highly mechanized agriculture, because compacted soil layers are likely more shallow in
smallholder agriculture, and thus easier to remediate.

We conducted a systematic review of the quantitative effects of measures aimed
at preventing and ameliorating compacted subsoils or at alleviating the impacts of soil
compaction on crop yield and soil physical properties, using a meta-analysis of published
studies conducted in areas with smallholder farms (mainly China), and in mechanized
agriculture in Europe, America, and Australia. We categorized measures in three groups
(Table S1), largely following Hamza and Anderson [21] and Chamen et al. [22]: (i) measures
aimed at avoiding and preventing subsoil compaction, including minimized and controlled
trafficking, zero and minimum tillage (rotary tillage and shallow harrowing); (ii) measures
aimed at remediating compacted subsoils, including subsoiling, deep ploughing, and
crop rotation; and (iii) measures aimed at alleviating the effects of compacted subsoils,
including residue return, controlled irrigation, and manure application. This categorization
of measures also fits in the DPSIR framework

1
[2].

The objectives of our study were (1) to quantitatively examine the effects of measures
aimed at avoiding and ameliorating soil compaction and at alleviating the impacts of
compacted subsoils on crop yield, soil bulk density, and soil penetration resistance, using
results of published studies; and (2) to examine the effectiveness of measures in smallholder
and mechanized agriculture. We focused on the period 2000–2019/2020, because of the
existence of some excellent reviews covering the earlier period, and because studies on
smallholder agriculture conducted before 2000 are relatively scarce.

2. Materials and Methods

2.1. Data Collection and Screening

We searched for peer-reviewed publications investigating the effectiveness of measures
to address compacted (sub)soils, using Web of Science and China Knowledge Resource
Integrated Database (CNKI, for Chinese studies not published in English language). Search
terms were (“soil compaction” OR “compacted soil” OR “compacted subsoil” OR “subsoil
compaction”) AND (“yield” OR “biomass”) AND (“density” OR “penetration” OR “soil
cone index”) in titles, keywords, and abstracts. In Web of Science, conference proceedings
and non-English publications were excluded. This search gave 719 publications published
between 2000 and 2019 (until 1 August 2019). The search in the China Knowledge Resource
Integrated Database yielded 74 additional publications (from 2000 to August 2019).

The search process was followed by a screening procedure that was based on the
following criteria: (1) field studies must include side by side comparisons of soil com-
paction prevention, remediation and/or alleviation treatments, and control (or reference)
treatments; (2) for each paired comparison, treatments and reference treatments have the
same location, cropping system, cropping management, and year; (3) grain yields and/or
biomass yields were reported; (4) soil bulk density and/or soil penetration index data were
reported; (5) the test crops were cereals, including wheat, maize, barley, oat, and sorghum;
(6) location(s), year(s), and basic soil information of the experiment(s) were stated. Only
studies with cereal crops as test crops were included. One reason for this is the importance
of cereal crops in global food supply [28], and the other reason is that the results are likely
more robust when using crops with similar root morphology and physiology [7]. Grain
yield and/or biomass yield were used as crop response indicators.

Following the aforementioned screening procedure, we obtained 400 comparisons
(paired observations) of crop yields from 54 studies in 28 countries from Web of Science,
and 157 comparisons of crop yields from 23 studies from CNKI. Treatment measures
were recorded and grouped. THe results of crop yield and soil bulk density/penetration
resistance were extracted from each study, as well as characteristics related to location,
experimental year(s), and soil clay content (Table S1). In cases where crop yield and/or
soil bulk density and/or penetration results were presented in figures only, values were
extracted using the GetData Graph Digitizer (https://apps.automeris.io/wpd/ (accessed
on 1 January 2020)).
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2.2. Categorization of the Measures

The paired observations were allocated to a category of measures, i.e., prevention,
remediation, or alleviation measures. There is some degree of arbitrariness in the allocation
of measures. For example, the choice of crop type and crop rotation was categorized
as remediation measure but could have been categorized as prevention or alleviation
measures equally well. Further, alleviation measures were thought to alleviate the effects
of soil compaction, but may contribute also to remediation or prevention, depending on
the environmental and management conditions. Thus, irrigation, fertilization, manure
application, and straw return were thought to alleviate the impacts of compacted subsoils on
root growth (their limited ability to take up water and nutrients from compacted subsoils).

Conventional (random) traffic was chosen as reference treatment for controlled traffic.
In this case, a comparison was made between random (deliberate) trafficking and minimal
or controlled trafficking, to infer the effects of controlled trafficking indirectly. Thus,
random trafficking was used as reference treatment (worst-case), while minimal trafficking
or controlled trafficking as the remediation treatment. The reference treatment of manure
application was no manure application, while residue return was compared to no residue
return. Crop rotation effects were compared to effects of mono-cropping.

Soil bulk density and soil penetration resistance results were grouped into three
depth intervals: 0–20 cm (topsoil), 20–40 cm (upper subsoil), and 40–60 cm (lower subsoil).
This grouping was seen as a compromise for comparing smallholder and mechanized
agriculture. The depth of soil cultivation in smallholder agriculture is commonly less than
20 cm but in mechanized agriculture often a bit deeper, depending also on tillage system.
Moreover, about 80% of the roots of most cereal crops are in the upper 40 cm and more
than 95% of the roots are in the upper 60 cm of the soil [29,30].

Smallholder farms are mostly found in east and south Asia, Africa, and some countries
of Latin America [31], and mechanized agriculture with relatively high axle loads in North
America, Oceania, Europe, and west Asia. Therefore, studies conducted in south and east
Asia and Africa were considered to be small-holder farming, while studies conducted in
America, Europe, Australia, and west Asia were considered to be in mechanized agriculture.
For more detailed information of the database composition, see Tables S1 and S2.

2.3. Data Analysis

Our meta-analysis basically followed the same approach as the one described by Qin
et al. [32]. We used the natural logarithm of the ratio of the response variable of two
treatments as the effect size [33]: ln(R) = ln(xt/xc), where R is the ratio, x is the response
variable, and subscripts t and c refer to the specific treatment and control treatment. The
response variable was either crop yield (x = Y), dry bulk density (x = BD), or penetration
resistance (x = PR).

For the calculation of a grouped effect size, a linear mixed-effect model was used
for which we used the R-package ‘nlme’ [34]. Mixed-effect models are preferred to fixed-
effect models for statistical testing in ecological data synthesis because their assumption of
variance heterogeneity is more likely to be satisfied [33]. In our study, results of treatments
addressing soil compaction were set as fixed effects and study numbers were set as random
effects, to allow accounting for variances among studies. We used the equal weighting
method (e.g., [35]) when comparing studies with different number of replicates. The ln(R)
of the individual pairwise comparison was used as the dependent variable. The mean
effect size and the 95% confidence intervals (CIs) of each categorical group were estimated.
The significance of the effects was statistically assessed at the 0.05 confidence level. In the
graphs (forest plots), the effect-size of each treatment was transformed back and converted
to a percentage change in crop yield, dry bulk density, or penetration resistance relative to
the control or reference treatment, i.e., data were presented as (R − 1)∗100%. In case the
value zero in such a forest plot falls outside the 95% CI, the given average value (effect size)
is assumed to be significantly different from zero.
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3. Results

3.1. Overview of the Dataset

Our dataset consisted of 557 yield comparisons, 620 soil bulk density comparisons,
and 592 soil penetration resistance comparisons. About half of the number of bulk density
comparisons dealt with the topsoil (346), and half with the subsoil (274). More yield
comparisons were from countries with predominantly small-holder farming (S-farming)
(323) than from countries with predominantly mechanized agriculture (M-agriculture) (234).
More yield observations were related to prevention (221) and remediation measures (205)
than alleviation measures (131, Figure 1a). Yield observations of prevention measures were
found more in M-agriculture countries than in S-farming countries. The number of yield
observations related to remediation and alleviation measures was two times larger with
S-farming than M-agriculture (Figure 1b,c).

Figure 1. Relative changes in crop yield (%) in response to soil compaction prevention, remediation
and alleviation measures; means of all results (a); means of results from countries with mechanized
agriculture (b); means of results from countries with small-holder farming (c). Dots show means
of treatments, error bars indicate 95% confidence intervals. Numbers in the parentheses indicate
number of comparisons.

3.2. Effects of Measures on Crop Yields

Five out of ten measures examined had positive effects on crop yields, including
prevention, remediation, and alleviation measures (p < 0.05, Figure 1a). Relatively large
mean effect sizes were noted for controlled traffic (+26%) and irrigation (+51%). Mean
effect sizes were also significantly positive for subsoiling, deep ploughing, residue return,
and crop rotation (+8% to +11%). Minimum tillage and manure application did not display
significant effects, while no tillage had a negative mean effect on crop yield (−6%).

Differences between S-farming and M-agriculture in the mean effect sizes of prevention,
remediation, and alleviation measures on crop yields were relatively small (Figure 1b,c).
The mean effect size of controlled traffic on crop yield was two time higher in M-agriculture
(+38%) than in S-farming (+16%). However, the number of comparisons was much larger in
M-agriculture (88) than in S-farming (21). Subsoiling was more studied in S-farming than in
M-agriculture during the last 20 years and the mean effect on crop yield in S-farming was
positive (+8%). Controlled irrigation and manure application were examined in S-farming
but not in M-agriculture as possible measures to alleviate the effects of compacted subsoils.
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Evidently, controlled irrigation had a large effect size, but it is not realistic to ascribe this
effect merely to the alleviation of soil compaction. Likely, crop yields in the reference
treatments were limited by drought and not only by compacted subsoils.

3.3. Effects of Measures on Soil Bulk Density

The measures had a relatively small effect on the soil bulk density of the top soil and
subsoil (Figure 2a,d), compared to their effects on crop yields (Figure 1). Relative mean
changes in bulk density were in the range of 0–9%. For the subsoil, which is most critical,
controlled traffic, deep ploughing, subsoiling, residue return, and crop rotation decreased
soil bulk density by on average 2–9% (p < 0.05; Figure 2d). Controlled irrigation increased
bulk density in the topsoil and subsoil, while minimum tillage increased subsoil bulk
density by 3% (p < 0.05; Figure 2d).

Essentially all comparisons related to the effects of subsoiling and deep ploughing on
subsoil bulk density originated from S-farming. As a consequence, no proper comparison
can be made between S-farming and M-agriculture on the effects of subsoiling and deep
ploughing. This holds for alleviation measures as well. Controlled trafficking decreased
soil bulk density in both topsoil and subsoil, and S-farming and M-agriculture.

3.4. Effects of Measures on Soil Penetration Resistance

Soil penetration resistance responded to the measures in a similar way as bulk density,
but the relative changes were larger (Figure 3a,d). Controlled traffic treatments had on
average 33% lower penetration resistance in topsoils and 26% lower resistance in subsoils
than the reference treatments. Subsoiling and deep ploughing decreased penetration
resistance by 13% to 20% (p < 0.05, Figure 3d). No tillage increased penetration resistance
in the topsoil but not in the subsoil.

Observations on subsoiling and deep ploughing originated mainly from S-farming
countries, where these measures decreased penetration resistance. Residue return decreased
penetration resistance in both topsoil and subsoil in S-farming. The number of comparisons
for residue return was too low in M-agriculture to make firm statements. Irrigation slightly
decreased penetration resistance in the topsoil but not in the subsoil in S-farming.

3.5. Effects of Experimental Duration

More than 80% of the comparisons dealt with short-term experiments (1~3 years;
Table S1). Tillage treatments (deep ploughing, subsoiling, no tillage, minimum tillage)
accounted for almost half (47%) of the long-term experiments (≥4 years), followed by
controlled traffic (23%). For controlled traffic, the relative effect size for crop yield and for
subsoil bulk density tended to increase over time (Figure 4a). For crop yield, the effect size
was 33% in short-term and 37% in long-term experiments, while subsoil bulk density was
4% lower in short-term and 6% lower in long-term experiments compared to the reference
treatments (p< 0.05; Figure 4b,c). For deep ploughing, the relative effect size for crop yield
and bulk density decreased over time. In short-term (1~3 yrs) experiments, mean effect
sizes were statistically significant on crop yields and bulk density (p < 0.05), but not in
long-term (≥4 yrs) experiments. Similar results were found for no tillage (Figure 4).

3.6. Effects of Soil Texture

Soil texture (silt and clay contents) and soil organic matter content affect the suscepti-
bility of soils to compaction and also likely influence the effect sizes of measures. A clay
content of 17.5% is commonly used as a threshold value in soil compaction evaluation.
Soils with <17.5% clay are considered to be more susceptible to compaction than soils with
≥17.5% clay [36]. Thus, we compared the effect sizes of measures for soils with <17.5% clay
with soils having ≥17.5% clay. Yield effects were on average similar for the two textural
classes (Figure 5). However, light-textured soils (<17.5% clay) showed greater responses to
prevention and amelioration measures than heavy-textured soils (≥17.5% clay). This was
most notable for controlled traffic. Effect sizes for yield differed by more than a factor two
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(+49% vs. +19%; p < 0.05), for subsoiling (+12% vs. 3%), and deep ploughing (13% vs. 8%;
p < 0.05).

Figure 2. Relative changes in soil bulk density (BD) in response to soil compaction prevention,
remediation and alleviation measures for the topsoil (a–c) and for the subsoil (d–f); means of all
results (a,d); means of results from M-agriculture (b,e); means of results from S-farming (c,f). Dots
show means of treatments, error bars indicate 95% confidence intervals. Numbers in the parentheses
indicate number of comparisons.
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Figure 3. Relative changes in soil penetration resistance (PR) in response to soil compaction preven-
tion, remediation and alleviation measures for the topsoil (a–c) and for the subsoil (d–f); means of all
results (a,d); means of results from M-agriculture (b,e); means of results from S-farming (c,f). Dots
show means of treatments, error bars indicate 95% confidence intervals. Numbers in the parentheses
indicate number of comparisons.
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Figure 4. Relative changes in crop yield (a) and soil bulk density (BD; for top soil, (b); and subsoil, (c))
in response to various soil compaction prevention, remediation and alleviation measures; means and
standard deviations of results from short-term (<4 years), and long-term (≥4 years) field experiments.

Figure 5. Relative changes in crop yield (%) in response to soil compaction prevention, remediation
and alleviation measures; means of results from clay soil (clay content ≥17.5%) (a); means of results
from sandy soil (clay content < 17.5%) (b). Dots show means of treatments, error bars indicate 95%
confidence intervals. Numbers in the parentheses indicate number of comparisons.
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4. Discussion

4.1. Understanding the Cause-Effect Relationships

The cause–effect relationships of soil compaction and its mitigation measures can be
analyzed and understood through the ‘driving forces, pressures, state, impact, responses’
(DPSIR) framework [2]. In agriculture, the driving forces often stem from the economic
incentives to produce more and to lower costs, especially in affluent countries [11,13]. This
leads to more intensive soil cultivation and the use of larger and heavier machines, which
exerts literally pressure on the soil. This pressure may lead to a densification of the (sub)soil,
i.e., compacted (sub)soils, with impacts on water infiltration, root and crop growth, microbi-
ological processes, and gaseous emissions, e.g., [3]. The response of farmers and land man-
agers may be directed towards avoiding or preventing soil compaction, i.e., addressing
the driving forces and pressures, or they may focus on the amelioration of compacted
soils, i.e., addressing the state, or at alleviating the impacts of compacted soils, or both
(Figure 6). Thus, the three categories of measures distinguished in our meta-analysis
(Table S2; Figure 1) address different aspects of the cause–effect chain of soil compaction.

Figure 6. The Driver-Pressure-State-Impact-Response (DPSIR) concept with focus on soil compaction.
The response measures indicate which part of the DPSIR chain is being addressed by the measures.

Avoiding, preventing, and precautionary strategies are preferred above amelioration
and alleviation strategies, also because of the complexities and imperfections of the lat-
ter [2,37]. However, large areas in the world have naturally compacted subsoils (e.g., [8,17]),
or have been compacted by human activities in the past [15], and thus will need ame-
lioration and alleviation strategies. Moreover, the susceptibility of soils to densification
and the farming and environmental conditions greatly differ across the world, suggesting
that region- and farm-specific strategies will be needed, and thus a toolbox of options and
strategies. Our meta-analysis contributes to this toolbox by examining quantitatively the
effects of both prevention, amelioration, and alleviation measures.

Depending on the strategy, different indicators may be used for evaluating the ef-
fectiveness of the strategy. Lebert et al. [37] discussed indicators for precautions against
soil compaction (pressure indicators) and for the impairment of subsoil structure through
compaction (state indicators). For the first, they proposed the ‘pre-compression stress’
and ‘loading ratio’, which can be calculated for different soils, but need soil type specific
calibration [37]. For assessing the impairment of subsoil structure, they proposed three
indicators, i.e., air capacity (>5% air filled porosity at a water suction of pF 1.8), saturated
water conductivity (<10 cm day−1), and a visual classification of the soil morphology (com-
bination of a ‘spade diagnosis’ and measurements of the effective bulk density and packing
density). The second suggested indicator (saturated water conductivity) is basically an
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impact indicator (and not a state indicator). Soil bulk density was not recommended as
an indicator for identification of ‘harmful’ soil compaction, because ‘there is no critical
threshold and classification scheme’ according to the authors [37]. However, for the related
‘packing density’ (bulk density corrected for clay content) indicator, there are criteria [38].
Håkansson and Lipiec [39,40] reviewed the usefulness of the relative soil bulk density,
or the degree of compactness, which was defined as the dry bulk density in percent of a
reference dry bulk density of the same soil obtained by a standardized, long-term, uni-axial
compression test at a stress of 200 kPa. Evidently, the measurements of the state of soil
compaction are labor-intensive, and thus costly, especially when considering spatial within-
field variations [41,42]. As a result, routine monitoring of the state of soil compaction in
farmers’ fields is not common practice. Indeed, it appears costly and there is debate about
appropriate indicators and their interpretation. We observed that soil bulk density and
penetration resistance are most commonly used as indicators for assessing the state of soil
compaction in field experiments to test measures aimed at preventing, ameliorating, and/or
alleviating soil compaction. However, bulk density is not a sensitive indicator (e.g., relative
changes in soil bulk density following the implementation of measures are relatively small;
Figure 2), while penetration resistance is very sensitive to variations and changes in soil
moisture content. Based on uni-axial tests, Panayiotopoulos et al. [43] showed that for a
compression stress up to 300 kPa the dry bulk density changed up to 5~15%. This suggests
that extreme changes in dry bulk density are not likely to occur. Further, measurements
of penetration resistance should be performed at pressure heads of about −100 cm. It
is, however, unlikely that this was the case in all studies. This may explain why a large
variability in penetration resistance was found in the reviewed studies.

Impact indicators relate to the changes in soil ecosystem functioning following a
change in the densification of the soil and associated changes in pore size distributions,
tortuosity, and soil structure. Possible impact indicators are crop yield, hydraulic con-
ductivity, run-off and ponding, and emissions of CO2, CH4, and N2O [3,44]. There are
no critical thresholds and classification schemes for assessing changes in soil functions,
perhaps apart from hydraulic conductivity [37]. Yet, comparisons can be made between
situations without and with compacted (sub)soils as in our meta-analysis. Crop yield is
probably the most powerful indicator in farmers’ practice, because of its influence on farm
income, although part of a yield penalty may be nullified through alleviation measures,
including irrigation and fertilization.

In conclusion, the DPSIR framework is useful for analyzing and understanding the
cause–effect relationship of soil compaction, but further work is needed to derive a proper
set of indicators and threshold values.

4.2. Impacts of Measures in Small-Holder Farming and Mechanized Agriculture

The mean effect of controlled traffic on crop yield was 38% (range 32–45%) in mecha-
nized agriculture (M-agriculture) and 16% (range 6–27%) in small-holder farming (S-farming).
The wide range of yield effects is roughly in the same range as reported by Antille et al. [16]
in a review of 20 studies for various crops. The yield of crops was 0–98% higher when
grown in the absence of field traffic compared to the yield of crops grown under typical
traffic intensities. Controlled traffic was introduced in commercial-scale farming in the
1990s, initially in Australia and subsequently in Europe and northern America [45,46]. The
net economic benefit of controlled traffic increases with farm area. Conversely, the yield
effect of controlled traffic needs to be relatively large to make controlled traffic economically
attractive in small farms [16,22]. It is therefore no surprise that the number of experimental
studies was much larger in M-agriculture than S-farming (Figure 1b,c). Interestingly, the
mean yield effect of controlled traffic was on average a factor of two smaller in S-farming
than in M-agriculture, which may indeed reflect differences in axel loads between S-farming
and M-agriculture.

Zero-tillage minimizes the traffic of soil-cultivating tractors and was therefore con-
sidered to be a preventive measure for soil compaction, but it does not necessarily control
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the traffic of other (e.g., harvesting) machines in the field. There is a lot of interest in
zero-tillage and minimum tillage (e.g., [47], as it saves labor and fuel cost, minimizes
erosion (especially when combined with surface mulching), and contributes to enhanced
soil carbon sequestration. However, it increases N2O emissions and decreases crop yield.
The latter is in agreement with our findings (Figure 1). Further, it tends to increase the
soil bulk density and penetration resistance of the topsoil (Figures 2 and 3). The no-till
(or reduced-till) compacted topsoils limit root penetration and plant growth [48], while
crop residues remaining on the soil surface may increase the incidence of viruses and plant
pathogens [49], and lower the soil temperature [50,51]. Our study indicates that current
zero-tillage and minimum tillage practices are much less effective as a preventive measure
for soil compaction than controlled traffic. However, there is a need for more soil physical
and soil structural measurements (including bulk density) of the subsoil in no-till systems
to confirm our findings.

Deep ploughing and subsoiling increased crop yields by on average 10% and 9%,
respectively, though with relatively large uncertainty bars (Figure 1a). These mean effects
were derived mainly from studies conducted in S-farming and reported between 2000 and
2019/2020. Schneider et al. [23] reported rather similar mean positive effects of deep tillage
on crop yield (6%), based on a meta-analysis of 45 studies (67 field experiments) that
were mainly conducted in Europe and North America between 1918 and 2014 (only three
studies were reported after 2000, namely one from North America, one from Argentina,
and one from China). They noted that the popularity of deep tillage decreased from the
1970s. Peralta et al. [52] also found positive mean effects of subsoiling on the yield of
maize (+6%) and soybean (+26%) in no-till systems in Argentina, using a meta-analysis
of 32 field studies. Our study indicates that positive effects of deep tillage on crop yields
also hold for smallholder farming, notably China, for both deep tillage and subsoiling.
Schneider et al. [23] found that the mean effect size of deep tillage on crop yield depended
on the silt content of the topsoil, the density of the subsoil, and drought, but not on the
deep tillage method (subsoiling vs. deep ploughing and deep mixing) and tillage depths.
The strong interference by drought agrees with our observation that irrigation alleviates the
effects of compacted subsoils and greatly increases crop yield (Figure 1). The effect of deep
ploughing on crop yield decreased over time (Figure 4). A similar trend was observed in
the meta-analysis studies of Schneider et al. [23] and Peralta et al. [52]. The decreasing effect
of deep tillage over time is likely the result of re-compaction [22,53]. Our analyses indicate
that deep tillage decreased soil bulk density (Figure 2) and penetration resistance (Figure 3)
of the topsoil and subsoil. Similar decreases were noted for the topsoil by Peralta et al. [52],
but neither Peralta et al. [52] nor Schneider et al. [23] reported changes in soil bulk density
and/or penetration resistance for the subsoil in response to deep tillage.

Alleviation measures mainly aim to lessen the negative impacts of compacted sub-
soils on root and crop growth. Roots elongate less in compacted and dry soils due to a
combination of mechanical impedance and water stress [54], and thereby have less access
to soil moisture and nutrients. Irrigation thus greatly alleviates the negative impacts of
compacted subsoils on crop yield. The mean effect size of irrigation on crop yield was
50% (Figure 1). However, irrigation increased soil bulk density in the topsoil and subsoil
(Figure 2). These results are based on observations in S-farming countries only, i.e., mainly
China. Crop residue return or surface mulching also had a positive on crop yield, likely
because of its effect on soil water preservation [32]. Crop residue return decreased soil bulk
density (Figure 2), possibly as a result of enhanced soil carbon sequestration [47]. Only a
few studies explicitly examined the effects of manure application on alleviating impacts of
compacted subsoils on crop yield. No significant effects on crop yields were found, but
manure application in S-farming tended to decrease soil bulk density, possiblY through
enhancing soil organic carbon contents [55,56]. In summary, alleviation measures ‘treat the
symptoms but not the root cause’, yet some of these measures can be highly effective, also
in cases where amelioration measures were not much effective.
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4.3. Managing Soil Compaction

A common opinion is that ‘the best way to manage soil compaction is to prevent
it from happening’. The popularity of controlled traffic and reduced or no till practices
reflects this opinion. The increasing wheel loads and weight of agricultural machinery in
practice in especially Europe and North America during the last 60 years do not reflect
this opinion. The increase in machinery weight has resulted in an increase in subsoil
compaction, which may have contributed to crop yield stagnation and to an increase in the
incidence of flooding in Europe [13]. The cascade of possible impacts from soil compaction
beyond field and farm scales (e.g., increased risk of flooding, runoff, and erosion) could be
seen as driver for actions by policy [57,58]. However, soil compaction is not subject to a
coherent set of rules in, for example, the European Union (EU), and is also not mentioned
in the recent EU soil strategy for 2030 [59]. Thus, farmers depend on the insights and
guidelines of their own and their advisors when it comes to handling soil compaction,
while there are essentially no monitoring data concerning farmers’ fields.

There is less risk of soil compaction by machines in small-holder farming in China, for
example, than in the mechanized agriculture of Europe, North America, and Oceania. There
is also no governmental policy aimed at preventing soil compaction in China. However,
the intensive cultivation practices and irrigation, and the silty texture of the dominant loss
soils in north China are conducive to soil compaction, and there is therefore a continuous
search for soil conservation practices that decrease the risk of soil compaction and improve
soil structure [60,61]. A combination of tillage practices in sequence appears to be the
best strategy [62–64]. This holds for no-till as well. However, it has to be combined with
subsoiling once in a few years, as also discussed for the no-till agriculture in Argentina by
Peralta et al. [44]. The need for combining tillage practices in China also follows indirectly
from the increasing interest in subsoiling during the last two decades (e.g., Figure 1 [24]).

The FAO voluntary guidelines for sustainable soil management do provide technical
and policy recommendations to prevent and mitigate soil compaction [65]. Though qualita-
tive and without threshold values, these guidelines are interesting because they address not
only the machines and vehicles in the field, but also the importance of crop type and crop
rotation, soil organic matter content, soil macrofauna, and microbial and fungal activities.
Amelioration measures are not explicitly mentioned, apart from the recommendation to
also grow crops with strong tap roots able to penetrate and break up compacted soils.
Next to soil compaction, the FAO guidelines also present recommendations to prevent
and mitigate nine other soil threats [65]. The need for a more coherent and integrated soil
management concept was also recently emphasized by Rietra et al. [47]. They presented a
roadmap for developing high-yielding, soil-improving, and environmentally sound crop-
ping systems. This roadmap involves an iterative selection and optimization of site and
farm specific crop husbandry and soil management practices, including the selection of
machines that minimize soil compaction.

Evidently, preventing soil compaction from happening is too simple a strategy to ad-
dress soil compaction. Rather, a toolbox of strategies and management practices is needed,
which can be used to develop and implement site-specific management measures. Our
study provides evidence that both prevention, amelioration, and alleviation measures have
value, depending on the site-specific conditions. These measures provide net economic
benefits for farms in most cases, through increases in crop yields and resource use effi-
ciency [22,66]. The selection of the most appropriate measures will likely improve, and the
effectiveness of these measures will likely increase, when more data become available at the
farm level, related to the state and impact of soil compaction, through routine monitoring.

4.4. Limitations of Our Study

We focused on the recent literature (2000–2019/2020), because there are some excellent
papers that reviewed and analyzed the older literature, e.g., [23,67], and not many studies
have been conducted in small-holder agriculture before 2000. We examined literature from
both mechanized agriculture and small-holder farming to make comparisons between

301



Land 2022, 11, 645

these two types of agricultural systems, based on the literature from 2000–2019/20. We
note that the literature from S-farming countries from before 2000 has not been analyzed in
a systematic manner yet, apart from the studies by Hoogmoed et al. [68], and the reviews
by Laker and Nortjé [8], and Peralta et al. [52].

Further, we note that the machine weight is rapidly increasing over time [69], not
only in M-agriculture countries, but also in some S-farming countries. Hence, the rough
categorization in S-farming and M-agriculture countries may not be the best way to examine
differences between mechanized and smallholder agriculture, although this comparison
provided new insights, e.g., related to the type of measures applied in the two types
of agriculture.

Crop types may respond differently to compacted soils and thereby also to prevention,
amelioration, and alleviation measures, because of differences in root morphology and
physiology [54,70]. We selected cereals as test crops because these were mostly used and
have a more or less uniform response. Thereby, we excluded 183 studies with non-cereal
test crops out of the 719 available studies (25%).

Further, we excluded studies that combined various measures, e.g., controlled traffic
combined with no tillage, controlled traffic combined with deep tillage, tillage combined
with residue management levels, and irrigation combined with subsoiling. The exclusion of
these studies does not mean that these studies are less relevant. Instead, it requires another
study to infer useful conclusions from these combined-measures studies.

5. Conclusions

Our meta-analysis included 77 studies from 28 countries (32 studies from 16 countries
for mechanized agriculture (M-agriculture), and 45 studies from 12 countries for small-
holder farming (S-farming)) all related to the effectiveness of soil compaction prevention,
amelioration, and alleviation measures. These studies were published between 2000 and
2019/2020 and thus are relatively recent. Prevention measures were mostly studied in M-
agriculture, while remediation and alleviation measures were mostly studied in S-farming.

Soil compaction prevention, through controlled traffic, had a positive effect on crop
yield in both M-agriculture (+38%) and S-farming (+16%) countries, and led to a lower soil
bulk density in topsoil and subsoil (−4% to −6%), and to a lower soil penetration resistance
(−26% to −33%). These results confirm earlier estimates for M-agriculture countries but
now show that controlled traffic also holds promise for S-farming. However, it is not
clear whether controlled traffic is economically profitable in S-farming. Soil compaction
prevention through no-till had negative effect on crop yield, while bulk density was
increased, in both M-agriculture and S-farming.

Soil compaction amelioration through deep tillage (including subsoiling) had positive
effects on crop yields (+9% to +10%), while soil bulk density was decreased by about
3%. These results confirm earlier observations for M-agriculture, but we show that these
observations are also valid for S-farming. The relatively large number of studies related to
deep tillage in S-farming suggest that subsoil compaction is increasingly seen as a constraint
to crop production in the countries with S-farming.

Irrigation was an effective alleviation measure for subsoil compaction, though only
reported for S-farming. The large mean effect size for crop yield (+51%) reflects that
compacted soils impede root elongation and thereby enhance the impacts of drought,
though the effect of irrigation likely relates not only to alleviation of drought related to
compacted subsoils. Crop residue mulching and manure application had a small effect on
alleviating compacted subsoils.

Soil penetration resistance and bulk density were mostly used as state indicators.
Effect sizes of measures on soil bulk density were small (<10%), indicating that bulk density
is not a sensitive indicator for assessing the effects of measures. Effect sizes of crop yield
as an impact indicator were relatively large, but variable because of interfering factors
(climate, soil texture).
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A toolbox of soil compaction prevention, amelioration, and alleviation measures is also
needed because the cause of soil compaction and the responses of measures are site-specific.
Our meta-analysis indicates that such a toolbox is needed for M-agriculture and S-farming.
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Notes

1 The DPSIR framework stands for Driving forces, Pressure, State, Impact and Responses. It allows for analyzing and understanding
the cause-effect chain of soil comapction in a systematic manner, as further discussed in the Discussion section.
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Abstract: Coherent improvements in crop varieties and crop husbandry and soil management prac-
tices are needed to increase global crop production in a sustainable manner. However, these practices
are often discussed separately, and as a result there is little overview. Here, we present a database
and synthesis of 154 meta-analysis studies related to ten main crop husbandry and soil management
practices, including crop type and rotations, tillage, drainage, nutrient management, irrigation and
fertigation, weed management, pest management, crop residue management, mechanization and
technology, and landscape management. Most meta-analysis studies were related to tillage (55),
followed by crop type and rotations (32), nutrient management (25), crop residue management (19),
and irrigation and fertigation (18). Few studies were related to landscape management (6) and
mechanization and technology (2). In terms of outcome, studies focused on crop yield and quality
(81), soil quality (73), and environmental impacts (56), and little on economic effects (7) or resource
use efficiency (24). Reported effects of alternative practices, relative to conventional practice, were
positive in general. Effect sizes were relatively large for environmental effects (nutrient leaching,
greenhouse gas emissions), and small for soil quality (except for soil life) and crop yield. Together,
meta-analysis studies indicate that there is large scope for increasing cropland productivity and
minimizing environmental impacts. A roadmap is provided for integration and optimization of all
ten practices, and recommendations are formulated to address the gaps in meta-analysis studies.

Keywords: crop residue; crop rotation; crop yield; environmental effects; irrigation; nutrient manage-
ment; resource use; soil-improving cropping systems; soil quality; tillage

1. Introduction

Global yields of main crops (wheat, rice, maize, and soybean) have increased by an
average 1 to 2% per year during the last decades [1,2], in response to the increasing global
food and feed demands, and facilitated through technological improvements. Forecasts
suggest that mean crop yields per ha of cropland have to increase by as much as 2.4%
per year to be able to meet the food and feed demands by the human population in 2050,
also because further expansion of global cropland area and/or increased frequency of
harvesting are not feasible [3,4]. The slow-moving mean increase in global crop yields
during recent decades are in part related to areas where crop yields have been stagnating
and to areas where crop yields have not increased at all or have fallen. Recent analyses
suggest that crop yields are not increasing on 25 to 40% of the harvested global cropland
area [1]. Yield increases of wheat, maize, and rice tend to be lowest in low-income countries
because of lack of resources and poor crop husbandry practices. In high-income countries,
yield increases may be less than average when actual yields approach attainable crop yields,
suggesting that yields reach biophysical limits [5,6]. Crop yields may also stagnate in
some countries because of climate change and environmental regulations [7–9] and soil
degradation [10–12].
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The yield increases per unit of surface area during recent decades have mainly been
the result of improved germplasm and improved crop husbandry and soil management
practices, including inputs of fertilizers, irrigation, and pesticides [13]. Availability of high-
yielding cultivars, fertilizers, irrigation water, and pesticides are commonly considered to
be the dominant yield-controlling factors, next to climate and soil quality. However, the
importance of precise timing and careful execution of the various crop husbandry practices
in the proper order should not be neglected [13]. The crop husbandry and soil management
practices together determine how far actual crop yields deviate from attainable crop yields
and from potential crop yields [14]. Attainable crop yields, defined as the best yield
achieved by the best farms through skillful use of the best available technology [14], are on
average 70 to 80% of the potential yield. Potential crop yields are commonly defined as the
yields obtained when cultivars adapted to the local environmental conditions are grown
with minimal stress, achieved with best management practices [11,15,16]. Actual yields on
farmers’ fields range from 30 to 100% of attainable yields, depending on region [1].

Crop husbandry and soil management practices also influence the environmental
sustainability of crop production systems, especially in cases where the pressures to increase
crop yields are high. Concerns have arisen about intensive crop production systems with
poor crop husbandry and soil management practices, as these pollute groundwater and
surface waters with nitrogen (N), phosphorus (P) and pesticides, and emit greenhouse
gases and ammonia (NH3) into the atmosphere [15–17]. There are also concerns about soil
degradation through processes such as erosion, salinization, compaction, and declines of
soil organic matter content and soil biodiversity [10]. The United Nations (UN) Sustainable
Development Goals (SDGs) address essentially all of these concerns and indirectly guide
the actions of nations in the pursuit of a more sustainable world. Of the 17 SDGs, at least
five have a direct relation with cropping systems and soils, while others have a more
indirect relation [18]. SDG-2 aims to ‘end hunger, achieve food and nutrition security, and
promote sustainable agriculture’ and is key to the success of the SDG agenda [19].

While there are several spatially explicit assessments of changes in crop yields over
time (e.g., [2,20], there are no spatially explicit, integrated assessments of the sustainability
of crop husbandry and soil management practices. The main reason for this lack of
assessments is the diversity of crop husbandry and soil management practices, and the
lack of methods and procedures for making such integrated assessments. Wezel et al. [21]
analyzed 15 agroecological cropping practices qualitatively in terms of possible advantages
and drawbacks, for temperate areas. Others have reviewed the impacts of one or a few
specific crop husbandry practices (e.g., [22–24], often on the basis of a meta-analysis of
published studies. There is as yet no coherent overview and comparison of the effects of all
main crop husbandry and soil management practices.

The aim of this study was to provide a review of crop husbandry and soil management
practices on the basis of meta-analysis studies. Meta-analysis papers commonly analyze
and synthesize many experimental studies related to topical research questions and/or
ambiguous research findings. The term ‘meta-analysis’ was first used in 1976 and referred
to ‘the statistical analysis of a large collection of analysis results from individual studies
for the purpose of integrating the findings’ [25,26]. Most meta-analysis studies related to
crop husbandry and soil management practices date from the last 10 to 20 years, and the
cumulative number has increased exponentially (Figure 1).

Thus, our main hypothesis is that meta-analysis studies summarize and synthesize
vast amounts of research results, and unravel underlying mechanisms of variations, and
thereby provide overview. By reviewing and synthesizing meta-analysis studies related
to several crop husbandry and soil management practices, we aimed to (i) summarize the
main impacts of these crop husbandry and soil management practices, (ii) identify the
most topical research areas, and (iii) suggest guidelines for ‘sustainable cropping systems’.
The crop husbandry and soil management practices examined were assessed in terms of
(a) crop yield and quality, (b) soil quality, (c) economic effects, (d) resource use efficiency,
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(e) environmental effects, and (f) human health impacts. However, none of the reviewed
studies addressed human health impacts; as a consequence, this aspect is not reported here.

Figure 1. Exponential increase in time of published studies used in our overview (the bar left of
2000 refers to all studies before the year 2000). In total 163 unique studies (peer-reviewed publications)
were used: 154 meta-analysis studies and 9 reviews.

2. Materials and Methods

2.1. Data Collection

We reviewed meta-analyses studies related to crop husbandry and soil management
practices (henceforth ‘practices’). A total of ten main categories of practices were examined:
(1) crop type and crop rotations including intercropping, cover crops, (2) nutrient manage-
ment, (3) irrigation and fertigation, (4) controlled drainage, (5) tillage practices, (6) pest
management, (7) weed management, (8) crop residue management including mulching,
(9) mechanization including precision technology, and (10) landscape management, in-
cluding hedgerows, tree lines, buffer strips. These ten categories of practices relate to the
main crop yield defining, limiting, and reducing factors [11,15,16], and with climate-related
factors (not included here) have very dominant effects on crop yield and quality, soil quality,
and the environmental impacts of crop production.

For each of these categories, quantitative effects of specific practices were distilled
from the meta-analysis studies. In most studies, an improved or modified practice was
compared with the conventional practice. We focused on the following five outcomes
(impacts): (a) crop yield and quality, (b) soil quality, (c) farm income, (d) resource use
efficiency, and (e) environmental effects. We attributed the indicators that were used in the
meta-analysis to these five outcomes. For crop yield and quality, farm income, and resource
use efficiency, a limited number of straightforward indicators were used commonly, but for
soil quality and environmental effects a wide range of indicators have been reported. We
made no selection in these indicators. We focused on effect sizes defined as the standardized
mean difference between the effect of a specific treatment practice relative to that of the
control treatment. It is often given as the response ratio (RR) which is the ratio of the effect
of a specific treatment (Xt) and the control treatment (Xc), with or without natural log of
the ratio.

We collected data from peer-reviewed meta-analysis publications only. The publica-
tions were identified using the online database Scopus (https://www.scopus.com/sources,
accessed on 5 May 2021) within the period 1997–2020. Publications were searched using
the keywords “meta-analysis” and the results were refined using additional words—“crop
type”, “crop rotation”, “nutrient management”, “fertilization”, “irrigation”, “fertigation”,
“drainage”, “tillage”, “pest management”, “disease management”, “weed management”,
“crop residue management”, “mulching”, “mechanization”, “landscape management”,
“hedgerows”, and “buffer strips”. These keywords were searched for in the title, abstract,
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and keywords. Additionally, we used the forward and backward snowballing technique
when applicable and a few review studies that presented quantitative data, such as a
meta-analysis, were included as well. Further information about the selection and analysis
of data is provided in the Supplementary Materials.

A list of abbreviations used in this publication is given in Table A1 (Appendix A).

2.2. Data Compilation and Analysis

Data from the meta-analysis studies were compiled in Windows Excel. The region of
the study, the specific practice, the conventional (control) practice, the results, the units and
the number of observations were recorded. No further data processing and analyses of the
data were undertaken. The Windows Excel database, with all results extracted from the
meta-analyses studies, is in the Supplementary Materials.

3. Results

3.1. Overview

Table 1 presents an overview of the meta-analysis studies across categories of practices.
Most of the meta-analysis studies dealt with tillage practices (55). Crop type and crop
rotations (32), nutrient management (25), irrigation and fertigation (18), and crop residue
management (19) have also been analyzed frequently. In contrast, only two studies related
to mechanization and (precision) technology.

Table 1. Summary of the number of reviewed meta-analysis studies across crop husbandry and
soil management practices, and across aspects (outcome). Note that the sum of the studies for the
different aspects can be larger than the number of meta-analysis studies since some studies reported
on several aspects.

Number of Meta-Analysis Studies per Aspect

Crop Husbandry and Soil
Management Practices

Total
Crop Yield &

Quality
Soil

Quality
Resource Use

Efficiency
Economic
Aspects

Environmental
Impacts

1 Crop type and crop rotations 32 12 12 2 1 14
2 Nutrient management # 25 12 9 0 1 7
3 Irrigation and fertigation 18 12 2 11 0 4
4 Drainage 6 1 1 0 1 4
5 Tillage 55 19 36 5 2 14
6 Pest management 7 3 3 0 0 1
7 Weed management 4 2 2 0 0 0
8 Crop residue and mulching 19 14 5 6 1 8
9 Mechanization and technology 2 3 1 0 1 0
10 Landscape management 6 3 2 0 0 4

Total 174 & 81 73 24 7 56
#: one reference included the human health related aspect survival time of zoonotic pathogens; &: The total
number of studies reported here consisted of 163 unique publications, some of which considered more than one
crop husbandry or soil management practice.

Most meta-analysis studies examined the effects of specific practices on crop yield and
quality (81). For soil quality (73 studies), soil organic matter content was the main focus. For
environmental effects (56 studies), the focus was mainly on greenhouse gas emissions and
nitrate leaching. Resource use efficiency was examined mainly for irrigation and fertigation,
nutrient management and tillage. Only seven meta-analysis studies included economic
aspects (Table 1).

The meta-analysis studies reviewed covered a large number of experimental studies
and practices in different parts of the world. Each meta-analysis study was based on a
large number of underlying studies (on average more than 100; range 8 to 678). In order
to attain an impression of how often literature sources have been used in multiple meta-
analysis studies, we collected and examined the literature sources of the 55 meta analyses
on tillage. In most cases, references to the original studies were provided in the supporting
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information, but for seven out of the 55 meta-analyses studies no references were made
available. For the remaining 48 studies we collected in total 5465 references to original
studies. These were then manually checked on replicate use. Over two-third of these
references were used only once, 26% of these were used in two meta-analysis studies, 4%
were used three times, and 2% were used four times. Three references were used in seven
meta-analyses studies. We conclude that essentially all meta-analyses related to tillage
were based on unique studies, which replicated use of original studies is relatively small
(given the large number of meta-analyses related to tillage), and that the results of these
meta-analyses are largely independent on each other therefore. We did not check repeated
use of original studies for other categories of practices.

3.2. Crop Type and Crop Rotation

Selecting the proper crop varieties and crop rotations is often farm and region-specific
and key to successful crop farming. Crop rotation is the practice of planting different crops
sequentially on the same field, mainly to combat pest and weed pressures and improve
soil quality, and thereby to enhance crop yield sustainably. Crop rotations have been the
subject of many meta-analysis (Table 1), whereby almost equal attention has been given
to crop yield, soil quality, and environmental effects, but little attention to the economic
aspects and to resource use efficiency. Specific crop varieties and cultivars have not been
the subject of meta-analysis.

Effects of crop rotation, intercropping, and cover crops on crop yield, soil quality, and
the environment were positive in almost all studies (Figure 2). Pre-crops before wheat [27]
and especially legumes as pre-crops [28] had positive effects on wheat yield, soil quality,
and pesticide use [29]. However, effects of pre-crops depend on the nitrogen fertilization
rate: yield benefits are highest under low nitrogen fertilization [28]. Indeed, interactions
with other crop husbandry and soil management hold for many crop rotation effects;
nutrient management, irrigation, pest, disease, and weed management all have a large
impact on the effect size of crop rotations [30–32].

The simultaneous cultivation of two or more crop species within one field for at least
a part of the growing period (intercropping) also has positive effects on crop yield, but the
effect size strongly depends on the crop types and intercropping patterns [30,33]. Growing
cover or catch crops after the main crop reduces soil erosion and nitrate leaching and
contributes to soil carbon sequestration [34,35], but requires labor and the suppressive
effects on pest, diseases and weeds are not always positive. Growing mixtures of varieties
of cereals [36] or mixtures of grasses [37] has positive effects on yield (stability) and nitrogen
use efficiency.

Effects of crop rotations on GHG emission are variable [38]; this holds also for the
effects on cover crops on GHG emissions [39].

3.3. Nutrient Management

The 25 meta-analysis studies related to nutrient management have paid more or less
equal attention to crop yield and quality, soil quality, and environmental effects, but little
or no attention to economic effects and resource use efficiency (Table 1). Almost all studies
reported significant positive effect sizes of the studied nutrient management practices
relative to conventional practices (Figure 3).

A main focus has been the characterization of differences between fertilizer types,
especially between organic and mineral fertilizers [65,66,78,80] and between ‘conventional’
fertilizers and fertilizers with inhibitors [71,74], in relation to fertilizer effectiveness, soil
quality, and environmental impacts. Deriving the optimal nutrient application rates have
been the topic of many experimental studies in the past, and this has also been the subject
of several meta-analysis studies [64,68,70]. Better timing of fertilization and placement
of fertilizers gave positive effects on yields in most cases [75,84]. Soil liming increased
crop yields, especially when pH was low [67]. Positive effects of organic soil amendments
and mineral fertilizers on soil biological activity and microbial biomass were found, while
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the response of soil enzyme activity depended on enzyme type [68,70,80,81]. Nitrous
oxide emissions from cropland increase with nitrogen fertilization, but the increase can
be mitigated through better compliance with fertilizer recommendations, and the use
of nitrification inhibitors and biochar [72]. Slurry acidification, deep placement, and
urease inhibitors decreases ammonia emissions from slurries and urea fertilizers applied
to soil [76,86]. No meta-analysis studies related to the effectiveness of manure products
from different manure processing techniques [87]. Increasing grazing intensity of pastures
increased C, N, and P losses from these pastures ([83] as well as the transfer of zoonotic
pathogens to water courses [77]). Only few studies pointed at the effects of interactions
between categories of practices, including interactions between intercropping, tillage, and
fertilizers types in fruit yield [63], interactions between fertilization, and irrigation in fruit
yields [70,88] and in maize yields [70].

 

 

Figure 2. Cont.
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Figure 2. Overall effect sizes (response ratios) reported in meta-analysis studies on cropping (split in
crop types and crop rotation, cover crops, intercropping, and perennial crops) grouped per area of
interest (light green: agronomic; light blue: soil quality; light orange: resource use efficiency; light
brown: economic (no data); light yellow: environmental impacts). The management or treatment
comparison is indicated outside the y-axis and the variable to which the data refer are listed inside the
y-axis (abbreviations can be found in Table A1). Green bars indicate improvement, red bars indicate
worsening. See also Table S1. [a]: [24]; [b]: [28]; [c]: [27]; [d]: [40]; [e]: [41]; [f]: [42]; [g]: [38]; [h]: [43];
[i]: [44]; [j]: [30]; [k]: [45]; [l]: [46]; [m]: [47]; [n]: [48]; [o]: [49]; [p]: [32]; [q]: [31]; [r]: [50]; [s]: [51];
[t]: [52]; [u]: [33]; [v]: [53]; [w]: [54]; [x]: [39]; [y]: [55]; [z]: [56]; [aa]: [57]; [ab]: [58]; [ac]: [59]; [ad]: [60];
[ae]: [61]; [af]: [62].
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Figure 3. Cont.
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Figure 3. Overall response ratios reported in meta-analysis studies on nutrient management grouped
per area of interest (light green: agronomic; light blue: soil quality; light orange: resource use
efficiency (no data); light brown: economic (no data); light yellow: environmental impacts). The
management or treatment comparison is indicated outside the y-axis and the variable to which the
data refer are listed inside the y-axis (abbreviations can be found in Table A1). Green bars indicate
improvement, red bars indicate worsening. See also Table S2. [a]: [63]; [b]: [64]; [c]: [65]; [d]: [66];
[e]: [67]; [f]: [68]; [g]: [69]; [i]: [70]; [j]: [71]; [k]: [72]; [l]: [39]; [m]: [73]; [n]: [74]; [o]: [75]; [p]: [76];
[q]: [77]; [r]: [78]; [s]: [79]; [t]: [80]; [u]: [81]; [v]: [82]; [w]: [83]; [x]: [84]; [y]: [85]; [z]: [86].

3.4. Irrigation and Fertigation

A total of 18 meta-analysis studies related to irrigation and/or fertigation, mainly
examining the effects of irrigation methods and amounts on crop yield and water use
efficiency for different cropping systems and regions (Table 1). The relative strong focus
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on water use efficiency reflects that irrigation water is a scarce resource. Most studies
reported positive effect sizes of irrigation practices on crop yield and water use efficiency
relative to conventional irrigation practices (Figure 4). Effect sizes of water productivity of
optimal irrigation and deficit irrigation ranged from 20 to 80%. However, some studies also
reported negative effects of deficit irrigation practices relative to conventional irrigation
practices, possibly because irrigation was reduced too much in deficit irrigation treatments.

 

Figure 4. Overall response ratios reported in meta-analysis studies on irrigation and fertigation
grouped per area of interest (light green: agronomic; light blue: soil quality; light orange: resource use
efficiency; light brown: economic (no data); light yellow: environmental impacts). The management
or treatment comparison is indicated outside the y-axis and the variable to which the data refer are
listed inside the y-axis (abbreviations can be found in Table A1). Green bars indicate improvement,
red bars indicate worsening. See also Table S3. [a]: [94]; [b]: [90]; [c]: [95]; [d]: [96]; [e]: [91]; [f]: [97];
[g]: [98]; [h]: [99]; [i]: [89]; [j]: [100]; [k]: [101]; [l]: [88]; [m]: [102]; [n]: [103]; [o]: [104]; [p]: [92]; [q]: [93];
[r]: [70].
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Two meta-analysis studies examined the effects of irrigation method on emissions of
N2O [89,90], while one study examined flood irrigation practices on emissions of methane
from paddy rice [91]. Two studies examined effect of irrigation on soil respiration and soil
carbon contents [92,93]. Only two studies pointed at large effects of interactions between
irrigation and fertilization in water use efficiency and nutrient use efficiency [70,88].

3.5. Controlled Drainage

Effects of controlled drainage on the loss of water, nutrients, and greenhouse gases
were assessed through six meta-analysis studies (Table 1). Controlled drainage is defined
as the use of adjustable head structures to prevent discharge when the water table is lower
than the outlet elevation. In this way the loss of water and nutrients may be altered,
depending on the target. The quantitative effects of controlled drainage on reducing
drainage volumes, N losses, and methane emissions were relatively large (range 17 to 85%)
(Table 2). Generally, controlled drainage resulted in reduced drainage volumes, depending
on soil type [105]. Controlled drainage also reduced N-losses via drainage water to surface
water [106–108] and methane (CH4) emissions from peat lands [109]. No impact on yield
was found by [108]. Alternating wetting and drying cycles in paddy rice greatly decreased
CH4 emissions, but increased N2O emission; yet total greenhouse gas emissions decreased
through improved water management [110].

Table 2. Controlled drainage: effect sizes as reported in meta-analysis studies. See also Table S4.

Parameter Comparison of Treatments Main Results

Yield Drainage vs. none not significant [e]
Economic benefit Drainage vs. none 9 to 37 $ ha−1 yr−1 [c]

CH4 emission from
paddy rice field

Wetting and drying vs.
continuous flooding

−35% [f]
−29% for CH4+N2O (net GWP) [f]

CH4 emission from peat Drainage vs. none −84% [a]
Drainage volume Drainage vs. none −47% [b]; −17% to -85% [d]; -19% [e]

N-load Drainage vs. none −41% [c]; −18% to −85% [d]; −32% [e]
P-load Drainage vs. none −19% [e]

[a]: [109]; [b]: [105]; [c]: [106]; [d]: [107]; [e]: [108]; [f]: [110].

3.6. Tillage

Tillage refers to the preparation of the soil for growing crops, with or without incorpo-
ration of crop residues in the soil and/or weed control. In conventional or traditional tillage
(TT), the topsoil (usually the upper 15 to 25 cm) is turned and/or milled. Conservation
tillage (including no-tillage (NT) or reduced tillage (RT)) is the practice of minimizing soil
disturbance, whereby crop residues commonly remain on the soil surface to protect the soil,
while herbicides or precision mechanical weeding tools are used to control weeds. Tillage
practices are debated because of high fossil energy and labor costs, and their effects on soil
erosion, crop yield, soil organic carbon, and soil biodiversity. This debate is reflected in
the high number (55) of meta-analysis studies (Table 1). The focus of most meta-analysis
studies has been on soil quality (36), followed by crop yield effects (19) and environmental
effects (14). Two studies synthesized economic implications of different tillage practices
(Table 1). Of the total number of studies, 20 were global studies, 14 studies related to (parts
of) China, 5 to the Mediterranean, 3 to US, 1 to South Asia, 1 to Brazil, 1 to Europe and
none to Africa.

Overall, conservation tillage decreased crop yields, increased soil organic carbon
contents in the topsoil, increased soil biodiversity and the abundance of soil organisms,
and increased N2O emissions relative to conventional tillage, but the magnitude of the
differences depended on climate and the particular study (Figure 5). Yield penalties of
no-till depended on crop residue return and crop rotation and were larger in tropical than
temperate regions, and tended to decrease with an increase in the duration of no-till [22,111].
The South-Asian study was probably the most integrated one, as it examined effect sizes
of crop yield, water use, soil organic C sequestration, emissions of CO2, CH4, and N2O,
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and economic costs [112]. The cost of production was significantly lower under no-till than
under conventional tillage in all the selected crops, and the net economic returns increased
by 5 to 32%. Manley et al. [113] examined the economic cost of soil carbon sequestration
in the US through no-till. They found that the additional carbon sequestration of no-till
compared to conventional till was small and variable, and as a result, the net economic
benefit also varied widely.

 

Figure 5. Cont.
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Figure 5. Overall response ratios reported in meta-analysis studies on tillage grouped per area of
interest (light green: agronomic; light blue: soil quality; light orange: resource use efficiency; light
brown: economic (no data); light yellow: environmental impacts). The management or treatment
comparison is indicated outside the y-axis and the variable to which the data refer are listed inside the
y-axis (abbreviations can be found in Table A1). Green bars indicate improvement, red bars indicate
worsening. See also Table S5. [a]: [112]; [b]: [61]; [c]: [123]; [d]: [123]; [e]: [124]; [f]: [125]; [g]: [124];
[h]: [120]; [i]: [115]; [j]: [118]; [k]: [119]; [l]: [126]; [m]: [127]; [n]: [63]; [o]: [128]; [p]: [129]; [q]: [130];
[r]: [131]; [s]: [132]; [t]: [133]; [u]: [49]; [v]: [114]; [w]: [134]; [x]: [53]; [y]: [135]; [z]: [122]; [aa]: [136];
[ab]: [137]; [ac]: [138]; [ad]: [139]; [ae]: [140]; [af]: [117]; [ag]: [74]; [ah]: [141]; [ai]: [142]; [aj]: [113];
[ak]: [143]; [al]: [116]; [am]: [111]; [an]: [22]; [ao]: [121]; [ap]: [144]; [aq]: [24]; [ar]: [145]; [as]: [146];
[at]: [147]; [au]: [148]; [av]: [149]; [aw]: [150]; [ax]: [151]; [ay]: [152]; [az]: [153].
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Several studies found positive effect sizes of no-till versus conventional till for number
of earthworms and for the diversity of the (micro) biological community (e.g., [114–116]).
No-till tended to increase the bulk density in the lower part of the topsoil (10–20 cm) and
the water infiltration rate significantly [117,118]. However, no-till combined with occasional
conventional tillage decreased soil bulk density compared to conventional tillage [119].
Effects of no-till on erosion are strongly affected by crop type and soil surface mulching; on
average no-till and conservation agriculture reduced erosion [120,121], but pesticides in
runoff tended to increase [122].

3.7. Pest Management

Pest management refers to the control of the number of undesirable organisms
(pathogens, pest organisms) below an acceptable threshold, which is often based on eco-
nomic principles. Methods of control can be crop rotation, chemical, biological, physi-
cal/mechanical, and/or genetic. There are often interactions with crop residue manage-
ment, tillage, nutrient management, irrigation, and landscape management [154]. We found
seven meta-analysis studies related to pest management (Table 1), of which three were in the
context of comparing organic versus conventional agriculture (Table 3). Muneret et al. [155]
found that organic farming experiences higher levels of pest infestation, but is able to match
or outperform conventional pest control practices against plant pathogens and animal pests.
Lesur-Dumoulin et al. [156] found that yields in organic horticulture were on average 10 to
32% lower than yields in conventional horticulture (Table 3). Garratt et al. [157] observed
that organic farming practices can increase natural enemy numbers and also pest responses.
Fertilization tends to increase insects and fungal plant pathogens [158,159]. Biofumigation
through incorporating Brassicaceae plants and crop residues, which release glucosinolates
and isothiocyanates, in soil reduced pest abundance and subsequently increased crop
yield by 30% [160]. Anaerobic soil disinfestation, through temporal soil sealing follow-
ing incorporation of labile organic carbon in the soil, is also effective against soil borne
pathogens [161]. Furthermore, it has been indicated that addition of organic amendments
and improving soil quality and biodiversity may result in fewer pests [162].

Table 3. Pest management: main effects as reported in meta-analysis studies. See also Table S6.

Parameter Management Practices Result

Yield Biofumigation Abs. diff.: 29% [a]
Yield Anaerobic soil disinfestation Abs. diff.: 30% [b]

Suppression of pathogens Anaerobic soil disinfestation Abs. diff.: 70% [b]
Yield Organic/conventional Ratio: 0.83 [c]

Disease severity response by
fungal plant pathogens Fertilized vs. unfertilized Increase 0.3 ± 0.1 [d]

Change in insect population Fertilization Increase/decrease 175/78 [e]
Change in pest population Organic/non-organic Increase/decrease 42/26 [f]

[a]: [160]; [b]: [161]; [c] [156]; [d]: [159]; [e]: [158]; [f]: [157].

3.8. Weed Management

Weed management refers to the control of the number of weed plants (especially
noxious weeds) to below an acceptable threshold, as weeds compete with the crop for light,
water and nutrients. Weed management often includes a number of methods, including
crop rotation/intercropping/cover crops, soil cultivation (weeding, hoeing), mulching
(crop residues or plastic covers), herbicides spraying, and burning. We found four meta-
analysis studies related to weed control (Table 2).

Verret et al. [163] found that intercropping with legume companion plants enhanced
weed control, generally without reducing the yield of the main crop (Table 4). Cover crops
can also decrease the incidence of weeds and may have other ecosystem services [164].
Crop rotation with different planting dates and crop diversification, combined with limited
soil disturbance, can disrupt weed-crop associations in addition to reducing yield loss
and rebuilding soil fertility [165–167]. Glyphosate is the most used chemical weed control
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agent [168], but is debated because of its effects on soil biodiversity and soil microbial
respiration [169] and human health [168].

Table 4. Weed management: main effects as reported in meta-analysis studies. See also Table S7.

Parameter Comparison of Treatments Result

Weed biomass
Legume intercropping vs.

conventional, both non-weeded
and weeded

−56%, −42% [a]

Weed density, biomass
Parasitic nematodes Cover crops vs. traditional tillage −10%, −5%,

+29% [b]
Number of studies with

increase soil organic matter
Reduced tillage vs.
traditional tillage +40 and −7 out of 78 studies [c]

Soil microbial respiration
Soil microbial biomass

Glyphosate vs. no use, <10 mg kg
Glyphosate vs. no use, >10 mg kg

logarithm of ratio:
0.064 ± 0.126, 0.04 ± 0.09 [d]

[a]: [163]; [b]: [53]; [c]: [170]; [d]: [169].

3.9. Crop Residue Management

Crop residues may be left on the soil surface, incorporated in the soil, burned or
removed from the field for use as livestock feed or biofuel. Evidently, there are trade-offs in
managing crop residues [171]. Conservation agriculture promotes the return of the crop
residues to the soil to increase soil quality and reduce soil erosion, often in combination
with zero-tillage or reduced tillage (Section 3.6). In this review, we distinguished crop
residue management as a separate management practice, because of the relatively large
number (19) of meta-analysis studies related to just crop residues (Table 1). Crop yield,
water and nitrogen use efficiency, emissions of N2O, and soil carbon sequestration were the
main topics of these studies.

In most cases, crop residue management and mulching increased crop yields, and
water and nitrogen use efficiencies by 0 to 50% (Figure 6). Mulching greatly reduced soil
evaporation and thereby provided a greater fraction of soil water to the crop, which boosted
crop yields. Crop residue return has a positive effect on soil carbon sequestration and soil
microbial activity, but N2O emissions increased as well. Nine out of the 19 meta-analysis
studies dealt with soil mulching effects in China, as it is a common practice in dry-land
farming in China (and India). One study examined the performance of biodegradable
plastics to determine the optimal type of mulching for maize, wheat, potato, and cot-
ton [172], and another [173] compared the performance of biodegradable films relative to
polyethylene films.

3.10. Mechanization

Mechanization has greatly increased labor productivity in modern crop production
systems, especially during the last century, and thereby has greatly contributed to farm-
scale enlargement and withdrawal of labor from agriculture [189]. However, mechanization
has also contributed to increased fossil fuel use and increased soil compaction [190]. During
the last decades, research emphasis has shifted to precision technology, controlled traffic,
and robotization. However, only two meta-analysis studies have touched mechanization,
precision technology and robotization (Table 1). Ampoorter et al. [191] concluded on the
basis of an analysis of 11 studies with 35 forest stands that mechanical harvesting of trees
has led to the compaction of the top 30 cm of forest soils, with the largest effects on the top
10 cm. One study was of a different nature: It examined the change in the ratio of maize
grain yield to labor input following the introduction of specific sustainable intensification
practices technologies in sub-Saharan countries [192]. No firm conclusions could be derived
because of lack of sufficient empirical studies.
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Figure 6. Overall response ratios reported in meta-analysis studies on crop residues and mulching
grouped per area of interest (light green: agronomic; light blue: soil quality; light orange: resource
use efficiency; light brown: economic; light yellow: environmental impacts). The management or
treatment comparison is indicated outside the y-axis and the variable to which the data refer are listed
inside the y-axis (abbreviations can be found in Table A1). Green bars indicate improvement, red
bars indicate worsening. See also Table S8. [a]: [174]; [b] [175]; [c]: [176]; [d]: [177]; [e]: [178]; [f]: [22];
[g]: [179]; [h]: [172]; [i]: [180]; [j]: [181]; [k]: [182]; [l]: [183]; [m]: [97]; [n]: [184]; [o]: [185]; [p]: [173];
[q]: [186]; [r]: [187]; [s]: [188].
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3.11. Landscape Management

Landscape management is a relatively new concept and has increased in importance
following the approval of the UN Sustainable Development Goals and the recognition
that the landscape is often the best scale for managing interactions, synergies, and trade-
offs for natural resource management [193–195]. Landscape management in the context of
sustainable food production may include hydrological measures, terracing, hedgerows, tree
lines, wind breaks, flower strips, corridors, and agroforestry, depending on the landscape,
environmental conditions, and stakeholders.

We identified six meta-analysis studies related to landscape management practices
(Tables 1 and 5). Three of these quantified the benefits of windbreaks on crop yields [196–198].
Three studies analyzed the effects of hedgerows and flower strips on pollination, pest
control, and crop yield [197–199], and two studies analyzed the effects of hedgerows on
runoff and erosion [198,200]. Both large positive effects and negative effects have been
reported (Table 5).

Table 5. Landscape management: summary of the results as reported by meta-analysis studies. See
also Table S9.

Parameter Management Practices Result

Crop yield increase Wind breaks

Spring wheat +8%, winter wheat +23%,
barley +25%, oats +6%, rye +19%, millet

+44%, corn +12%, alfalfa +99%, hay
+20% [a]

Crop yield
Hedgerows vs. control; next to hedge

until twice the height; beyond twice the
height until 20 times the height

−29%, +6% [b]

Soil organic matter in crop field Hedgerows vs. control 6% [b]
Interception of N, P, suspended solids from

soil surface flow
Hedgerows
Grass strips

69%, 67%, 91% [b]
67%, 73%, 90% [b]

Crop yield Hedge rows, flower strips vs. none ns [c]
Pest control Hedge rows, flower strips vs. none ns, −16% [c]
Pollination Hedge rows, flower strips vs. none ns [c]

Abundance, richness of pollinators in crop Flower strips vs. none ns, ns [d]

Pollinator species richness

Effect of agri-environment management,
type landscape:
Small, simple

Small, complex
Large, simple

Large, complex

Hedge’s d:
sign. [f]

ns [f]
sign. [f]
sign. [f]

Soil SOM, total N, total P, alkali N,
available P, readily available K,

total K
Hedge rows vs. none Hedge’s d sign. [e]

Hedge’s d ns [e]

[a]: [196]; [b]: [198]; [c]: [197]; [d]: [199]; [e]: [200]; [f]: [201].

4. Discussion

4.1. Main Findings

Most meta-analysis studies reported positive effects of alternative/improved practices
relative to conventional practices. The 32 studies related to crop type and crop rotation
clearly indicated the positive effects of crop rotations versus continuous cropping, legumes
in crop rotations versus no legumes in crop rotations, intercropping versus monocultures,
and cover cropping versus no cover cropping on crop yield and soil quality. Positive effects
of especially cover crops and perennial crops on erosion control and minimizing nitrate
leaching were also found, depending on, e.g., N fertilization.

The 25 studies related to nutrient management examined a diversity of nutrient
sources, and application methods, timing, and strategies. Most studies reported positive
effects of alternative/modified practices on crop yield and on minimizing environmental
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pollution, relative to conventional practices. Impacts of nutrient management strongly
depended on environmental conditions.

The 18 studies related to irrigation and fertigation focused on the method, timing
and volume of irrigation. Drip irrigation, deficit irrigation, and subsoil irrigation were all
effective in increasing water use efficiency compared to sprinkling irrigation and especially
flood irrigation. No economic assessments were made, and long-term impacts on soil
quality and environmental pollution were also not reported.

Six studies related to drainage, with a focus on controlled drainage in response to
variable rainfall patterns. Results indicate that controlled drainage increased farm income
when compared to no human-induced drainage.

A total of 55 meta-analysis studies were devoted to tillage practices. Reduced tillage
tended to reduce crop yields, but increased farm income (one study only), water use
efficiency, soil carbon contents, and emissions of nitrous oxide (N2O), which is a potent
greenhouse gas. Reduced tillage in combination with crop residue return (mulching) and
crop rotation had a slight positive effect on crop yield compared to conventional tillage.

Most of the seven studies related to pest management compared organic farming and
conventional farming management practices. In general, organic farming management
practices greatly decreased the use of pesticides, but lowered crop yields as well, depending
on crop type and rotation, N application rate, soil quality, and (soil) biodiversity.

The four studies related to weed management did not provide a coherent view.
Legume intercropping, cover cropping, and reduced tillage had positive effects on soil
carbon contents but the effects on weed and crop yield were not clear.

The 19 studies related to crop residue management and mulching in dryland and/or
irrigated conditions reported in general positive effects of mulching on crop yield and
water use efficiency, but also increases in N2O emissions, which are unwanted.

The six studies related to landscape management reported positive effects of wind-
breaks and hedgerows on crop yields and erosion control, but depending on site specific
conditions, and provided that the surface area of windbreaks and hedgerows is in balance
with the cropping area.

Evidently, most of the studies reported positive effects of the examined alterna-
tive/improved practices, relative to the common practice, on either crop yield, soil quality,
resource use efficiency, and the environment (decreased emissions). While global assess-
ment studies often paint rather pessimistic views on the state of food production, agricul-
ture, and the environment [10,16,202–204], it is clear that the 174 studies reviewed here
present a picture of optimism and hope. Indeed, there is large body of scientific/empirical
evidence that some specific practices are more effective than others, i.e., have positive effect
sizes relative to conventional practices (Figures 1–6; Tables 2–5), and that these positive
effects may contribute to the sustainability of crop and food production. However, large
steps still have to be made to integrate, optimize, and transfer the scientific findings of
meta-analysis in current practice. We note that only few meta-analysis studies examined
interactions between categories of practices, while essentially no meta-analysis study made
in-depth comparisons at cropping system level in which all ten categories of crop hus-
bandry and soil management practices had been optimized. Hence, there is need for further
integration and optimization of all ten crop husbandry and soil management practices,
and show the effectiveness of optimized practices through experimental studies and ul-
timately meta-analysis studies. There is also a need to transfer the positive messages of
meta-analysis studies to practice through demonstration, extension services and possibly
economic incentives. Cropping systems with all crop husbandry and soil management
practices optimized may be termed ‘soil-improving cropping systems’, to emphasize the
two-way interaction between soil and crop (see Section 4.3).

4.2. Uneven Coverage of Meta-Analysis Studies

Some crop husbandry and soil management practices have been studied extensively
and repeatedly, while some other practices have received little research attention (Table 1).
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Further, most studies have examined the effects of practices on crop yield, soil quality and
environmental effects, while farm income (cost-benefit ratios) and resource use efficiency
have received less attention (and human health aspects not at all). Evidently, the coverage
of meta-analysis studies across practices and outcomes has been uneven; 75% of all studies
addressed four practices, in the order: soil tillage > crop type and crop rotations > nutrient
management > irrigation/fertigation (Table 1).

The large interest in soil tillage (55 meta-analyses studies) is certainly related to the
importance of soil conservation, and the envisaged reduction in soil erosion, net greenhouse
gas emissions, energy use, and labor through minimum or zero tillage. The effect-size of
tillage practices were relatively small (0–10%) for crop yield, modest (0–50%) for greenhouse
gas emissions and nutrient leaching, and relatively large and positive for soil quality,
especially for soil life (0–150%).

The relatively large attention for nutrient management and irrigation/fertigation is
related to the role of nutrients and water in boosting crop yields across the world (e.g., [205],
to the depletion of fresh water resources [206] and rock phosphorus resources [207,208], and
to the ecological impacts of excess nitrogen and phosphorus in the environment [16,209]).
Nutrient and irrigation water inputs often form a relatively large economic cost to farmers,
especially in developing countries, but this aspect has not been addressed.

We found only two meta-analyses related to mechanization and technology in agri-
culture (including forestry). However, several recent textbooks on precision technology
for cropping systems do address the possible economic and environmental impacts of
technological applications for sensing, field operations, and data handling, analysis, and
control (e.g., [210–212]. Indeed, mechanization has revolutionized crop production systems
during the past century but differently in different regions of the world. It has made
large-scale crop production systems possible, has led to an exodus of laborers, has con-
tributed to international trade of food and feed, and has indirectly affected essentially
all crop husbandry and soil management practices. Robotization goes a step further and
may revolutionize crop production systems again in the near future; it also offers the
opportunity the reduce the impact of heavy machines on soil compaction. Keller et al. [190]
estimated that the increase in weight of agricultural vehicles has caused an increase in soil
bulk density, and thereby decreased root growth, crop yields, and soil hydraulic properties.
They speculate that heavy machinery has contributed to yield stagnation and increased
flooding in Europe [190].

We recommend that future meta-analysis studies related to crop husbandry and
soil management practices should pay more attention to the socio-economic impacts of
practices including possible barriers and constraints for their implementation in practice.
Next, we recommend that more emphasis has to be given to interactions between multiple
crop husbandry and soil management practices, and to comparisons of region-specific
optimized packages of these practices. Further, Africa should not be neglected, as much of
the increased food demand (and food production) during the next few decades will occur
in Africa.

4.3. Towards High-Yielding, Soil-Improving, and Environmentally Sound Cropping Systems

The effect of specific crop yield defining, yield limiting, or yield reducing factors
is largest when all other crop yield defining, limiting, or reducing factors are optimal,
i.e., at a level where these do not affect crop yield [213]. This ‘law of the optimum’ may
have also influenced the outcomes of meta-analyses studies; optimality of all factors will
have enhanced the effect size of an alternative practice relative to the control practice, and
vice versa. We have no insight in the degree of optimality of yield factors in the studies
underlying the reviewed meta-analyses, but simply note here that there is often a gap
between actual and attainable yields, and between actual and attainable environmental
performances in practice. These gaps have to be narrowed to be able to produce adequate
amounts of food in a sustainable and region-specific way [214].
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The reviewed meta-analysis studies provide many suggestions for improved prac-
tices, but the optimization of all practices has to be done for specific regions, at farm level
and/or regional levels. The possible steps in the optimization process have been sum-
marized in Figure 7; it provides a roadmap for developing high-yielding, soil-improving
and environmental-sound cropping systems. Steps 1 and 2 deal with the analyses and
description of the current cropping systems, including its socio-economic and environ-
mental environments. Steps 3 to 12 then deal with the selection and optimization of the
10 main specific crop husbandry and soil management practices, while taking the results
of steps 1 and 2 into account. The actual process of optimization will be iterative, until
the most optimal combination of practices has been identified. Variants of this road-map
have been tested within the EU-funded project SoilCare, and results are presented in this
special issue.

 

Figure 7. Towards sustainable cropping systems; a step-wise roadmap for developing high-yielding,
soil-improving and environmentally sound cropping systems. The steps (1 to 12) have to be taken in
a consecutive-iterative manner so as to find the optimal combination of practices.

4.4. Concluding Remarks

Crop husbandry and soil management practices are of critical importance for closing
yield gaps, raising farm income and soil quality, and minimizing the environmental impacts
of cropping systems in the world. We identified ten categories of crop husbandry and soil
management practices, based on the concept of crop yield defining, limiting and reducing
factors, and tried to quantify the effects of improved or modified practices relative to
conventional practices, by using results of meta-analysis studies.

Our review was based on the premise that meta-analysis papers and reviews syn-
thesize large numbers of experimental studies related to topical research questions and
important research findings. For example, closing yield gaps and decreasing environmental
impacts are topical, and thus we expected that in the course of the last 20 years when
meta-analysis studies blossomed, a wealth of synthesized information would become acces-
sible to help improve crop husbandry and soil management practices and thereby increase
crop yield and soil quality, and decrease the environmental impact of crop production.
The meta-analysis studies reviewed covered a huge number of experimental studies and
practices in different parts of the world, albeit uneven. The number of studies per category
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of practices seem to reflect topics of hot societal debates and/or studies with controversial
research findings. The number of meta-analysis studies per category of practices seem not
to reflect those topics and practices that have largest impacts on crop yields, soil quality,
and the environment.

Most meta-analysis studies reported positive effects of specific practices relative to
conventional practices, on crop yield, soil quality and the environment. However, most
meta-analysis studies examined single practices, with limited emphasis on interactions
between categories of practices, and on the optimization across practices. Further, the
coverage of studies was uneven, both in terms of practices, sustainability aspects and world
regions. Notably, economic aspects were rarely addressed.

Based on this review, we derived a roadmap with twelve steps for integrating and
optimization of all main crop husbandry and soil management practices, so as to develop
high-yielding, soil-improving, and environmentally-sound cropping systems. We call these
‘soil-improving cropping systems’ to emphasize that cropping systems must maintain and
improve soil quality to remain sustainable. This roadmap has been tested in practice and
some results are presented in other papers of this special issue. We also made a number
of recommendations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11020255/s1, Table S1: Cropping: effects on (a) crop yield
and quality, (b) soil quality, (c) economic effects, (d) resource use efficiency, (e) environmental effects,
and (f) human health impacts as reported in meta analysis studies; aoi = area of interest. Table S2:
Nutrient management: effects on (a) crop yield and quality, (b) soil quality, (c) economic effects,
(d) resource use efficiency, (e) environmental effects, and (f) human health impacts as reported in
meta analysis studies; aoi = area of interest. Table S3: Irrigation and fertigation: effects on (a) crop
yield and quality, (b) soil quality, (c) economic effects, (d) resource use efficiency, (e) environmental
effects, and (f) human health impacts as reported in meta analysis studies; aoi = area of interest.
DI = deficit irrigation, PRD = partial rootzone drying, FI = full irrigation, AI = aerated irrigation,
NAI non aerated irrigation, RDI = regulated deficit irrigation, CDI = conventional deficit irrigation,
CI = conventional irrigation, OI = over irrigation, UI = under irrigation, OPTI = optimal irrigation.
Table S4: Controlled drainage: effects on (a) crop yield and quality, (b) soil quality, (c) economic effects,
(d) resource use efficiency, (e) environmental effects, and (f) human health impacts as reported in meta
analysis studies; aoi = area of interest (see Table 1). Table S5: Soil tillage: effects on (a) crop yield and
quality, (b) soil quality, (c) economic effects, (d) resource use efficiency, (e) environmental effects, and
(f) human health impacts as reported in meta analysis studies; aoi = area of interest. NT = no tillage,
TT = traditional tillage, CA = conservation agriculture, RT = reduced tillage, MT = minimum tillage.
Table S6: Pest management: effects on (a) crop yield and quality, (b) soil quality, (c) economic effects,
(d) resource use efficiency, (e) environmental effects, and (f) human health impacts as reported in
meta analysis studies; aoi = area of interest. Table S7: Weed management: effects on (a) crop yield and
quality, (b) soil quality, (c) economic effects, (d) resource use efficiency, (e) environmental effects, and
(f) human health impacts as reported in meta analysis studies; aoi = area of interest. Table S8: Crop
residue management & mulching: effects on (a) crop yield and quality, (b) soil quality, (c) economic
effects, (d) resource use efficiency, (e) environmental effects, and (f) human health impacts as reported
in meta analysis studies; aoi = area of interest. Table S9: Landscape management: effects on (a) crop
yield and quality, (b) soil quality, (c) economic effects, (d) resource use efficiency, (e) environmental
effects, and (f) human health impacts as reported in meta analysis studies; aoi = area of interest.
Table S10: Explanation of the main columns in the accompanying Excel sheet.
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Appendix A

Table A1. List of abbreviations.

Abbreviation Meaning Abbreviation Meaning

abund. Abundance N2O Nitrous oxide (emission)
act. Activity NH3 Ammonia (emission)

AG activity Activity of α-1,4-glucosidase NO3 Nitrate (leaching)
AMF Arbuscular mycorrhizal fungi NOx Nitrogen oxides
aoi Area of interest NUE Nitrogen (nutrient) use efficiency

AWC Available water content OA Organic agriculture
Bact. Bacteria OX activity Oxidative decomposition
BD Dry bulk density P Phosphorus

BG activity Activity of β-1,4-glucosidase part. Particulate
BX activity Activity of β-1,4-xylosidase Penetr. R Penetration resistance

C Carbon PEO activity Peroxidase activity

C-acq. activity Hydrolytic C acquisition
enzymes PHO activity Phenol oxidase activity

CBH activity Activity of β-D-cellobiosidase PLFA Phospholipid fatty-acids
CH4 Methane PMN Potentially mineralizable N
CO2 Carbon dioxide emission PR Penetration resistance
col. Colonies Resp. Respiration

Dehydrog. Dehydrogenase activity richn. Richness
Dens. herb. Density herbivorous insects RO Runoff

diss. Dissolved RR Response ratio: RR = (Xt − Xc)/Xc
div. Diversity SDG Sustainable development goals

Econ. return Economic return seq. Sequestration
EEA Soil extracellular enzyme activity SICS Soil-improving cropping systems
EF Emission factor SMB Soil microbial biomass

EFad Additional N2O emission factor # SMC Soil microbial C
EOC Extractable organic carbon SOC Soil organic C
ET Evapotranspiration or water use Soil T Soil temperature

FNER Fertilizer N equivalent ratio SOM Soil organic matter
GHG Greenhouse gas SON Soil organic N
GWP Global warming potential $ SWA Soil water-stable aggregate

K Potassium TMA Total microbial activity
Ksat Hydraulic conductivity at saturation tot. Total
LER Land equivalent ratio TSS Total soluble solids
Lrv Root length density WP Water productivity

Max. econ. return Maximum economic return WS Water storage
MBC Microbial biomass C WSA Water stable aggregates
MBN Microbial biomass N WUE Water use efficiency
MWD Aggregate mean weight diameter Xc Effect (value) of control treatment

N Nitrogen Xt Effect (value) of specific treatment
#: which is the conservation tillage-induced change in N2O emission compared to conventional tillage when N
fertilizer is applied; $: CH4 and N2O emissions per unit yield.
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