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Abstract: Reaching the land-related UN Sustainable Development Goals (SDGs) and similar goals
articulated by the EU Green Deal (GD) by 2030 presents a major challenge and requires a pragmatic
approach focused on joint learning by land users (mostly farmers), researchers and other stakeholders
in “Living Labs” and system experiments at experimental farms of research organizations. Defining
specific indicators and thresholds for ecosystem services in line with land-related SDGs is crucial
to establish “Lighthouses” that can act as inspiring examples if they meet the various thresholds.
This exploratory paper discusses indicators and thresholds for an arable farm operating on marine,
calcareous light clay soils in the Netherlands. Studies of a system experiment are used to discuss
and test operational methodology to be widely applied when characterizing many “Living Labs” in
future, as planned by the European Union. The important role of soils in contributing to ecosystem
services is discussed in terms of soil health. Recommendations are made for innovative methodology
to be associated with all land-related SDGs. Satisfying the thresholds of ecosystem services, which
will vary by soil type, region and farm type, can be the basis for farm subsidies, such as the Common
Agricultural Policy (CAP). Research on Living Labs and in system experiments has to be judged by
different criteria than those associated with traditional linear research. The important contributions
of soils to achieve ecosystem services are framed in terms of soil health and are the most effective
way to promote soil science in a by now widely desired inter- and transdisciplinary context.

Keywords: sustainable development; modeling; interdisciplinarity; SDG; green deal

1. Introduction
1.1. Sustainable Development Goals

The Brundtland report of 1988, “Our Common Future”, has been instrumental in
emphasizing the urgency of putting the issue of sustainable development on the inter-
national policy agenda, as the concept has remained rather vague. The need for an in-
tegrated approach combining economic, societal or environmental issues when dealing
with societal development has changed the sustainability discourse. The introduction of
seventeen sustainable development goals by the General Assembly of the United Nations
(https://sdgs.un.org, assessed on 20 February 2022), approved in the 2030 Agenda for
Sustainable Development by 193 countries in 2015, provided a welcome focus for the
sustainability effort that was, in essence, also adopted by the Green Deal of the European
Union of 2019 (https://ec.europa.eu/greendeal, assessed on 20 February 2022). Both policy
documents emphasize the need for a practical approach resulting in visible results.

Green Deal targets and land-related SDGs are strongly affected by agricultural prac-
tices, and soils play an important role [1]. When focusing on agriculture, primary attention
will not only be on the traditional role of producing healthy crops to combat hunger (SDG2
and SDG3), but also on clean ground and surface water (SDG6) on increasing carbon
sequestration and limiting greenhouse gas emissions for climate mitigation (SDG13) and
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on the reduction in land degradation and biodiversity preservation (SDG15). Additionally,
energy use (SDG7) and sustainable production and consumption (SDG12) are relevant,
where the latter has much in common with SDG2 and SDG3. The indicators and thresholds
of the Green Deal and the SDGs specify the required “clear and concrete objectives” of [2].
They are strongly interrelated. Some form of multifunctional soil use and management
therefore has to be realized in agriculture, and this can be assessed in “Living Labs”, which
will certainly be very different in different regions.

Focus on the SDGs serves to connect with the international discourse on sustainable
development. Each of the five major land-related SDGs can be reached when adequate
ecosystem services are provided that are defined in terms of “services provided by ecosys-
tems to mankind”, as first proposed by the Millennium Ecosystem Assessment of 2005
(https://www.millenniumassessment.org, assessed on 10 January 2022)). Soil functions
contribute to ecosystem services in line with the SDGs [3,4]. Man is a recipient of such
services, which cannot be taken for granted. Adequate levels can only be reached by
applying appropriate management measures. Ecosystem services can only be reached by
an interdisciplinary effort, involving agronomists, hydrologists, climatologists, ecologists,
economists, sociologists and others in addition to soil scientists. This represents a key
message for all disciplinary researchers involved in the sustainability effort.

Each SDG is so far specified in terms of targets and indicators (https://unstats.un.org/
sdgs/metadata, assessed on 20 February 2022) that do not, however, address operational
methods and procedures by which these targets can be reached in the real world, presenting
a key challenge to not only the scientific arena but also to society at large.

Where to start? The SDGs will only be reached when land users, most of them
farmers, are willing to embrace management procedures that result in providing ecosystem
services in line with the SDGs. Farmers have been interviewed many times and their
questions, concerns and demands need particular attention before new activities are started.
Their major concerns are about unsure economic prospects and unclear and dysfunctional
environmental rules and regulations in their perception, as well as about not receiving
independent advice [5–7]. These economic prospects are significantly affected by the
Common Agricultural Policy (CAP) of the European Union, supporting farmers with EUR
350 billion for the period 2021–2027, including a provision now that 25% of the funds, and
perhaps more in future, will be allocated to support the realization of ecosystem services.
This justifies the need for an operational assessment of ecosystem services allowing a
functional link with the CAP.

Considering the role of soils in this broad ecosystem context, soil health was defined
in terms of: “the continued capacity of soils to contribute to ecosystem services in line with
the SDGs and the Green Deal” [8]. At first sight, this may seem to be a rather politically
inspired definition, but it rather emphasizes two key aspects: (i) soils cannot contribute
to ecosystem services alone. Their importance is determined by their contributions, and
(ii) By referring to the SDGs and the Green Deal, all environmental objectives beyond the
classical production function are considered.

1.2. Research on Wicked Problems

To reach the thresholds derived from SDGs, farmers need to adapt their management
to fulfill at least five ecosystem services while also having to adapt to changing weather
conditions that are unpredictable beyond at most a ten-day period. This is why farms are
complex systems where no simple solutions are available to solve problems, but only a set
of alternative options that produce acceptable overall results. The problems encountered
when researching such complex systems are “wicked”. Studying “wicked” problems
cannot follow the standard linear research protocol that produces a single answer based on
reductionistic experiments with sufficient replicates to allow a statistical analysis resulting
in “significant” results. The standard protocol has many shortcomings. As an example, in
the comparison of ploughing and non-inversion tillage, many more differences are relevant
than only replacing the plough with a cultivator. The timings of operations are different,

https://www.millenniumassessment.org
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but other aspects such as crop rotation, choice of cover crops, weed control and fertilization
levels also need to be adapted to the new tillage method. It is not possible to take all aspects
in to account in factorial experiments.

The European Commission recognizes the need for other forms of research by supporting
the establishment of “Living Labs” and “Lighthouses” at the farm level, following the advice
of the Mission Board of Soil Health and Food [8]. “Living Labs” are defined as “spaces for
co-innovation, through participatory, transdisciplinary systemic research” that “contribute to
Green Deal targets for sustainable farming, climate resilience, biodiversity and zero-pollution”,
and “Lighthouses” are defined as “single sites, like a farm or a park, where to showcase good
practices. These are places for demonstration and peer-to-peer learning”.

In Living Labs, farmers, researchers and other stakeholders are jointly creating knowl-
edge [2,8] to develop suitable field-tested management methods that result in achieving
several ecosystem services. Moreover, Living Labs function to inspire colleague farmers to
adopt certain management options that fit their particular farming style.

In Living Labs, the practical feasibility of management options can be well-tested.
However, possibilities for experiments on commercial farms are highly limited for financial
and operational reasons. This aspect has not received adequate emphasis when promoting
the “Living Lab” concept. Links with existing experimental farms of research organiza-
tions and universities can therefore be highly effective in designing and executing relevant
experiments, including the development of operational monitoring methods that can be
applied at the farm level. Next to more classical research, research projects and experi-
ments on integrating management options into farming systems are important to test the
feasibility of individual measures within systems and to assess the effects of the system on
various ecosystem services. This can be carried out with more accuracy and precision on
experimental farms than on commercial farms in “Living Labs”. In this type of research,
farmers and other stakeholders also need to be involved in the set up and execution of the
research. Methodologies for these types of research already exist in, e.g., the prototyping
methodology [9,10]. In addition, the value of the combination of research on experimental
farms together with commercial farms has been described previously [11]. These system
experiments are also important in the dissemination of knowledge through field days,
excursions and open discussions.

1.3. Objective of This Paper

The objective of this exploratory paper is to present: (i) a case study on reaching the
targets of the SDGs and the Green Deal for arable farming on prime agricultural soil in the
Netherlands and assessing the role of soils; (ii) a discussion of operational methods and
criteria to define and measure indicators for ecosystem services and soil health, including
threshold values; (iii) possible future developments in terms of innovative research in
“Living Labs” focused on alternative management practices that can improve ecosystem
services; and (iv) implications for research, research communication and environmental
policy. All of this is conducted considering the agreed SDG deadline of 2030.

2. Materials and Methods
2.1. Characterizing Ecosystem Services and Corresponding Thresholds

Studying ecosystem services at the farm level involves several steps, summarized
in Figure 1. Attention is focused on the level where management decisions are made;
that is, the business unit: the farm. Ecosystem services are distinguished and indicators,
measurement techniques and thresholds have to be determined, allowing a judgment as
to whether or not the ecosystem services provided are adequate. Targets are described in
general terms in the SDG protocol, while thresholds define boundary values for ecosystem
parameters in terms of “good” or “not good enough”. If ecosystem services do not meet
the threshold, the farming system must be re-evaluated, redesigned and the judgement
procedure has to be repeated [9,10]. Thresholds should have a regional character as they are
influenced by climate and local conditions, as will be discussed in the following sections.
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Note that not only soils determine ecosystem services at the farm level, as many other
factors and processes are involved. The major role of soils can, however, be assessed, as
explored in this paper, in terms of their contribution to ecosystem services.

Figure 1. Flow chart demonstrating the procedure to test whether ecosystem services, contributing to
achieving SDGs and the goals of the Green Deal, meet regional thresholds.

The following indicators are available for the ecosystem services contributing to the SDGs:
Crop production levels are important to provide sufficient food to avoid famine (SDG2,

zero hunger) and can be derived from economic statistics, where attention is needed for
differences between years reflecting weather conditions. Translated to the Netherlands,
where hunger is not an issue, this SDG is about producing reasonable amounts of food,
feed and fiber to supply mankind. In the Netherlands, reliable statistics on crop yields
are available, allowing a judgement as to whether yields at a given farm are satisfactory
(https://opendata.cbs.nl/, assessed on 20 February 2022) [12]. More and more farm
management systems monitor crop yields at the farm level, eventually supported by
remote and proximal sensing tools. A theoretical general yield gap approach is therefore
more appropriate to define production levels where a water-limited yield (Yw) can be
simulated, assuming there are no pests and diseases while nutrient levels are optimal [13].
A level of 80% is considered satisfactory and can function as a threshold. Simulations
provided by the WaterWorks program in the Netherlands can be used to estimate Yw
(http://waterwijzerlandbouw.wur.nl/, assessed on 20 February 2022) [14].

Producing healthy crops (SDG3, good health and well-being) implies the application
of existing crop quality standards. Thresholds for chemical pollutants in crops are defined
by regulations in the EU General Food Law, national regulations and in the “from Farm to
Fork” EU program for a series of chemical compounds.

Clean surface and groundwater (SDG6, clean water and sanitation) is determined
by sampling and laboratory analysis of N and P contents in water and is being judged by
ecological thresholds for aquatic biodiversity, as specified by the EU Water Framework
Directive [15]. Additionally, critical thresholds for biocides and such other pollutants as
heavy metals are regulated within the WFD. The assessment of soil management on ground-
water quality is relatively straightforward, with direct relations and generic thresholds.

https://opendata.cbs.nl/
http://waterwijzerlandbouw.wur.nl/
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The assessment of soil management on surface water quality is more difficult to define, as
relations are often indirect and thresholds for surface waters vary depending on the desired
ecological quality [15]. Because of expensive N and P measurements, proxies are defined in
the Netherlands for N and P emissions to ground and surface water in terms of the mineral
nitrogen content in soils before the start of the leaching season and of the overall nutrient
surpluses at the farm level.

Agriculture has only a small share in total energy use (SDG7, affordable and clean
energy), as only 6% of total energy use in the Netherlands is assigned to agriculture
(www.compendiumleefomgeving.nl, assessed on 20 February 2022). Thresholds for energy
use in crop production are lacking at the farm level. However, 45% of farmers are already
involved in renewable energy production, mainly by solar panels and wind turbines.

Greenhouse gas (GHG) emissions (SDG13, climate action) are widely studied and
an excellent recent review [16] shows that many methods and models are now being
used and applied. So far, there is, however, no agreement on a general methodology
that can be applied in practice. Greenhouse gas emissions for a given farm are not only
determined by the soil as there are many other sources as well. GHG emission values are
currently estimated with modeling, through which rough estimates at the farm level can be
generated [17]. So far, no thresholds have been defined.

SDG15, life on land, mentions a series of goals, of which “halt and reverse land
degradation and biodiversity loss” is the most relevant to agriculture. Land degradation
has a strong soil component and can be characterized by indicators for soil health that also
allow an estimate of soil biodiversity (Section 2.2). Another component is above-ground
biodiversity, which can only partly be assessed at the farm scale as there is a large regional
component. In the Netherlands, 162 nature areas have been established in the EC NATURE
2000 program (https://www.natura2000.nl, assessed on 20 February 2022). If several of
these occur in a given region, there could be more room for agriculture, but so far, policy
decisions on future land-use scenarios have not been reached. Plans to define exclusive
agricultural areas of prime agricultural soils have not been approved. Of course, avoiding
the negative environmental effects of farming, such as pollution of soil, water and air,
directly affect the quality of nature areas nearby in a positive way and can be seen as an
indirect contribution to biodiversity. However, for above-ground biodiversity, indicators or
proxies are still lacking.

2.2. Characterizing Soil Health as It Contributes to Ecosystem Services

In the introduction, the soil health concept is presented [8]. In simple terms: the
healthier the soil, the better the contribution to the SDGs. To characterize soil health, a
limited number of indicators are suggested to produce an operational, not too complex
or expensive system that is essential to facilitate adoption in practice by 2030 [8]. The
indicators are based on needs of growing roots: (i) lack of pollutants; (ii) good soil structure;
(iii) relatively high organic matter contents; (iv) high soil biodiversity; (v) favorable soil
moisture regimes (newly added); and (vi) favorable soil fertility.

The procedures are summarized in Figure 2. Representative sampling patterns are
part of the procedure, as well as documentation of the dominant type of soil, allowing the
future extrapolation of obtained results to other locations with the same soil type. The soil
pollution indicator first separates polluted from unpolluted soil. Remediation may lead to
the possibility for further judgment later. Indicators must be measured and appropriate
thresholds need to be selected. If thresholds are met, contributions to ecosystem services
are satisfactory. If not, the procedure is repeated. The “one-out, all-out” principle can apply:
when one indicator is negative, the soil is unhealthy.

www.compendiumleefomgeving.nl
https://www.natura2000.nl
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Figure 2. Flow chart demonstrating the procedure to test whether soils are healthy with the objective
of maximizing soil contributions to ecosystem services (see text).

The indicators and measurement methods for soil health and corresponding thresholds
can be summarized as follows.

Thresholds for pollutants in soil are defined by current legislation. A form of what
could be called “biological” pollution is formed by the (unintended) introduction of soil-
pests and diseases in fields of the farm, such as nematodes with, e.g., seeds or attached
ground to machines.

Soil structure is described in soil survey reports in terms of structure types and
degrees of development, and standard methods to measure bulk density and mechanical
resistance with penetrometers are available [18,19].

Standard laboratory measurement methods are also available to measure soil organic
matter content, requiring field sampling and laboratory measurements that are costly and
time consuming. Thresholds for organic matter contents of different soils are not yet defined
in general protocols but can be derived for separate types of soil that have characteristically
different ranges of organic matter content as a function of management [20,21]. Higher
organic matter contents are not only relevant for carbon sequestration, as they will also
improve nutrient dynamics and soil resilience, as well as increase the water holding capacity
and water delivery to plant roots.

Soil biodiversity can be characterized more specifically than just measuring the or-
ganic matter content by determining the variety of soil organisms and by the Soil Protein
Index, soil respiration and active carbon [22], as well as the microbial and fungal biomass,
their ratios and the potential mineralizable N pool. So far, these detailed studies have not
yet resulted in recommendations for routine application based on well-documented results
focused on realizing ecosystem services. Until such data become available, organic matter
content will have to function as a proxy value without clear threshold values.

The soil moisture regime is important for all land-related SDGs. Regimes have been
defined in traditional soil surveys in terms of descriptive drainage classes (well drained,
poorly drained, etc.). Rooting requires a well-drained soil profile that is neither too wet nor
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too dry, containing sufficient air during root growth. These descriptions are inadequate for
modern demands and water regimes can now also be measured by modern monitoring
equipment, such as tensiometers and probes measuring water content [18].

Soil fertility is characterized directly by applying well-established fertilizer applica-
tion protocols, including field sampling and laboratory testing, in the Netherlands, available
at www.handboekbodemenbemesting.nl, (accessed on 20 February 2022).

New methods will be discussed when analyzing future developments and the need
for new methodologies in Section 4.2.

2.3. Arable Farming in Flevoland on Calcareous Light Clay Soils

This exploratory paper reflects results obtained from the BASIS long-term system
experiment in the period of 2009–2018 on soil functions and soil quality at WUR Field
Crops Experimental Farm, Lelystad [23,24]. BASIS is an example of a farming system
experiment, designed and executed together with farmers and other stakeholders.

The experimental farm is representative for arable farms on marine, calcareous light
clay soils, a prime agricultural soil in the Netherlands. The soils at BASIS consist of
55–65% sand, 20–24% silt and 15–20% clay (Mn15A in the Dutch soil classification), oc-
cupying 121 867 ha in the Netherlands, which is 23% of the total area of arable land.
The BASIS conventional system consists of a 4-year crop rotation with crops including:
seed onions (average crop yield 63 tonnes/ha), seed potato (33 tonnes/ha), sugar beet
(100 tonnes/ha) and summer barley (8 tonnes/ha). These are average yields over the period
of 2009–2018. Average yields are used since no trend over time was found. Soils are plowed
in autumn. Average fertilization rates are 110 kg N/ha, 60 kg P/ha and 140 kg K/ha,
applied with chemical fertilizers only, following standardized Dutch fertilization advice
(www.handboekbodemenbemesting.nl, assessed on 10 January 2022). The input of crop
protection agents is on average 8.5 kg active ingredients/ha. All these management data
are used as they are needed for communication purposes when describing arable farming
on marine calcareous light clay soils, using this soil type as a “carrier of information” for
farmers operating on the same type of soil.

The experiments in BASIS are, in addition to monitoring the existing farming system,
focused on two aspects that were considered to be potentially important for future man-
agement, as indicated by farmers, citizen groups and experts: (i) reduced tillage: replacing
ploughing with non-inversion tillage; and (ii) conversion to organic farming, which so far
is only practiced in 7% of the farms in Flevoland. These questions require experiments that
were beyond the capability of individual farmers, if only because of financial requirements.
Reduced tillage was applied for the same crop rotation and consisted of the replacement
of ploughing in autumn by non-inversion tillage in spring. The organic system had a
different crop rotation, with different crops consisting of ware potatoes, grass clover, white
cabbage, spring wheat, carrot and a spring wheat–faba bean mixture and no use of chemical
fertilizers and biocides. The results of the effects of reduced tillage and organic farming
will be discussed in Section 3 in terms of possible future developments.

3. Results

The ecosystem services contributing to the various SDGs and the soil contributions to
the ecosystem services will now be discussed as they apply to the BASIS arable farm, the
“Living Lab”. This will include an analysis of the available thresholds and of promising
future forms of innovative management.

3.1. Ecosystem Services and Soil Contributions to SDG2 & 3 (No More Hunger and Health)
Focusing on Priduction of Healthy Food
3.1.1. Actual Conditions and Thresholds

The current production levels in the BASIS experiment are reported in Section 2.3.
Target levels of crop yields on clay soils in general are 40 t/ha for seed potatoes, 60 t/ha
for seed onions, 95 t/ha for sugar beet and 6.4 t/ha for summer barley [12]. The actual

www.handboekbodemenbemesting.nl
www.handboekbodemenbemesting.nl
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yields reported in Section 2.3 indicate that only the yield of seed potatoes is 7 t/ha (=18%)
lower than the threshold, suggesting the need for attention to possible causes, while the
other yields are much higher. The conclusion is justified that the threshold for SDG2 is met.
This conclusion is supported by the simulation analysis that produced, for example a value
of 7.3 t/ha for summer wheat, which is above the 80% Yw value [13,14]. The Yw value is
important to assess the general production level to be applied when comparing soils in an
SDG context. Regular monitoring by regulatory bodies indicates that there are no problems
with remnants of pesticides or too-high concentrations of pollutants in crops [25].

This issue is, however, highly dynamic as new chemicals are (unintentionally) intro-
duced in the ecosystem (e.g., PFAS, microplastics, drug remnants), requiring increased
attention from the research community.

In summary: the thresholds for ecosystems in line with SDGs 2 and 3 are satisfied.

3.1.2. Soil Health Contributions

Pollutants are absent in the soils being discussed. Rooting depth is directly affected by
soil structure, as expressed by visual observations, supported by measured bulk densities
and penetration resistances (Table 1). Bulk density is measured with soil sampling rings
and penetration resistance with a penetrologger.

Table 1. Latest measured values for soil health indicators for systems’ conventional ploughing,
conventional non-inversion tillage and ploughing in organic farming including standard deviations
(between brackets). The latest measured values are used, since soil properties have changed over
time. Measurements from 2015 and 2016.

Indicator Conventional
Ploughing

Conventional
Non-Inversion Tillage Organic Ploughing

Bulk density g/cm3 (2–7 cm) 1.35 (0.08) 1.35 (0.06) 1.30 (0.09)

Bulk density g/cm3 (14–19 cm) 1.43 (0.07) 1.47 (0.06) 1.40 (0.09)

Penetration resistance MPa
(15–30 cm) 0.67 (0.31) 1.90 (0.61) 1.38 (0.58)

Organic matter % (0–30 cm) 3.0 (0.3) 3.1 (0.3) 3.3 (0.3)

Bulk densities for conventional ploughing were somewhat lower when compared
with the data in the national soil database for light clay soils that do not, however, re-
port penetration resistances [26]. Calculated (not measured) bulk densities in the national
database had a median value of 1.47 g/cm3 and a range of 1.45 g/cm3 to 1.51 g/cm3

for topsoils and 1.53 g/cm3 for subsoils with a range of 1.41–1.61 g/cm3. The indicative
threshold for bulk density is 1.55 g/cm3 (NEN-EN-ISO 11272:2017). The relatively low
values for bulk density and penetration resistance, below the thresholds for root develop-
ment, illustrate the young character of the soils in Flevoland, developed since the 1950s,
as compared with other marine clay soils in the Netherlands. A penetration resistance of
1.5 MPa is assumed to hamper root growth, and above 3 MPa, root growth is not possible
(www.handboekbodemenbemesting.nl, assessed on 20 February 2022).

The organic matter content of the soils in BASIS is determined with loss on ignition
and is given in Table 1. The national soil database reports a range of values between 1.0%
and 2.2% for surface soil with a median value of 2.0% for light clay soils. A formal threshold
is lacking but 3.0% organic matter would seem to be adequate to qualify as meeting a
tentative threshold value of 2.0% organic matter. Organic matter can also function as a
proxy indicator for soil biodiversity until a more representative and operational parameter
can be obtained (see Section 2.2.).

Well-designed and maintained drainage systems establish favorable water table levels
in BASIS, which range from an average lowest water table level at 120 cm below the surface
at the end of the growing season in late summer to 60 cm below the surface in early spring.
Simulation results of soil moisture regimes for the type of soil being discussed, determined

www.handboekbodemenbemesting.nl
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by the methods presented by [14], do not result in a significant reduction in production
levels as observations indicate that soils are neither periodically saturated nor too dry, thus
meeting the threshold.

BASIS management strictly follows the Dutch fertilization recommendations, which
de facto provide thresholds based on extensive field research.

In summary, the soils of the BASIS experiment are healthy and this conclusion remains
valid when considering all land-related SDGs.

3.1.3. Future Prospects

Questions raised by farmers, citizens and the policy arena have resulted in experiments
on reduced tillage and organic farming in the last decade. Non-inversion tillage overall did
not lead to changes in production levels (Table 2). A further reduction in tillage intensity,
in terms of no-till practices, is not seen as an option because of the root crops in the
rotation scheme. A shift to organic production leads generally to lower production levels,
confirming the results of other studies [27].

Table 2. Crop yields in tons of fresh product/ha for conventional ploughing and non-inversion
tillage and crop yields for conventional and organic farming both derived from BASIC experiments.
Average yields over the period of 2009–2018. Conventional reference based on [12].

Reduced Tillage Organic Farming

Crop Yield Crop Yield

Ploughing Non-
Inversion

Conventional
Reference

Organic
System

Seed potato 43 44 Ware potatoes 52 39

Sugar beet 99 99 Grass clover n.a. 74

Spring
barley 7.6 7.8 Cabbage 84 59

Onion 74 71 Spring wheat 7.3 5.0

Carrot 85 68

Wheat-faba bean n.a. 5.0

Even though the thresholds for SDGs 2 and 3 are met for the farm being discussed,
there is still interest in other options to affect the production conditions of healthy crops
in future as compared with the traditional approach discussed so far. This includes a
reduction in biocide application, crop breeding and precision fertilization and irrigation.
A reduction in biocide application can also be achieved in other ways than just omission:
(i) rather than having very large fields with single crops in which pests and diseases can
rapidly develop and spread, successful experiments have been conducted in Flevoland
with strip cropping: growing different crops on adjacent small strips of land. This strongly
enhances biological pest control [28]. The increased labor demand can be solved in future
by using robots. (ii) Robots are available now as well to recognize infected plants and
restrict the application of biocides to such plants only, realizing savings of up to 80%. This
is part of precision technology, also extending to fertilization and irrigation, which is to be
discussed in Section 4.2.

Crop breeding can result in new varieties that are more drought-, pest- and disease-
resistant, while nutrient uptake efficiency may be enhanced. Current crop breeding is
mainly focused on crop yield and pest and disease control, while it is known that large
differences exist between varieties in water and nutrient efficiency and root development.
Moreover, improving the energy uptake efficiency by chlorophyl in plant leaves (which is
now low at appr. 4%) can have a major effect on yields.



Soil Syst. 2022, 6, 34 10 of 18

3.2. Ecosystem Services Contributing to SDG6 (Clean Water and Sanitation) Focusing on Clean
Surface and Groundwater
3.2.1. Actual Conditions and Thresholds

For groundwater, the following N and P thresholds apply for the region Flevoland:
50 mg/L nitrate and 3 mg/L phosphate in groundwater (https://www.rivm.nl, assessed
on 20 February 2022)). Surface and groundwater quality have not been measured in
BASIS directly. However, it is known that nitrate levels in groundwater on clay soils in
Flevoland are generally below the threshold of 50 mg/L of the EU Nitrate directive (EU
2000, https://www.rivm.nl, accessed on 20 February 2022). Because soils are calcareous,
phosphate adsorption is relatively high and phosphate contents in groundwater will most
likely be low. In the area of the BASIS experiment, nitrogen and phosphate levels in some
of the surface waters are inadequate and some biocides are found above threshold levels
due to rapid runoff and drainage losses during the growing season (www.zuiderzeeland.nl,
assessed on 20 February 2022). The proxy indicators show that: (i) the nitrogen level in the
soil before the leaching season in winter is 58 kg/ha, which is lower than the threshold for
clay soils of 70 kg N/ha; (ii) the yearly nitrogen and phosphate surpluses for the farm are
8 kg N/ha and 11 kg P2O5/ha, which is below and above the thresholds of 88 kg N/ha
and 0 kg P2O5/ha, respectively [29].

In summary: the thresholds for ecosystem services in line with SDG6 are not satisfied
as the proxy for P is negative and the situation for surface waters is unknown.

3.2.2. Future Prospects

In BASIS, reduced tillage and organic farming did not result in lower risks of nitrogen
leaching looking at the residual N in the soil at the start of the leaching season. Other
measures to improve water quality are: (i) a sound crop rotation design where residual
nutrients are used by following crops or catch crops; (ii) crop breeding to improve nutrient
use efficiency; and (iii) various hydrological measures and the removal of nutrients in
drains and agricultural ditches that can improve water quality [30,31]. As phosphate
thresholds may not be met in the soil being considered, high-tech precision procedures,
to be discussed in Section 4.2, are now available to fine-tune fertilizer applications to the
needs of the plant, which vary during the growing season.

3.3. Ecosystem Services Contributing to SDG7 (Energy Use)
3.3.1. Actual Conditions and Thresholds

On a national level, contributions by agriculture to energy consumption are relatively
low at 6% of the total energy use of 2939 pJ (www.cbs.nl, assessed on 20 February 2022).
In a study on energy use in Dutch agriculture, the average energy use in conventional
arable farming on clay soils was calculated in a model study to be only 41 GJ/ha/year [32].
There are as of yet no legislative thresholds of energy use for open field crop production,
although a general reduction in the use of fossil fuels is a current policy objective. The lack
of a threshold for energy use in individual farms does not allow a judgement as to whether
a threshold is reached for a given Living Lab. Considering the low values involved, energy
use should not affect the ultimate sustainability conclusions about the BASIS experiment.

3.3.2. Future Prospects

A reduction in energy use is also desirable in the future in agriculture, if only because
it is associated with reducing costs. Reduced tillage requires less power and allows the
use of lighter tractors. Organic farming reduces the energy needs to produce chemical
fertilizers and biocides, but more energy is needed for the mechanical and thermal control
of pests. Moreover, crop yields are lower, resulting in a higher energy use per unit of output.
A fundamental change can occur by introducing new small-scale automated mechanization
based on robots and solar energy (Section 4.2).

https://www.rivm.nl
https://www.rivm.nl
www.zuiderzeeland.nl
www.cbs.nl
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3.4. Ecosystem Services Contributing to SDG13 Focusing on Carbon Sequestration and GHG
Emission Reduction
3.4.1. Actual Conditions and Thresholds

There are no measurements nor thresholds available for the GHG emissions of arable
farms on marine calcareous light clay soils. Modeling results for the Netherlands have
been reported based on IPCC criteria [17]. Agriculture in the Netherlands emits 15% of all
greenhouse gases, of which half is CH4, which is mainly associated with dairy farming
(www.emissieregistratie.nl, assessed on 20 February 2022). Carbon capture is seen as a
soil contribution to ecosystem services focused on SDG13. As discussed in Section 3.1.2,
soil organic matter contents are above a preliminary threshold value of 2.0 g/cm3, thus
providing a positive contribution to carbon capture.

In summary: thresholds for ecosystem services in line with SDG13 are satisfied for
carbon capture, but the lack of data on greenhouse gas emissions does not allow an overall
positive conclusion on the contribution of this ecosystem service.

3.4.2. Future Prospects

The contribution of reduced tillage to carbon sequestration is also under debate
in the BASIS experiment. A significant increase was not observed in a ten-year period
(Table 1) [33]. An increase in carbon sequestration is possible by incorporating more crops
into the crop rotation with large amounts of crop residues, such as cereals, growing cover
crops and applying (more) organic manure [33]. This was conducted in the organic system,
leading to an almost significant increase in organic matter content (Table 1). Defining
thresholds of carbon content for different soils could focus efforts to guide suitable man-
agement practices with the objective to increase the carbon content to locations with carbon
contents well below the threshold and where effects would have the highest potential.

3.5. Ecosystem Services Contributing to SDG15 Focusing on Reduction in Land Degradation and
Biodiversity Preservation
3.5.1. Actual Condition and Thresholds

Soils in the BASIS experiments were healthy (Section 3.1.2), so land degradation,
characterized by poor soil health, appears not to be a problem here. Thresholds for farms
when considering biodiversity in a landscape context have not yet been defined and are
subject to political debate (Section 2.1).

In summary, ecosystem services in line with SDG15 are satisfied in terms of soil health,
defining the lack of soil degradation. However, the lack of criteria to define biodiversity in
a regional context does not allow a conclusion on biodiversity preservation and thus on the
ecosystem service involved here.

3.5.2. Future Prospects

Soil degradation is not a problem in the healthy soils of the BASIS experiment, but
this is an exception worldwide. The EU Joint Research Center reported that 60–70% of
European soils are degraded in various ways [8]. This will have a strong negative effect on
ecosystem services that increase when effects of climate change are considered. Studies on
Italian soils confirm this alarming conclusion [34–37].

The biodiversity discussion at the farm level not only relates to soil biodiversity, for
which in this analysis the organic matter content is considered as a rough proxy, but also to
farms in a landscape context. As discussed, this is the subject of a heated political debate
that will soon have to result in policies that provide clarity, allowing the formulation of
future business plans, including long-term investments, by land users, of which farmers
form the largest category.

In summary, assuming that the BASIS experiment is representative of well-managed
commercial farms, ecosystem services in line with the SDGs 6, 13 and 15 do not meet
the requirements either because of a lack of data or a lack of policies on biodiversity.

www.emissieregistratie.nl
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The experiment therefore does not yet qualify as a “Lighthouse”, even though its soils
are healthy!

4. Discussion
4.1. Implications for Environmental Rules and Regulations and Support Programs

The proposed system of evaluating ecosystem services in line with the SDGs can be
the basis for an attractive and relatively simple regulatory system based on comparing
indicator values, as discussed above, with thresholds that still need to be developed in
most cases. Such a system should be based on measurements in system experiments on
experimental farms and in “Living Labs”, applying relatively simple field methods, which
farmers will welcome, as they complain about the current complex systems. This requires
the development of new measuring methods that can produce a lot of data in a short
period of time, allowing a scientifically sound evaluation of spatial variability (Section 4.2).
Soil health studies are important as soil health makes major contributions to achieving
ecosystem services, as was shown with modeling studies for some Italian soils [34–37].

Of particular interest is a link with the future Common Agricultural Policy (2021–2027)
where payments for ecosystem services are now one of the options being discussed. This
could mean a substantial payment when all ecosystem services have a sufficiently high
level. If one or more of the services are inadequate, a focused subsidy on the lacking
services can be considered, as a case study in Switzerland has shown, where subsidies were
based on introducing cover crops and on applying minimum tillage to enhance carbon
sequestration. This program turned out to be highly successful [38].

The system presented in this paper is based on the selection of a limited set of relatively
simple indicators directly coupled to an ecosystem service linked to SDGs or, separately, to
soil health contributing to ecosystem services. Along these lines, the application of a soil
indicator set is being explored in the Netherlands [39].

4.2. Need for Operational Measuring and Monitoring Methods
4.2.1. Ecosystem Services for Farming Systems

Ecosystem services for farming systems were only partly adequate, as demonstrated
in Section 3. As discussed, production levels were well-documented and can be supported
by modeling the soil–water–atmosphere–plant system. Several well-tested models are
available [40–42]. Basic soil data, such as texture, bulk density and organic matter content,
are used in so-called pedotransfer functions to predict hydraulic soil characteristics needed
for modeling such as hydraulic conductivity and moisture retention [43,44]. However,
aside from modeling, measurements of real yields are still also necessary to validate the
models. We advocate for attention to climate change, which will have major effects on
food production. Obviously, only modelling can handle future climate scenarios (SDG2).
Healthy food, based on healthy crops, can be assessed by existing health regulations’
defining thresholds. This is, however, a highly dynamic field of study as new pollutants
arrive (SDG3). The quality of ground and surface waters (SDG6) could only be derived
from national monitoring systems and are not yet part of monitoring systems at the farm
level. This would be required when assessing “Living Labs” in future. Modern automated
monitoring systems are available to obtain hard data that do not depend on debatable
interpolations from current, often far-away, measurement locations. Energy use (SDG7)
is less relevant from a national point of view but is important for individual farmers as a
cost item to be reduced. The emission of greenhouse gases (SDG13) is important and is
now being estimated by modeling, even though the particular soil being considered here
was not yet covered. However, modeling is only justified when the models are properly
validated with measured data. This validation process is still rather undefined, and direct
measurements are therefore needed. The available measurement methods using small
on-site chambers are cumbersome and costly while only providing point data at specific
moments in time. Applying frequent satellite images would be highly attractive, as is
being explored now by the European Space Agency (https://www.esa.int, assessed on

https://www.esa.int
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20 February 2022). This type of work needs a high priority and strong support. (SDG15)
refers to land degradation, where the indicators for soil health are relevant to assess soil
degradation. Biodiversity (as discussed in Sections 2.1 and 3.5) is, however, still undefined
in terms of specific indicators for the entire farming system. Policy decisions on future land-
use scenarios are therefore urgently needed. Innovative methods for measuring ecosystem
services are summarized in Table 3.

Table 3. Summary of methods to be used for characterizing ecosystem services in line with the SDGs
and the Green Deal and the contributions of soil health, as discussed in this paper.

Methods for Measuring Ecosystem Services Methods for Assessing Soil Contributions to
Ecosystem Services

SDG
2/3

• governmental statistics
• remote sensing
• modeling the

soil–water–atmosphere–plant system,
also considering climate change

• new methods to characterize soil structure:
radiation methods for bulk density;
proximal sensing for organic matter

• modeling the
soil–water–atmosphere–plant system

SDG 6 • automatic monitoring equipment • modeling soil nutrient regimes to support
precision techniques

SDG13

• satellite remote sensing for measurement
of emissions

• validated models estimating greenhouse
gas emissions

• proximal sensing of organic matter content
focused on carbon capture

SDG
15

• soil health
• biodiversity on a landscape scale • all of the above

4.2.2. Soil Contributions to Ecosystem Services

Soil contributions to ecosystem services can be framed in terms of soil health, for
which several indicators have been defined as discussed in this paper. Soil as a favorable
environment for root growth is key for all ecosystem services contributing to the five SDGs
being considered. Soil structure, the organic matter content and soil moisture regimes are
key indicators for soil health, assuming a lack of pollutants and adequate levels of nutri-
ents by fertilization. The current standard methods assessing soil structure, as reviewed
above for bulk density, use relatively small soil samples and are costly and laborious as
they require laboratory analysis, not providing instant data. Standard deviations among
replicate measurements are relatively high due to small sample volumes (see Table 1)
and, considering 95% confidence intervals, hardly allow the distinction of differences
among treatments, let alone among different soils. Measuring the penetration resistance
is attractive, as many observations can be instantly made. An important factor causing
variation among measurements is moisture content; so, measurements will have to be
made at certain periods only, preferably only when the soil is at field capacity. Innovative
techniques are available to allow rapid, multiple and cheap measurements for both organic
matter content and bulk density once equipment has been obtained. The application of
proximal sensing for organic matter [45–47] and further testing of radiation techniques for
measuring bulk density (e.g., [17]) are highly recommended. Field research on the impact
of present and past soil management on the organic matter content of a given type of soil
can provide valuable insights on the effects of management that differ significantly among
soils. Organic matter contents were sampled at fifty farms on two prominent Dutch soil
types, and the study could relate actual organic matter content very well (R2 > 0.8) with
current and past management, providing valuable suggestions for future management
practices [20,21]. There are thousands of experiments out there in the field waiting to be
discovered! Soil biodiversity is being studied widely, but so far, standard techniques have
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not been suggested or approved. Doing so is a high priority as soil biodiversity plays a key
role in soil functioning (Section 2.2). Applying proxies, such as the organic matter content,
as in this study, needs improvement.

The simulation of soil moisture regimes combined with nutrient dynamics in the
soil–water–atmosphere–plant system can provide important information for precision
agriculture where nutrient inputs are fine-tuned to the needs of plants, optimizing the
soil fertility regime. This can result in substantial savings of fertilizer input and costs of
up to at least 10%, thereby also reducing leaching and groundwater pollution by excess
nutrients. A study on precision fertilization consisted of the preparation of a functional
soil map with four different soil units, derived from the interpolation of point data, with a
distinct behavior in terms of water regimes and nitrogen dynamics. Modeling was applied
to determine the critical moment when the available nitrogen reached a threshold. Then,
fertilization was needed. This moment was different for the different soil units, providing a
basis for applying precision techniques [48]. Again, robots can in future perform the task of
fertilization, strongly reducing labor demand and reducing pressures on soil by traditional
fertilization equipment.

Innovative methods for measuring ecosystem services and soil health indicators are
summarized in Table 3.

4.3. Need for a Paradigm Shift in Research

To reach the targets of the SDGs, farmers have to adapt their soil management and
farming system to meet the thresholds of at least five ecosystem services. This presents
“wicked” problems that cannot be solved with linear research approaches, as discussed in
Section 1.2.

A farmer will choose the option or elements of different options that correspond
best with their particular farming style [49]. Researchers should therefore preferably act
as honest brokers considering the various options fitting the targets of the SDGs and the
farming style of the farmers [50]. Then, producing “storylines” for particular soil types is an
effective procedure for communication purposes, linking particular soil types to successful
management plans [51]. This approach is, by the way, also followed in business courses at
Harvard University [52].

There are already many storylines on management systems in the Netherlands and
elsewhere that are actively promoted on social media and the internet: organic, bio-dynamic,
circular, nature-inclusive, regenerative [53], enriching, high-tech precision, etc. However,
all these systems can be judged the same way by considering whether an adequate level
of ecosystem services is provided, including the contributions by soil science. This will
create much-needed clarity to the farming community and society at large, allowing a more
effective focus on the SDGs to be achieved.

However, defining best practices when working in “Living Labs” has broader dimen-
sions. A recent EC document specifying the Mission approach to the European Science
and Innovation program: Horizon Europe 2021–2027 [2] included a statement for the “Soil
Deal for Europe” Mission: “people from all works of life and businesses can co-create knowledge
and solutions in real life conditions and demonstrate their value”. In addition: “Introducing
Citizen Science and citizens becoming soil stewards are desirable innovative approaches” that do,
however, require “clear and concrete objectives”. Working in “Living Labs” does, therefore,
involve more than researchers and farmers working together. Frequent communication
with society and the involvement of citizens is needed to establish agriculture as a major
positive contributor to environmental health and sustainable development rather than as a
persistent polluter, as seems to be a persistent message from some quarters.

However, broad and effective multi-stakeholder efforts in “Living Labs”, ideally re-
sulting in the establishment of “Lighthouses” where all ecosystem services meet their
thresholds, will have little effect when not incorporated in governmental rules and regu-
lations and subsidy schemes, as discussed above for the CAP 2021–2027. In this context,
the recent Berlin communiqué by 68 ministers of agriculture, following the Global Forum
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for Food and Agriculture, is very important [54]. They discuss sustainable land use and
conclude that “Food security starts with the soil”. Not only the importance of soil health is
emphasized, but also the role of soils in addressing 24 issues related to the SDGs. As in
other publications [2,8], operational methods and criteria needed to achieve the goals are
not discussed, justifying the focus of this paper on methodology.

Finally, ten challenges for future soil research have been defined, reflecting discus-
sions within the IUSS-PEDOMETRICS working group [55]. Their Challenge 7 focuses
on recognizing, quantifying and mapping soil functionality, and Challenge 10 focuses
on how to generate quantitative soil contributions in realizing ecosystem services. The
discussions in this paper can therefore be seen as a contribution to these important and
crucial PEDOMETRICS discussions. Clearly, more research is needed to develop protocols
of general validity.

5. Conclusions

1. The proposed joint establishment of “Living Labs” and system experiments at re-
search farms to develop sustainable land use systems in line with the SDGs and the
Green Deal requires an as-yet not existing methodology that allows the assessment of
ecosystem services and thresholds to assess system functioning. “Lighthouses” can
only be established when these thresholds are satisfied.

2. Soils can make crucial contributions to ecosystem services by assessing and improving
soil health, to be demonstrated in interdisciplinary case studies.

3. The development of new innovative monitoring techniques is essential to assess the
sustainable development of land-use systems, where farms constitute the largest
group. The current laboratory tests are often too costly and time-consuming. Studies
on new monitoring techniques, among them proximal and remote sensing, need
strong support.

4. A focus on documenting indicators and thresholds for ecosystem services when
working with farmers is particularly relevant, as the future Common Agricultural
Policy (CAP) intends to focus its support partly on the provision of such services.

5. Adaptive management by farmers implies not only producing heathy food but also
protecting ground and surface water quality, restricting greenhouse gas emissions,
increasing carbon capture, combatting land degradation and protecting and improv-
ing biodiversity. This presents a “wicked” problem that cannot be approached by
linear research, but needs more stakeholder-oriented holistic approaches and can be
expressed by well documented “storylines” that are also effective for communication
with the policy arena, farmers and citizens at large.

Author Contributions: Conceptualization, J.B.; methodology, J.B., J.d.H. and M.S.D.; validation,
J.d.H. and M.S.D.; formal analysis, J.d.H. and M.S.D.; resources, J.d.H. and M.S.D.; data curation,
M.S.D.; writing—original draft preparation, J.B. and J.d.H., writing—review and editing, J.B., J.d.H.
and M.S.D.; visualization, J.B. and J.d.H. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Topsector Agri & Food grant number LWV20.042. The
sponsors had no role in the design, execution, interpretation, or writing of the study.

Institutional Review Board Statement: Not available.

Informed Consent Statement: Not available.

Data Availability Statement: Supporting data has been published in Dutch language publications
and can be provided by Janjo.dehaan@wur.nl.

Acknowledgments: The advice from Jan Peter Lesschen and Martin Mulder of Wageningen Environ-
mental Research and by Gerard Ros of NMI is highly appreciated. Thanks also to the researchers
of the BASIS experiment, Derk van Balen and Wiepie Haagsma from Wageningen University, and
Research Field Crops for providing the data and their interpretation.



Soil Syst. 2022, 6, 34 16 of 18

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

References
1. Lal, R.; Bouma, J.; Brevik, E.; Dawson, L.; Field, D.J.; Glaser, B.; Hatano, R.; Hartemink, A.E.; Kosaki, T.; Lascelles, B.; et al. Soils

and sustainable development goals of the United Nations: An International Union of Soil Sciences perspective. Geoderma Reg.
2021, 25, e00398. [CrossRef]

2. European Commission (EC). Communication from the Commission to the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Regions on European Missions (COM (2021), 609 Final); European Commission (EC):
Brussels, Belgium, 2021.

3. Bouma, J. Soil science contributions towards Sustainable Development Goals and their implementation: Linking soil functions
with ecosystem services. J. Plant Nutr. Soil Sci. 2014, 177, 111–120. [CrossRef]

4. Keesstra, S.D.; Bouma, J.; Wallinga, J.; Tittonell, P.; Smith, P.; Cerdà, A.; Montanarella, L.; Quinton, J.N.; Pachepsky, Y.; Van der
Putten, W.H.; et al. The significance of soils and soil science towards realization of the United Nations Sustainable Development
Goals. Soil 2016, 2, 111–128. [CrossRef]

5. Bampa, F.; O’Sullivan, L.; Madena, K.; Sanden, T.; Spiegel, H.; Henriksen, C.B.; Ghaley, B.B.; Jones, A.; Staes, J.; Sturel, S.; et al.
Harvesting European knowledge on soil functions and land management using multi-criteria decision analysis. Soil Use Manag.
2019, 1, 6–20. [CrossRef]

6. Schröder, J.J.; ten Berge, H.F.M.; Bampa, F.; Creamer, R.E.; Giraldez-Cervera, J.V.; Henriksen, C.B.; Olesen, J.E.; Rutgers, M.;
Sandén, T.; Spiegel, H. Multi-functional land use is not self-evident for European farmers: A critical review. Front. Environ. Sci.
2020, 8, 156. [CrossRef]

7. Bouma, J. How to reach multifunctional land use as a contribution to sustainable development. Front. Environ. Sci. 2021, 9, 620285.
[CrossRef]

8. Veerman, C.; Pinto Correia, T.; Bastioli, C.; Biro, B.; Bouma, J.; Cienciala, E.; Emmett, B.; Frison, E.A.; 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, Independent Expert
Report; European Commission (EC): Luxembourg, 2020.

9. Wijnands, F.; Vereijken, P. Region-wise development of prototypes of integrated arable farming and outdoor horticulture. Neth. J.
Agric. Sci. 1992, 40, 225–238. [CrossRef]

10. De Haan, J.J.; Sukkel, W. Evaluation of methodology as applied in the VEGINECO project. In Manual on Prototyping Methodology
and Multifunctional Crop Rotation; VEGINECO Report; No. 2; Applied Plant Research B.V.: Wageningen, The Netherlands, 2002;
pp. 37–39. Available online: https://edepot.wur.nl/11926 (accessed on 22 February 2022).

11. Langeveld, J.; van Keulen, H.; de Haan, J.; Kroonen-Backbier, B.; Oenema, J. The nucleus and pilot farm research approach:
Experiences from The Netherlands. Agric. Syst. 2005, 84, 227–252. [CrossRef]

12. Wageningen University and Research. KWIN-AGV 2018; PPO—Publicatienummer 776; Wageningen University and Research:
Wageningen, The Netherlands, 2018.

13. 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]

14. Hack ten Broeke, M.J.D.; Mulder, H.M.; Bartholomeus, J.G.; van Brakel, P.T.G.; Supit, I.; de Wit, A.J.W.; Ruijtenberg, R. Quantitative
land evaluation implemented in Dutch water management. Geoderma 2019, 338, 536–545. [CrossRef]

15. European Union (EU). Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 Establishing a Framework
for Community Action in the Field of Water Policy; European Union (EU): Brussels, Belgium, 2000.

16. Smith, P.; Soussana, J.-F.; Angers, D.; Schipper, L.; Chenu, C.; Rasse, D.P.; Batjes, N.H.; van Egmond, F.; McNeill, S.; Kuhnert, M.;
et al. How to measure, report and verify soil carbon change to realize the potential of soil carbon sequestration for atmospheric
greenhouse gas removal. Glob. Chang. Biol. 2020, 26, 219–241. [CrossRef] [PubMed]

17. Arets, E.J.M.M.; Van Der Kolk, J.W.H.; Hengeveld, G.M.; Lesschen, J.P.; Kramer, H.; Kuikman, P.J.; Schelhaas, N.J. Greenhouse Gas
Reporting of the LULUCF Sector in the Netherlands. Methodological Background, Update 2021. WOt Technical Report 201; Statutory
Research Tasks Unit for Nature and the Environment (WOT Natuur and Milieu): Wageningen, The Netherlands, 2021; Available
online: https://edepot.wur.nl/539898 (accessed on 20 February 2022).

18. Soil Science Society of America (SSSA). Part 4. Physical methods. In Methods of Soil Analysis; Dane, J.H., Top, G.C., Eds.; Soil
Science Society of America (SSSA): Madison, WI, USA, 2002.

19. Soil Science Division Staff. USDA Handbook 18—Soil Survey Manual; Ditzler, C., Scheffe, K., Monger, H.C., Eds.; U.S. Government
Publishing Office: Washington, DC, USA, 2017.

20. Pulleman, M.M.; Bouma, J.; van Essen, E.A.; Meijles, E.W. Soil organic matter content as a function of different land use history.
Soil Sci. Soc. Am. J. 2000, 64, 689–693. [CrossRef]

21. Sonneveld, M.; Bouma, J.; Veldkamp, A. Refining soil survey information for a Dutch soil series using land use history. Soil Use
Manag. 2002, 18, 157–163. [CrossRef]

22. Moebius-Clune, B.N.; Moebius-Clune, D.J.; Gugino, B.K.; Idowu, O.J.; Schindelbeck, R.R.; Ristow, A.J.; van Es, H.M.; Thies, J.E.;
Shayler, H.A.; McBride, M.B.; et al. Comprehensive Assessment of Soil Health: The Cornell Framework Manual, 3.1th ed.; Cornell
University: Ithaca, NY, USA, 2016.

http://doi.org/10.1016/j.geodrs.2021.e00398
http://doi.org/10.1002/jpln.201300646
http://doi.org/10.5194/soil-2-111-2016
http://doi.org/10.1111/sum.12506
http://doi.org/10.3389/fenvs.2020.575466
http://doi.org/10.3389/fenvs.2021.620285
http://doi.org/10.18174/njas.v40i3.16508
https://edepot.wur.nl/11926
http://doi.org/10.1016/j.agsy.2004.06.016
http://doi.org/10.1016/j.fcr.2012.09.009
http://doi.org/10.1016/j.geoderma.2018.11.002
http://doi.org/10.1111/gcb.14815
http://www.ncbi.nlm.nih.gov/pubmed/31469216
https://edepot.wur.nl/539898
http://doi.org/10.2136/sssaj2000.642689x
http://doi.org/10.1111/j.1475-2743.2002.tb00235.x


Soil Syst. 2022, 6, 34 17 of 18

23. Crittenden, S. Biophysical Soil Quality of Tillage Systems in Conventional and Organic Farming; Wageningen University: Wageningen,
The Netherlands, 2015; Available online: https://edepot.wur.nl/364181 (accessed on 20 February 2022).

24. Norén, I.S.; Verstand, D.; de Haan, J.J. Effecten van Bodemmaatregelen op Bodemfunkties en Bodemkwaliteit. Integrale Analyse van de
Resultaten uit de PPs Beter Bodembeheer en Eerste Vertaalslag naar Praktische Boodschappen. Rapport WPR-854; Wageningen Research:
Wageningen, The Netherlands, 2021.

25. De Nederlandse Voedsel-en Warenautoriteit (NVWA). Residuen van Gewasbeschermingsmiddelen in Levensmiddelen. Overzicht
van Uitkomsten NVWA-Inspecties Januari–December 2019; De Nederlandse Voedsel-en Warenautoriteit (NVWA): Utrecht,
The Netherlands, 2020; Available online: https://www.nvwa.nl/onderwerpen/inspectieresultaten-bestrijdingsmiddelen-
in-voedingsmiddelen/documenten/consument/eten-drinken-roken/bestrijdingsmiddelen/publicaties/residuen-van-
gewasbeschermingsmiddelen-op-groente-en-fruit-januari---december-2019 (accessed on 20 February 2022).

26. De Vries, F. Karakterisering van Nederlandse Gronden naar Fysisch-Chemische Kenmerken; Report 654; DLO-Staring Centrum: Wa-
geningen, The Netherlands, 1999.

27. De Ponti, T.; Rijk, B.; van Ittersum, M. The crop yield gap between organic and conventional agriculture. Agric. Syst. 2012, 108,
1–9. [CrossRef]

28. Juventia, S.D.; Rossing, W.A.; Ditzler, L.; van Apeldoorn, D.F. Spatial and genetic crop diversity support ecosystem service
delivery: A case of yield and biocontrol in Dutch organic cabbage production. Field Crops Res. 2020, 261, 108015. [CrossRef]

29. De Buck, A.J.; de Ruijter, F.J.; Wijnands, F.G.; van Enckevort, P.L.A.; van Dijk, W.; Pronk, A.A.; de Haan, J.J.; Booij, R. Voorwaarts
met de Milieuprestaties van de Nederlandse Open-Teelt Sectoren: Een Verkenning Naar 2020. (Plant Research International Rapport No. 6);
Plant Research International: Wageningen, The Netherlands, 2000; Available online: https://edepot.wur.nl/31047 (accessed on
20 February 2022).

30. Sival, F.P.; Noij, I.G.A.M.; de Haan, J.J.; van der Schoot, J.R. Constructed Wetlands for Agricultural Drainwater; Wageningen
University and Research: Wageningen, The Netherlands, 2010; Available online: https://edepot.wur.nl/158080 (accessed on 20
February 2022).

31. Mendes, L.R.D. Nitrogen removal from agricultural subsurface drainage by surface-flow wetlands: Variability. Processes 2021, 9,
156. [CrossRef]

32. Bos, J.F.; de Haan, J.; Sukkel, W.; Schils, R.L. Energy use and greenhouse gas emissions in organic and conventional farming
systems in the Netherlands. NJAS Wagening. J. Life Sci. 2014, 68, 61–70. [CrossRef]

33. Koopmans, C.; Timmermans, B.; de Haan, J.; van Opheusden, M.; Selin Noren, I.; Slier, T.; Wagenaar, J.P. Evaluatie van Maatregelen
voor het Vastleggen van Koolstof in Minerale Gronden 2019–2023: Voortgangsrapportage 2020; Louis Bolk Instituut: Bunnik, The
Netherlands, 2020; Available online: https://edepot.wur.nl/534917 (accessed on 20 February 2022).

34. Bonfante, A.; Bouma, J. The role of soil series in quantitative land evaluation when expressing effects of climate change and crop
breeding on future land use. Geoderma 2015, 259–260, 187–195. [CrossRef]

35. Bonfante, A.; Terribile, F.; Bouma, J. Refining physical aspects of soil quality and soil health when exploring the effects of soil
degradation and climate change on biomass production: An Italian case study. Soil 2019, 5, 1–14. [CrossRef]

36. Bonfante, A.; Basile, A.; Bouma, J. Exploring the effect of varying soil organic matter contents on current and future moisture
supply capacities of six Italian soils. Geoderma 2019, 361, 114079. [CrossRef]

37. Bonfante, A.; Basile, A.; Bouma, J. Targeting the soil quality and soil health concepts when aiming for the United Nations
Sustainable Development Goals and the EU Green Deal. Soil 2020, 6, 453–466. [CrossRef]

38. Dupla, X.; Gondret, K.; Sauzet, O.; Verrecchia, E.; Boivin, P. Changes in topsoil organic carbon content in the Swiss leman region
cropland from 1993 to present. Insights from large scale on-farm study. Geoderma 2021, 400, 115125. [CrossRef]

39. De Haan, J.J.; van den Elsen, E.R.; Hanegraaf, M.C.; Visser, S.M. Soil Indicators for Agricultural Fields in The Netherlands (BLN Version
1.1); Wageningen University and Research: Wageningen, The Netherlands, 2021; Available online: https://edepot.wur.nl/553470
(accessed on 20 February 2022).

40. White, J.W.; Hunt, L.; Boote, K.J.; Jones, J.W.; Koo, J.; Kim, S.; Porter, C.H.; Wilkens, P.W.; Hoogenboom, G. Integrated description
of agricultural field experiments and production: The ICASA Version 2.0 data standards. Comput. Electron. Agric. 2013, 96, 1–12.
[CrossRef]

41. Kroes, J.G.; Van Dam, J.C.; Bartholomeus, R.P.; Groenendijk, P.; Heinen, M.; Hendriks, R.F.A.; Mulder, H.M.; Supit, I.; Van Walsum,
P.E.V. Theory Description and User Manual SWAP Version 4; Wageningen University and Research: Wageningen, The Netherlands,
2017; Available online: https://www.swap.alterra.nl/www.wur.eu/environmental-reseach (accessed on 20 February 2022).

42. Holzworth, D.; Huth, N.I.; Fainges, J.; Brown, H.; Zurcher, E.; Cichota, R.; Verrall, S.; Herrmann, N.I.; Zheng, B.; Snow, V. APSIM
Next Generation: Overcoming challenges in modernising a farming systems model. Environ. Model. Softw. 2018, 103, 43–51.
[CrossRef]

43. Bouma, J. Using soil survey data for quantitative land evaluation. In Advances in Soil Science; Stewart, B.A., Ed.; Springer: New
York, NY, USA, 1989; Volume 9, pp. 177–213.

44. Van Looy, K.; Bouma, J.; Herbst, M.; Koestel, J.; Minasny, B.; Mishra, U.; Montzka, C.; Nemes, A.; Pachepsky, Y.A.; Padarian, J.;
et al. Pedotransfer functions in Earth system science: Challenges and perspectives. Rev. Geophys. 2017, 55, 1199–1256. [CrossRef]

45. Viscarra Rossel, R.A.; Bouma, J. Soil sensing: A new paradigm for agriculture. Agric. Syst. 2016, 148, 71–74. [CrossRef]
46. Viscarra-Rossel, R.A.; Lobsey, C.R.; Sharman, C.; Flick, P.; McLachlan, G. Novel proximal sensing for monitoring soil organic

C-stocks and condition. Env. Sci. Technol. 2017, 51, 5630–5641. [CrossRef]

https://edepot.wur.nl/364181
https://www.nvwa.nl/onderwerpen/inspectieresultaten-bestrijdingsmiddelen-in-voedingsmiddelen/documenten/consument/eten-drinken-roken/bestrijdingsmiddelen/publicaties/residuen-van-gewasbeschermingsmiddelen-op-groente-en-fruit-januari---december-2019
https://www.nvwa.nl/onderwerpen/inspectieresultaten-bestrijdingsmiddelen-in-voedingsmiddelen/documenten/consument/eten-drinken-roken/bestrijdingsmiddelen/publicaties/residuen-van-gewasbeschermingsmiddelen-op-groente-en-fruit-januari---december-2019
https://www.nvwa.nl/onderwerpen/inspectieresultaten-bestrijdingsmiddelen-in-voedingsmiddelen/documenten/consument/eten-drinken-roken/bestrijdingsmiddelen/publicaties/residuen-van-gewasbeschermingsmiddelen-op-groente-en-fruit-januari---december-2019
http://doi.org/10.1016/j.agsy.2011.12.004
http://doi.org/10.1016/j.fcr.2020.108015
https://edepot.wur.nl/31047
https://edepot.wur.nl/158080
http://doi.org/10.3390/pr9010156
http://doi.org/10.1016/j.njas.2013.12.003
https://edepot.wur.nl/534917
http://doi.org/10.1016/j.geoderma.2015.06.010
http://doi.org/10.5194/soil-5-1-2019
http://doi.org/10.1016/j.geoderma.2019.114079
http://doi.org/10.5194/soil-6-453-2020
http://doi.org/10.1016/j.geoderma.2021.115125
https://edepot.wur.nl/553470
http://doi.org/10.1016/j.compag.2013.04.003
https://www.swap.alterra.nl/www.wur.eu/environmental-reseach
http://doi.org/10.1016/j.envsoft.2018.02.002
http://doi.org/10.1002/2017RG000581
http://doi.org/10.1016/j.agsy.2016.07.001
http://doi.org/10.1021/acs.est.7b00889


Soil Syst. 2022, 6, 34 18 of 18

47. Reijneveld, J.A.; van Oostrum, M.J.; Brolsma, K.M.; Fletcher, D.; Oenema, O. Empower innovations in routine soil testing.
Agronomy 2022, 12, 191. [CrossRef]

48. Stoorvogel, J.J.; Kooistra, L.; Bouma, J. Chapter 2: Managing soil variability at different spatial scales as a basis for precision
agriculture. In Soil Specific Farming: Precision Agriculture. Advances in Soil Science; Lal, R., Stewart, B.A., Eds.; CRC Press: Boca
Raton, FL, USA, 2015; pp. 37–73.

49. Van der Ploeg, J.D.; Bouma, J.; Rip, A.; Rijkenberg, F.H.; Ventura, F.; Wiskerke, J.S. On regimes, novelties, niches and co-production.
In Seeds of Transition. Essays on Novelty Production, Niches and Regimes in Agriculture; Wiskerke, J.S.C., van der Ploeg, J.D., Eds.;
Uitgeverij Koninklijke Van Gorcum: Assen, The Netherlands, 2004; pp. 1–20.

50. Pielke, R.A. The Honest Broker. Making Sense of Science in Policy and Politics; Cambridge University Press: Cambridge, UK, 2007.
51. Bouma, J. Contributing pedological expertise towards achieving the United Nations Sustainable Development Goals. Geoderma

2020, 375, 114508. [CrossRef]
52. Flyvbjerg, B. Five misunderstandings about case-study research. Qual. Inq. 2006, 12, 219–245. [CrossRef]
53. Brown, G. Dirt to Soil. One Family’s Journey into Regenerative Agriculture; Chelsea Green Publishing: White River Junction, VT,

USA; London, UK, 2017.
54. Global Forum for Food and Agriculture (GFFA). Berlin Agricultural Ministers Communiqué after the Conference Sustainable

Land Use: Food Security Starts with the Soil. 2022. Available online: https://www.gov.pl/web/agriculture/berlin-agriculture-
ministers-conference-on-sustainable-land-use-and-food-security (accessed on 1 April 2022).

55. Wadoux, A.M.J.C.; Heuvelink, G.B.M.; Murray Lark, R.; Lagacherie, P.; Bouma, J.; Mulder, V.L.; Libohova, Z.; Yang, L.; McBratney,
A. The challenges for the future of pedometrics. Geoderma 2021, 401, 115155. [CrossRef]

http://doi.org/10.3390/agronomy12010191
http://doi.org/10.1016/j.geoderma.2020.114508
http://doi.org/10.1177/1077800405284363
https://www.gov.pl/web/agriculture/berlin-agriculture-ministers-conference-on-sustainable-land-use-and-food-security
https://www.gov.pl/web/agriculture/berlin-agriculture-ministers-conference-on-sustainable-land-use-and-food-security
http://doi.org/10.1016/j.geoderma.2021.115155

	Introduction 
	Sustainable Development Goals 
	Research on Wicked Problems 
	Objective of This Paper 

	Materials and Methods 
	Characterizing Ecosystem Services and Corresponding Thresholds 
	Characterizing Soil Health as It Contributes to Ecosystem Services 
	Arable Farming in Flevoland on Calcareous Light Clay Soils 

	Results 
	Ecosystem Services and Soil Contributions to SDG2 & 3 (No More Hunger and Health) Focusing on Priduction of Healthy Food 
	Actual Conditions and Thresholds 
	Soil Health Contributions 
	Future Prospects 

	Ecosystem Services Contributing to SDG6 (Clean Water and Sanitation) Focusing on Clean Surface and Groundwater 
	Actual Conditions and Thresholds 
	Future Prospects 

	Ecosystem Services Contributing to SDG7 (Energy Use) 
	Actual Conditions and Thresholds 
	Future Prospects 

	Ecosystem Services Contributing to SDG13 Focusing on Carbon Sequestration and GHG Emission Reduction 
	Actual Conditions and Thresholds 
	Future Prospects 

	Ecosystem Services Contributing to SDG15 Focusing on Reduction in Land Degradation and Biodiversity Preservation 
	Actual Condition and Thresholds 
	Future Prospects 


	Discussion 
	Implications for Environmental Rules and Regulations and Support Programs 
	Need for Operational Measuring and Monitoring Methods 
	Ecosystem Services for Farming Systems 
	Soil Contributions to Ecosystem Services 

	Need for a Paradigm Shift in Research 

	Conclusions 
	References

