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Monoculture cropping systems currently dominate temperate agroecosystems. However,
intercropping can provide valuable benefits, including greater yield stability, increased total
productivity, and resilience in the face of pest and disease outbreaks. Plant breeding efforts
in temperate field crops are largely focused on monoculture production, but as intercropping
becomes more widespread, there is a need for cultivars adapted to these cropping systems.
Cultivar development for intercropping systems requires a systems approach, from the decision
to breed for intercropping systems through the final stages of variety testing and release.
Design of a breeding scheme should include information about species variation for performance
in intercropping, presence of genotype x management interaction, observation of key traits
conferring success in intercropping systems, and the specificity of intercropping performance.
Together this information can help to identify an optimal selection scheme. Agronomic and
ecological knowledge are critical in the design of selection schemes in cropping systems with
greater complexity, and interaction with other researchers and key stakeholders inform breeding
decisions throughout the process. This review explores the above considerations through
three case studies: (1) forage mixtures, (2) perennial groundcover systems (PGC), and
(8) soybean-pennycress intercropping. We provide an overview of each cropping system,
identify relevant considerations for plant breeding efforts, describe previous breeding focused
on the cropping system, examine the extent to which proposed theoretical approaches have
been implemented in breeding programs, and identify areas for future development.

Keywords: agroecology, ecosystem services, intercropping, plant breeding, polyculture, sustainable cropping
systems

INTRODUCTION

Crop diversity provides an array of benefits (Altieri, 1999; Letourneau et al., 2011) and can
appear at multiple spatial and temporal scales (e.g., across landscapes, seasons, farms, or fields).
Intercropping represents within-field diversity, is defined as growing two or more crop species
simultaneously in the same field, and encompasses a range of practices including mixed
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intercropping (growing component crops simultaneously with
no distinct row arrangement), row intercropping (growing
component crops simultaneously in different rows), strip
intercropping (growing component crops simultaneously in
different strips), and relay intercropping (growing component
crops with overlapping growth periods; Andrews and Kassam,
1976). Intercropping can provide valuable benefits, including
increased yield (Trenbath, 1974; Hauggaard-Nielsen et al., 2001;
Nyfeler et al., 2009; Finn et al., 2013; Martin-Guay et al., 2018;
Li et al, 2020), yield stability (Rao and Willey, 1980;
Raseduzzaman and Jensen, 2017), improved crop quality (Sleugh
et al, 2000; Bélanger et al., 2014), reduced pest and disease
impacts (Altieri, 1999; Boudreau, 2013; Gaba et al, 2015),
improved weed management (Hauggaard-Nielsen et al., 2001;
Finn et al., 2013; Johnson et al., 2017; Connolly et al., 2018;
Hoerning et al,, 2020), reduced input needs (Nyfeler et al.,
2009; Gaba et al, 2015; Raskin et al., 2017), improved soil
health (Cong et al., 2015; Li et al.,, 2021), support for a wide
range of native pollinators (Eberle et al., 2015; Forcella et al.,
2021), and a range of other ecosystem services, such as wildlife
conservation, soil conservation, water quality improvements
(Weyers et al., 2021), and carbon sequestration (Malézieux
et al, 2009). Intraspecific diversity in the form of cultivar
mixtures can provide benefits for productivity and resilience
(Reiss and Drinkwater, 2018), but this review focuses on
interspecific diversity through intercropping.

Intercropping is an ancient practice that has been used for
thousands of years and remains an important practice in many
parts of Africa, Asia, and Latin America. However, temperate
regions have seen shifts away from intercropping and toward
monoculture production, which is associated with greater
mechanization, specialization, and input use (Anil et al., 1998;
Altieri, 1999; Crews and Peoples, 2004). Intercropping systems
are generally seen as labor-intensive and incompatible with
mechanization and the need for standardized products (Brooker
etal.,, 2015). However, with the array of environmental problems
associated with modern agriculture (Foley et al., 2005; Pretty
et al., 2018), there is interest among researchers and farmers
in increasing diversity in cropping systems (Arbuckle and
Roesch-McNally, 2015; Mortensen and Smith, 2020), and with
new technological advances (e.g., new machinery, precision
agriculture technology, and genomic tools), there are new
possibilities of developing intercropping systems for modern
agriculture in temperate field crops (Brooker et al, 2015).
Modern plant breeding efforts in temperate field crops have
primarily focused on monoculture production (Henkhaus et al.,
2020). Still, as interest in intercropping for temperate agriculture
increases, cultivars must be adapted to these cropping systems.

Experimental approaches and breeding schemes to improve
germplasm for intercropping have been widely studied (Keller,
1946; Hamblin et al,, 1976; Mead and Willey, 1980; Wright,
1985; Hill, 1990; Brooker et al., 2015), yet critical knowledge
gaps exist that prevent greater utilization of intercropping.
We briefly review the relevant literature in ecology, agronomy,
and plant breeding and describe core experimental, breeding,
and cropping system design approaches, and apply these core
concepts to temperate field crops in three case studies of

intercropping systems at various stages of breeding research
and development: (1) forage mixtures, (2) perennial groundcover
(PGC) systems, and (3) intercropping with winter oilseeds.
Case studies were selected to represent a range of temporal
and spatial interactions, agronomic and ecosystem service goals,
and maturity of breeding efforts. Through these case studies,
we examine the extent to which proposed theoretical approaches
have been implemented in breeding programs and identify
areas for future development.

Defining the Problem and Solution Spaces
When a plant breeder considers whether to breed for
intercropping systems, they first need to identify the cropping
system goals, and whether major cropping system constraints
can be addressed through plant breeding (Figure 1). The
possible benefits of planting crops in an intercropping system
are diverse and support agronomic goals and ecosystem
services (Tamburini et al., 2020). The relative importance of
agronomic and ecosystem service goals varies by cropping
system, and likewise, the relative contribution of each crop
component toward those goals will vary. Some intercrops
are planted to maximize short-term profitability by increasing
productivity or quality, while others are used for their
regulating and supporting ecosystem services (e.g., cover
crop mixtures).

In systems where all crop components are harvested as
cash crops, and in which the components are of relatively
similar value, the main goal is often to increase total productivity
of the system. However, if regulating and supporting ecosystem
services are goals of the intercropping system, the main goal
may be to balance tradeoffs between short-term profitability
and benefits that might only manifest over longer periods
or under certain circumstances. In this scenario, the system
goals will likely be focused on the productivity of the primary
crop, as ecosystem services or yield provided by the secondary
crop must be achieved without compromising the primary
crop. Programs can focus on avoiding yield or quality reductions
in the primary crop by breeding for differential resource-use
relative to the secondary crop. Alternatively, breeding programs
may focus on adapting a secondary crop to use resources
not needed for the primary crop, better tolerate the stress
imposed by the primary, or even to facilitate the primary
crop. Depending on the specific goal of the system, selection
may take place within one or more component species, and
selection criteria may be based on the total productivity of
combined crop components or based on maximizing the
productivity of a single component species.

When developing intercropping systems for temperate field
crops, breeding decisions, and overall cropping system design
will depend on these goals and the role each component
crop plays in their realization. Both plant breeders and
agronomists work to design and improve intercropping systems,
and as plant breeders identify potential breeding goals,
particularly in novel and complex intercropping systems, it
is critical they engage with both agronomists and end users
to identify breeding needs. Because plant breeding is a resource-
intensive endeavor, it is also prudent for plant breeders to
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FIGURE 1 | The process of breeding for intercropping systems.
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explore alternative approaches to improving intercropping
system performance. This could include cropping system
management (e.g., altering plant spacing, timing, or fertility)
or engineering (e.g., adapting planting or harvesting equipment
for multiple species) solutions. Agronomists, engineers, and
other specialists should be engaged in this process of “defining
the solution space” (Figure 1).

Assessing Variation and

Genotype x Management Interaction
Identifying meaningful variation within the target species is
a prerequisite for crop improvement efforts. Early studies
often include screening diverse germplasm for performance
in intercropping (Wright, 1985; Haug et al., 2021). In addition,
to determine whether an intercropping-specific breeding
program is merited, it is important to determine whether
genotypes show differential performance in monoculture
compared to intercropping systems. If genotype x management
(GxM) interactions are not significant, then genotypes selected
in monoculture can be used in intercropping systems
(Annicchiarico et al., 2019). However, in the presence of
significant rank changes, there is a need for intercropping-
specific breeding efforts. To evaluate the significance of GxM
interactions, diverse germplasm should be evaluated in both
monoculture and intercropping systems (Brooker et al., 2015).
Such comparative studies allow for the calculation of variance
components, correlations, and heritabilities (Annicchiarico,
2003), and can inform breeder decisions about breeding
methods and whether mixture-focused breeding efforts
are required.

Performance in Intercropping: Competition
and Overyielding

When designing a selection scheme for intercropping systems,
a major question is which traits should be considered in the
selection process? Ecological theory can provide insights to
understand interspecies interactions and productivity in these
systems (Li et al., 2014; Brooker et al., 2015; Litrico and Violle,
2015). While intercropping systems provide numerous
environmental and agronomic benefits, competition between
component species can reduce productivity. Competition between
component species may come in the form of exploitation
competition (competition for the same resources such as light,
water, or nutrients) or interference competition (directly altering
the resource acquisition behavior of another organism; Case
and Gilpin, 1974; Schoener, 1983).

Intercropping systems are often challenged by asymmetric
exploitation competition, such that one species has a competitive
advantage over another, which can reduce productivity and overall
benefits of the system (Connell, 1983; Thomas, 1992; Corre-
Hellou et al., 2006; Bybee-Finley et al., 2016). The competitive
advantage may depend on growing conditions; for example, low
N availability favors legumes over other plants, and moisture
limitations in arid regions may favor one component species
over another. Such genotypexenvironment (GxE) and
genotype x environment x management (GxExM) interactions will
inform the regional focus and breeding approaches within
intercropping breeding programs. Competition between partners
may also change over time, depending on the phenology, stress
tolerance, and persistence of component crops (Raskin et al,
2017; Ginakes et al.,, 2020). Temporal dynamics play a role in
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both cropping system design and breeding. For example,
understanding key growth periods during which competition will
be more detrimental (e.g., through modeling yield loss due to
competition) may help to select appropriate crop pairings and
determine breeding objectives (e.g., early maturity; Gaudio et al.,
2019; Cheriere et al, 2020; Bourke et al, 2021; Schlautman
et al, 2021).

Allelopathy, or chemical inhibition of one plant by another,
is a common form of interference competition. Allelopathic
ability has been a focus for breeding programs with an interest
in weed suppression, and screening and selection for allelopathy
have been conducted in cereals and other crop species, including
rice, wheat, barley, oat, rye, cassava, sunflower, and sorghum
(Worthington and Reberg-Horton, 2013). In the context of
intercropping systems, the role of allelopathy may be important
depending on the component species, and selection criteria
may include reduced allelochemical production or reduced
susceptibility to the allelochemicals produced by the partner
species. In general, asymmetric competition may be more or
less important depending on the goals of the system. For
example, when one crop is planted primarily for ecosystem
services, farmers may be less willing to compromise yield of
its cash crop partner, whereas in intercropping systems involving
two cash crops of comparable value, some yield reduction of
each component may be acceptable.

Overyielding, or increased productivity in more diverse
natural and agricultural ecosystems, often occurs in intercropping
systems and can be explained through complementary
interactions such as niche differentiation and facilitation. Niche
differentiation is the process by which sympatric species avoid
competitive interactions by differentially using resources; it can
lead to greater productivity in natural and agricultural systems
through increased resource acquisition and reduces interspecific
competition (Hector et al., 1999; Fargione and Tilman, 2005;
Hauggaard-Nielsen and Jensen, 2005; Li et al, 2007, 2014;
Litrico and Violle, 2015). Previous research shows that, when
designing and breeding for intercropping systems, an overarching
goal should be to increase niche differentiation as a way to
reduce competition between component crops and increase
overall productivity of the system (Figure 2; Li et al., 2014;
Brooker et al.,, 2015; Litrico and Violle, 2015; Annicchiarico
et al., 2019). Niche differentiation may occur either spatially
or temporally. For example, a focus on rooting depth or above-
ground plant architecture could differentiate the resource space
exploited by each component crop, whereas a focus on phenology
could differentiate crops based on the period of maximum
growth (Litrico and Violle, 2015). Increasing phenotypic plasticity
could also contribute to species complementarity by increasing
niche differentiation when planted in intercropping systems
(Zhu et al., 2015).

According to Callaway (1995), facilitation, or positive
interactions among plants, can occur directly, for example, by
reducing environmental stress or increasing resource availability.
Facilitation can also occur indirectly through elimination of
competitors (e.g., through allelopathic effects on susceptible
weeds), promoting other beneficial organisms, or providing
protection from herbivores. Both niche differentiation and

facilitation contribute to increased productivity in intercropping
systems and can be difficult to distinguish in practice (Loreau
and Hector, 2001). Facilitation has been observed in intercropping
systems through mechanisms, such as improved nutrient
availability (e.g., nitrogen fixation or mobilization of other
nutrients), modification of root architecture, and suppression
of pests and diseases (Hauggaard-Nielsen and Jensen, 2005;
Li et al., 2014). Facilitation is more likely to occur with perennial
intercrops compared to annual systems, since annuals have a
more limited time to see beneficial effects from their partner
species (Bybee-Finley and Ryan, 2018). Selecting for facilitation-
related traits may therefore be more fruitful in perennials
than annuals.

Designing the Breeding Scheme

One challenge, in practice, is to identify traits that are
straightforward to phenotype and have high correlation with
intercropping performance. If these traits are known, highly
correlated and observable without intercropping, then it will
be possible to select component crops in monoculture. This
is known as a trait-informed approach. Otherwise, it may
be more efficient to select directly in an intercropping system,
otherwise known as a trait-blind approach (Barot et al., 2017).
Preliminary experiments are required, first to determine the
appropriateness of the trait-informed or trait-blind approach
by evaluating candidate traits in both mono- and mixed
cropping (Brooker et al, 2015; Annicchiarico et al., 2019).
If traits can be identified that are observable under monoculture,
which have a sufficiently strong genetic correlation, it may
be most efficient to select indirectly for intercropping
performance based on monoculture data (Atlin and Frey,
1989; Brummer, 2006). Indirect selection can be more effective
than direct selection when the heritability of the trait is larger
in an off-target environment (monoculture system) than in
an on-target environment (intercropped system; Holland and
Brummer, 1999; Banziger and Cooper, 2001; Brummer, 2006).
Selecting in monoculture may also be desirable when
intercropping involves more complicated management including
narrower windows of operation or greater precision for weed
and nutrient management.

When breeding for systems with multiple species, the number
of combinatorial interactions can quickly become impractical
experimentally. The concepts of general mixing ability (GMA)
and specific mixing ability (SMA) introduced by Wright (1985)
(also referred to by Hill, 1990 as general and specific ecological
combining ability) have been established to understand the
necessity of recurrent selection and variety development for
each component intercrop. The GMA and SMA are analogous
to the classical concepts of general and specific combining
ability (Sprague and Tatum, 1942; Griffing, 1956) and have
also been applied to understand variety mixtures and multilines
(Dawson and Goldringer, 2011). Genotypes with high GMA
would perform well in a wide range of intercropping scenarios
regardless of the identity of their partner, whereas high SMA
and low GMA indicate good performance with another specific
genotype but lack of general adaptation to many intercropping
systems. In the ideal scenario, GMA would have a larger
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A Before selection

Function (e.g., yield, quality, ecosystem service)

Trait space (e.g., growth period, plant architecture)

FIGURE 2 | Selecting component species for niche differentiation enhances the combined function of the intercropping system. The x-axis represents the trait space, which
may represent a temporal (e.g., growth period and maturity date), spatial (e.g., rooting depth and plant height), or other niche. The y-axis represents the desired cropping
system function, including crop yield or quality, or a range of ecosystem services. The shaded areas represent each component species, and the dotted line represents the
combined performance of the intercropping system. Before selection (A) there is more competition between component species (or overlap between the two curves), and
after selection for niche differentiation (B) there is decreased competition between the component species, allowing for greater combined function of the cropping system.

After selection
S \

Function (e.g., yield, quality, ecosystem service)

\

Trait space (e.g., growth period, plant architecture)

contribution relative to SMA, allowing the breeding program
to test material with a narrow set of entries (Annicchiarico
etal., 2019). Temporal rotation and spatial intercropping systems
might often be targets for focus on improving GMA, since
breeders’ products are expected to be paired in the field with
varieties chosen by growers. However, breeders developing
mixtures in contexts where they may control the varietal
combinations employed by farmers will potentially be able to
exploit SMA.

Despite the importance of determining the relative importance
of GMA and SMA to optimize efficiency of intercropping-
focused breeding programs, this question has been investigated
in only a limited set of intercropping systems (Waldron et al.,
2017). The GMA/SMA approach is feasible to integrate into
the later stages of a breeding pipeline, but in order to make
rapid progress, intercrop breeding needs to be applied recurrently
and in earlier breeding stages (Wright, 1985; Hill, 1996; Sampoux
et al, 2020). In early breeding stages, the massive number
and diversity of possible intercrop combinations between any
two species are intractable with the full-factorial designs
necessitated by the GMA/SMA approach.

Genomic and phenomic technologies potentially make early
stage and rapid recurrent intercrop selection more feasible by
enabling strategic rather than complete sampling of intercrop
combinations and the use of partial-factorial designs. The use
of genomics and especially genome-wide marker data to enhance
breeding decisions is becoming pervasive across crop and
livestock breeding (Butruille et al., 2015; Bernardo, 2016; Hickey

et al., 2017; Georges et al., 2019; VanRaden, 2020). The process
of choosing new parents or advancing new candidate cultivars
on the basis of genomics-enabled predictions (GP) of their
performance is known as genomic selection (GS; Meuwissen
et al., 2001). GS has previously been suggested for improving
mixture performance but has not yet been applied to do so
(Annicchiarico et al., 2019; Bandi¢ et al., 2021; Bourke et al.,
2021; Wolfe et al., 2021).

In this special issue, two simulation studies (Banci¢ et al.,
2021; Haug et al., 2021) and a perspective article (Wolfe et al.,
2021) collectively highlight the advantage GS has to offer
intercrop breeding. Haug et al. (2021) showed a clear advantage
of partial-factorial designs even without using genomic
information. Bancic¢ et al. (2021) simulated several designs for
using GS and sparse sampling in a two-species recurrent
selection program all of which outperformed phenotypic selection.
Bancic et al. (2021) modeled performance in pure vs. mixed
stands as genetically correlated traits enabling breeding designs
to be flexible and use a combination of mixed and pure plot
trials, a feature likely to facilitate integrating intercrop breeding
within established monoculture programs. Wolfe et al. (2021)
point out that from a quantitative genetics perspective, the
phenotype of any individual is the result of its response to
an environment that is partially (or largely) determined by
the other individuals present, both current and past.

The advantages of intercropping like yield stability and
improved soil condition (i.e., ecosystem services) are observable
primarily over multiple seasons and locations and occur because
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of multiple interacting species. For this reason, joint-selection
approaches enabled by genomic prediction and sparse designs
are needed. Genomic prediction approaches that model GxE
and genome-by-genome (GxG) interactions (Burguefio et al.,
2012; Cuevas et al., 2016) should therefore be adaptable to
enable intercrop-level selection in either a trait-blind or trait-
informed way.

As in breeding programs focused on monoculture systems,
breeding material developed for intercropping systems will go
through the process of variety testing and release. Variety trials
should be undertaken in intercropping systems, but monoculture
trials may be useful as well, depending on the cropping system
and breeding context. Variety release may have added
complications when dealing with multiple species, especially
if intercrop compatibility is highly variety-specific, and could
necessitate unconventional variety release arrangements.

Optimal methods for breeding for intercropping have been
described in the literature, and some studies have validated
specific breeding methods for intercropping systems. However,
there is a lack of literature bridging the scales between the
conceptual and the specific to describe the design of breeding
pipelines in the context of specific intercropping systems. Below,
we describe three intercrop breeding systems in some detail.
We hope readers will draw parallels between and see differences
among these cases. Our nuanced and more specific understanding
of each system will in turn inform design and implementation
of future intercrop breeding programs.

FORAGE MIXTURES

Forages are frequently grown in grass-legume mixtures (Riday
and Brummer, 2014). In alfalfa (Medicago sativa), the most
widely grown forage crop, planting practices vary by region,
with mixtures more common in the northeast and upper
Midwestern United States (Undersander et al., 2011). White
clover (Trifolium repens) is grown almost exclusively in mixed
stands (Riday and Brummer, 2014). In general, legumes are
weaker competitors compared to grasses, with the exception
of alfalfa which often dominates mixtures when included as
the legume component (Haynes, 1980; Zannone et al., 1986;
Jones et al, 1989; Annicchiarico and Proietti, 2010; Brophy
et al., 2017; Maamouri et al., 2017). Estimates of the optimum
legume percentage for maximum dry matter, protein, and
animal production range between 20 and 50% (Thomas, 1992).
However, environmental conditions (e.g., temperature, moisture,
soil pH, and fertility) and management (e.g., harvest height
and timing) can affect the proportion of each component
(Jungers et al., 2019).

Grass-legume forage mixtures can provide important
production benefits. Numerous studies have found forage
mixtures to provide increased yield relative to grass or legume
monocultures, and also greater yield stability over the growth
season and/or over a multi-year period (Zannone et al., 1986;
Menchaca and Connolly, 1990; Annicchiarico and Piano, 1994;
Sleugh et al, 2000; Malhi et al., 2002; Frankow-Lindberg
et al, 2009; Picasso et al, 2011; McElroy et al., 2012;

Papadopoulos et al., 2012; Finn et al., 2013; Sanderson et al,,
2013; Bélanger et al., 2014; Sturludéttir et al,, 2014; Tracy
et al., 2016). Additional documented benefits include improved
forage quality (Sleugh et al., 2000; Malhi et al., 2002; Bélanger
et al., 2014), reduced pest pressure (Lamp, 1991; Roda et al.,
1996; Picasso et al., 2008; Frankow-Lindberg et al., 2009;
Drenovsky and James, 2010; Sanderson et al., 2012, 2013;
Finn et al, 2013; Bélanger et al., 2014; Sturludottir et al.,
2014), and reduced input needs (Zemenchik et al., 2001; Malhi
et al, 2002; Nyfeler et al., 2009; Rasmussen et al., 2012;
Frankow-Lindberg and Dahlin, 2013; Créme et al., 2016).
Including grass species in forage mixtures have been shown
to increase fiber digestibility, reduce bloating (Majak et al.,
2003; Veira et al., 2010), and improve stand persistence (Sleugh
et al, 2000) while the legume component fixes nitrogen
(Thomas, 1992; Carlsson and Huss-Danell, 2003; Temperton
et al., 2007; Nyfeler et al.,, 2011) and improves nutritive value
(Barnett and Posler, 1983; Sleugh et al., 2000).

As mentioned above, forage mixtures often display
asymmetrical competition, with the legume as the weaker
competitor in most cases (Haynes, 1980; Annicchiarico and
Proietti, 2010; Bybee-Finley et al., 2016; Brophy et al., 2017).
This can be problematic if the legume proportion in the mixture
drops to lower levels since the ecosystem services provided
(e.g., N fixation) will be reduced as well (Thomas, 1992). The
competitive dynamics between component species also change
over time (Zannone et al.,, 1986; Chamblee and Collins, 1988;
Marquard et al., 2009; Picasso et al., 2011; Baxter et al., 2017);
in some respects, this is beneficial. For example, within a given
season, temporal niche differentiation may allow one component
to maximize its growth while the other is dormant (Zannone
et al, 1986; Dong et al., 2018). Over a multi-year period,
some species may experience reductions in plant populations
and/or yield, while others show yield increase, e.g., due to
compensation (Picasso et al, 2011). This can allow greater
yield stability and persistence overall. However, forage quality
parameters may be less stable and predictable compared to
forages grown in monoculture (Grieder et al, 2021), which
can bring added management complexity for producers.

Breeding forages for performance in mixtures has received
more attention than many other temperate intercropping systems
(Annicchiarico et al., 2019). Among forages, white clover-grass
mixtures have a longer history of research and breeding, since
white clover is grown predominantly in mixtures (Dijkstra and
De Vos, 1972; Hill, 1990). Other forage legumes, including
alfalfa, red clover (Trifolium pratense), and birdsfoot trefoil
(Lotus corniculatus) have received less attention in terms of
breeding specifically for mixture systems (Riday and
Brummer, 2014).

The importance of breeding for forage mixtures has been
established across multiple species by screening for variation
in mixture performance and GxM interactions. Studies across
multiple species have established variation for performance in
mixtures (Atwood and Garber, 1942; Annicchiarico, 2003;
Maamouri et al., 2015). The significance of GxM interactions
among mixtures and pure stands varies across studies. When
planting alfalfa with or without a grass companion, Zannone
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et al. (1986) found the best mixtures were composed of the
highest-yielding genotypes when planted in monoculture,
indicating a lack of GxM interaction. However, other studies
in white clover (Dijkstra and De Vos, 1972; Caradus et al,
1989; Annicchiarico, 2003), alfalfa (Maamouri et al., 2017)
and orchardgrass (Dactylis glomerata; Xie et al., 2014) have
found low correlation or significant GxM interaction between
mixtures and monocultures. In general, less work has focused
on genetic variation and GxM interaction in grasses than in
legumes (Waldron et al., 2017). The significance of GxM also
likely varies with the competitiveness of the companion species
and the diversity of breeding material included in a given
trial (Hill and Michaelson-Yeates, 1987; Annicchiarico and
Piano, 1994; Grieder et al., 2021).

To implement a trait-informed breeding approach, studies
have screened for candidate traits that impact performance in
mixtures, and in some cases used these traits as selection
criteria in breeding programs. Haynes (1980) describes a wide
range of traits that impact competitive ability in grass-legume
forage mixtures, including both physiological traits (e.g., symbiosis
with microbes, growth rate, and phenology, light requirement,
and water use) and morphological traits (e.g., growth habit,
foliage architecture, and root morphology). Most traits specifically
examined in an experimental setting fall into the latter category.
Many studies have evaluated morphologically divergent material
not selected in the same environment (e.g., Evans et al., 1985;
Turkington, 1989; Elgersma and Schlepers, 1997), which limits
conclusions that can be drawn due to confounding variables
(Riday and Brummer, 2014). In white clover, traits including
leaf size, stolon density, and petiole elongation and plasticity
have been found to be associated with performance in mixtures
(Atwood and Garber, 1942; Dijkstra and De Vos, 1972;
Annicchiarico and Piano, 1994; Annicchiarico, 2003). Martin
and Field (1984) found in a study of white clover and perennial
ryegrass (Lolium perenne) that both shoot and root characteristics
played a role in competitive dynamics but that their relative
importance shifted over time. Zarrough et al. (1983) found
that tall fescue (Festuca arundinacea) genotypes with low-density,
high-yielding tillers allowed for greater contributions of birdsfoot
trefoil in a mixed stand. Short and Carlson (1989) successfully
improved orchardgrass compatibility with birdsfoot trefoil by
selecting for traits including canopy height, tillering, and
maturity. In alfalfa, Maamouri et al. (2017) identified internode
length, shoot number, leaf size, and growth habit as key traits
mediating competitive ability. Across species, most of the
examined traits are related to competition and niche
differentiation (e.g., access to light, nutrients, and other resources)
rather than facilitation.

Trait-blind approaches have also been used when selecting
forages for mixture systems. Forage breeding nurseries are
frequently planted in a spaced-plant arrangement for efficient
data collection, distinguishing among individual plant genotypes,
and increasing environmental uniformity (Casler and van Santen,
2010). However, such arrangements also eliminate competition
both within and among species, and alternate arrangements
may be more appropriate when selecting for intercropping
systems. Riday and Brummer (2014) selected birdsfoot trefoil

with and without a grass companion and found improved
vigor and persistence among those selected with the grass.
Forage legume breeding programs also commonly plant grasses
for weed suppression purposes in space planted nurseries, with
the additional benefit of selecting for performance in grass-
legume mixtures (Riday and Brummer, 2014). Creeping red
fescue (Festuca rubra) is often used since it is relatively prostrate
and allows for easier viewing of space plants. However, this
growth habit is quite different from that of forage grasses
commonly planted with alfalfa and other legumes. The operating
assumption is that creeping red fescue is an adequate proxy
for other forage grasses (i.e., the effect of specific combining
ability is small). Few studies have evaluated this assumption,
but Grieder et al. (2021) tested red and tall fescues including
both forage- and turf-types and found high phenotypic correlation
between alfalfa cultivars planted across cultivation systems.

Although the efficiency of different selection schemes varies
by system, previous research shows that direct selection in
mixtures is most efficient when selecting forages for mixed
systems. Rowe and Brink (1993) calculated predicted response
to selection of white clover when planted in mixture and
monoculture and found that planting in mixture would
be 12-31% more effective when mixtures are the target cropping
system. Where Annicchiarico (2003) compared a trait-informed
approach (planted in pure stand) with two trait-blind approaches
(direct selection in mixtures and selection in pure stand for
biomass) in white clover and found that direct selection in a
mixture was most efficient, followed by the trait-informed
approach. Likewise, Waldron et al. (2017) compared selection
of tall fescue in monoculture and in mixture and found direct
selection in mixture to be more efficient.

Previous studies have found some specificity in the
performance of forage mixtures depending on partner species.
Rumbaugh and Pendery (1991) planted alfalfa clones with five
associated forage species and found a significant
genotype x species interaction, indicating the importance of
SMA in this case. When comparing white clover performance
in monoculture and in mixture with several grass species,
Annicchiarico and Piano (1994) found variability of clover
genotype performance to be driven by the competitiveness of
the grass companion, indicating the possibility of identifying
species groupings or companion “testers” based on vigor or
other key traits. Given the large number of potential species
pairings in forage mixtures, identification of tester species would
be extremely valuable.

Over the long history of selecting forages for performance
in mixtures, the bulk of breeding efforts for forage mixtures
has been focused on improving the competitive ability of the
less competitive species. Simultaneous selection of both grass
and legume mixture components has been minimal, and we were
also unable to identify programs using genomic selection as
a tool in forage mixture programs. Developing forage breeding
programs utilizing these approaches could increase efficiency
and improve forage mixture yields.

Recognizing the ecosystem advantages of perennial forages
and forage mixtures compared to annual grain production
systems, efforts have been initiated to develop dual-purpose
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perennial grain and forage crops that produce both human
edible grain and valuable forage. Of these, intermediate wheatgrass
(IWG), a perennial cool-season forage grass (Ogle et al., 2011),
is one of the most promising. Efforts to domesticate IWG as
a dual-purpose perennial grain-forage crop were initiated in
the 1980s because it produces higher seed yields relative to
most perennial grasses (Knowles, 1977; Lee et al, 2009) and
has edible seeds, synchronous seed maturity, low shattering,
and disease resistance (Wagoner, 1989, 1990). Continuous IWG
breeding and domestication efforts have been underway since
2001 and it is now the nation’s first commercially available
perennial grain crop (i.e., Kernza®; DeHaan et al., 2018; Bajgain
et al., 2019).

Grazing IWG in the late fall, winter or early spring, much
like dual-purpose management of winter wheat is common in
the High Plains (Lollato et al, 2017), could increase the
profitability and early adoption of IWG for Kernza® perennial
grain production (Jungers et al., 2017; Ryan et al., 2018; Pugliese
et al., 2019). However, the majority of the IWG annual biomass
production, which can exceed 10Mgha™, is low quality straw
(crude protein <60 gkg™") remaining after the grain is harvested
(Favre et al, 2019). Intercropping IWG with alfalfa could
improve the forage yield, quality, and seasonal distribution
compared to IWG monocultures (Barnett and Posler, 1983;
Sleugh et al., 2000; Aponte et al., 2019; Favre et al,, 2019).
Intercropping with alfalfa has also been identified as a potential
strategy to meet IWG nitrogen (N) demands in perennial grain
systems (Crews et al., 2016) and maintain stable IWG grain
yields across years (Tautges et al., 2018; Figure 3).

Designing and breeding for IWG-alfalfa dual-purpose forage
and grain production will likely be very different than for
mixtures managed solely for forage. For example, in dual-purpose
systems, IWG grain becomes the primary breeding target and
forage yield is a secondary target, which has implications for
selection decisions. IWG grain breeders are focused on improving
seed size, seeds per head, and percent naked seed, rather than
forage yield or quality-related traits (DeHaan et al, 2018).
Breeding for IWG-alfalfa intercropping systems is in the initial
stages of defining the problem space (cropping system goals)
for the species and assessing variation in commercial alfalfa

varieties for impact on IWG grain yield and quality. Potential
traits of interest include altered alfalfa growth habit (e.g.,
decumbent vs. prostrate growth), temporal distribution of growth
(i.e., fall dormancy), or N-fixation potential to improve IWG-alfalfa
complementarity, IWG-alfalfa forage yields and quality, and
efficiency of IWG grain harvest in IWG-alfalfa dual-purpose
systems. Regardless of breeding goals and trait targets, there
is evidence that genotypexmanagement interactions exist in
this cropping system, at least for the IWG, that are better
observed in sward than in spaced plant breeding nurseries
(Mortenson et al., 2019).

PERENNIAL GROUNDCOVER SYSTEMS

Perennial groundcover systems are an emerging form of
intercropping which pairs high-yielding row crops (e.g., maize,
soy, cotton, and sorghum) with ecologically complementary
PGCs (e.g., turfgrasses and clovers; Figure 4) to achieve
productivity and natural resource conservation outcomes in
the same field (Moore et al,, 2019). The primary role of the
groundcover is to provide continuous soil cover that radically
reduces soil displacement from within crop fields and delivery
to surface waters (Grabber and Jokela, 2013; Schlautman et al.,
2021). It is critical that in this role, the PGC species do not
interfere with the cash crop, whose primary role is maximum
productivity and economic return (Flynn et al., 2013; Sanders
et al.,, 2017).

Nearly all PGC research has been conducted using cash
crop and PGC species and cultivars that were bred and adapted
for other purposes and management practices (Moore et al.,
2019). Researchers have found that creating spatial and temporal
niche differentiation between the cash crop and PGC are critical
to reduce interspecific competition and avoid reductions in
cash-crop productivity (Bartel et al., 2020). Without access to
PGC-adapted germplasm, adequate spatial and temporal
differentiation have mainly been accomplished through
management using mechanical (i.e., strip-tillage) and chemical
(i.e., banded applications of contact herbicides) suppression of
the PGC during key periods of the cropping season—at or

FIGURE 3 | Intermediate wheatgrass (IWG) intercropped with alfalfa for dual-purpose Kernza® perennial grain and forage production in a field near Canton, KS.
The IWG is planted on 30-in rows with two rows of alfalfa (10in apart) between each pair of IWG rows. Available spring (A, April 6, 2020) and fall (B, October 14,
2020) forage and ripening Kernza® perennial grain (C, June 24, 2020) are shown.
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2020 in Ames, IA, United States.

FIGURE 4 | Examples of maize intercropped with turfgrass perennial groundcovers (PGC). (A) Maize intercropped with strip-tilled but not chemically suppressed
Kentucky bluegrass PGC. (B) Maize intercropped with a creeping red fescue PGC that has been chemically suppressed. Chemical suppression reduces the
likelihood that the maize undergoes a shade avoidance response (SAR), which results in yield loss. (C) Maize intercropped with Kentucky bluegrass on August 2,

just before planting and during the cash-crop critical weed-free
period (Martin et al., 1999; Wiggans et al., 2012a; Bartel et al.,
2017; Alexander et al., 2019). However, inter- and intraspecific
variation in compatibility has been observed in screens of
candidate PGCs, suggesting that spatial and temporal niche
differentiation between component species in PGC systems can
and should be improved through breeding (Flynn et al.,, 2013;
Verret et al., 2017).

Because multiple cash crop species will be planted in rotation
in PGC systems, PGCs generally must be compatible with
multiple row-crop species and varieties (i.e., have high GMA)
to fit within the desired crop rotation system. Examination of
the more successful PGC candidate species reveals some shared
common traits: low-growing growth habit, moderate to excellent
shade tolerance, excellent winter hardiness, and shallow fibrous
roots (Table 1). Together, these traits allow PGC to occupy
spatial and temporal niches that do not overlap significantly
with cash crops in corn-soybean rotations (Flynn et al., 2013;
Bartel et al., 2017; Moore et al., 2019; Schlautman et al., 2021).

Cool-season grasses, and some cool-season legumes [e.g.,
kura clover (Trifolium ambiguum M. Bieb) and white clover
(T. repens L.)] possess some or all of these desirable traits.
The group of approximately 20 species cool-season grasses that
possess culmless stems, making them mowing- or grazing-
tolerant, commonly referred to as turfgrasses, appear especially
well-suited as PGC in corn-soybean rotations (Hyder, 1972;
Flynn et al., 2013). Turfgrasses have shallow fibrous root systems
and they thrive in cool-moist climates (Beard, 1972). They
have the C3 photosynthetic pathway, with an optimum growth
temperature between 15.5 and 23.9°C (Beard, 1972), which is
much cooler than the optimum growth temperatures for maize

and soybean: around 30°C for vegetative growth (Hesketh et al,,
1973; Sanchez et al.,, 2014) and 26°C for anthesis (Boote et al,,
2018). In studies using Kentucky bluegrass (Poa pratensis L.)
and red fescue (F. rubra L.) as PGC with maize, minimal or
no reduction in grain yield was observed when the turfgrasses
were chemically suppressed during maize establishment, and
increases in soil water content were observed, potentially because
the PGC functioned as a living mulch (Wiggans et al., 2012a,b).

Summer dormancy, which is strongly expressed in bulbous
bluegrass (Poa bulbosa L.) and a few other Poa species, can
further reduce the overlap period to be nearly non-existent.
Induction and release of summer dormancy in P. bulbosa are
controlled by photoperiod and to a lesser degree by temperature
(Ofir and Kigel, 1999); therefore, its expression is strongly
predictable (Figure 5). Summer dormancy can occur in Kentucky
bluegrass but is likely an ecophysiological response to unfavorable
environmental conditions, most likely low soil moisture, and
is therefore not as reliable (Ervin and Koski, 1998; Suplick-
Ploense and Qian, 2005). Summer dormancy is a key PGC
trait because it has the potential to make chemical suppression
of PGC unnecessary, reducing labor and cost and fitting well
within both conventional and organic systems.

Perennial groundcover management undoubtedly affects the
microclimate for maize or other cash crops compared to
conventional management by altering the quality of the light,
soil temperature, soil moisture, soil structure, and the biotic
complexity of the agroecosystem (Wiggans et al., 2012b; Flynn
et al., 2013; Banik et al., 2020). A few studies have demonstrated
genetic variation in maize hybrid performance under PGC
management (Ziyomo et al, 2013; Bowden, 2014); however,
the relative importance of genotypexmanagement (GxM)
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TABLE 1 | Turfgrass and maize ideotypes in monoculture and intercropping

systems.
Crop and cropping system
Turfgrass Maize
Monoculture Intercropped Intercropped

Trait category

Agronomic Winter hardiness, Low input needs, Early-season vigor,
dark green color, winter hardiness. cold tolerance for
fine leaf texture, and non-tilled, lower
high shoot density. temperature soils.

Phenology Reduced summer  Early maturing,
dormancy to summer dormancy
maintain year- to reduce maize
round green color.  SAR.

Architecture Deep rooting, short  Short, prostrate Deep rooting
stature, and growth habit, and system that
reduced growth to  shallow, fibrous root  extends beyond
minimize mowing.  systems for reduced the PGC root

above- and below- system.
ground competition.

Abiotic Drought and heat ~ Shade tolerance to  Drought tolerance,
tolerance for year-  persist under the reduced SAR
round persistence.  maize canopy, under altered red/

enhanced wheel far red light
traffic tolerance. conditions.

Biotic Ability to host Biological nitrification

inhibitors to reduce
N-loss, AMF.

fitness-enhancing
endophytes.

In each trait category, contrasting turfgrass breeding objectives are highlighted across
the cropping systems. Characteristics of the intercropped maize ideotype are also
highlighted.

interactions to maize hybrid performance remains unknown.
If crossover GxM interactions (i.e., different maize hybrids are
optimal under the two management conditions) exist, then
establishing dedicated breeding programs for PGC-adapted
maize is advisable. If not, then the elite, locally adapted
germplasm from existing breeding programs can be utilized
for PGC systems.

Many potential breeding targets exist for maize adaptation
to PGC management including increased tolerance to shade
competition and other abiotic stresses (e.g., cold soil temperatures)
as seedlings, tolerance of drought conditions as mature plants,
and perhaps tolerance to unknown pests for which the PGC
may provide new habitats (Berti et al., 2021). Early indications
suggest that minimizing the shade avoidance response (SAR)
in maize will be critical to achieving yields under PGC
management that are equivalent or better than those under
conventional management (Moore et al., 2019). A green PGC,
even if low-growing and minimally competitive, can alter the
spectrum of reflected light received by maize leaves, causing
the maize to perceive potential competitors and triggering a
SAR (Rajcan et al,, 2004), i.e., a cascade of physiological and
morphological changes that can cause irreversible crop yield
loss when it occurs during the crop’s critical weed-free period
(Bosnic and Swanton, 1997). While chemical suppression (which

FIGURE 5 | (A) Summer dormancy response of sandberg bluegrass (Poa
secunda J. Presl.) accession Pl 232348 to various photothermal
combinations representative of Ames, 1A, United States. (B) Non-summer
dormant red fescue (Festuca rubra L.), cv. “Audubon” under identical
photothermal conditions. Summer dormant PGCs could reduce competition
with cash-row crops (e.g., maize) during the growing season.

desiccates the PGC) or summer dormant PGC (whose leaves
desiccate naturally) can reduce SAR, we expect that the maize
SAR in PGC management could be mitigated through maize
breeding. Population density insensitive maize hybrids provide
evidence that maize can be, and indeed already has been,
bred to tolerate intraspecific competition (Messina et al., 2021).
Although still unknown, some of the same physiological
mechanisms may allow maize to tolerate or fail to perceive
interspecific competition in PGC management.

Cultivar development for PGC-based cropping systems is
lacking. Cultivars and accessions that have been evaluated for
their suitability as PGC are either wild collections or cultivars
from turfgrass and forage grass breeding programs. Traits
desirable for turfgrass are improved esthetic quality, which is
a complex trait consisting of a number of component traits,
such as shoot density, leaf color, and texture while traits desirable
for forage grasses are high biomass yield and better nutritional
quality. These traits are not inherently in conflict with traits
for PGC except summer persistence, also a complex trait that
is highly desirable for turfgrass cultivars and most forage grass
cultivars but may be of less importance to PGC. Despite a
relatively short history in turfgrass breeding, a large number
of turfgrass cultivars have been released for major turf species
including Kentucky bluegrass, Tall fescue (F arundinaceae
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Schreb.), perennial ryegrass (L. perenne L.), and red fescue
(National Turfgrass Evaluation Program, http://ntep.org). There
are also numerous wild collections for major cool-season grasses
and legumes maintained at USDA GRIN,' most of which have
not been well characterized and serve as an untapped resource
for developing dedicated PGC germplasm. For species such
as Kentucky bluegrass in which apomixis is the predominant
reproductive mode or for species that reproduce by vivipary
as in P. bulbosa, unimproved wild accessions may be directly
deployed as PGC following field evaluation and seed increase.
It is well known that abundant variation exists among cultivars
of major cool-season grasses. For example, cultivars of Kentucky
bluegrass vary so greatly that there are at least 16 groups of
cultivars that each differs in morphology and development
patterns from others (Honig et al, 2012). Screening of
commercially available cultivars for their “mixing ability” with
row crops is the most cost-effective strategy at this point to
further refine the ideotype for PGC and facilitate trait-informed
selection in the future.

The availability of compatible PGC cultivars that maintain
adequate ground coverage without causing yield reduction to
row crops is critically important to the success of PGC-based
cropping systems. No dedicated PGC cultivars are currently
available and the need for developing such cultivars is clearly
present. Unlike selection and cultivar development for
monoculture which deals with intraspecific interactions (typically
among highly related plants within the same species), selection
for PGC for intercropping has to consider the unique interspecific
interactions. The inter-row space where PGC is grown is a
unique microenvironment where air and soil temperatures, air
and soil moisture, and light quality all differ from that of
monoculture. It is therefore important that selection for superior
genotypes is done in such an environment. While the near-
term goal for breeding PGC is to identify or develop cultivars
that provide adequate ground coverage without reducing yield
of the row crop, future breeding needs to develop value-added
traits such as the ability to inhibit nitrification (biological
nitrification inhibition, BNI; Subbarao et al.,, 2007, 2009) or
the enhanced capability of arbuscular mycorrhiza (AM)
colonization. BNI can reduce N leaching and improve N use
efficiency and has been reported in a number of grass species
including perennial ryegrass (Moore and Waid, 1971; Subbarao
et al., 2021). Symbiont AM can help plants capture nutrients
such as phosphorus from soil (Deguchi et al, 2017). PGC
cultivars with value-added traits should facilitate adoption of
the PGC-Crop system.

INTERCROPPING SOYBEANS WITH
WINTER OILSEEDS

Numerous legume-oilseed intercropping systems have been
developed, and some have shown significant potential for
commercial potential (e.g., canola-pea intercropping) and

'https://npgsweb.ars-grin.gov/gringlobal/crop?id=110

advantages in terms of yield and nutrient-use efficiency (Dowling
et al., 2021). In this case study, we focus on the development
of novel intercropping systems including soybeans and winter
oilseed crops. Winter oilseeds are being incorporated into
existing cropping systems as an alternative to traditional winter
annual cover crops. Like cover crops, they can provide
environmental benefits (e.g., winter soil protection) and can
also be harvested as a cash crop. Intercropping with winter
oilseeds has become feasible with recent advances in
domesticating cold hardy brassicas (Frels et al., 2019; Marks
et al, 2021). In regions with harsh winter conditions, field
pennycress (Thlaspi arvense) and winter camelina (Camelina
sativa) offer suitable options (Cubins et al., 2019; Zhang and
Auer, 2019). For regions that experience a milder winter, carinata
(Brassica carinata) serves as a cool-season alternative (Gasol
et al,, 2007). Members of the Brasicacea family are particularly
suitable for this cropping system due to their cold tolerance
(Warwick, 2011; Song et al., 2020). Furthermore, this adaptation
for winter growth can capitalize on the observed increases in
winter temperatures for the Northern Hemisphere (McCabe
and Wolock, 2010).

In intercropping systems that include winter oilseeds, yield
of both winter and summer crops are considered primary
breeding goals. To a greater degree than in other systems
previously discussed, these systems accomplish niche
differentiation through temporal separation of the component
crops (Brooker et al, 2015); there are extended periods in
which a single species is growing in the field and narrower
windows of overlap among the component crops. Winter annuals
are established in the fall and harvested in early summer. In
intercropping systems, the winter annuals are interplanted with
summer annual row crops such as corn or soybean prior to
seed formation (Figure 6). This strategy reduces the fallow
period between crops, provides ecological benefits such as
pollen for early-season pollinators and reduced leaching of
nitrogen into groundwater sources (Weyers et al., 2019; Forcella
et al,, 2021), and produces harvestable yield from both cropping
system components.

As most breeding programs for these winter annuals are
less than a decade old, their focus has mainly been on key
domestication traits (Chopra et al., 2020). Advances have also
been made for heritable variations in plant morphology in
the University of Minnesotas pennycress breeding program
(Figure 7). Active breeding for intercropping systems has only
recently been initiated, and there is a need to define an ideotype
for intercropped winter oilseeds to facilitate the breeding of
cultivars specifically adapted to intercropping to maximize yield.
Some key differences in breeding objectives between monoculture
and intercropping systems are likely to be important (Table 2).

Soybeans (Glycine max) offer a compatible and plastic option
as a relay crop in a winter oilseed production system (Hussain
et al, 2020). In the United States, soybeans are commonly
double cropped with winter wheat, especially in parts of the
Mid-South Region (Chan et al., 1980; Buehring et al., 1990;
Wallace et al., 1992). Soybeans are cultivated on a global scale
with greater than 120 million Ha harvested in 2019 [Food
and Agriculture Organization (FAO), 2019]. With such a large
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FIGURE 6 | Intercropping interaction window for winter oilseed intercropping systems. The orange curve represents biomass production and key growth stages in
winter oilseed crop production and the green curve represents biomass production and key growth stages in soybean production.

type.

FIGURE 7 | Trait variation in pennycress. (A) Wild type, (B) non-tillering, (C) Fasciated, (D) wild type, (E) dwarfing, (F) wild type, (G) glucosinolate null, and (H) wild

distribution, there are a plethora of intercropping studies between
soybeans and various component species (sugarcane: Li et al.,
2013; cassava: Tsay et al., 1988; sunflower: Saudy and El-Metwally,
2009; maize: Fan et al., 2020; and wheat: Li et al., 2001). In
a winter annual oilseed relay system, soybean yield is highly
dependent on environmental conditions with observed reductions
in yield ranging from 0 to 47% (Hoerning et al, 2020).

Davis and Woolley (1993) also note that the genotype-by-
cropping system interaction is more important for the understory
crop (in this case the soybean). Negative effects on soybean
yield may be due to a range of stressors including direct
competition for resources, increased pest pressure, and allelopathy.

Direct competition in this system occurs on a shorter time
frame than other intercropping systems, yet the effects on
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TABLE 2 | Winter oilseed and soybean ideotypes in monoculture and intercropping systems.

Crop and cropping system

Winter oilseed

Soybean

Monoculture Intercropped

Monoculture Intercropped

Trait category
Agronomic Reduced shattering to

maximize harvestable yield.

Phenology Late maturity to maximize Early maturity for early harvest to minimize
seed yield. competition window.

Architecture Reduced height for reduced Increased height of first silique for harvestability
lodging. Increased tillering to  above soybean canopy. Reduced tillers to
maximize yield. reduce competitive impact on soybean.

Abiotic Nutrient-use efficiency. Nutrient-use efficiency for growth in

competition with soybean.

Biotic High glucosinolates to Low glucosinolates to reduce allelopathic

suppress weed pressure. effects on soybean.

Reduced shattering to maximize harvestable
yield and prevent late-season competition.

Early-season vigor, cold
tolerance.

Early-season vigor, cold tolerance for
non-tilled, lower temperature soils.

Early flowering and long
reproductive period to
maximize yield.

Late flowering so reproductive
period does not overlap with
intercropping competition.

Rapid canopy closure through
enhanced branching. Deep
rooting.

Rapid canopy closure through
enhanced branching. Deep rooting.

Drought tolerance. Drought tolerance, especially early-
season in moisture-depleted soils.

Shade tolerance.

Tolerance to allelopathy.

In each trait category, contrasting breeding objectives are highlighted across the cropping systems. Italic text indicates that the breeding objective is of greater importance in one

cropping system than the other.

juvenile soybean can have long lasting consequences for yield
components, including height, biomass, and pod counts (Ott
et al., 2019). One of the resources that become limited is light
through the rapid canopy closure in pennycress and camelina
stands where 40%-70% of available photosynthetically active
radiation is blocked to the underlying soybeans (Ott et al,
2019). Current research is ongoing on allowing a greater amount
of light to penetrate into the canopy through employing
non-tillering pennycress lines (personal communication with
Ratan Chopra), and it would also be beneficial to develop
shade tolerance in soybeans. Planting winter oilseeds can deplete
soil moisture levels, which can result in poor germination of
the summer annual crop (Gesch and Johnson, 2015). One
method to ameliorate reduced soil moisture may be to choose
large-seeded soybeans which have been associated with early-
season vigor (Smith and Camper, 1975).

Another biotic stressor that is the consequence of cultivating
two species together is the potential for one to attract pests
to the later crop. For example, field pennycress has shown
to be an alternative host for soybean cyst nematodes (SCN;
Johnson et al., 2008; Hoerning, 2019). Soybean cultivars
with strong resistance to SCN are widely available, and
longer rotation schedules are also a viable option. Sclerotinia
has been shown to infect pennycress under controlled
conditions (Boland and Hall, 1994), but there are currently
no reports of infection of cultivated pennycress in the field.
However, there have been reports of field infection of
Camelina (Séguin-Swartz et al, 2009). In addition, the
development stage of soybean plays a significant role in
pathogen dynamics. Soybeans are susceptible once they begin
to flower (Peltier et al., 2012), which typically would occur
after winter oilseed harvest. Nevertheless, there could be a
buildup of sclerotia in the soil, making major outbreaks

more likely. The pathogen dynamics in this intercropping
system merit further study. Management tools that could
help mitigate major outbreaks could include planting-resistant
varieties, lowering planting density, using longer rotation
schedules, and applying fungicides.

Allelopathy has long been a tool in cropping systems to
reduce weed pressure (Putnam et al., 1983). Winter oilseeds
have observed phytotoxic effects where weed biomass was
suppressed up to 100% in pennycress and up to 87% in winter
camelina (Hoerning et al., 2020). The only glucosinolate present
in pennycress is in the form of sinigrin and the partial breakdown
of sinigrin results in highly allelopathic isothiocyanates (Bialy
et al., 1990; Chopra et al,, 2019). Allelopathy tolerance is poorly
characterized in soybeans but would be a necessity in developing
varieties for a winter oilseed intercropping system.

Breeding for a winter oilseed relay system presents challenges
not faced in other intercropping systems. Since winter oilseeds
are still early on in the development pipeline and a market
value is not yet established, it is unclear if importance should
be given to maximizing the winter oilseed yield or reducing
the yield penalties on soybeans. This differentiation is important
in breeding for multiple traits because it has strong implications
on selection indices, for example, one common approach is
a base index selection where the weight of a trait is dependent
on the market price (Kauffmann and Dudley, 1979). A number
of breeding goals for monoculture and intercropping systems
are mutually exclusive and signify the need for separate
breeding pipelines. For example, earlier-flowering pennycress
lines reduce the interaction window at the expense of
pennycress yields, and reduced glucosinolate production
corresponds to less allelopathic effects on soybeans at the
expense of introducing insect and weed vulnerabilities to
the pennycress (Table 2). Until the crops and markets are
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more established, prioritizing these breeding goals may remain
difficult. Despite these challenges, the development of a winter
oilseed intercropping system has shown promise in terms
of increased total yield, and additional markets may benefit
producers by spreading risk (Gesch et al., 2014). These
advantages, combined with ecosystem services such as reduced
erosion and increased pollinator support, merit further efforts
in breeding and management to help expand these systems
into the future.

DISCUSSION

While all focused on breeding for intercropping, each of these
case studies is distinct in its specific objectives. In forage
mixture systems, both grass and legume components are
harvested together as a single product, and the breeder seeks
to maximize productivity of this mixture as a whole. In the
unique case of perennial grain-forage systems, the grain becomes
the primary target, with forage yield as a secondary goal. By
contrast, in the PGC system, only the row crop is harvested,
while the PGC is grown purely for ecosystem service purposes.
The breeding focus will be primarily on improving the ability
of the PGC to function within the row crop context (e.g.,
improving survival without impacting row crop yields). Some
breeding may also be conducted in the row crop for improved
compatibility with the PGC (e.g., to eliminate SAR), but such
breeding efforts are likely to be fruitful only if they do not
impact yield. In the winter oilseed intercropping systems, both
summer and winter annual crops are harvested but as two
separate crops. Yield of both crops are currently treated as
primary breeding goals, but the cropping system is still
developing, and as the production systems and markets mature,
it will be critical to determine whether breeding programs
should maximize yield of one component crop at the expense
of the other.

The approaches used to minimize competition and
maximize complementarity are also somewhat different in
each case study. In the case of both PGC and winter oilseed
intercropping systems, both temporal and spatial niche
differentiation are important. In PGC systems, summer
dormancy (temporal) and growth habit (spatial) have been
important factors driving the choice of species to include
in the system and could be enhanced through breeding
(Table 1). In winter oilseed systems, maturity timing and
growth habit are also important selection criteria for
intercropping systems (Table 2). In both systems, there is
also a need to select row crop components to reduce negative
interactions associated with intercropping (eliminating SAR
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