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Soil health-based agricultural management practices are widely promoted to reduce
erosion, increase nutrient use efficiency, improve soil structure, and sustain or increase
yields. Pest and disease management are less frequently considered as components of a
soil health management system. We present a framework for how the crop protection
industry can advance soil health by developing systems of crop protection innovation that
simultaneously target soil health outcomes, either through direct impact on soil or by
enabling practices that promote soil health outcomes. Such an approach could lead to
cross-sectoral, integrated agricultural solutions that achieve agronomic, environmental,
and economic goals.
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INTRODUCTION

The concept of soil health has united farmers, researchers, government agencies, non-profits, and the
private sector around the possibility that management of agroecosystems can meaningfully
contribute to solving major environmental challenges. Soil health is a multi-dimensional concept
that refers to the ability of soil to serve as an ecosystem that sustains plants and animals while
supporting human uses such as agriculture and forestry (Lehmann et al., 2020). Decades of evidence
has illustrated the agronomic and environmental benefits of agricultural practices such as cover
cropping, reduced tillage, and diversified crop rotations (Atwood andWood, 2021). These soil health
practices align with the principles of conservation agriculture: maintain living plant cover, reduce
disturbance, and diversify crop rotations. While the benefits of these practices on soil-derived
ecosystem services can vary (Palm et al., 2014), there is considerable opportunity to increase the
adoption, and thus the benefits, of agronomic practices that reduce erosion and nutrient loss, rebuild
soil carbon, and sustain agronomic production.

Pest management is an important component of agriculture, with most farmers relying on
multiple pest management practices, including insecticides, fungicides, and herbicides. Many of the
available chemical, biological, and genetic crop protection solutions maximize short-term benefits by
avoiding pest damage within a season without targeting long-term soil health outcomes creating
unintentional trade-offs and highlighting the need for innovation. This includes the drastic rise in
biological resistance to chemical crop protection products that results from poor product
stewardship and costs farmers billions of U.S. dollars per year (Mortensen et al., 2012; Perotti
et al., 2020). Still, the relationship between crop protection innovation and soil health is rarely
discussed. An exception to this is weed management, for two reasons: reverting to tillage to manage
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herbicide resistant weeds would directly reduce soil health
(Nunes et al., 2020; Van Deynze et al., 2021) and practices
that promote soil health can positively contribute to weed
management, e.g., cover cropping (Osipitan et al., 2018).

Historically soil health and crop protection have taken
seemingly incompatible approaches, but the future is still
unfolding and there is time for evolution within the industry
that improves the complementarity between these management
strategies and amplifies their agri-environmental benefits. On one
hand, the crop protection industry has traditionally taken a more
reactive approach to pest threats where management occurs after
infestation. Soil health, alternatively, has taken a more
preventative approach with a goal of avoiding pest
establishment and reducing the need for curative intervention.
It is conceivable to envision a future where ecological interactions
in the soil are protected and fostered by crop protection
innovations, improving soil health and preventing pests from
economically damaging crops. This evolution of crop protection
is also being supported by remarkable advances in
complementary disciplines (e.g., digital technology). Novel
imaging-based diagnostic tools, new equipment for precision
application of agricultural inputs, and improved predictive
algorithms for abiotic and biotic stresses all allow the offer of
more targeted crop protection programs (Abit et al., 2018). The
transition to this future would also align with and contribute to
society’s broader vision for sustainability across sectors, which is
outlined in international policies and initiatives like the European
Green Deal (European Union, 2019) and the United Nations’
2030 Agenda for Sustainable Development (United Nations,

2015). Through the establishment of the Coalition of Action 4
Soil Health (CA4SH), the crop protection industry and other
relevant stakeholders have demonstrated their intention to act
collaboratively to remove barriers to sustainable agricultural
systems that promote soil health.

Moving to a system of crop protection that promotes soil
health is an underexplored pathway to achieve long-term,
agricultural sustainability and productivity. This will require
methods of pest management that are compatible with specific
soil health practices and also do not degrade the functional
capacity of soil communities. To this end, we present three
key research and development priorities the crop protection
community should pursue simultaneously: 1) innovate
products and application methods that avoid or reduce
impacts on soil health; 2) innovate products that, alone or in
combination with plant genetics, leverage soil functions and
communities to enhance pest and disease management and/or
biogeochemical nutrient cycling and enable reduced input use;
and 3) innovate products that enable management practices that
benefit soil health, while minimizing tradeoffs. Achieving these
three opportunities requires a fourth innovation: 4) develop new
soil health screening and field trial procedures along the crop
protection research and development (R&D) stage-gate process
(Figure 1). All four of these innovation opportunities are
necessary to capitalize on the potential of soil health to deliver
long-term agronomic and environmental benefits. We recognize
that the economic impacts and feasibility of new technologies
developed under this framework will undoubtedly influence
adoption, but due to their novelty, the necessary data for

FIGURE 1 | Four key opportunities for the crop protection industry to innovate new technologies around soil health.
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economic analyses do not currently exist and remain out of scope
of the current discussion.

CROP PROTECTION INNOVATION
SHOULD CAPITALIZE ON THE ROLE OF
SOIL IN PEST REGULATION
The functioning of soil biological communities is a key feature of
soil health (Lehmann et al., 2020). Soil-based agroecosystem
services important for crop health, like pest management and
nutrient cycling, depend on biological interaction (Delgado-
Baquerizo et al., 2020). Although the relationship between soil
biodiversity and agroecosystem services is both complex and
context-dependent (Bradford et al., 2014; Wagg et al., 2014;
Gamfeldt and Roger, 2017; Fanin et al., 2018; Delgado-
Baquerizo et al., 2020), supporting and protecting soil
organisms generally enhances their contributions to
agroecosystem services (Tooker et al., 2020).

Microbial and invertebrate biomass and activity, and often
biodiversity, tend to increase with soil health practices compared
to conventional management practices (Tsiafouli et al., 2015;
Atwood and Wood, 2021; Carlos et al., 2021). As the soil
environment becomes more competitive, rates of crop
infection commonly decrease because pathogenic microbes
must increasingly compete for resources and overcome
interactions with antagonistic and interfering non-pathogenic
microbes (Abawi and Widmer, 2000; de Faria et al., 2021).
Additionally, biological pest control generally increases with
improved soil health due to appreciable predator-prey
interactions among invertebrates (Neher and Barbercheck,
2019; Alyokhin et al., 2020). This increase in biological control
can result in direct economic benefits for farmers. In Sweden, for
example, it is estimated that soil dwelling predators contribute
€41 ha−1 yr−1 by controlling a single pest and increasing spring
barley yields 303 kg ha−1 (Östman et al., 2003). There are,
however, potential tradeoffs associated with increased soil
biodiversity including, but not limited to, increased predation
of alternate prey opposed to target pests due to predators’
preferences for alternate prey (Lynch et al., 2022). Such
potential tradeoffs are generally outweighed by the
agroecosystem service benefits associated with supporting and
protecting soil organisms (Tooker et al., 2020).

In many agricultural systems, soil-derived crop protection
services are masked, limited, and/or disrupted by management
practices, resulting in an increased reliance on pesticides.
Simplified crop rotations, frequent or extensive tillage, and the
inadequate or inappropriate use of fertilizers and manure have all
been correlated with increased incidence or severity of soil soil-
borne pathogens and pests (Peters et al., 2003), despite that
mechanisms of soil suppressiveness appear to be well
conserved across a wide range of soil-pathogen combinations
(van Agtmaal et al., 2018). The relationship between soil
management and suppressiveness is explained by the fact that
the latter is a process that is mediated by soil communities
(Weller et al., 2002; Campos et al., 2016) - any practice that
directly or indirectly alters soil community composition,

diversity, or activity could have an effect on soils’ natural
ability to regulate pest populations. Conventional tillage or
plowing practices and the removal of crop residues have both
been demonstrated to reduce the quantity and quality of soil
organic matter and thereby reduce soil suppressiveness to
multiple types of crop pests and pathogens (Kremer and Li,
2003; Fang et al., 2012; Bongiorno et al., 2019; Palojärvi et al.,
2020). The effects of other practices that are commonly described
as beneficial for soil health, such as diversified crop rotations
(Congreves et al., 2015), are not as clear. A comprehensive review
by Rusch et al. (2010) posited that crop monocultures create
environments that cannot support soil-mediated crop protection
services due to inadequate resource availability. Still, meta-
analysis reveals this may not hold true in up to 48% of
scenarios (Rusch et al., 2010), as is the case in the
development of soils highly suppressive to Fusarium wilt
following the long-term, continuous monoculture of
strawberry (Cha et al., 2016). A thorough understanding of
the mechanisms of soil-mediated crop protection and their
interaction with conservation management strategies is
therefore critical to realizing crop protection systems that
deliver opportunities (1) and (2) of the proposed framework
(Figure 1). Furthermore, there is potential to innovate chemical
products or plant genetics (for use alone or in combination with
improved soil management) that regenerate soil-derived crop
protection services by cultivating and protecting soil community
function. Innovations could promote or enhance suppression of
invertebrate and weed pests via predator-prey interactions
(Sanchez-Morena and Ferris, 2007), suppression of soil-borne
pathogens via soil microorganisms (Cha et al., 2016), fortification
of plant health with nutrient cycling (Campos et al., 2016; Neher
and Barbercheck, 2019), and attraction of predators to pest
outbreaks with plant volatiles and exudates (Turlings and Erb,
2018).

The use of plant-derived volatile organic compounds is one
example of how the role of chemical signaling in plant and
invertebrate interactions could be leveraged for crop
protection innovation. Evidence has established that plants
have the ability to influence soil communities in beneficial
ways (Hiltpold and Turlings, 2012). For instance, herbivory by
the cabbage root fly (Delia radicum) elicits the release of a volatile
compound, dimethyl disulfide, from cabbage roots (Danner et al.,
2012), simultaneously inhibiting the fly’s reproductive behavior
and attracting its natural predators (Ferry et al., 2009). Similarly,
more than 74 different root exudates have been described as
driving factors of host plant location in belowground insect
herbivores (Johnson and Nielsen, 2012), either recruiting
beneficial species to the rhizosphere (Williams and Vries,
2020) or repelling harmful ones (Xu et al., 2015).
Identification of individual compounds contributing to
dynamic plant-pest interactions could enable the development
and optimization of natural or close semiochemical derivatives
for use in novel push-pull systems of pest control (Werle et al.,
2019). By definition, push-pull systems capitalize on the abilities
of plants to manipulate pests, integrating stimuli that make the
crop unattractive to the pest (push) with those that make non-
cropped areas attractive (pull) (Cook et al., 2007). Recent research
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examining the chemical basis of nematode herbivory in Capsicum
spp (Kihika et al., 2017) illustrates the potential of using this
strategy for belowground pests, though there are many more
examples of modulating behavior of pests aboveground through
push-pull systems (Cook et al., 2007; Xu et al., 2018; Rivera et al.,
2020). Beyond “push-pull” systems there are numerous
opportunities to innovate novel methods of pest control–that
regulate soil communities using root exudate chemistries
(Chaparro et al., 2012), plant-microbe or other symbioses,
(Mercado-Blanco and Bakker, 2007; Borghi et al., 2021),
mediation of tri-trophic interactions, (Helmberger et al., 2017),
and improved cycling of crop limiting nutrients (Moreau et al.,
2019)–and reach soil health goals.

While the implications of pesticide driven changes in soil
biological communities are still under investigation (Nettles et al.,
2016; Storck et al., 2018; Hage-Ahmed et al., 2019) development
of new crop protection products should safeguard the
continuation of ecosystem services by avoiding or reducing
impacts on soil biological communities. The desire to avoid
impacts that are not well understood has driven increasing
attention within both the policy and R&D communities on
technologies that decrease reliance on chemical pest control
methods and reduce inputs. This includes strategies to elicit
natural plant defenses and immune responses through priming
(Worrall et al., 2011), advanced breeding techniques/genetic
modification (Bruce, 2012), or plant- or microbe-derived
molecules (Wiesel et al., 2014), including plant hormones (De
Mesmaeker et al., 2019). One novel approach for eliciting or
enhancing plant defenses is through the use of RNA (host-
induced sRNA, dsRNA, or RNAi) for targeted gene silencing
in fungal pathogens (Niu et al., 2021). RNA-based crop
protection technologies can prevent colonization and infection
of crop species by fungal pathogens [e.g., of Sclerotinia
sclerotiorum, the causal agent of white stem rot in canola
(McLoughlin et al., 2018)] and, in some cases, directly reduce
the virulence of fungal pathogens [e.g., of Botrytis cinerea, which
causes gray mold (Cai et al., 2018)]. However, to determine any
technology’s suitability for conserving soil health while
simultaneously delivering effective crop protection, the
innovation will need to undergo a comprehensive assessment
that includes its impacts on soil biological, physical, and chemical
properties. Such assessments are therefore a critical first step
towards effectively implementing emerging policies that aim to
protect and reverse degradation of soil resources for agriculture,
nature, and climate, for example, those that comprise the
European Union Soil Strategy for 2030. (European Union, 2021).

CROP PROTECTION INNOVATION
SHOULD ENABLE CONSERVATION
MANAGEMENT PRACTICES
Structuring new innovations and application methods into an
integrated pest management (IPM) approach (i.e., a coordinated
management strategy that utilizes a diverse set of prevention,
cultural, biological, mechanical, and chemical tactics based on
cost-benefit analyses (Kogan, 1998)) will not only help to

conserve soil health, but also reduce the incidence of chemical
resistance. Indeed, addressing the root causes of the evolution of
chemical resistant pest species can be considered a primary
principle of IPM (Barzman et al., 2015) and this outcome
underpins many existing policy initiatives, such as Directive
2009/128/EC of the European Parliament that outlines the
framework for the sustainable use of pesticides within the
European Union (European Union, 2009). Even with growing
consensus that IPM effectively protects crops, the environment,
and soil health and is critical to sustainable agricultural systems
(Anderson et al., 2019), it is not yet widely adopted, largely
because of perceived risks and intensive knowledge requirements
(Parsa et al., 2014; Bakker et al., 2021). By integrating the
principles of IPM into the targeting, design and promotion of
novel technologies, the crop protection industry can support IPM
adoption and ensure the longevity of their innovations.

Regardless of the availability of innovative crop protection
products that support soil health, implementation of
conservation practices can vary substantially based on location,
farm size, and farmer knowledge and perceptions, all of which
influence the management approach (Scopel et al., 2013;
Hermans et al., 2021). For increased impact on soil health at
scale, crop protection innovations should aim to support localized
management approaches for farms of all sizes, across a wide
variety of cropping systems and environmental contexts.
Innovating for a wider range of scenarios would enable the
adoption of more diverse or complex cropping systems, while
expanding the potential market for new solutions. Encouraging
crop diversification benefits the crop protection industry directly
because diversified rotations boost biological control and
decrease the probability of developing resistant populations
(Harker et al., 2016; Isbell et al., 2017), thus protecting the
longevity of new products. Technological innovations,
including useful decision support tools, are also needed within
this context to alleviate the knowledge burden that accompanies
management of complex systems. With interest in diversifying
rotations growing (Runck et al., 2014), moving beyond
monocultures of blockbuster crops towards lesser-researched
crops will support the next frontier of sustainable agriculture.

Another opportunity for innovation is to focus on crop
protection challenges that consistently occur when soil health
practices are implemented. For example, surface residue retention
protects soil organisms, maintains soil moisture (Turmel et al.,
2015), and suppresses weeds (Mobli and Chauhan, 2020), but can
also exacerbate waterlogging and result in lower yields in areas
experiencing high rainfall (Rusinamhodzi et al., 2011). If it rains
just before or during planting, lowering soil temperatures, seeds
may remain quiescent in the soil and be more vulnerable to
pathogens and invertebrates (Gamfeldt and Roger, 2017).
Prophylactic seed treatments are currently the primary
practice for managing this challenge, but potential off-target
soil health impacts associated with some insecticide-fungicide
seed treatments demonstrate the need for soil health compatible
alternatives (Douglas and Tooker, 2015). Relevant innovations
could include the development of products that can be used for
seed priming or enhance seed or seedling defenses, competitive
abilities, or vigor in suboptimal conditions. The types of
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vulnerabilities that accompany conservation agriculture are
prime foci for innovative crop protection products. They also
offer an opportunity for innovation in other sectors, such as

breeding cover crops that are tailored to expected climate change
and creating farm equipment that enables practices like early
seeding of cover crops alongside cash crops.

FIGURE 2 | Schematic of (A) major activities supporting innovation opportunities along the crop protection research and development (R&D) and lifecycle
management timelines and (B) R&D pipeline with opportunities to screen for soil health impacts highlighted with dashed (---) box. The focus of the soil health evaluations
will phase from potential direct effects of compounds on soil functions or soil health parameters in the early stages to indirect effects of compounds on soil health in later
stages. Number of compounds evaluated in each phase is aspirational and may not reflect actual number of compounds currently undergoing evaluation.
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SCREENING FOR SOIL HEALTH IMPACTS
IN THE R&D PIPELINE

The integration of additional soil health measures into the crop
protection R&D pipeline is critical for determining each potential
crop protection product’s compatibility with soil health
(Figure 2A). This would have two benefits: first, ensuring that
new compounds do not directly contribute to the deterioration of
important soil community functions; second, providing criteria
for optimizing new compounds that target soil health. The need
to define effective and feasible screening methods for soil health
impacts within crop protection R&D has become even more
urgent in light of updates to the European Union’s Chemicals
Strategy for Sustainability. (European Union, 2020). An emerging
initiative under this strategy, Safe- and Sustainable-by-Design, is
intended to serve as a guiding principle for future regulation of
chemicals to catalyze the transition towards chemicals, materials,
and products that are designed to be inherently safe and
sustainable. In the short period since the introduction of Safe-
and Sustainable-by-design, it has already become clear that
appropriate criteria and assessment tools will be foundational
to its success (Mech et al., 2022).

R&D follows a stage-gate process, in which innovations are
subjected to evaluations and risk assessments specific to each
stage, presenting the potential to integrate soil health measures at
multiple scales–from lab assays, to microcosms, to field trials.
However, migrating the indicators and evaluations developed for
field trials into the lab, or vice versa, is not straightforward. Many
relevant soil properties change on the scale of years or are the
result of complex biotic and abiotic interactions that are difficult
to replicate in controlled environments. Similarly, high-
throughput assays are, by nature, simplifications of soil
ecosystems and can be challenging to translate to the field-
scale. Thus, new methods, indicators, and approaches need to
be innovated to align soil health screening with the existing R&D
process (Figure 2B).

In particular, biological indicators will be crucial in testing the
compatibility of new products with soil health during the stage-
gate process. Biological indicators, such as nitrogen- or
phosphorus-mineralizing enzyme activity, comprise the
smallest proportion of indicators (20%) used in current soil
health assessments despite the important role of soil biology in
determining the overall health of a soil. (Lehmann et al., 2020).
The lack of uptake of biological indicators is largely due to the
difficulty in interpreting them, which limits their utility in
selecting and monitoring strategies to improve soil health.
(Fierer et al., 2021). This presents opportunities to identify
new biological indicators of soil health that are both
meaningful and compatible with high-throughput screening.
Such innovative measures, whether biological or otherwise,
should serve as proxies of longer-term dynamics in soil health
(Fierer et al., 2021) if they are to be used successfully in early-
stage R&D.

The later stages of product development—where experiments
are conducted in greenhouse microcosms and fields—are better
suited for ecological evaluations because the experimental system

can include multiple interacting components (Figure 2B). The
opportunity to innovate and test new measures of soil health
tailored to different stages means that there will need to be
flexibility built into R&D processes to allow adjustment of
procedures based on forthcoming knowledge. This will enable
continual improvements in matching the assessments with the
desirable function(s) the product intends to support.

Ultimately the acceptance of soil health-oriented crop
protection innovations, particularly among practitioners of
sustainable agriculture and the environmental community, will
depend on the industry’s ability to establish a credible product
evaluation process. That is, one with scientifically robust criteria
that demonstrate product compatibility with and support of
sustainability-focused systems. The implementation of
appropriate screening procedures should be complimented by
transparent efforts to support voluntary and regulatory efforts
that are part of a shift towards more complex agroecosystems that
support long-term sustainability. This includes defining processes
for collaborating on and sharing learning from the development
of criteria and assessment tools with policymakers and other
stakeholders to contribute to the refinement of policies like Safe-
and Sustainable-by-design.

CONCLUSION

Increased pesticide resistance has cost millions of dollars in
damages, highlighting the need for innovation in the crop
protection sector. Efforts to promote soil health and
conservation agriculture are largely occurring independent of
crop protection innovation. Our framework highlights a way to
align the need for crop protection innovation with the broader
goals of soil health, revealing potentially fruitful avenues for
research and innovation. Achieving this alignment requires
new crop protection solutions that benefit soil health directly
and indirectly by enabling other soil health practices. Developing
these innovations requires new approaches to R&D in the crop
protection sector. Greater collaboration between the crop
protection sector, the public sector, and civil society can help
ensure that agronomic and environmental targets are aligned and
achieved together.

ONE SENTENCE SUMMARY

Innovative crop protection solutions that deliver agronomic and
environmental targets require new approaches to R&D that
integrate soil health goals.
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