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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.
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1. Introduction
Assessing agricultural sustainability is one of the most complex exercises related to
appraisal methodologies because it entails not only multidisciplinary aspects (environmental, 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 appropriate 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 assessment, (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 Assessment 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 profitability 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 assessing 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 aggregation. 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, soilimproving crops, fertilization/amendments, and soil cultivation. The experiments implemented 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 replicates). 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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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 implementations [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 factorial 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 sociocultural 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 workload, 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 workload, 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]. TrujilloBarrera 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

1. Workload

Weight

Variable

Range of Answers

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
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no

0.4

2. Perceived risks

0.4

2.1.
2.2.
2.3.
2.4.
2.5.

Health risk
Economic risk
Risk of crop failure
Risk of conflicts
Other risk

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, maintenance 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 according 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) Recreation/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 = ∆RCbene f its × Bene f it weight − (∆RCcosts × Cost weight) (1)
With ∆RCbenefit s = Relative change in benefits, calculated as follows:
∆RCbene f its =

∑ CostsSICS
∑ CostsControl

(2)

∆RCcosts = Relative change in costs, calculated as follows:
∆RCCosts =

∑ 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 |
Cost weight = 1 − Bene f it weight

(4)
(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

Land 2022, 11, 729

8 of 15

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 stakeholders 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 stakeholder 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 temperature 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
Infiltration
Aggregate stability
Bulk density
Penetration resistance
Mineral nitrogen
SOC
pH
Earthworm density
Crop yield
Yield quality
Crop cover characteristics
Pests
Root diseases
Weed diseases

Impact of SICS

Score

Weight In SICS

No change
Negative change
Positive change
No data
No change
No change
No change
No change
No change
No change
Positive change
No data
No data
No change

0
−1
+1
0
0
0
0
0
0
0
+1
0
0
0

0.05
0.05
0.05
0.00
0.05
0.05
0.05
0.05
0.10
0.10
0.10
0.20
0.10
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
Fertilisation
Soil improving crops
Compaction

0.33
0.05
0.10
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
Benefits
Economic dimension

0.09
0.06
−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
Perceived risks
Farmer reputation

−0.33
0.00
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
Economic dimension
Environmental dimension

0.07
−0.03
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 undesired 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 suppression 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 dimensions, environmental, sociocultural, and economic dimensions. The last dimension
was restricted to economic benefits to the farmer during the assessment period considered 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 considered 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 difficult 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 recordbreaking, temperatures.
Considering the existing distortions of the market and the large dependence of European agriculture on subsidies, it could be debated whether the weight given to the
economic dimension in the calculation of the overall sustainability score is biased
by ideology instead of a true interest in the well-being of future generations. This
societal benefit effect can be captured by an extension of the indicators and extensive
data collection. The semi-quantitative nature of the sustainability index would allow
for an extension considering the direction of the impact of SICS (positive, no change,
negative) on different ecosystem services for society even if valuation is not possible.

5. Conclusions
The aim of this paper was to establish a tool for the assessment of the sustainability
of the SICS at the farm/field scale. For this purpose, a decision tree based on weights
(%) was chosen because it allows simple aggregation to assess the three dimensions of
sustainability, namely, environmental, economic and sociocultural, and provides flexibility.
The decision tree allowed us to set up a comprehensive and standardized methodology
that could be further improved and used for different purposes. The methodology was
tested with data from the SoilCare Horizon 2020 study site of Tachenhausen, Germany,
for the assessment of the effect of integration of cover crops into the crop rotation. The
effect on the environmental indicators was slightly positive, but most assessed properties
did not change during the short time of implementation (two crop seasons). Regarding
the social dimension, farmers reported that the increase in workload was outweighed by
an improved reputation for using cover crops. Regarding the economic dimension, the
incorporation of cover crops reduced slightly the profitability, due to the costs for seeds and
establishment of cover crops, which were greater than the increased income from higher
yields. Further development and refinement by considering various pedo-climatic and
land management conditions, as well as long-term assessments, are needed to strengthen
the predictions.
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