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Abstract: The search for approaches to a holistic sustainable agriculture requires the development
of new cropping systems that provide additional ecosystem services beyond biomass supply for
food, feed, material, and energy use. The reduction of chemical synthetic plant protection products
is a key instrument to protect vulnerable natural resources such as groundwater and biodiversity.
Together with an optimal use of mineral fertilizer, agroecological practices, and precision agriculture
technologies, a complete elimination of chemical synthetic plant protection in mineral-ecological
cropping systems (MECSs) may not only improve the environmental performance of agroecosystems,
but also ensure their yield performance. Therefore, the development of MECSs aims to improve the
overall ecosystem services of agricultural landscapes by (i) improving the provision of regulating
ecosystem services compared to conventional cropping systems and (ii) improving the supply of
provisioning ecosystem services compared to organic cropping systems. In the present review, all
relevant research levels and aspects of this new farming concept are outlined and discussed based
on a comprehensive literature review and the ongoing research project “Agriculture 4.0 without
Chemical-Synthetic Plant Protection”.

Keywords: food security; pesticide-free agriculture; biological control; nutrient efficiency; resistance
breeding; equidistant seeding; precision farming; life cycle assessment; sustainable intensification;
agroecological intensification

1. Introduction

Global population growth and rising yield risks pose an increasing challenge to global
food security [1–3]. At the same time, natural livelihoods are threatened by accelerated
climate change, rising biodiversity loss, and increasing disruption of nutrient cycles [4].
In recent decades, agricultural cropland intensification and expansion have also led to
a significant environmental degradation in many regions of the world [5–7]. The global
productive agricultural area is decreasing due to numerous reasons such as urbanization,
water scarcity, and soil degradation [8,9]. Furthermore, increasing competition between
different land uses can be observed; for instance, between the production of biomass (food,
feed, fiber, and fuel) and the provisioning of other ecosystem services [10–12]. The question
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therefore arises as to what possible solutions there are for securing the world’s food supply
while at the same time reducing environmental damage. In addition to reducing food
waste and changing dietary habits [13–15], agriculture is challenged to develop long-
term sustainable, site-appropriate cropping systems that are able to meet local and global
requirements in terms of environmental protection and food security.

The aim of this review is to describe the development of a new farming concept
for moderate climates that may significantly improve the environmental performance of
agroecosystems while safeguarding yields and product quality. The main characteristic of
this new farming concept is the complete refrainment from the use of chemical synthetic
plant protection products (CSPs). The exclusion of CSPs is expected to add value to food
products from this new farming concept, which may be appreciated by a growing consumer
demand for ecologically sustainable products. In an appropriate price segment, this may
create a bridge between established conventional and organic products, making it easier
for producers and consumers to opt for more sustainable production and consumption. In
view of the above, first, different agricultural farming concepts are characterized below and
the need for further development is outlined. Second, the idea of new cropping systems
following the new farming concept mentioned above is presented. Such new cropping
systems are currently being developed and tested in field trials at several locations in
Germany as part of the joint research project “Agriculture 4.0 without Chemical-Synthetic
Plant Protection” [16]. These new cropping systems are referred to below as “mineral-
ecological cropping systems” (MECSs). The cultivation measures characterizing these
cropping systems focus on improving the overall ecosystem services. At the level of
cultivation measures, the potential provision of ecosystem services [17–19] by the new
MECSs is analyzed and compared to alternative cultivation measures applied in organic
and conventional cropping systems. Expectations for these new cropping systems are
discussed from economic, ecological, and social perspectives, based on literature and
expert knowledge of the research consortium. This contribution is intended to stimulate
further research on MECSs under varying natural and economic conditions.

2. Characterization of Farming Concepts

Despite the recent emergence of land-independent food production systems, such
as sky farming and urban farming, future global food security will continue to rely pre-
dominantly on land-based farming systems [1]. During the past century, various forms
of land cultivation have emerged that differ in numerous ways, but coexist. Basically, all
farming systems can be classified as either conventional or organic. Whereas conventional
farming rather focuses on maximizing yields with the help of more or less industrialized
processes, organic farming is oriented toward the use of natural regulatory processes
(Figure 1). Within the two basic concepts of conventional and organic agriculture, there is a
broad spectrum of conventional and organic farming systems that rely to varying degrees
on industrialized or natural process control. Furthermore, they often integrate different
sub-concepts with a partial or holistic scope.

The main characteristics of industrialized process control are a high degree of tech-
nology and specialization, in addition to a high input of energy and external means of
production (Table 1). Production processes are comprehensively controlled, for instance
with the aid of synthetic fertilizers, synthetic plant protection products or genetic engi-
neering. The most highly industrialized form entails the land-independent production of
plants or animals in closed facilities with automated control of light, water, and climatic
conditions. Examples of highly industrialized farming systems are maize or soybean
monocultures in North and South America, palm oil plantations in Asia, and vertically
highly integrated forms of animal husbandry, especially in the poultry sector, in addition to
indoor growing of fruit and vegetables. Natural process control is characterized by highly
diversified crop rotations and site-adapted, resistant varieties. Natural cycles are largely
closed by means of on-farm nutrient production and by largely avoiding external means
of production.
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Figure 1. Schematic representation of farming concepts.

Table 1. Main characteristics of industrialized and natural process control in farming systems
(modified in line with [20–23].

Industrialized Process Control Natural Process Control
- monotone crop rotations
- low degree of heterogeneity in

agricultural landscape
- high-yield varieties
- high external inputs
- open cycles
- high capital intensity
- low labor intensity
- high degree of mechanization
- high degree of specialization
- high vertical integration
- comprehensive control of agricultural

production processes

- diverse crop rotations
- high degree of heterogeneity in

agricultural landscape
- site-adapted, resistant varieties
- low external inputs
- towards closed cycles
- low capital intensity
- high labor intensity
- low degree of mechanization
- low degree of specialization
- covers a large part of the value chain
- higher use of natural regulatory

processes for agricultural production

In their extreme forms, these two concepts of process control are only realized in
a small proportion of farming systems. With regard to conventional and organic crop-
ping systems, their characteristics are manifold and an increasing blending of the two
approaches to process control can be observed. Specialized, highly technical arable farms
are increasingly integrating measures to promote environmental sustainability, such as
landscape elements, precision farming, and eco-schemes [24,25]. In organic farms, ele-
ments of industrialized process control, such as an increasing degree of mechanization and
specialization, in addition to trends toward global processing and marketing structures,
can be observed [26,27]. Examples include organic strawberry and grape monocultures
with increasing input dependence in California [23,26], and rather industrially produced
and marketed organic products, which are perceived as “organic-light” [28,29]. How-
ever, holistic sustainable farming systems not only fulfill defined minimum standards,
e.g., by omitting chemical pesticides and synthetic fertilizers (“substitution approach”).
They integrate ecological, social and cultural sustainability aspects [27,30,31], e.g., by pro-
moting heterogeneous agricultural land [22,23] and regional value chains [29]. A truly
sustainable agriculture is also demanded by “Organic 3.0”, a vision of the global organic
movement [27].
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Globally, conventional farming systems account for the largest share of agricultural
production and land use. Organic agriculture amounts to only 1.5% globally, but 7.7% in
the EU and 9.1% in Germany with a growing tendency [32]. Within conventional farm-
ing, progress towards more sustainable farming systems can be observed. Globally, an
estimated 29% of all farms practice sustainable intensification methods, such as integrated
farming or conservation agriculture, on 9% of farmland [24]. Within the EU, conventional
farming is based on the standard of “Good Agricultural Practice”, which is defined by
legally regulated minimum requirements. These relate to the use of plant protection prod-
ucts [33] or health management in animal husbandry. A further reduction or minimization
of ecological and health risks is the goal of “Integrated Farming” [34]. “Integrated Farming”
uses both chemical and organic inputs for nutrient supply and plant protection, but use is
based on economic thresholds for damage. It takes advantage of the natural strengths of
plants, such as resistance to drought or disease. An important pillar of integrated farming
is “Integrated Pest Management” [33], which has been mandatory in the EU since January
2014. The characteristics of organic agriculture [30] range from the more pragmatically
oriented EU regulations for organic agriculture [35] to anthroposophically oriented biody-
namic agriculture [36]. Overall, there are several organic farming associations that defined
advanced sub-concepts of organic farming including higher standards compared to EU
regulations [37,38].

Within these sub-concepts of conventional and organic farming systems, there are
multiple approaches to increase ecological or economic sustainability. These approaches
are either process oriented or result oriented. They focus on individual cultivation mea-
sures, on the use of specific technologies, or on particular ecological or economic goals.
Additionally, they may take into account partial aspects, the entire cropping system, or
even the entire food sector. All these approaches to the optimization of farming systems
focus on the preservation of natural resources and the promotion of ecological or economic
sustainability. “Conservation Agriculture” aims to maintain and enhance soil fertility
through reduced tillage, year-round greening, and diversification of varieties and crop
rotations [39]. The main goals of “Regenerative Agriculture” are to build up humus, im-
prove soil health, increase biodiversity, and promote plant–soil interactions. Key farming
practices include eliminating or minimizing tillage, permanent greening, and organic
fertilization [40]. “Precision Agriculture” seeks to minimize agricultural inputs by ap-
plying plant- and site-specific crop management using modern agricultural technologies,
including digitization [41].

More holistic approaches to achieve global food and environmental goals underlie the
concepts of “Sustainable Intensification” and “Agroecological Intensification”. The overall
objective of “Sustainable Intensification” is to achieve a yield increase without taking up
additional land or harming the environment. It is relatively open and does not privilege
any particular vision or method of agricultural production [42–44]. It focuses on increasing
resource efficiency, including the use of technology [45]. “Sustainable Intensification” is
guided by the concept of “land sparing” to preserve natural landscapes. “Agroecological
Intensification” is more explicitly defined and focuses on understanding, strengthening
and using biological and ecological processes by applying multiple agroecological prac-
tices [44,46]. Agroecological approaches connect scientific ecological disciplines and farm
management [26,43]. This is because healthy ecosystems provide a range of services that
help to maintain yield stability, pest and pathogen control, nutrient cycling, and resilience.
Biodiversity plays a key role in this [42]. “Agroecological Intensification” is based on
the concept of “land sharing” [45]. The implementation of agroecological approaches
necessitates a fundamental redesign of farming systems considering both participatory
approaches and adaptation to local conditions [26,31,42]. Climate-Smart Agriculture is an
integrated management approach that addresses the interlinked challenges of food security
and accelerated climate change [47,48]. Climate-Smart Agriculture is based on the concept
of “Sustainable Intensification” [49]. The Climate-Smart Agriculture approach pursues
three objectives: sustainably increasing productivity and incomes, adapting to climate
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change, and reducing greenhouse gas emissions [39]. The measures used to achieve these
goals are highly variable [47]. “Climate-Smart Agriculture is not a set of practices that can
be universally applied, but rather an approach that involves different elements embedded
in local contexts” [39]. Overall, there is an ongoing contrasting debate about whether
high technology-based or ecology-based practices are the most appropriate agricultural
production practices to achieve the goal of higher yet sustainable food production [46].

Examples of private initiatives show how such approaches to improve sustainability
of cropping systems can be implemented at a local level. In southern Germany, marketing
communities such as “KraichgauKorn” [50] and “BlütenKORN” [51] are associations
of farmers, mills, and bakeries that commit to specific cultivation measures to provide
particular ecosystem services. They define guidelines for the entire value chain and add
value to the ecosystem services they provide by placing appropriately labeled products on
the market. A further example of a farmer’s association producing and marketing more
sustainable food products is “IP-Suisse” [52].

Studies on the ecosystem services of different farming systems are often based on
comparisons between conventional and organic farming. Thus, numerous studies confirm
that organic farming provides higher-regulating ecosystem services than conventional
farming [14,53–58]. This is especially true for area-based considerations, which are nor-
mally taken as the reference for ecosystem services. In terms of output-related environ-
mental efficiency, conventional agriculture performs better in most studies because of
higher yields [57,59,60]. Numerous meta-studies show that yields are lower in organic
farming than in conventional farming, due to nutrient deficiencies, damage from dis-
eases, pests, or weeds. The average yield gaps range from 19 to 25% for all crops studied
globally [57,58,61–63]. There are major differences between individual sites, crops, and
specific cultivation methods [57,63]. For example, the yield gap of up to 40% for wheat
and barley is above average, whereas for maize it is below average at around 15% [63].
Furthermore, it can be seen that the yield gap widens in some cases with increasing yields
in conventional cultivation [62]. In Germany, the yield gap is up to 45% [14] or 50% [64].
When comparing the results of the Federal Ministry of Food and Agriculture (BMEL) farm
network, yield differences of up to 50% are discernible depending on crop and year [64].
According to Treu et al. [65], organic farming in Germany requires 45% more land than
conventional farming, even assuming reduced meat consumption and thus a lower land
requirement. Overall, the reported yield gap tends to underestimate the actual yield differ-
ence in most studies by making comparisons at the crop level. Therefore, De Ponti et al. [62]
call for an accurate productivity analysis of organic and conventional practices at a higher
system level. This is intended to help adequately account for specific nutrient availability
when organic farms (i) have additional rotations with nutrient-accumulating crops or
(ii) use farm manure across farms.

Overall, however, it is the individual cultivation measures that produce specific
ecosystem services, rather than the conventional or organic orientation of a cropping system.
These include, for example, crop rotation and the type of fertilization, crop protection, or
soil cultivation [55,57,59]. Thus, agricultural cropping systems are mainly characterized by
the composition of their underlying cultivation practices. The optimization of cropping
systems in terms of related ecosystem services therefore seems most feasible at the level of
cultivation measures (Table 2). In addition, site factors such as landscape structure, which
are important determinants of biodiversity regardless of cropping practices, determine the
level of ecosystem services provided by agricultural landscapes [54,56,66,67].

3. Implications for the Further Development of Agricultural Cropping Systems

Different cropping systems provide different ecosystem services (provisioning, regulat-
ing, habitat, and cultural services [17,18]). Due to multiple trade-offs, individual ecosystem
services of a cropping system cannot be maximized simultaneously. An increase in yield
often leads to a decrease in regulating services and vice versa [68]. Therefore, the merits
of different cropping systems cannot be assessed in general terms, but must always be
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considered in the context of local or global requirements for individual ecosystem ser-
vices [39,69]. For example, certain mandatory local environmental requirements, such as
groundwater or biodiversity protection, may justify very extensive cropping systems that
provide lower yields, but a high level of regulating ecosystem services. Conversely, global
food security and environmental goals may justify more intensive cropping systems that
deliver higher yields and, in some cases, higher environmental efficiency, especially when
land-use change effects are taken into account. Overall, the major challenge of agroecosys-
tem management is to promote multiple ecosystem services in a manner that enhances
their global provisioning by reducing trade-offs and increasing synergies [68,70,71]. In this
context, numerous studies have concluded that there is no single optimal cropping system
and that existing cropping systems must evolve [39,57,59]. If organic farming is to secure
the world’s food supply, yields must be increased significantly without causing additional
harm to the environment [14,15,57,59]. The main challenges here are nutrient deficiencies,
diseases, and pest and weed infestation. In contrast, for conventional farming systems,
a reduction of chemical pesticide and fertilizer input, and their emissions, constitutes
the greatest challenge when it comes to reducing damage to the environment [57]. To
complement the intensification of organic agriculture and the greening of conventional
agriculture [14,15,66], there are recommendations to remove the sharp boundaries between
organic and conventional farming by developing “hybrid” farming systems that combine
different technologies and farming practices from organic and conventional agriculture [63].
These hybrid farming systems already exist in many forms (Figure 1).

In general, the question arises regarding how the global food supply can be secured
in the future [11]. In principle, an expansion of agricultural land, yield increases, a more
efficient use of food and a change in human diets can contribute to improving the world’s
food supply. According to Niggli and Riedel [15], even an expansion of organic farming is
feasible if food waste is reduced and animal-based foods in the human diet are partially
replaced by plant-based foods that require less land. However, as long as there is no
significant global change in dietary structure and no increased efficiency in food utilization,
organic farming will only be able to make a limited contribution to global food security
due to its lower productivity [63,72]. Conventional farming causes severe damage to
ecosystems in some cases. The numerous hybrid farming concepts often demonstrate only
minor ecological advantages. Furthermore, apart from a few local initiatives, they rarely
succeed in placing a clearly distinguishable product with ecological valorization options
on the market.

At the political level, the aim is also to develop environmentally friendly agricultural
farming systems. As part of the EU’s Green Deal, the EU Commission has formulated
goals for the future direction of agriculture in the EU in its Farm to Fork strategy. The
main pillars are a reduction in the use of synthetic chemical pesticides and of nutrient
losses by at least 50% by the year 2030 [73]. In this context, the European research alliance
“Towards a chemical pesticide free agriculture” was formed in 2020 [74]. Its aim is to create
a roadmap for the development of European agriculture towards agriculture without any
chemical pesticides [74]. Within the framework of the EU, in addition to at the national and
regional level, various regulations and support programs have been established to promote
environmentally friendly agriculture. According to the EU Framework Directive on the
sustainable use of CSPs [75], all Member States have implemented National Action Plans
(NAP) to reduce risks and impacts of pesticide use on human health and the environment.
As part of the French NAP “Ecophyto” [76], a network of farmers has been established
to test and evaluate possibilities for the reduction of chemical pesticide use [77]. The
concern of reducing chemical pesticide use is also reflected in the EU framework for
the Common Agricultural Policy (CAP) period 2023–2026. Here, the German strategy
plan for the upcoming EU CAP period foresees the promotion of the abandonment of
chemical pesticide use as a possible measure within the eco-schemes [78]. In addition,
the “Insect Protection Action Program” restricts the application of CSPs at the national
level in Germany [79]. At the local level, e.g., in the state of Baden Württemberg, the
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reduction of chemical pesticide use and the conversion to organic farming is promoted by
the “Biodiversity Enhancement Act” [80].

4. Development of Mineral-Ecological Cropping Systems

The idea of mineral-ecological farming is to establish a new farming concept apart
from conventional and organic farming that is appropriate to meet both future environ-
mental and global food requirements (Figure 2). In MECSs, in accordance with [35] and in
conjunction with [81], the use of CSPs must be completely avoided. At the same time, all
yield-relevant cultivation measures are to be optimized to safeguard yields. In the design
of this new cropping system, new and existing technologies are combined with agroecolog-
ical practices [26] to promote natural regulatory processes, and to also optimize mineral
fertilization and non-chemical curative crop protection. This aims at improving the overall
ecosystem services of agricultural landscapes based on (i) improved provision of regulating
ecosystem services compared to conventional cropping systems and (ii) improved supply
of provisioning ecosystem services compared to organic cropping systems.

1 
 

 

 

 

 

Figure 2. Complementing conventional and organic farming by mineral-ecological farming (CSPs:
Chemical synthetic plant protection products).

The design, implementation, and evaluation of MECSs need to take into account
various aspects at different levels (Figure 3). Multi-year system field trials are needed to
capture crop rotation and long-term effects of cropping systems. Only a holistic approach
will allow an adequate comparison of MECSs with conventional and organic cropping
systems. This includes studies at the farm, regional, processor, and consumer levels with
respect to success criteria and possible adaptations. Finally, MECSs and their contribution
to improved ecosystem services in comparison to conventional cropping systems needs
to be evaluated. In the following, various key aspects of MECSs (Figure 3) based on both
scientific literature and the approach of the project “Agriculture 4.0 without Chemical-
Synthetic Plant Protection” are outlined and discussed.
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Figure 3. Schematic representation of essential levels and aspects to be considered in the development,
implementation, and evaluation of mineral-ecological cropping systems.

4.1. Exclusion of Chemical Synthetic Plant Protection Products in Mineral-Ecological
Cropping Systems

Refraining from CSPs is a key tool in MECSs for improving numerous ecosystem
services (Table 2). In particular, positive effects on biodiversity, pollination, biological
control, soil fertility, and climate regulation can be expected. Furthermore, increasing
biodiversity may have positive effects on the cultural services of agricultural landscapes.
However, yield losses due to disease and weed or pest infestation can affect regulating
services, such as reduced nutrient efficiency [82], and thus lead to nutrient leaching, i.e.,
negative effects on nutrient cycles and water quality. Nonetheless, a reduction of the
active ingredient contamination of water bodies can be expected by refraining from the
use of CSPs [83]. In addition to reduced pesticide exposure, increased pathogen exposure
is expected, leading to quality degradation and health hazards. A problem related to
fungal diseases is the production of mycotoxins and, in particular, those produced by F.
graminearum pose a risk for humans and livestock because they can cause poisoning and
fertility and growth disorders [84–86]. Overall, the abandonment of chemical pesticides
is expected to have predominantly positive effects in terms of regulating habitat, and
cultural services, but at the same time, provisioning services are expected to be significantly
impaired in terms of yield levels and yield stability [31,87,88].

Scientific evidence on yield effects associated with the absence of CSPs in MECSs is
very limited. Although the yield differences between organic and conventional cropping
systems have been investigated in numerous studies, it is not known to what extent the
lower yields in organic farming are due to the absence of CSPs or to other factors. There
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is only fragmentary knowledge on the consequences of not using CSPs. This knowledge
either builds on data from individual sites [87,89,90], only considers individual ecosystem
services, primarily yield [91,92], or merely removes CSPs from the system without making
further adjustments to the cropping system [88,93]. A detailed analysis of the factors
influencing yield formation is a central pillar in the development of MECSs. In this regard,
it is crucial to assess and develop optimal combinations of cultivation measures in order to
keep yield and quality losses as low as possible while dispensing with CSPs [94].

4.2. Mineral-Ecological Cropping Systems from a Production Technology Perspective

When CSPs are excluded, the yield performance of agricultural cropping systems can
be improved through a variety of agroecological and technical measures [26]. In this context,
the development of MECSs focuses on optimizing all yield-relevant cultivation measures
to manage the absence of CSPs. This includes both direct and indirect yield-impacting
measures, and mixed forms designed to provide a wide range of ecosystem services
(Table 2). The ecosystem services of individual cultivation measures, and of bundles of
measures, are very complex and there are numerous interactions and trade-offs that cannot
be fully explored in this review. Therefore, Table 2 only lists essential ecosystem services
that are expected in connection with MECSs cultivation measures and that are described in
the literature. A large number of these cultivation measures benefit from the use of precision
agriculture technologies. A wide range of existing and new technologies can be applied,
investigated, and further developed according to the specific requirements of the MECSs
(Table 3). Indirect yield-impacting measures encompass all cultivation measures that
promote natural regulatory processes, such as diverse crop rotation, the use of site-adapted,
resistant varieties, and an optimal spatial distribution of plants in the field, for instance,
in the form of equidistant seeding. All of these agroecological measures are intended to
improve numerous regulating and habitat services, thereby helping to minimize yield
fluctuations and losses. In organic cropping systems, for example, yields can be enhanced
by optimizing cultivation methods, such as cultivation of mixed crops and diversification
of crop rotations [61]. Biodiversity-enhancing measures, such as the promotion of diverse
agroecosystems and structurally rich agricultural landscapes, lead to an improvement
in many regulating services (pest regulation, pollination, and nutrient cycling), and thus
to positive complementary or synergistic effects on crop yields [95–97]. Furthermore,
improving soil fertility promotes plant growth and yield formation (provisioning services),
and regulates diseases and pests (regulating services) [66]. In addition to agroecological
cultivation measures, optimized mineral fertilization with macro- and micronutrients is
a key measure to directly promote yield performance in MECSs. As nitrogen is applied
as placed, stabilized ammonium, it is expected to generate positive effects on numerous
regulating services compared to conventional fertilization (Table 2). Micronutrients and
bioeffectors can positively influence yield performance both directly and indirectly through
their plant-strengthening action. Furthermore, mechanical and biological methods of
curative plant protection with different effects on regulating services are well-known
cultivation measures for weed, pest, and pathogen control that directly influence yield
(Table 2).
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Table 2. Expected ecosystem services a of the main cultivation measures applied in MECSs b (+: positive effect expected; −: negative effect expected; o: no clear effect expected).

Objective Promotion of Natural Regulatory Processes Direct Yield Promotion and Promotion of Natural
Regulatory Processes Direct Yield Promotion

Point of Application Plant Protection Plant Fertilization and Plant Strengthening Curative Plant Protection

Category of Action Pesticide Choice Rotation Choice Variety Choice Plant Pattern Fertilizer Choice Effector Choice Weed Control Pest and Desease
Control

MECSs Cultivation Measure No Use of CSPs Diverse Rotation Resistant Varieties Equidistant
Seeding c

Miner. Fertilizer
(Macro and Micro

Nutrients) c

Placed,
ammonium c Bioeffectors c Harrow, How c Biocontrol Agents c

Provisioning services
Yield −[31,87,88,91,92,98–102] +[97,103,104] +[82,88,99,100,105–107] +[108–111] +[112] +[99,113] +[114–116] +[117] +[118,119]

Product quality +[103,120–124]
−[84–86,124] + +[82,106,107] +[125,126] +[127] + +[114–116] + +[128,129]

Regulating services
Climate change mitigation +[87] −[130] + +[82] +[131] −[113] o[113] +[131] +[131] +[132] −[133]

Water regulation and quality +[83,134,135] −[130] +[97,104] +[82,105] +[109] +[121] −[136] +[131] −[137] +[138]
Erosions prevention + +[108,110] − +[139]

Soil fertility +[123,140–142] +[23,97,104] +[108,110] +[112,136] − + −[137] +[143–146]
Nutrient cycles (efficiency) −[82] +[97,104] +[82] +[108–111] +[131] +[113,131] +[131] −[137] +[147–150]

Pollination +[151–153] +[22,23] +[154]
Weed supression −[92,155] + +[108,110,111] +[117,156,157] +[158,159]
Biological control +[140,160–162] +[23,98,163] +[82,105] +[164–166] −[159] + +[144,159,167,168]

Habitat services

Life cycles and genetic diversity +[22,123,140–
142,169,170] +[22,23,160,163] +[125,126] −[23,163]

Cultural services
Recreation and tourism + +[171]

a According to [17,18]. b Assessment of ecosystem services of individual cultivation measures applied in mineral-ecological cropping systems compared to alternative cultivation measures common in organic
or conventional cropping systems: No use of CSPs—use of CSPs; diverse crop rotation—less diverse crop rotation; predominantly resistant varieties—predominantly high-yielding varieties; equidistant
seeding—normal seeding; use of mineral fertilizer—no use of mineral fertilizer; placed ammonium fertilization—classical nitrogen fertilization; use of bioeffectors—no use of bioeffectors; use of mechanical or
biological plant protection measures—no use of mechanical or biological plant protection measures. The color differentiation indicates whether a cultivation measure is more likely to be assigned to the organic
(green), the conventional (yellow), or none (black) of the two farming concepts exclusively or clearly. The expected effects of the individual cultivation measures on selected ecosystem services are based on expert
assessments and the literature (+: positive effect expected; −: negative effect expected; o: no clear effect expected; no symbol: no clear effect expected or no indication). c Automation through the use of precision
agriculture technologies enables the optimal implementation of these cultivation measures.
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Table 3. Precision agriculture technologies suitable for mineral-ecological cropping systems (MECSs).

Area of Application Seeding Fertilization
Plant Protection

Weed Control Desease Monitoring Desease Control

Precision Agriculture
Technology

A sowing unit is mounted on a
mobile robot platform [172]. The

robot uses different sensors to
navigate autonomously and to adapt
the sowing parameters to the actual

soil conditions [172] and
crop requirements.

The modified sowing unit can be
used for insoil fertilization. The robot
uses image-based row recognition to
precisely place the fertilizer between

the crop rows [173].

A real-time camera-based automatic
guidance system is used to steer

hoeing blades in the center between
the crop row [174,175].

Unmanned aerial vehicles (UAVs) are combined
with hyperspectral imaging sensors to analyse the

plants spectral signature for pathogen detection
[176–178]. Machine learning and AI are used to

analyse sensor data, allowing automatic detection
and detection of subtle changes in early stages of

pathogen development [179].

UAVs are used for the application of
biological control agents (BCAs).

UAV-application can easily schedule
the release of BCAs exactly when and
where they are needed according to

their modes of action for better
control of plant pathogens [180].

Research focus to
optimize cultivation
measures in MECSs

• Investigation and modification of
technology to improve quality of
incorporation of seeds into soils.

• Investigation of effectiveness and
efficiency of in soil fertilization

during vegetation period in grains.
• Site-specific and individual
plant-adapted fertilization by

variable rate technology.

• Accuracy of steering and efficacy of
weed control by camera-guided

inter-row hoeing.
• Crop response and crop yield in
cereals, soybean, and maize with

different row spacings, growth stages,
driving speeds and hoeing elements.

• Mapping of problematic areas in the field for
precision farming.

• Refinement of forecast methods.
• Objective assessment of disease severity and

plant development in MECSs.

• Effective BCAs with al-ready
elucidated modes of action will be
evaluated under field conditions.

• Investigation of different
application schemes to establish
BCAs in the field according to

monitored forecast results.

Expected benefits

• Higher field emergence with
less seeds.

• More even seeding depth and soil
coverage of seeds.

• More even spatial crop plant
distribution according to site and

variety-based requirements.
• Better aeration of crop plant stands

and equal access of plants
to resources.

• Quality over quantity through
autonomous work.

• Better access of crop plants to micro-
and macronutrients, and bioeffectors.

• Optimize fertilizer use and
minimize losses.

• Improving nutrient use efficiency.

• Higher weed control efficacy.
• Less crop damage due to

higher selectivity.
• Higher labor efficiency due to

higher driving speeds.

• Early and precise detection of disease symptoms
and abiotic stress factors.

• Assessment of disease severity and identification
of disease species through specific changes within

the plants spectral signature.
• Drone-based measurements permit high

throughput coupled with variable resolution.
• Automated and objective data assessment

through data analysis methods.

• Drone-based biocontrol offers a
new tool for effective and sustainable

control of plant diseases.
• Minimizing yield losses

quantitatively and qualitatively
through combating pathogen

infestation and minimize the risk of
food safety hazards
(e.g., mycotoxins).
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4.2.1. Cultivation Measures to Promote Natural Regulatory Processes

Cultivation measures that promote natural regulatory processes are one focus of
MECSs (Table 2). These include among other measures diversified crop rotations, the use
of site-adapted resistant varieties, and optimized plant distribution in the field.

Given the numerous options for process control, tight crop rotations based on the
most competitive crops are possible in conventional cropping systems. Without CSPs,
diversification of crop rotations is one means of reducing weed, disease, and pest pressure.
Diverse crop rotations promote pest regulation, soil fertility, and biodiversity [23] (Table 2).
MECSs also prioritize the most competitive crops, but combine them with less competitive
ones, including catch crops that provide diverse ecological services in return. Compared to
organic farming, MECSs have the great advantage of not relying on legumes for nitrogen
supply. To implement preventive plant protection, to promote soil fertility, and to optimize
nutrient cycles and natural regulatory processes, MECSs are dependent on the diverse,
resilient crop rotation of cereals and leaf crops, winter and spring crops, and main and
catch crops. Conventional crop rotations of corn and winter cereals must be widened
by integrating summer cereals, protein crops, and catch crops. Although legumes are
less important in MECSs than in organic farming, they may be worth being integrated
in terms of delivering multiple ecosystem services, such as climate change mitigation
and improvement of soil fertility, nutrient cycles, water quality, biocontrol, and habitat
and cultural services [181]. It is necessary to consider not only individual crops, but
also entire crop rotations, because the crop rotation effects of different pre-crop–post-crop
combinations must be quantified and evaluated [182]. This must be undertaken based on
long-term field trials, which identify the effects of different crop rotation combinations on
yield and further ecosystem services [183].

In the absence of CSPs, the breeding of resistant varieties is of particular importance
to increase resilience in MECSs and positively influence yields. For a long time, resis-
tance breeding has played a central and successful role in the development of varieties for
conventional cropping systems. Therefore, not only yield, quality, and marketing opportu-
nities, but also resistances against multiple pathogens are key factors in the legal protection
of varieties and their selection for cultivation [184]. Winter wheat varieties released in
Germany are good examples, because the observed yield increase over past decades also
resulted from, among other factors, strongly improved pathogen resistance [88,100]. Culti-
vation systems without CSPs require the perpetual development of varieties with durable
resistances against multiple pathogens [185]. Multi-resistant varieties are mainly devel-
oped by marker-assisted introgression of different resistance genes (pyramiding), which
will be complemented in the near future by targeted genome editing of novel resistance
alleles [186–188]. A second component are improved systems for the selection of resistant
varieties by combining digital tools for pathogen monitoring and real-time resistance breed-
ing (e.g., by genome editing). Such systems aim to slow the co-evolution of pathogens with
their crop hosts by increasing the diversity of resistance genes in cultivated varieties at a
geographic scale. A proof of concept is the rice and rice blast pathosystem in Asia [189,190].
It demonstrates the potential and future contribution of resistance breeding to refrain from
CSPs while maintaining high yield levels.

In addition to crop rotation and cultivar resistance to pathogens and pests, stand
conditions of crops are of crucial importance to reduce the risk of infection and weed
pressure in arable farming. Accordingly, the optimization of the spatial distribution of
cultivated plants in MECSs plays a central role. Depending on the sowing pattern, variety
characteristics, and crop management, different crop development and crop architecture
(temporal and spatial development of the crops) will emerge. This influences not only
light and nutrient conditions of the crop, but also the microclimate (water availability,
temperature, and humidity dynamics) and thus weed, pest, and disease pressure, in
addition to yield formation. Plants are often not optimally distributed spatially in the
field [110,191]. As a result, plants within a crop stand have different degrees of access to
required resources. Therefore, their individual development will vary accordingly. Plants
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evenly distributed in the field can make better use of their potential and resources, and
are also more solidly anchored in the soil. This has advantages for mechanical weed
control measures, such as harrowing. Uniform plant distribution is achieved with so-called
equidistant seeding. This is expected to achieve stronger weed suppression [108], and
provide a better microclimate with a lower risk of infection by fungal pathogens [166,192].
At the same time, it is expected to optimize potential yield and nutrient efficiency, thus
leading to optimal use of mineral fertilizer. In addition to positive effects on soil erosion
and soil water balance, equidistant plant distribution is expected to lead to earlier crop
closure [110]. In response to spatial plant distribution, plant species or even cultivars
develop different phenotypes (plasticity) [193]. Both plasticity and morphology are mainly
influenced by light quality, specifically the red:far-red ratio (RFR), especially during early
growth stages [194,195]. In equidistant seeding, the change in photosynthetically active
radiation (PAR) and RFR is expected to increase the number of branches in soybean and
the number of cobs per plant in maize. The altered plant architecture and more even
distribution of plants leads to increased competitiveness for light with weeds [125,126].
The complex interactions (light, competition, plant architecture, and physiology) in the
crop, in addition to changes in crop management (variety and seeding pattern), can be
depicted in functional-structural plant models (FSPM) [196].

To assess the impact of crop architecture on pathogen establishment, microclimate
measurements can be combined with numerical simulations using 3D CFD (Computational
Fluid Dynamics). The change in microclimate by equidistant seeding may mitigate the
risk of infection. How much the crop warms up or how fast it dries after rainfall largely
depends on aerodynamic properties such as displacement height and roughness length.
These, in turn, are determined by factors such as seeding density, seeding pattern, leaf area,
leaf width, leaf inclination, and the variability of growth height [165]. The aerodynamics
in and above the crop canopy are seen to be a crucial control to reduce disease pressure
from fungal diseases. The key factor is the turbulent mixing in the upper canopy layers.
Flow simulations using a virtual wind tunnel can help in investigation of the fine structure
of the turbulent exchange in the crop canopy and the adjacent parts of the atmospheric
surface layer. This data can be used in the NoahMP Grecos plant growth and land surface
model [164] to simulate crop temperature and humidity dynamics, and estimate the risk of
infestation for altered spatial plant distribution.

4.2.2. Cultivation Measures for Direct Yield Increase, Plant Strengthening, and Plant Protection

Cultivation measures that indirectly support yield formation by promoting natural
regulatory processes need to be complemented by direct measures for yield enhancement,
plant strengthening, and plant protection, such as optimized mineral fertilization in combi-
nation with bioeffectors and micronutrients, mechanical weed control, and biological pest
and disease control.

To achieve similar yield levels in MECSs compared to those of conventional cropping
systems, optimal nutrient application is essential. In addition, the possibilities of nutrient
combinations must be optimized because they can act prophylactically against fungal,
bacterial, and animal pests through infestation-suppressing and resistance-increasing ef-
fects. Moreover, essential and beneficial plant nutrients, such as silicon (Si), zinc (Zn),
and manganese (Mn), with proven protective effects against abiotic and biotic stress fac-
tors [197–199], in addition to plant growth-promoting bioeffectors (microorganisms and
natural compounds such as algal extracts), can be applied by means of inoculation and min-
eral fertilization. In this context, continued development and selective use of ammonium
depots (e.g., with the Cultan technique or the use of fertilizers stabilized by means of nitri-
fication inhibitors using in-soil fertilization), in addition to targeted application of calcium
cyanamide, bioeffectors, and micronutrients with adapted soil and foliar applications, is
relevant. In addition to providing adequate nutrient supply and protective functions, these
measures are used to ensure optimal nutrient balances. In contrast to organic fertilizers,
individual mineral nutrients can be applied in a targeted, plant-available form as needed,
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and some forms of nitrogen also have a certain pathogen suppression potential [200,201].
Protective effects of silicon [202,203], micronutrients [106,204] or inoculation with benefi-
cial microorganisms (bioeffectors) [107] have proved their benefits for various agricultural
crops, but the extent to which these can replace conventional CSPs is not clear.

In non-chemical weed control strategies such as in MECSs (Tables 2 and 3), multiple
weed suppression strategies are required to secure crop yields. These include crop rotations
with spring and winter seeding crops, including cover crops to reduce the density of
problematic weed species such as blackgrass (Alopecurus myosuroides) [205]. Inversion
tillage with a plow significantly reduces weed infestation compared to reduced tillage
practices [206]. A false seedbed is also a suitable method to reduce weeds [207]. Curative
weed control can be undertaken by harrowing, hoeing, and other physical methods that
can be performed between and within rows. Hoes can uproot and cover larger weeds very
effectively [156,208]. Manual steering of hoes between rows can be made more precise by
automatic steering systems using GNSS (Global Navigation Satellite System) techniques
and optical sensors. When automatically steered hoes are used, control success against
weeds within rows is higher than with conventional hoes because automatically steered
hoes can go faster (10 km/h) and closer (±2 cm). In addition, there is less damage to
the crop.

Biological control agents (BCAs) can be an alternative to CSPs to control plant pests
and diseases [167]. An indirect mode of action of BCAs is the induction of plant defense
reactions. This will put plants in a so-called priming state. Priming describes a state
in which the plant is prepared more quickly and more resiliently to deal with possible
pathogen infection [209]. The detection and treatment of pathogen infections at an early
stage is crucial for effective pathogen control. This requires innovative technologies for
sensor-based pathogen monitoring and applying BCAs (Table 3), in addition to appropriate
formulations and methods of application that attain successful establishment of BCAs in
the field.

In addition to curative plant protection measures, without CSPs, the discussion about
optimal soil management takes on new importance in the context of prophylactic plant
protection. More intensive tillage (plough) can make a substantial contribution to yield
stabilization by reducing the pressure of diseases, weeds, and pests, especially in MECSs. At
the same time, however, negative effects on soil erosion in silt-dominated soil textures, and
on soil organic matter content and nutrient cycles, can occur (Table 2). In this context, the
effects of different soil management measures in conventional farming, organic farming,
and MECSs must be investigated with respect to crop yield, product quality (e.g., F.
graminearum infestations), and ecological indicators.

4.2.3. Use of Precision Agriculture Technologies

Many of the cultivation measures of MECSs will benefit from the use of precision
farming technologies (Table 3). Innovative technologies such as autonomous vehicles,
drone-based monitoring and application methods, and automated hoeing technology
allow the optimization of seeding and fertilization, in addition to the early detection and
treatment of plant pathogens, pests, and weeds, making MECSs effective and efficient.

Automated, camera-controlled methods of hoeing technology offer advantages, es-
pecially for specific sowing patterns such as equidistant seeding. More precise crop row
detection can be undertaken using image analysis technology. Hoeing blades can be ad-
justed hydraulically/electronically and, in agricultural crops, weeds can be effectively
suppressed with such hoeing technology. Camera-based methods offer the possibility of
precisely detecting plant rows and also individual plants, and of using the information
to steer machines and equipment [174,175]. With a camera-assisted inter-row hoe with
automatic side shifting, the effectiveness of weed control between and within rows in
soybean and maize can be increased to 85%, compared to 70% for machine hoeing with
manual guidance [210]. Even at a row spacing of 12.5–15 cm, certain camera-guided hoes
can be used in cereals [174].
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Many specific requirements of MECSs in terms of spatial distribution for seed place-
ment, fertilizer application, and mechanical weed control can be met with the help of
GNSS-controlled sensors, actuators, and autonomous vehicles that facilitate precise georef-
erenced seed and fertilizer distribution, and hoe steering. In recent years, it has been shown
that soil fertilization with fertilizer depots in the soil, applied at specific rates, depths,
and distances from the plant, can increase nutrient efficiency [211]. This is even more
important given the increasingly dry periods. Therefore, fertilizers applied on the surface
are increasingly at a disadvantage because precipitation is needed to make the nutrients
available to the plants. Automated, highly uniform distribution of the plants and selective
fertilizer applications into the soil are effective in increasing crop production, resource
efficiency, and weed suppression. Existing autonomous platforms with the appropriate
sensors and actuators can deliver a high level of automation.

For successful control of plant pathogens in MECSs using BCAs, an optimized applica-
tion in terms of time and space is necessary. One potential technology for early detection of
plant pathogens is the use of drone-based sensors that generate georeferenced image data.
By combining hyperspectral cameras with modern data analysis methods, and comparing
pathogen detection via sensor technology and molecular and conventional methods, it is
possible to generate procedures for an early detection of plant pathogens and identify their
location within the plant canopy for BCA application in the field (Table 3). The capabilities
of sensor-based pathogen detection and quantification under controlled conditions have
previously been demonstrated in several studies [212–214]. Multiple detection methods
are currently being developed to establish a monitoring system for the detection of plant
pathogens, which are expected to occur more frequently when CSPs are abandoned. Molec-
ular methods enable the detection of pathogens within the plant, but also on crop residues
or in the soil. They enable a holistic assessment of pathogen pressure in MECSs.

4.2.4. Impact on Natural Regulatory Processes

Soil organisms play an important role in the maintenance of different soil functions,
i.e., subsequent supply of plant-available nutrients [215], detoxification/mineralization
of organic pollutants [142], and stabilization of the soil structure [216]. Symbiotic inter-
actions between soil microorganisms and various crops (e.g., mycorrhizae) protect crops
from pathogenic fungi and enhance stress tolerance relating to drought [217]. However,
soil microorganisms are influenced to a marked degree by crop management [218,219].
Pesticides usually evoke at least a short-term negative response in soil microorganisms
and many soil animals, e.g., earthworms [220]. Accordingly, earthworms and beneficial
species are expected to profit from the absence of CSPs. However, it is unclear to which
extent this positive effect is relativized by the eventual need for more intensive soil tillage.
Equidistant plant spacing is expected to lead to a homogeneous distribution not only of
crop roots, but also of resources for soil organisms, and thus to improved efficiency of
microbial transformation processes compared to conventional plant spacing.

Reducing the spread of plant pathogens plays a critical role in pathogen manage-
ment. In conventional cropping systems, monogenic resistances in crop varieties and
single mode of action pesticides exert strong selection pressure on pathogen populations,
usually prompting the rapid development of resistances [221]. Sustainable management of
pathogen populations includes the deceleration of pathogen evolution by (i) diversifying
cropping practices (e.g., more complex crop rotations and small-scale cultivation); (ii) the
use of multiple resistances on a polygenic basis in breeding; (iii) the cultivation of mixed
varieties or mixed cultivation of different crops; and (iv) the development of new pest
control methods such as BCAs (Table 2). This can result in the less frequent occurrence
and slower spread of new resistance mutations in pathogen populations. In MECSs, the
short-term application of CSPs in acute situations is not possible. Therefore, cultivation
methods and plant breeding are of particular importance in MECSs. Intensive pathogen
monitoring offers the possibility of predicting the epidemiology of pathogens. DNA se-
quencing, digital technologies, and machine learning techniques enable high temporal
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and spatial resolution monitoring of pathogen populations. This provides an important
basis for designing cropping systems and setting breeding goals [222,223]. In particular,
it needs to be investigated whether MECSs have a sustainable and positive effect on the
spread of resistant and aggressive fungal pathogens, or if the exclusion of CSPs increases
pathogen diversity, resulting in negative effects such as a faster evolutionary adaptation of
pathogen populations.

The contribution of MECSs to increase biodiversity and strengthen natural pest control
takes on a central role in the research and configuration of this new cropping system.
Bengtsson et al. [54] and Tuck et al. [56] observed an increase of, on average, 30% in species
diversity in organic cropping systems compared to conventional cropping systems. In this
context, the influence of farm management varies by type and scale, and loses significance
as landscape diversity increases. Burel et al. [67] state that a minimum amount of semi-
natural land is required for biodiversity to be impacted at all by the type of management
because many species cannot become established without sufficient habitats or seed stocks.
When there are high proportions of semi-natural elements of about 20%, biodiversity is
highly independent of the type of management [160]. In contrast, the management form
(varied crop rotation, reduced input of nutrients and chemical pesticides, minimum soil
tillage, etc.) can significantly enhance biodiversity in regions with a proportion of semi-
natural areas of between 5 and 20%, which applies to a large proportion of arable land. This
suggests the need for a cross-scale and cross-process approach to representing landscape
system processes. Individual parts of this system can be studied very well and precisely
with analytical and empirical methods. However, due to the many scale transitions and
the complexity of the system, observations of the entire system are almost only possible
with models [224].

Overall, biodiversity is of prominent importance in the promotion of numerous ecosys-
tem services with complementary and synergistic effects [95,96]. This is particularly the
case for yield formation [22], pollination services [225], and natural pest regulation [226].
Against this backdrop, spatial heterogeneity is a key factor for biodiversity [22,227]. MECSs
are expected to have positive effects on biodiversity across spatial scales, and to be re-
inforced by an optimal design of landscape structure, thereby enhancing natural pest
regulation and crop yields from local to regional scales. The extent to which stable predator–
prey relationships support natural pest regulation in arable farming must be investigated
at a small scale. Predatory flies are particularly suited as a new indicator of functional
biodiversity and for analyzing the effects of different cropping systems on predator–prey
relationships. They have a small range of activity compared to other antagonists, and their
populations are extremely susceptible to any disturbances. As a study model, predatory
flies of the genus Platypalpus may be suitable, because they are important natural antago-
nists of crop-damaging flies and midges [228–230]. Because the larvae of predatory flies
develop in the soil [229], active soil life is conducive to the abundance and diversity of
species of these natural antagonists. Furthermore, the direct and indirect application of
CSPs (e.g., limitation of prey or habitat changes) affects the abundance and effectiveness
of these beneficial insects. Moreover, additional effects on predator prey relationships
generated by crop management, such as crop rotation, spatial distribution of crop plants,
and fertilization, need to be evaluated. At the landscape scale, the occurrence and spatial
distribution of pests and antagonists depend on (i) field size, (ii) landscape structure, and
(iii) temporal land-use dynamics. These effects on dynamic interaction networks need to
be considered, to allow major benefits of natural pest control in large-scale MECSs to be
predicted. In this context, synergistic interactions between MECSs and other biodiversity-
enhancing agri-environmental schemes, in particular the establishment of perennial flower
strips, need to be quantified.
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4.3. Mineral-Ecological Cropping Systems from the Perspective of Yield and Product Quality

Refraining from the use of CSPs can severely affect crop yield and product quality,
depending on disease and pest infestation or weed pressure. In MECSs, efforts must be
made to keep these effects as low as possible through optimal design of the cropping
system. The potential crop yield losses due to pests and pathogens in wheat production
systems are estimated to be as high as 70% [41,99,101]. However, due to conventional
crop protection, the actual losses in agricultural practice amount to less than 20% [98]. In
MECSs, refraining from the use of CSPs is expected to reduce yield levels and, above all, to
increase spatial and temporal yield variability. In particular, pests and pathogens occurring
epidemically and featuring a high yield loss potential are relevant in this context [88]. Yield
losses lead not only to economic problems, but also to lower N-uptake, and thus reduced
nutrient use efficiency and increased leaching risk. Therefore, the extent to which yields
in MECSs can be stabilized by adjustments to the cropping system (equidistant seeding,
crop variety selection, fertilizer management, etc.) needs to be investigated. The use of
simulation models may serve to supplement the limited data on crop yield losses caused
by pests and pathogens, to scale them up, and to evaluate scenarios on future or changed
climatic, production, and cropping system conditions [231]. Process-based crop models,
such as DSSAT-CROPSIM, simulate the soil–plant–atmosphere system, including abiotic
stress due to water and nutrient deficiency. For a robust simulation of biotic stress, a
sufficient empirical experimental database is essential for the calibration and validation of
the crop model, and for the parameterization of specific pests, such as mites and nematodes,
and their yield effects [232]. The validated model can be used to simulate the effects of
not using CSPs in virtual experiments on yield, N-uptake, nitrogen use efficiency, and
N-leaching risk. Inter alia, the impact of cultivar choice can be simulated in the model by
considering differences in phenology and resistance to specific pests.

In cropping systems without the use of CSPs, it can be expected that plants will be
exposed to increased stress due to intensified weed and pathogen infestation if no other
adaptation measures are implemented. In both cases, imbalances in the supply of nutrients,
photosynthates, and water for plant metabolism can occur. These, in turn, affect the quality
of the harvested products [124]. This mainly concerns products whose quality depends
on the composition of primary metabolites (proteins, organic acids, sugars), because their
distribution is significantly affected by source/sink ratios in the plant, and rapidly change
under stress [233]. In cereals, for example, the composition and temporal development
of the storage proteins, which are essential for the baking quality of flour, are markedly
affected by the nutrient and water supply [127]. Although the external (sensoric) quality
is demanded by consumers, and the internal quality by the processing industry, there are
health aspects that give grounds for concern, e.g., increased fungal infestation (mycotoxins)
of the harvested material. Compared to conventional cropping systems, individual quality
parameters (especially protein composition) of harvest products are expected to change
in MECSs as a result of the increased stress level. Furthermore, it is expected that, in the
case of cereals, the temporal course of storage protein incorporation between the flowering
and grain-filling phases will change, and thus also affect the “final quality” of the grains.
The successful establishment and acceptance of mineral-ecological cultivation systems is
only possible if these systems deliver products of sufficient quality in the long term, which
also meet the technical requirements for product processing. It is expected that optimized
fertilization will lead to a stabilization of plant metabolism, and thus to improved resilience
against biotic and abiotic stressors. Equidistant plant spacing should result in improved
nutrient and water appropriation capacity, and, in particular, stable product quality under
drought stress. Whether the increased stress in MECSs can be countered by resistant crop
varieties, optimized fertilization, and equidistant seeding, resulting in sufficient product
qualities, has to be investigated.
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4.4. Mineral-Ecological Cropping Systems from a Socio-Economic Perspective

Economic efficiency and acceptance by farmers and consumers are major success
factors for the establishment of MECSs. In terms of economics, MECSs will differ from
both conventional and organic cropping systems [94,234]: Organic cropping systems are
characterized by higher unit costs compared to conventional ones and, depending on
the organic price premium, by higher reliance on government support. Against this
background, analyses of unit costs and achievable market prices for products from MECSs
including risk-related aspects and the preferences of stakeholders along the value-chain
need careful consideration.

4.4.1. Economic Aspects at Farm Level

In MECSs, it is expected that not only the contribution margins, but also the con-
tribution margin variances change as a result of higher yield fluctuations compared to
conventional cropping systems. Hence, it is likely that rational farmers will try to adjust
their production program in such a manner as to maximize the total contribution margin
while maintaining a certain overall risk. This will depend on the risk tolerance of the
individual actor. Linear programming models are common activity-analytical operating
models in which the optimal production program of farms can be determined in each case
by maximizing the total contribution margin subject to constraints [235]. These models
are common activity-analytical operating models, but they do not take the total risk into
account. To identify optimal risk-efficient cropping systems, the expected-value-variance
criterion can be applied within the framework of quadratic risk programming [236,237].
For this purpose, farm models must be developed that allow the selection of cropping
practices while maintaining acceptable economic risks (measured as the estimated total
variance of the optimized operating profit). Stochastic risk analysis can be used to generate
realistic variances.

4.4.2. Economic Aspects at Regional Level

It is not only in conventional cropping systems that the large-scale use of identical plant
varieties and pesticide active ingredients is leading to increasing resistance of pathogens. In
organic farming and MECSs, too, resistance to pathogens can be expected to diminish with
large-scale use. If large-scale cultivation of identical varieties increases, the likelihood of
progressively volatile crop yields due to pest and pathogen impacts will rise [238]. Already,
the rapid development of pest and pathogen resistance to pesticide-active ingredients and
the rapid loss of varietal resistance are playing an increasingly important role in arable
agriculture, nationally and globally. Thus, resistance management is expected to gain
further importance in the future [239]. It is expected that active ingredient efficiencies
and varietal resistance will take on even more of a common property character, and that
resistance and yield management will be improved by means of coordinated collective
action by farmers based on individually negotiated solutions. In line with the “new
institutional economics” [240], a concept for targeted collective action with respect to the
preservation of crop variety resistance and stability of crop yields is being developed. In
this concept, farmers will optimize the preservation of crop variety efficacy against pests
and pathogens, and crop yield stability, by spatially and temporally coordinating suitable
cropping and cultivation measures, in addition to suitable crop variety selection. This
approach is based on the theory of self-organized and self-managed forms of collective
action [241]. Voluntary agreements by farmers concerning a spatially defined unit are
key factors. Despite the fact that information about ecosystem services other than yield
and quality of the crops is still mostly unclear, they aim to achieve a Pareto optimal result
as an incentive to conclude a negotiation. This is because the long-term surplus profit
due to reduced costs and increased crop yields achieved through collective negotiation
solutions can be high. Such cooperative approaches to achieving positive operational and
environmental effects are also pursued by the EU in the context of recent EU CAP reform
proposals [242].
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4.4.3. Perspective of the Agricultural Sector

A new MECS brings with it many uncertainties for farmers. Numerous factors will
decide whether this new cropping system will be adopted and implemented by agricultural
operations. It is assumed that a new agricultural production regime without any CSPs can
only be implemented on a wide scale if the guiding attitudes, social norms, and restrictions
are recognized by practitioners in agricultural operations and specifically considered in
corresponding strategies, for instance, related to advisory services or financial support
schemes. In the agricultural sector, innovations have been debated almost entirely as the
responsibility of the individual farms. However, the goal of dispensing with chemical
pesticides is to a large extent being pushed on agriculture from within society. This raises
the question of whether and how alliances between stakeholders in society and agricultural
operations can promote the roll-out of agriculture based on a MECS as a concerted approach
for a (particular) region. It is of decisive importance whether it will be possible to develop
strategies that can be implemented on a partnership basis by various social actors (e.g.,
when agricultural operations receive appropriate support from local consumers). Key
factors influencing acceptance and implementation of a MECS require deeper insights into
the patterns of impact and leverages of promoting acceptance and implementation.

4.4.4. Perspective of Society and the Food Chain

The debate between the agricultural sector and civil society organizations regarding
the future of agricultural systems (e.g., animal welfare) is highly polarized. MECSs will only
be successful if they are not only accepted by farmers, but also trusted by key stakeholders
and the food chain, and succeed in generating a willingness to pay among consumers. The
existence of substantial barriers is highlighted by the example of “integrated cultivation”,
which (except for some minor exceptions in Switzerland) has failed to become established
as a market segment among consumers [243]. Therefore, both consumer willingness to pay
and acceptance by food producers and food retailers in the food chain must be determined
in order to analyze the market barriers to the introduction of mineral-organic products.
With respect to an introduction of barriers from a society perspective, the attitudes towards
and trust in the new MECS among central stakeholders must be considered. According
to the current state of research, consumer knowledge about CSPs is low and primarily
based on mass media reporting. According to a study by the German Federal Institute
for Risk Assessment (BfR), a skeptical attitude dominates: 67% of citizens consider CSPs
to be harmful to humans even under normal conditions of use; three quarters consider
CSPs to be unnecessary for food production. Furthermore, the majority of respondents
suspect that there are regulatory deficits in application monitoring and pesticide residue
controls [244,245]. Several studies show that consumers’ pesticide-related concerns are
associated with a greater preference for organic food [246–248]. The omitted use of CSPs
or the absence of pesticide residues is a significant characteristic of organic food from a
consumer’s point of view [249–251]. Hence, positive effects to cater for the needs of many
consumers for pesticide-free food have been derived particularly for organic agriculture
and the sales of organic food [252]. To date, in Germany no studies have been conducted on
consumer willingness to pay for or buy foods from agricultural systems that are specifically
characterized by the absence of CSPs. Previous studies in various countries show that
the highest proportion of consumers surveyed has a majority willingness (MW) to pay
up to 10% more for pesticide-free foods than for conventional products. This finding is
evident in studies from Canada (67.1% of consumer MW of 1–10%, [253]), the United States
(66.1% of consumer MW of 5–10%, Ott, 1990; 30% of consumer MW of up to 10%, [254]),
and Italy (34% of consumer MW of 6–10%, [255]). Although some of these studies are
over twenty years old, they indicate that consumers show a positive willingness to pay
for products from MECSs. Numerous studies on organic food show that expectations of
organic products go beyond the foregoing of CSPs. This means that products from MECSs
could possibly occupy a mid-market position. However, it is assumed that foods from
MECSs can be clearly classified, valued, and accordingly positioned on the market by
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consumers as a consequence of the consistent exclusion of CSPs. Against this backdrop, the
assumption would also seem to be that consumers view the absence of chemical pesticides
as an important indicator of the naturalness of foods and that naturalness is of major
or growing relevance as a criterion when shopping for food [256]. It remains to be seen
whether consumers are less willing to pay for products from MECSs than for organic
food. This attitude would, nonetheless, suffice to secure a successful positioning in the
mid-market segment given the significantly lower additional costs of the cropping system.
It is postulated for the food chain that the food retail trade will prefer products without
any CSPs for risk and reputation reasons. Studies on the classification and estimation of
social discourse are particularly complex, because they are driven not only by interests, but
also by strategic positions, tactical calculations, and opportunities [257,258].

4.5. Mineral-Ecological Cropping Systems from the Perspective of Ecosystem Services

As shown in Table 2, individual agricultural cultivation measures can have a variety
of positive or negative effects on the different ecosystem services of agricultural landscapes.
Due to the ecotoxicity potential of CSPs, their avoidance is expected to have a positive
impact on biodiversity, species diversity, and abundance, both in agricultural landscapes
and in agricultural soils [123,140,141,259]. In addition, positive ecological effects can be
expected from the measures specifically investigated in MECSs, particularly from the fertil-
ization strategies. The application of ammonium depots and nitrification inhibitors can
reduce the amount of nitrogen fertilizer used, thereby decreasing both the risk of nitrate
leaching, and greenhouse gas emissions from the field and from the upstream fertilizer pro-
duction [131]. Promoting biodiversity and natural ecosystem processes also enhances many
aspects of cultural services (see Table 2) [171,260–262]. However, refraining from CSPs can
also lead to a deterioration in crop supply services and environmental disadvantages if
yield losses cannot be compensated by crop management measures as described above in
Section 4.2 A significant decrease in crop yield because of the system conversion would
have a negative impact on the environmental efficiency of crop production, because the
environmental burdens would be attributed to lower output [130,261–265]. As a result, the
total environmental burdens, for instance in the categories of eutrophication, acidification,
and climate change, would be expected to increase [130]. Lower crop yields would also
have further indirect effects, such as additional demand for agricultural land [266,267].
Globally, the expansion of agricultural land, along with other areas used by man (settlement
areas, etc.) is one of the strongest drivers of biodiversity loss [268]. When switching from
conventional cropping systems to MECSs, a variety of trade-offs within ecological services,
and between production, quality, and ecological targets, are to be expected. Given the
complex nature of causal relationships, the effects of individual cultivation measures on
ecosystem services cannot be assessed separately, but must be evaluated as a package of
measures of a cropping system [182,269]. Life cycle assessment (LCA) is an effective tool
for the comparative assessment of cropping systems [270,271]. Firstly, it can be used to
allocate the various emissions generated along the value chain of MECSs, for instance in
the production of operating resources and land use, to specific environmental impacts. In
this manner, the diverse environmental impacts of mineral-ecological, conventional, and
organic cropping systems can be quantified and compared. Secondly, “hot spots” within
the cropping systems can be identified, which provide indications of particularly effective
approaches for optimization of the supply of ecosystem services [266]. Therefore, ecological
analyses can help identify combinations of agroecological practices and modern production
techniques that maintain the productivity while reducing emissions. This can help avoid
negative environmental impacts, ideally without any loss of crop yield or product quality,
and then develop strategies to balance trade-offs between economic and ecological goals in
MECSs [272].

However, the quantification of some ecosystem services is beyond the traditional
scope of LCAs, particularly those of soil quality and biodiversity [273,274]. A comprehen-
sive evaluation of MECSs in comparison to conventional and organic cropping systems
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must consider the latest developments in methodology. For the measurement of soil quality,
the LANCA method provides appropriate characterization factors for five soil-specific
impact categories [275]. “Countryside species-area relationships” can be used to measure
biodiversity in LCAs [276]. To demonstrate the advantages and disadvantages of mod-
ern agricultural technologies and agricultural measures on biodiversity, it is necessary
to extend the scope of the assessment and further investigate the relationship between
biodiversity and ecosystem services [277]. Therefore, the assessment methods of ecosystem
services must be further developed for a comprehensive evaluation of MECSs through the
collaboration of life cycle assessors, and particularly that of economists, ecologists, and soil
scientists.

5. Conclusions

Through continuous further development and optimization of cropping systems,
agriculture must continue to secure future global food supplies while, at the same time,
preserving natural livelihoods. In addition to conventional and organic systems, advanced
cropping systems are needed to improve the ecosystem services of agricultural landscapes.
Depending on local and global requirements, different cropping systems may be beneficial.
The individual ecosystem services (provisioning, regulating, habitat, and cultural services)
must be balanced in the local and global context. The development of mineral-ecological
cropping systems follows a new farming concept that aims at minimizing trade-offs be-
tween different ecosystem services and promoting synergies. This applies not only to the
agricultural area under consideration, but also to interactions with areas and structures
outside the agricultural landscape, especially with regard to pollutant inputs and land use
changes, as well as to natural regulation processes. Future analyses of these new cropping
systems should focus on investigating the extent to which it is possible to improve the
ecosystem services of agricultural landscapes by establishing mineral-ecological cropping
systems with optimized mineral fertilization, yet without the use of chemical synthetic
plant protection products.
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