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Increasing cropping system diversity has great potential
to address environmental problems associated with mod-
ern agriculture, such as erosion, soil carbon loss, nutrient
runoff, water pollution, and loss of biodiversity. As with
other agricultural sciences, plant breeding has primarily
been conducted in the context of dominant monoculture
cropping systems, with little focus on multicrop systems.
Multicrop systems have increased temporal and/or spatial
diversity and include a diverse set of crops and practices.
In order to support a transition to multicrop systems,
plant breeders must shift their breeding programs and
objectives to better represent more diverse systems,
including diverse rotations, alternate-season crops, eco-
system service crops, and intercropping systems. The
degree to which breeding methods need to change will
depend on the cropping system context in question. Plant
breeding alone, however, cannot drive adoption of multi-
crop systems. Alongside shifts in breeding approaches,
changes are needed within broader research, private sec-
tor, and policy contexts. These changes include policies
and investments that support a transition to multicrop
systems, increased collaboration across disciplines to sup-
port cropping system development, and leadership from
both the public and private sectors to develop and pro-
mote adoption of new cultivars.

plant breeding j cropping systems j crop diversity j sustainability

Agricultural research frequently focuses on increasing agri-
cultural productivity to feed a growing world population.
However, current US agricultural systems largely prioritize
crop production goals at the expense of ecosystems, and
often achieve these goals by reducing system diversity and
complexity, reflected in long-term trends toward monocul-
ture, mechanization, specialization, and higher input use
(1–6). Agroecosystem diversity confers a wide range of ben-
efits for both crop production and ecosystems, including
increased crop productivity and yield stability; reduced
pest, disease, and weed impacts; and improved soil health,
carbon sequestration, and economic resilience (1, 7). Under
the current dominant production practices, services that
had been provided by agroecosystem diversity have been
substituted with extensive field operations, external fertil-
izer and pesticide inputs, and regular soil disturbances.
Along with changes in crop management, plant breeding
has contributed enormously to yield increases in the major
crops (8–11). While these systems have been enormously
productive in terms of crop yield, they have been highly
destructive to ecosystems, contributing to climate change
and causing soil erosion (12), loss of soil organic carbon
(13), nutrient runoff, surface/groundwater pollution (14),
and biodiversity loss (15, 16) at scales that threaten not

only future crop productivity (masked only by modern crop
genetics and production technologies) (17) but, arguably,
stable access to the most basic public goods such as
clean air, pure water, and healthy food. There is long-term
evidence that diversified cropping systems and other meth-
ods of ecological intensification can maintain crop produc-
tivity while addressing environmental challenges (18).
These systems are productive despite limited investment in
related research (19), which indicates the potential to fur-
ther improve performance given adequate investment. We
propose that a return to cropping system diversity will be
necessary to address such environmental challenges and
can support a more desirable balance between priorities
associated with crop production (i.e., provisioning services)
and other ecosystem services (e.g., regulating services such
as clean water, erosion control, and carbon sequestration);
see Box 1 for key terms used throughout this paper.

Increasing cropping system diversity may occur in time
(e.g., through increased rotational diversity within a single
year or over a long-term rotation) or space (e.g., through
various forms of intercropping). Intercropping includes a
range of practices, including crop mixtures, row intercrop-
ping (planting distinct rows of multiple crops), strip inter-
cropping (growing strips of multiple crops wide enough for
independent cultivation), and relay intercropping (planting a
second crop while the first is in its reproductive stage) (20).
We use the term multicrop systems to describe such tem-
porally and/or spatially diverse cropping systems (Fig. 1).
Within the US agricultural context, diverse multicrop sys-
tems were used more widely prior to 1940 (2), and such
systems are still common in places where agricultural pro-
duction systems are less dependent on input use to achieve
crop production goals.

US agricultural policy has played a major role in driving
the shift from multicrop to monoculture agriculture, for
example, through direct subsidies and crop insurance (21).
These programs are designed, in part, to mitigate produc-
tion risk for farmers, but they also have implications for
adoption of multicrop systems, as they incentivize pro-
duction of a limited suite of crops supported by federal
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programs and reduce incentives to use crop diversification
as an alternative risk mitigation strategy (22, 23). Farmers
may have limited willingness to adopt multicrop systems
despite the resilience and reduced production risks they
can provide in the context of a changing and unpredictable
climate, because crop insurance decouples production and
economic risks faced by farmers (24, 25).

As plant breeders, we are particularly concerned with the
role of plant breeding in a transition to multicrop systems.
Modern breeding and agronomic efforts have focused
largely on adapting crops to the dominant monoculture
systems rather than to multicrop systems. Given the larger
policy drivers favoring the homogenization of dominant agri-
cultural systems, plant breeders alone cannot drive the shift
to multicrop systems. Plant breeders impact the agricultural
landscape by developing and releasing cultivars which are
adopted by farmers (26). Therefore, for cultivar development
efforts to be effective, plant breeders need buy-in from both
farmer and seed companies. When considering adoption
not only of a new cultivar but of an entirely new crop or a
major change in management practices, even more actors
have roles to play, including agronomists, engineers, and,
especially, policy makers. Given the role policy has played in
reducing diversity in the agricultural landscape, policy
changes will be needed to make adoption of alternative sys-
tems more feasible and desirable. If and when policy incen-
tives and markets align with multicrop systems, then plant
breeding programs will be necessary to optimize those sys-
tems. Breeding programs can shift their orientation by
adapting breeding methods, adding crops, and reprioritiz-
ing traits of interest, to better address the needs of multi-
crop systems. In this paper, we describe the methods and
approaches needed to breed for multicrop systems and
identify the major breeding targets that will support wide-
spread adoption of multicrop systems in US field crop pro-
duction. We also identify opportunities for plant breeders
to work alongside other researchers, seed companies, farm-
ers, and policy makers to chart a path toward increased
breeding for, and adoption of, multicrop systems.

Multicrop Breeding Targets

Assuming that relevant market development and policy
incentives are implemented to facilitate adoption of multi-
crop systems, plant breeders will need to focus on the
traits and systems needed to enhance diversity in agricul-
tural landscapes. When breeding for multicrop systems,
specific objectives vary widely, depending on the cropping
system context. This context includes the component
crops of the cropping system, the purpose(s) for which
farmers are growing them, and numerous environmental
and management factors influencing the competitive and
cooperative interactions among crops.

In the most straightforward case, plant breeders can
breed crops that are adapted to diverse rotations (e.g.,
Fig. 1G) with the overarching goal of increasing the number
of crops and cultivars that can be grown profitably and
that are adapted to diverse agricultural landscapes (e.g.,
Fig. 1D). In many cases, the selection objectives in breeding
for diverse rotations do not differ from current breeding
programs. The primary breeding goal is productivity, but in
the context of a diverse crop rotation—a new target popu-
lation of environments—where selection must be per-
formed to maximize genetic gain. The key traits remain:
yield and yield stability, postharvest quality, and particulars
related to disease and insect pests that arise within the
crop rotation. In some cases, crops may be bred for new
regions in which they have not previously been selected,
and, in other cases, new crops may be developed which
have not previously received major breeding efforts, for
example, development of intermediate wheatgrass as a
perennial grain crop, pennycress as a winter oilseed, and
hairy vetch as a cover crop. In these cases, crops may
require focus on key domestication traits such as seed
shattering, harvestability, or others (27–30).

Many multicrop systems incorporate additional crops
grown when fields would otherwise be fallow in dominant
cropping systems (here referred to as alternate-season
crops, e.g., Fig. 1E), which collectively result in year-round

Box 1. Definitions of key terms used in the manuscript
Alternate-season crop: crops grown when fields would otherwise be fallow in dominant cropping systems
Cash crop: harvested for their commercial value
Cover crop: a noncash crop planted for the purpose of improving soil or for other environmental benefits
Ecological intensification: the enhancement of ecosystem services to complement or substitute for the role of anthropo-
genic inputs in maintaining or increasing yields (18)
Ecosystem service crop: crops planted primarily for the ecosystem services they provide, in addition to crop yield
(e.g., cover crops, companion plants, hedgerows)
General mixing ability (GMA): the average performance of a cultivar across all tested mixture combinations
Orphan crop: crops that receive little scientific focus or funding relative to their importance for food security (56)
Perennial groundcover: living mulch incorporated into annual cash crop systems
Provisioning ecosystem service: material benefits obtained from ecosystems (e.g., food, water)
Regulating ecosystem service: benefits associated with regulation of ecosystem processes
Relay intercropping: intercropping system in which the lifecycle of one crop overlaps with another
Row intercropping: intercropping of multiple crops in distinct rows
Specific mixing ability (SMA): the deviation of a mixture from the estimated performance of the pair based on the GMA of
the mixture components
Strip intercropping: intercropping of multiple crops in strips wide enough to cultivate each crop separately
Thick legitimacy: authority that is woven into the knowledge-making of scientific and political institutions, and embedded in
widely practiced social conventions (49)
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soil cover and improved water and nutrient retention.
Cover crops are commonly used specifically for these pur-
poses. When alternate-season crops are also cash crops
(i.e., harvested for their commercial value), they may pro-
vide an opportunity to increase farm incomes by growing
an additional crop when fields would otherwise be fallow.
The potential for additional income generation can provide
incentives for adoption of alternate-season crops. Exam-
ples of existing alternate-season cash crops include wheat/
soybean double cropping or the addition of winter grain
crops (e.g., wheat or rye) or winter oilseed crops (e.g., cam-
elina or carinata) to crop rotations (31, 32). Alternate-
season crops and their main-season counterparts often
need to be selected for traits related to phenology and tim-
ing of field operations in order to increase their compatibil-
ity with each other, for example, selection for early vigor
and early flowering. Alternate-season crops often need to
overwinter, and selecting traits related to winter survival
and productivity under cold conditions may also be impor-
tant in some regions.

While most crops are planted for their ability to produce
food, feed, fiber, fuel, or other output with commercial
value, others are planted primarily for the ecosystem serv-
ices they provide (in addition to crop yield). Annual cover
crops are perhaps the most obvious example, but there are
other examples, including species used in hedgerows, com-
panion plants used for pollinator or pest management, or
species used as perennial groundcovers between rows of
cash crops. We refer to these crops collectively as ecosystem
service crops; they may be selected for traits that enhance
their environmental benefits, such as increased biomass

production (e.g., to enhance weed suppression and soil
organic matter contributions) (33), increased nitrogen fixa-
tion (34, 35), or even the release of biological nitrification
inhibitors in the soil to reduce nitrogen loss (36). They are
also often selected for the timing-related traits important for
alternate-season crops (35, 37, 38) and for any other traits
that reduce negative impacts on the cash crop.

Both cash crops and ecosystem service crops may be
bred specifically for intercropping systems including various
spatial and temporal intercropping such as mixtures, strips,
and relay systems (e.g., Fig. 1 A–C, F, and H). Compared with
other multicrop systems described so far, intercropping
involves more direct interactions among crop species.
Therefore, in addition to the breeding goals described
above, breeding programs focused on intercropping will
select plants to enhance positive interactions (e.g., facilita-
tion, niche differentiation) and reduce negative interactions
(e.g., competition) among intercropping partners (39).

Breeding Methods for Multicrop Systems

What does it mean in practical terms to breed plants for
multicrop systems? The answer to this question depends
in large part on the multicrop system of interest. If the pri-
mary goal is to increase diversity in time (e.g., through
increasing rotational diversity), then the breeding objec-
tives or the target population of environments may shift,
while the experimental methods could remain similar to
breeding methods in monoculture systems. However,
breeding for diversity in space (i.e., intercropping) has a
unique set of challenges that requires adaptation of typical
breeding methods. The need to breed specifically for

A B C D

HG

E F

Fig. 1. Multicrop systems with varying degrees of spatial and temporal diversity. Each panel represents a different type of multicrop system, with shades
of green representing different crop species. (A) Crop mixtures (e.g., grass-legume forage mixtures), (B) row intercropping (e.g., oat–pea row intercropping),
(C) strip intercropping (e.g., corn–alfalfa strip intercropping), (D) field-scale crop diversification, (E) sequential planting of crop species within the same year
(e.g., winter wheat–double crop soybean system), (F) relay intercropping (e.g., winter oilseed–soybean system), (G) long-term diversified crop rotation, and
(H) perennial groundcover systems (e.g., an annual row crop rotation interplanted with perennial turfgrass or clover species).
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intercropping systems has been noted in the literature
since at least the 1940s (40), and methods to do so have
been well described (3, 39, 41–43), although implementa-
tion in breeding programs has been more limited. Moore
et al. (39) described core experimental activities when set-
ting up and carrying out a breeding program focused on
intercropping, and these principles are salient for other
multicrop systems as well. These activities include 1) defin-
ing a target population of environments; 2) identifying
variation for performance in multicrop systems; 3) detect-
ing interactions among genotypes, environments, and man-
agement systems; 4) and identifying traits of interest (Fig.
2). These activities will drive decisions about the locations,
cropping systems, and species included in a breeding pro-
gram; the size and complexity of breeding nurseries and tri-
als; and the phenotyping activities that take place. However,
the plant breeder’s activities and decision-making are also
nested within a much larger context; the ability of a plant
breeder not only to develop cultivars adapted to multicrop
systems but to promote adoption of these cultivars will
depend on “enabling conditions,” including appropriate

policy, market demand, and a constellation of research sup-
porting the development of multicrop systems.

Defining a target population of environments, or the
conditions for which you are selecting, is key to decision-
making in any breeding program. The task becomes more
complicated in multicrop systems because, in addition to
climate and soil properties that influence cultivar perfor-
mance, breeders must consider a wide range of possible
rotational or intercropping partners that may vary region-
ally, by farm, and by season. A breeder must determine
which multicrop system(s) is (are) most relevant and to
what degree systems can be grouped for breeding pur-
poses. Such decisions can be made through consultation
with farmers and other stakeholders (e.g., through inter-
views, focus groups, surveys) and review of relevant litera-
ture identifying promising systems and crop partners.
Because use of multicrop systems has declined over time,
in many cases, best management practices for a given mul-
ticrop system are not established, and cropping system
design must also take place in tandem with breeding
efforts. In the context of multicrop systems with increased

Fig. 2. The success of plant breeding for multicrop systems will require a set of enabling conditions, including appropriate policy, market demand, and other
research supporting the development of multicrop systems. When setting up a breeding program for multicrop systems, core experimental activities should
take place, including 1) defining a target population of environments, 2) identifying variation for performance in multicrop systems, 3) detecting interactions
among mixture partners as well as environments and management systems, and 4) identifying traits of interest. These activities will inform the overall design
and implementation of the breeding program. Implementation consists of successive cycles of selection, testing, and cultivar release. Breeding programs
typically test many genotypes in fewer environments at the outset and expand the number of environments as best-performing genotypes are identified. The
expected timeline for cultivar development and release varies by species, from 6 y to 8 y for an annual species to 25 y or more for perennial trees.
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spatial diversity (e.g., intercropping systems), breeding pro-
grams will need to consider possible crop species combi-
nations; the timing of planting, harvest, and other field
operations; and possible spatial arrangements in the
design of appropriate breeding nurseries and trials. In the
context of increasing temporal diversity (e.g., rotations
with increasing complexity), it may be sufficient to plan
appropriate rotations prior to nursery and trial planting, or
to plant multiple environments that follow different crops
when interaction effects are expected. Collaboration with
agronomists, pathologists, agroecologists, engineers, and
other relevant researchers will be important in the design
process.

Variation for relevant performance targets is a prerequi-
site for any breeding program, regardless of the cropping
system context. In the context of multicrop systems, early
studies should screen diverse germplasm for performance
in the system of interest (42, 44). In the absence of mean-
ingful genetic variation for required traits, adjustment of
management practices or species combinations may be
required to address the multicrop system challenge. It will
also be critical for plant breeders to evaluate germplasm
performance according to metrics of “success” for various
relevant stakeholders. For example, farmers may focus on
yield or harvestability, food processors may focus on qual-
ity parameters, policy makers may focus on environmental
outcomes, etc.

Plant breeders routinely deal with genotype-by-environment
(GxE) interactions in breeding programs. An additional major
challenge of breeding and cultivar release for multicrop
systems is the large number of possible species, cultivar,
and management practice combinations across farms and
regions. Given resource limitations in plant breeding pro-
grams and the potential for added complexity in breeding
methods, especially for intercropping systems, breeders
should also evaluate whether plant genotypes perform dif-
ferently in monoculture and in various multicrop systems of
interest. By evaluating the performance of diverse germ-
plasm in a range of cropping systems, plant breeders can
detect genotype-by-management (GxM) and GxExM interac-
tions (3) and design breeding programs that meet a wide
range of stakeholder needs while using resources efficiently.
In the absence of significant rank changes between mono-
culture and multicrop systems, cultivars bred in one system
can be used in multicrop systems without investing in a ded-
icated multicrop breeding program (45). Likewise, in the
absence of rank changes between different multicrop sys-
tems or crop partners, breeders can develop crops adapted
to a wider range of multicrop systems in a single breeding
program. The concepts of general and specific mixing ability
(GMA and SMA, respectively) are particularly useful in this
context. They are used to describe specificity of genotype
compatibility in intercropping systems, and can be examined
by testing genotypes with a wide range of intercropping
partners (42). Genotypes with high GMA have good perfor-
mance with a wide range of partners, and high SMA indi-
cates compatibility with a limited set of partners. High GMA
may be beneficial to the extent that it can allow breeders to
select for a larger number of cropping systems and potential
crop partners while limiting the number of combinations
that need to be tested (and thus the resources needed to

develop multicrop-adapted cultivars). Genomic selection and
use of alpha-lattice or other incomplete block designs have
the potential to make selection for multicrop systems more
feasible even when SMA is high and GMA is low, since these
approaches reduce the total number of combinations to be
evaluated (44, 46, 47).

Identifying traits that improve performance in the target
multicrop system can also increase breeding efficiency. If
these traits are known and can be observed in monoculture,
then breeders can select for multicrop systems without
planting a dedicated multicrop nursery (i.e., a “trait-informed
approach”) (48). Although plant breeders typically seek to
make selections in the target environment (in this case, a
multicrop system), a trait-informed approach may be more
effective when heritability is low in multicrop systems (e.g.,
due to greater environmental heterogeneity). In the absence
of a highly correlated and observable trait, selection directly
in multicrop systems will be necessary for optimal genetic
gain to be realized. As high-throughput phenotyping technol-
ogy improves, there are also increasing opportunities to
improve efficiency in breeding programs even when addi-
tional nurseries and trials are required. There may be addi-
tional opportunities for collaboration with engineers to
develop high-throughput phenotyping platforms better able
to accommodate complex multicrop systems.

Some or all of the activities described above should be
undertaken at the outset of a multicrop breeding program.
Together, the results will drive the focus and approaches
of the program (e.g., breeding goals, system management,
crop partners tested, and traits observed). However, these
questions will also be periodically reexamined throughout
the breeding process, and breeding approaches will inevi-
tably change over time.

Developing Multicrop System Infrastructure
and Practices

For a transition to multicrop systems to occur, both within
plant breeding programs and in terms of farmer adoption,
a range of supporting infrastructure in both the public and
private sector is urgently needed to create, as Montenegro
de Wit and Iles (49) define it, “thick legitimacy.” This type of
legitimacy goes beyond market and policy changes to sup-
port new methods of agriculture and extends to practical
experience, education, scientific validation, and verification
by civil society actors. Importantly, if multicrop systems are
to be more widely adopted, scientists will have to enlist
partnerships that extend their influence into policy, legal,
practical, civic and ethical realms. This type of “thick legit-
imacy” requires broad investment in infrastructure that
includes 1) agronomy and engineering for multicrop sys-
tems, 2) reinvigorated public plant breeding programs,
3) private sector investment in multicrop systems and
models for cultivar release, and 4) economic drivers
for multicrop systems achieved through development of
markets and policy incentives.

Agronomic and engineering innovations are needed to
support development of multicrop systems in tandem with
plant breeding efforts. New crops and cropping systems
require the transfer of both new technologies and webs of
information (agronomic and cultural) needed for success,
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new methods for crop protection, availability of processing
and handling equipment and facilities, and new market
channels (50). Soybean provides a case study of successful
introduction of a crop to a new region through substantial
public investment and wide-scale cooperation among
supply chain actors. Soybean had little to no commercial
presence in the United States after World War I, but it sur-
passed wheat, cotton, and hay to become the nation’s sec-
ond most valuable crop in the 1960s. The widespread
adoption of soybean required a multifaceted approach to
new crop introduction that included the development of
new technologies (cultivars), the creation of new markets
for oilseed by-products (agricultural utilization research)
and new methods of guaranteeing prices to growers and
guaranteeing markets to processors for those by-products
(“The Peoria Plan”), and widespread support from the US
Department of Agriculture (USDA) and state experiment
stations (51). In some cases, adoption of multicrop systems
involves integrating crops in one region that are already
used elsewhere (as with soybean), while other cases
involve domestication of new crop species, with the former
being potentially more straightforward than the latter.

We propose that a similar concerted effort is needed if
multicrop systems are to be adopted on a significant scale.
Adoption of multicrop systems will require not only intro-
duction of new species but also major philosophical and
management shifts relative to current cropping systems.
Dominant cropping systems have focused on achieving
“zero competition” from weeds, insects, other pests, or
other crop species, and this assumption drives a wide
range of management decisions. Multicrop systems have
the potential to maintain or increase productivity relative
to current systems (18), but such systems tend to be knowl-
edge and management intensive (52), and building the
knowledge and skills for successful management will
require close communication between stakeholders and
research disciplines: farmers, extensionists, seed compa-
nies, breeders, agronomists, engineers, and others (53).
Applied research and extension are needed to improve
research-based recommendations and farmer skill in man-
aging multicrop systems. Likewise, most modern farm
equipment is designed for monoculture systems. However,
given adequate investment, equipment could be developed
to support intercropping and other multicrop systems, and
agricultural engineering—which is not constrained by the
same seasonality of breeding and crop production—can
happen at a rapid pace if the appropriate economic drivers
are present. Indeed, this work is already occurring; for
example, many new management implements have been
developed to support organic and/or multicrop production,
for example, roller–crimpers (54), cover crop interseeders
(55), interrow mowers, shields on combine headers to
allow relay intercropping, and hooded sprayers. The ongo-
ing development and use of machine learning, camera
visualization, and artificial intelligence for activities such as
crop- and herbicide-targeted herbicide or fungicide applica-
tions and the creation of small electric and autonomous
crop production machine prototypes suggest that other
new emerging opportunities for multicrop management
are on the horizon. These management and engineering
innovations interact with breeding both by expanding the

target population of environments and by addressing crop-
ping system challenges through management rather than
genetics.

Public sector plant breeders are well positioned to lead
efforts to breed for multicrop systems, since they frequently
focus on “orphan” crops, that is, crops that receive little sci-
entific focus or funding relative to their importance for food
security (56), as well as orphan regions, cropping systems,
or traits (57). However, declining federal funding for public
sector agricultural research and development (R&D) gener-
ally (58–60) and for plant breeding specifically (61–64) has
resulted in declining numbers of public plant breeders and
underfunding of programs that have remained. Beyond the
scarcity of resources, plant breeding positions in both the
public and private sector are typically built around a single
crop rather than a cropping system. These constraints
around funding and professional incentives limit plant
breeders’ ability to focus on development of multicrop
systems as a primary objective of their program.

For plant breeding to shift toward multicrop systems,
breeders must address logistical challenges related to cul-
tivar release. Public sector plant breeders working at uni-
versities or USDA are not equipped to produce seed at a
commercial scale or to market and distribute their own
cultivars, so breeders typically work with their institutional
technology transfer offices to license finished cultivars to
seed companies (65). Whether cultivars are developed in
the public or private sector, adoption on the landscape will
only occur if private companies are interested in producing
seed (or clones) of cultivars adapted to multicrop systems.
Industry interest, of course, depends on sufficient farmer
demand for seed, and breeders need to engage with seed
companies to align their selection program with market
needs. The diverse range of cropping systems also has the
potential to limit commercialization of multicrop cultivars if
cultivar adaptation is highly specific to a rotational or inter-
cropping partner (i.e., a cultivar has high SMA). High SMA is
also potentially problematic because breeding programs
and seed companies are both highly specialized by crop
species and may not have access to germplasm for all
partner crops in a given multicrop system. If multicrop sys-
tems have a high degree of partner specificity, it may
make sense to release multiple cultivars as a multicrop
package, but, given the highly specialized nature of public
and private breeding, this would necessitate cooperation
between breeding programs and companies in sharing
and codeveloping intellectual property. Such an approach
may be too complex to be tractable, and it is preferable
that breeders develop versatile cultivars that can perform
well across a wide range of multicrop systems to reduce
complexity of breeding methods and cultivar release
mechanisms and to maximize the potential seed market
for a given cultivar.

Despite strong evidence of environmental benefits of
multicrop systems, specific policies and funding to support
multicrop systems remain limited. This is, in part, because
funding allocations are driven by political will, and multi-
crop systems lack strong advocacy organizations, unlike
the focused advocacy for specific crops by lobbyists for
commodity organizations. Multicropping encompasses a
wide range of production practices used with many crops,
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providing benefits to a wide range of potential constitu-
ents, but no one organization benefits enough to have
multicrop systems as its primary goal. Organizations that
develop and advocate for multicrop systems at the state
and/or national level can promote R&D in these systems.
A mechanism to organize effective lobbying for multicrop
systems could evolve from growing public awareness that
environmental challenges could be met through develop-
ment of sustainable agricultural production systems. Thus,
opportunities to build diverse coalitions to advocate for
these practices are expanding, and there have been suc-
cessful policy interventions to support research and
farmer adoption of multicrop systems at both the federal
and state levels. For example, participation in the USDA’s
Environmental Quality Incentives Program is associated
with increased cover crop adoption (66). One of the most
dramatic policy interventions for cover crop adoption has
been a cover crop cost-sharing initiative in Maryland
through the Environmental Protection Agency (EPA)’s Ches-
apeake Bay Program (67). Direct payments to farmers for
planting cover crops have resulted in major increases in
cover crop adoption; as of the 2017 Census of Agriculture,
Maryland had the highest cover crop adoption rate in the
United States at 28.8% of cropland acres, beating its near-
est competitor by nearly 10% and far surpassing the
national average of 3.9% (68).

The State of Minnesota supports adoption of Kernza, a
perennial grain crop, through incentive payments paired
with risk mitigation payments up to 50% of the cost of
crop production in areas where its ability to scavenge
nitrogen is deemed to be of particular interest (e.g., in
drinking water protection areas) (69, 70). This public invest-
ment is significantly cheaper than the installation of a
water treatment facility and encourages farmers to pro-
duce a crop that has additional benefits that include
reduced erosion and input costs. Similar systems could be
implemented to encourage multicrop systems in areas
where increased cover and/or the benefits of diverse rota-
tions are predicted to be of greatest benefit.

The Watershed Restoration and Protection Strategy of
the Kansas Department of Health (71) represents another
unique program that is funded through the EPA Section
319 and the Kansas State Water Plan to encourage adop-
tion of crops and other conservation practices to improve
water quality in specific watersheds. This program has pro-
vided incentive payments to producers to adopt cover

crops and transition from annual to perennial crops. The
program has also created infrastructure, such as purchas-
ing high-clearance seeders/interseeders and placing them
at local coops, to assist farmers in planting cover crops
within growing maize before harvest. While the policy ini-
tiatives described above focus on smaller regions and/or a
limited set of crops and cropping systems, they demon-
strate the potential to build coalitions around multicrop
systems and to pass policy measures with demonstrable
impacts on research, development, and adoption of multi-
crop systems.

Take-Home Message

The current dominant cropping systems tend to pursue
production goals(e.g., crop productivity and management
of pests, diseases, and weeds) through increased input use
in simplified crop rotations, with drastic negative unin-
tended consequences for ecosystems and rural communi-
ties. As agricultural inputs become more costly, the climate
crisis becomes more immediate, and as environmental
costs of dominant agricultural systems become clearer, we
see an opportunity for plant breeders to support an alter-
native path for agriculture. Multicrop systems have the
potential to simultaneously support both productivity and
sustainability goals. In this paper, we describe our vision of
diverse, sustainable, and resilient multicrop systems and
the role plant breeding can play in enhancing crop adapta-
tion to and productivity in systems with greater diversity in
time and space. However, plant breeders are only one set
of actors within a wider ecosystem including farmers,
agronomists, engineers, seed companies, equipment man-
ufacturers, environmental groups, and policy makers, all
with interests and roles to play in reorienting our current
agricultural systems to build multicrop systems of the
future. For wide adoption of multicrop systems to occur,
we need policies and investments that support a transition
to multicrop systems from breeder to consumer; we need
collaborative, participatory, and multidisciplinary research
that integrates plant breeding with cropping systems
development; and we need leadership and coalitions
across both the public and private sectors to develop and
promote adoption of new cultivars.

Data, Materials, and Software Availability. There are no data underlying
this work.
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