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Most on-farm diversification strategies to enhance ecosystem services, such as insect
pest control and vyield, have focused on expanding crop species diversity. While
polycultures often provide valuable services, logistical constraints with planting and
harvesting can hamper implementation on large scales. An alternative diversification
strategy is to increase within-field intraspecific crop diversity through the use of crop
varietal mixtures. Here, we evaluate an interdisciplinary body of research to determine
the potential for crop varietal mixtures to support food security by providing ecological,
economic, and nutritional services. Previous literature has synthesized the link between
varietal mixtures and vyield and insect pest suppression services. We expand on
prior analyses by considering hypotheses generated from species-level research and
assessing whether they also provide a useful framework for predicting how varietal
mixtures affect crop productivity and insect pest suppression. In addition, we evaluate
the potential for varietal mixtures to increase farm resilience and growers’ profits.
While there is a growing effort to quantify the economic value of ecosystem services
provided by agrobiodiversity in terms of enhanced yield or revenue, much less attention
has been given to quantifying the production costs associated with diversification
schemes. Consequently, we know little about the effect of diversification practices on
farm profitability, the metric of ultimate importance to farmers. We address this issue
by evaluating the ability of varietal mixtures to reduce production costs associated with
other types of agrobiodiversity and outline areas for future research to better understand
the profit implications of varietal mixtures. Further, we review evidence that varieties of
some crop species differ in phytochemical content—a functional trait important for insect
pest suppression and human dietary diversity —suggesting that varietal mixtures could
be designed to simultaneously support insect pest control and human nutrition services.
Given that little research has explicitly addressed the capacity for varietal mixtures to
support human nutrition, we outline predictions for where we would expect to see the
greatest nutritional impact of mixtures, providing a foundation for future human nutrition
research. Taken together, our review suggests that varietal mixtures are a promising and
logistically feasible strategy that could simultaneously support multiple services.
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INTRODUCTION

A large body of literature indicates agrobiodiversity (Jackson
et al., 2007) can improve food security by sustaining a broad
range of ecosystem services, such as insect pest suppression
and crop productivity, which in turn provide economic and
nutritional benefits to humans (Bianchi et al., 2006; Power, 2010;
Letourneau et al., 2011; Tscharntke et al., 2012a; Figure 1). While
agrobiodiversity encompasses multiple levels of diversity, ranging
from landscape diversity to intraspecific crop diversity (diversity
within a crop species), most efforts to capitalize on the ecological,
economic, and nutritional aspects of agricultural systems through
diversification have focused on enhancing crop species diversity.
For example, push-pull agroecosystems in Sub-Saharan Africa
manipulate crop species diversity by intercropping maize, an
important staple food crop, with desmodium (Desmodium
uncinatum) and Napier grass (Pennisetum purpureum) to
enhance insect pest control services and crop productivity,
resulting in improved human nutrition and economic returns
(Khan et al., 2008). While in many instances polycultures—
defined here as intermixing multiple crop species together in a
field—is a successful practice (Poveda et al., 2008; Letourneau
et al, 2011), they can pose logistical challenges for growers
depending on the scale of mixing (Figure 1). Although strip
cropping can be mechanized, mixing crop species within rows or
in alternating rows is typically not compatible with mechanized
agricultural equipment (Tooker and Frank, 2012; Reiss and
Drinkwater, 2018). Polycultures are also likely to require more
agronomic knowledge than monocultures because crop species
differ in their planting times, management, equipment needs,
and marketability (Gliessman, 1985). Therefore, alternative
approaches to agricultural diversification could offer benefits
to growers.

An alternative diversification strategy that could be employed
when polycultures are impractical is to increase intraspecific crop
diversity within a farm field by planting multiple varieties of
the same crop species. Varietal mixtures have been used quite
extensively in disease control programs (Mundt, 2002), yet less
consideration has been given to their ability to suppress insect
pests (Tooker and Frank, 2012), and to provide the economic
and nutritional benefits that can be associated with polycultures.
In this review, we evaluate the potential of varietal mixtures to
serve as a practical, intermediate diversification strategy to create
multifunctional agroecosystems that simultaneously support the
ecological, economic, and nutritional components of agriculture
(Figure 1). While we recognize the potential for varietal mixtures
to improve ecosystem services in many cropping systems,
including perennial cropping systems and agroforestry, we focus
this discussion on annual crops grown for human consumption,
as these are the systems in which most of the research on varietal
mixtures has been conducted.

Although much remains to be explored, there are several
lines of evidence to suggest varietal mixtures could be a viable
diversification tactic for growers. For instance, a growing number
of studies indicate that varietal mixtures can support insect
pest suppression (Tooker and Frank, 2012; Koricheva and
Hayes, 2018) and even more studies have demonstrated the

beneficial impact of varietal mixtures on crop productivity and
yield stability (Smithson and Lenné, 1996; Finckh et al., 2000;
Kieer et al, 2009; Borg et al, 2018; Reiss and Drinkwater,
2018). In addition, varietal mixtures may improve agroecosystem
resilience by helping to buffer crop production from external
shocks and by reducing some of the management complications
and labor requirements associated with polycultures (Wilhoit,
1992; Lin, 2011). Many crop species encompass a broad range of
trait variation and preserving these sources of genetic variation
could be important for the development of future crop varieties.
By maintaining desirable crop traits such as drought tolerance
or disease resistance, farmers would have the tools to adapt to
a range of environmental constraints associated with variable
climatic or biotic stresses (Belem et al., 2018). Furthermore,
varieties of many crop species differ in their phytochemical
content (Grusak and DellaPenna, 1999; Toledo and Burlingame,
2006), compounds important for plant defense as well as for
human nutrition, which suggests that varietal mixtures could be
designed to simultaneously support insect pest suppression and
enhance human dietary diversity.

Our objective is to link typically disparate topics in the same
review to promote interdisciplinary analysis that can lead to
the design of multifunctional agroecosystems. To do so, we
integrate perspectives from ecology, economics, and nutrition
to evaluate the potential for varietal mixtures to simultaneously
support several services that are important to food security. We
build on previous research exploring impacts of intraspecific
crop diversity on yield and insect pest suppression services
(Tooker and Frank, 2012; Koricheva and Hayes, 2018; Reiss
and Drinkwater, 2018), and expand to include economic (e.g.,
profitability and yield stability) and human nutrition services.
Although many ecological services contribute to food security,
such as soil health, pollination (e.g., Klein et al., 2007; Gallai
et al., 2009; Garibaldi et al, 2011), and disease control (e.g.,
Power, 1991; Zhu et al., 2000; Mundt, 2002), in this discussion we
focus on insect pest suppression and yield services. We map out
areas for future research by highlighting knowledge gaps in our
understanding of how varietal mixtures influence agroecosystem
services that generate economic and nutritional benefits vital to
food security.

CONSEQUENCES OF CONVENTIONAL
AGRICULTURAL INTENSIFICATION

Planting fields with one high-yielding crop variety has become
the prevailing solution for providing food to a growing human
population (Pingali, 2012). Yet, this practice has eroded valuable
genetic resources that are foundational to creating resilient
agroecosystems, has resulted in large areas of land dedicated to
a relatively small number of crop species, and has threatened
pollination services and biodiversity (Altieri, 1999; Karp et al,,
2012). The lack of genetic diversity in monocultures often
translates into enhanced vulnerability to abiotic and biotic
stressors. Consequently, important ecosystem processes, such
as nutrient cycling or insect pest regulation, are not self-
sustaining (Altieri, 1999; Thrupp, 2000; Figure 1). For example,
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least amount of supporting evidence.
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FIGURE 1 | Conceptual framework for comparing the services (human nutrition, yield stability, insect pest control) and economic implications (labor, implementation
effort, profits) associated with agricultural management practices. In this qualitative diagram, the level of service or economic implication is indicated along each axis;
achieving greater distance along each axis indicates a stronger benefit. To illustrate predictions for how services and economic implications will vary with the level of
diversification, we compare three hypothetical agriculture systems: a monoculture, growing a single crop variety in a field (closed circle); a polyculture, intermixing
multiple crop species together in a field (open circle); and a varietal mixture, planting multiple varieties of the same crop species together in a field (open square). In
general, polycultures enhance many services (Poveda et al., 2008; Letourneau et al., 2011), but production costs can be high (Gliessman, 1985; Tooker and Frank,
2012). In contrast, monocultures minimize costs, but are poor producers of some services (Altieri, 1999; Karp et al., 2012). We propose varietal mixtures could serve
as an intermediate strategy that addresses some of the limitations associated with monocultures and polycultures. The symbol “?” represents predictions with the

Pest Control

Ease of
Implementation

—{ }= Varietal mixtures
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there are multiple examples from natural and agricultural
systems demonstrating that reduced plant genetic diversity can
aggravate insect pest problems over time (Gallun, 1977; Pring
and Lonsdale, 1989; Peacock and Herrick, 2000; Belloti et al.,
2012). To overcome these production challenges, conventional
agriculture systems rely on repeated applications of external
inputs, such as synthetic pesticides and fertilizers (Altieri, 1999).
Although input-intensive agriculture can substantially increase
yields in the short term, it also results in increased production
costs and negative environmental externalities that are often
under-valued (Tilman et al., 2002; Tscharntke et al., 2012a).
For instance, widespread reliance on pesticides in industrial
practices has resulted in an unsustainable cycle of pesticide-
resistance in insects and increased pesticide application, with
environmental and human health consequences such as water
pollution, habitat degradation, reduction in natural enemy
populations, and chronic human health problems (Altieri, 1999;
Tilman et al,, 2002; Dutcher, 2007; Gibbs et al., 2009; Geiger
et al.,, 2010; Meehan et al., 2011). For smallholder farmers in the
developing world, reliance on synthetic fertilizers and pesticides
is often impractical due to a lack of financial resources (Gurr et al.,

2004). Therefore, exploring alternative agricultural management
strategies that support multiple services is critical to creating
self-sustaining, resilient food systems.

Moreover, the robustness of agricultural systems has
historically been assessed based on crop yield, economic output,
and cost-benefit ratios (Mclntyre et al, 2009). However, it
is increasingly recognized that these metrics fail to consider
the diversity of nutrients provided by the agricultural system
(DeFries et al., 2015), which is problematic as humans must
consistently consume a wide range of nutrients (Graham et al.,
2007). Today, a large percentage of the human population
receives more than half of their calories and plant-based protein
from just three crops—rice, wheat, and maize (Thrupp, 2000;
De Shutter, 2014). Although yields have increased significantly
(FAO, 2015), the associated reduction in crop diversity has
resulted in human diet simplification, which is correlated
with negative nutritional outcomes, such as micronutrient
deficiencies, malnutrition, and obesity (Frison et al, 2006;
Johns and Eyzaguirre, 2006; Figure 1). Given the importance
of micronutrients in supporting human health, it is vital that
agriculture and nutrition interventions evaluate not only the
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yield capacity of agroecosystems, but their nutrient diversity as
well (Frison et al., 2006; Burlingame et al., 2009a; Remans et al.,
2011; De Shutter, 2014; DeFries et al., 2015).

EVALUATING THE CAPACITY OF VARIETAL
MIXTURES TO SUPPORT ECOSYSTEM
SERVICES

While much of the empirical and theoretical work on how
biodiversity modulates agroecosystem functioning has targeted
crop species diversity (e.g., Poveda et al., 2008; Letourneau et al.,
2011), much less attention has been given to the role of varietal
mixtures in agroecosystem processes, especially in terms of insect
pest control (Tooker and Frank, 2012). Here, we use ecological
theory on species mixtures as a framework to consider the
potential yield and insect pest suppression benefits provided by
varietal mixtures.

Varietal Mixtures and Productivity
Increasing plant species diversity can enhance plant productivity
through several mechanisms, including the selection effect, niche
complementarity, and microbial-mediated resources (Loreau
and Hector, 2001; Reynolds et al., 2003; Hooper et al., 2005;
Letourneau et al., 2011). For instance, increasing the number
of plant species in a field translates into a higher probability of
incorporating a very productive species (i.e., the sampling or
selection effect) (Huston, 1997; Loreau and Hector, 2001). It is
well-established that cultivars of the same crop species vary in
terms of productivity. For example, seed yield of quinoa varieties
can vary by an order of magnitude (Bhargava et al., 2007; Miranda
et al.,, 2012; FAO CIRAD, 2015; Bazile et al., 2016). Therefore,
the selection effect could be highly applicable to the relationship
between varietal mixtures and productivity (Barot et al., 2017).
Polycultures are also expected to achieve high productivity
through niche complementarity, where the species mixture is
better able to exploit limited resources via resource partitioning
or facilitation (Tilman et al., 1997; Loreau, 2000; Loreau and
Hector, 2001) (Table 1). For example, different plant species
may access limiting nutrients such as nitrogen and phosphorus
at different times during the growing season or from different
regions of the soil, thereby reducing competitive interactions
(Harrison et al., 2008). Although the variation in resource
utilization among varieties of the same species would not be
expected to be as pronounced as it is between species, cultivars
of the same species can vary in their nutrient requirements or
adaptations for accessing resources (Sarandon and Sarandon,
1995; Mundt, 2002; Ninkovic, 2003; Cowger and Weisz, 2008).
For example, there is evidence that root depth and nutrient
absorption efficiency differ among wheat cultivars (Lupton
et al, 1974). Groundnuts also show significant intraspecific
variation in tap root length, secondary root number, and root
volume. Varieties with a stronger root system perform better
in phosphorus-limited conditions than cultivars with a less
developed root system (Kumar et al., 2009). A meta-analysis
evaluating the effect of cultivar mixtures on crop yield identified
facilitation as one possible mechanism underlying the increased

yield stability observed in mixtures compared to monocultures
(Reiss and Drinkwater, 2018). In addition, recent work has
demonstrated that increased resource complementarity in plants
can be selected for over time by growing plants in high diversity
conditions, promoting niche differentiation that can enhance
productivity (Zuppinger-Dingley et al., 2014). Thus, crop
productivity in mixtures could be strengthened by incorporating
varieties that have been intentionally selected in high diversity
plantings (Zuppinger-Dingley et al, 2014). Moreover, the
microbial-mediated resources hypothesis proposes that species-
specific soil microbes can further facilitate a plants ability
to differentially access limited resources (Reynolds et al,
2003) (Table1). Research on microbial interactions across
three cultivars of potatoes revealed cultivar-specific endophytic
bacteria, soil microbes known to promote plant growth and
health through beneficial metabolic interactions (Sessitsch et al.,
2002). These findings suggest that niche complementarity and
the microbial-mediated resources hypothesis could be relevant to
varietal mixtures, at least in some systems.

However, several studies indicate that to achieve yield benefits
mixtures must be designed thoughtfully; it is not varietal diversity
per se that supports enhanced yields, but rather the functional
components that are included in the mixtures, and the ratio
at which they are combined. For example, wheat mixtures
have been shown to produce significantly higher grain protein
content without sacrificing yield under low input conditions
(Sarandon and Sarandon, 1995). However, this effect was
dependent on nitrogen availability and the proportion of the
mixture components. Other research has found grain yield and
protein content in wheat mixtures to be highly correlated with
the average of the cultivar components, which suggests mixture
performance depends on the selection of cultivars (Gallandt et al.,
2001). In addition, there is evidence that mixture efficiency is
enhanced by mixture complexity; fields trials show that mixtures
with three or more components tend to produce higher yields
than mixtures with only two (Newton et al., 1997; Mille et al.,
2006).

As we continue to explore the potential for varietal mixtures
to support yield services, it is important to evaluate this service
across a breadth of cropping systems as the majority of studies
to date have been conducted in cereal crops. In contrast, less
research has evaluated the effect of varietal mixtures on crop
productivity in other systems, such as annual vegetable crops and
underutilized crop species.

Varietal Mixtures and Insect Pest
Suppression

In addition to enhancing crop productivity, there are a number
of hypotheses derived from polyculture research predicting
that increased plant diversity will support insect pest control
services (Tahvanainen and Root, 1972; Root, 1973; Andow, 1991;
Thies et al,, 2003; Poveda et al,, 2008; Barbosa et al., 2009;
Letourneau et al., 2011). The resource concentration hypothesis
posits that increased plant species diversity can directly suppress
herbivore populations, particularly those that specialize on one
plant species, by making it harder for herbivores to locate the
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TABLE 1 | Summary of the services provided by ecological processes in species mixtures, the proposed role of these processes in varietal mixtures, and examples from

the literature on varietal crop mixtures.

Ecological process Ecological service in species mixtures

Proposed role in varietal mixtures

Example

Sampling effect Increasing number of species increases
probability of including highly productive
species (Huston, 1997; Loreau and Hector,

2001)

Niche complementarity ~ Species mixtures better exploit limited
resources through resource partitioning or
facilitation, resulting in higher productivity
(Tilman et al., 1997; Loreau, 2000; Loreau and

Hector, 2001)

Microbial-mediated
resources hypothesis

Species-specific microbes increase plant
access to nutrients (Reynolds et al., 2003)

Resource concentration
hypothesis

Increased plant diversity suppresses insect
pest populations by making it harder for pests

Root, 1972) herbivores

Natural enemies
hypothesis

Plant species diversity can have negative,

attractants (Root, 1973; Haddad et al., 2009)

Associational resistance Having “the right” neighbor can reduce

(Tahvanainen and Root, 1972; Barbosa et al.,
2009)

Crop varieties vary in productivity, thus an
intraspecific mixture is more likely to include
highly productive varieties (Barot et al., 2017)

If varieties of the same species vary in nutrient
requirements or adaptations for accessing
resources, mixtures could be designed to
incorporate this trait variation to enhance
exploitation of limited resources

The presence of cultivar-specific microbes
could enhance productivity in varietal mixtures

By including crop varieties that differ in their
defenses against insect herbivores, varietal
to locate suitable host plants (Tahvanainen and mixtures could provide bottom-up control of

Intraspecific variation in plant functional traits
top-down effects on insect pests by increasing could enhance chemical attractants for natural
populations of natural enemies that benefit from enemies and provide additional microhabitats
more food sources, microhabitats, or chemical and food resources.

Phenotypic diversity associated with increased
detection by and/or vulnerability to insect pests intraspecific crop diversity could enhance
associational resistance by reducing the
detection of preferred varieties

Seed yield of quinoa varieties can vary by an
order of magnitude, suggesting the selection
effect could apply to the relationship between
varietal mixtures and productivity (Bhargava
et al., 2007; Miranda et al., 2012)

Recent meta-analyses demonstrated that
cultivar mixtures generally exhibited greater
yield stability than monocultures (Borg et al.,
2018; Reiss and Drinkwater, 2018); Reiss and
Drinkwater (2018) cite facilitation as a potential
process underlying this effect

Cultivar-specific endophytic bacteria in
potatoes promote plant growth and health
through beneficial metabolic interactions
(Sessitsch et al., 2002)

Varieties of many crops differ in their resistance
to insect herbivores. For example, the Mi-1
gene present in some tomato varieties can
confer resistance to some populations of
Macrosiphum euphorbiae (potato aphid) and
Bemisia tabaci (silverleaf whitefly) (Rossi et al.,
1998; Nombela et al., 2003).

Parasitoids and generalist predators preferred
the blend of volatile organic compounds
emitted from varietal mixtures of barley rather
than barley monocultures (Glinwood et al.,
2009)

Plant-plant volatile interactions in barley
mixtures significantly reduced aphid
populations compared to barley monocultures
(Dahlin et al., 2018)

appropriate host plant (Tahvanainen and Root, 1972) (Table 1).
In contrast, monocultures provide homogenous, concentrated
resources that make it easier for specialist herbivores to locate
a suitable host plant. For varietal mixtures to provide bottom-
up control of herbivores they must be designed intentionally,
using varieties that differ meaningfully in their defenses against
herbivores. There are multiple examples of intraspecific variation
in herbivore defenses that could be leveraged in the design of
varietal mixtures, which we discuss in more detail below.

The natural enemies hypothesis suggests that increasing
plant species diversity can also have negative, top-down effects
on insect herbivores by increasing populations of natural
enemies that benefit from an increase in different food sources,
microhabitats, or chemical attractants (Root, 1973; Haddad
et al, 2009) (Tablel). For example, parasitoids have been
shown to prefer the blend of volatile organic compounds
associated with varietal mixtures of barley rather than barley
monocultures (Glinwood et al., 2009). In addition, having “the
right neighbor” can enhance both bottom-up and top-down
control of herbivores, referred to as associational resistance
(Tahvanainen and Root, 1972; Barbosa et al., 2009) (Table 1).
The phenotypic diversity associated with increased intraspecific
crop diversity in some crop species could enhance associational

resistance by reducing herbivore detection of preferred varieties
and by providing alternative resources or attractants for natural
enemies. A recent study documented significantly lower aphid
populations in barley mixtures compared to barley monocultures
mediated by plant-plant volatile interactions (Dahlin et al,
2018). On the other hand, there is evidence that enhanced
morphological diversity can inhibit top-down insect pest control
by affecting the search pattern of natural enemies or by providing
shelter to insect pests from predators (Peterson et al., 2016).
Therefore, we may expect varietal mixtures characterized by high
variation in morphological traits to receive less top-down insect
pest control than mixtures with varieties that are relatively similar
in structure.

Varietal mixtures have been used successfully in agricultural
disease management programs for decades, often by including
varieties that vary in their resistance to a pathogen. Varieties
of the same crop species can also differ in their resistance to
insect pests, which suggests a similar method could be used to
provide insect pest control services. For instance, in response to
herbivory by the Western corn rootworm (Diabrotica virgifera)
most European lines of maize release a sesquiterpene, (E)-B-
caryophyllene, which attracts an entomopathogenic nematode
that acts as a biological control agent of corn rootworm
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(Rasmann et al., 2005). However, most North American lines
of maize are unable to induce this chemical distress signal in
response to herbivory (Rasmann et al., 2005). Some plant-insect
interactions even occur on a gene-for-gene basis, similar to many
plant-pathogen systems. For instance, the Mi-1 gene in tomatoes
has been found to confer resistance to some populations of
Macrosiphum euphorbiae (potato aphid) and Bemisia tabaci
(silverleaf whitefly) (Rossi et al., 1998; Nombela et al., 2003).
Similarly, the Vat gene in melons provides increased resistance
to Aphis gossypii (cotton aphid) and the transmission of viruses
vectored by this aphid (Dogimont et al., 2009). The gene-for-
gene interactions that occur between some insect species and
crop varieties, as well as the diversity of plant defenses that can be
found within a single crop species, indicate that varietal mixtures
could be designed to modulate insect populations.

Previous work in natural and agricultural systems has
demonstrated that increasing variation in plant traits and
quality—at the individual, population, or community level —can
either decrease or increase herbivore population size, and may
affect generalist and specialist insect pests differently (Andow,
1991; Underwood, 2004). Many crop species exhibit intraspecific
variation in traits related to insect pest resistance, which
suggests that crop varietal mixtures would likely affect insect
pest populations. Indeed, a recent meta-analysis demonstrated
that, on average, herbivore abundance is significantly reduced
in varietal mixtures compared to monocultures (Koricheva and
Hayes, 2018). We refer readers to Tooker and Frank (2012) for
an exhaustive review of the literature on the insect pest control
potential of varietal mixtures.

In spite of the potential for varietal mixtures to support insect
pest control services, additional empirical research is needed to
better understand when we should expect varietal mixtures to
suppress or enhance insect pest populations as well as how these
effects will influence herbivory. We also need more research
across cropping systems, as varietal mixtures of certain crop
species may be more effective than others depending on the
level of intraspecific trait variation present. Moreover, crops are
often attacked by a complex of insect pest species; therefore,
we need research across insect taxa as well as studies that
consider the effect of mixtures on multiple insect pest species
simultaneously. Studies testing the effects of varietal mixtures
on different trophic levels would provide valuable information
on whether the suppressive effects of mixtures are a function
of bottom-up or top-down control of insect pests (Tooker and
Frank, 2012). There is strong evidence that the success of on-farm
management practices is often affected by the composition of the
surrounding landscape (Tscharntke et al., 2012b). Therefore, we
need landscape-scale studies that examine the ability of varietal
mixtures to support insect pest control services across different
landscape contexts.

ASSESSING ECONOMIC SERVICES OF
VARIETAL MIXTURES

Agricultural producers are already experiencing negative effects
of global climate change, making it increasingly important to

design resilient agricultural systems that can withstand greater
climate variability while continuing to promote agricultural
and food system health (Lin et al.,, 2008; Déring et al., 2015).
We use the term resilience to refer to an agroecosystem that
continues to supply services, such as food production and
insect pest control, when challenged with abiotic and biotic
stressors. Biodiversity supports ecosystem function by enhancing
complementary resource use and functional redundancy, which
are important in the face of environmental change. The concept
of functional redundancy is linked to the insurance hypothesis
(Yachi and Loreau, 1999), the idea that biodiversity acts as a
buffer against environmental variability because species differ
in their response to change, helping to ensure the maintenance
of an agroecosystem’s functional capacity even in the face of
external shocks.

Research has demonstrated that biodiversity, across time and
spatial scales, can promote economically valuable ecosystem
services that enhance agroecosystem functioning and stability.
For example, preserving forest habitats at the landscape-scale can
enhance pollination services resulting in higher coffee yields, an
ecosystem service with an estimated value of $60,000 annually for
a single large farm (Ricketts et al., 2004). Similarly, polycultures
can reduce insect pest and disease pressure, and enhance yields
(Power, 2010; Letourneau et al., 2011; Iverson et al., 2014), and
establishing diversified crop rotations can increase crop yield
stability and resilience to environmental stressors (Gaudin et al.,
2015). The value of these ecosystem services is determined based
on their ability to either reduce production costs or increase
revenue. For example, enhancing pest control and soil fertility
services can reduce the use of pesticide and fertilizer inputs.
Ecosystem services can also increase the value of agricultural
products, thereby enhancing revenue generation. For example,
diversified agroecosystems may produce higher yields than
simplified systems, or producers may be able to obtain a price
premium from products grown in diversified systems because
they have characteristics desired by consumers (e.g., shade-
grown coffee).

However, the value of ecosystem services is only part of the
story; costs associated with production (e.g., labor and inputs)
must also be taken into account if we wish to assess the capacity
of these diversification strategies to provide farmers with secure
livelihoods. For instance, manipulating landscape-level diversity
would require coordinated efforts among multiple stakeholders,
which can be difficult to achieve (but see Murray et al., 2005;
Brier et al,, 2008; Schellhorn et al, 2015), and would likely
entail higher costs that could dampen profits. Polycultures can be
incompatible with mechanized agricultural equipment, and can
increase cost due to higher labor requirements (Gliessman, 1985;
Tooker and Frank, 2012). Consequently, assessing the economic
net benefits of varietal mixtures would require a comparison
of their costs and revenues to conventional monoculture
production systems, likely using a net-present value framework
to capture short-and long-term differences.

Developing alternative diversification strategies that mitigate
production costs would increase the options available to growers,
allowing them to implement a form of diversification that
meets their particular needs. Crop varietal mixtures are one
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alternative form of diversification that could promote resilient
agroecosystems by providing valuable ecosystem services while
also reducing logistical constraints associated with other scales
of diversification. Unlike landscape-scale diversification, which
growers have little control over, varietal mixtures can be easily
implemented at the field scale. Varieties of a single species
are more likely to have similar harvest schedules compared
to crops of different species (Wolfe, 1985), and are often
similar enough to be planted, harvested, and marketed together
(Wilhoit, 1992). Although development times can vary across
varieties, if mixtures are designed to incorporate varieties with
similar agronomic characteristics, this problem can be avoided.
Alternatively, many small-scale, tropical farmers intentionally
plant fields to varieties that vary in maturation time to extend
the growing or harvest period, spread out labor demands over
a longer time period, and increase harvest security (Clawson,
1985). Management practices for different varieties of the same
species are also likely to overlap, which means farmers can
maximize their existing agronomic knowledge by expanding
varietal diversity in a crop they already grow. Therefore,
implementing varietal mixtures may not require significant
changes to existing management practices or farmer knowledge
(Tooker and Frank, 2012), or investment in new infrastructure.
While varietal mixtures are not a panacea for food security, they
are a powerful strategy that could complement other forms of
diversification by improving the availability of and access to food.

For instance, varietal mixtures could be particularly useful in
situations where growers face labor constraints and have little
control over their surrounding landscape—making it difficult
to manipulate landscape or crop species diversity. Small-scale
farmers in developing countries face poorly functioning markets
and are often resource limited (Chavas and Di Falco, 2012);
a management strategy that averts risk by increasing harvest
security without incurring additional labor costs would be
extremely valuable. By planting multiple varieties in a mixture,
farmers mitigate risk by increasing the odds that at least some
varieties will produce well, resulting in an overall harvest that
might be adequate to sustain a livelihood and that could improve
the availability and access to food. For example, in the highlands
of Mexico, farmers routinely plant multiple varieties of potatoes
together to protect potato yields by reducing the spread of fungal
pathogens (Ugent, 1968).

Planting varietal mixtures can further protect food availability
by increasing yield stability relative to monocultures. In
particular, varietal mixtures have been shown to promote yield
stability under conditions of environmental stress, which has
important implications for growers who benefit from risk
reduction and the ability to predict their annual production
(Smithson and Lenné, 1996; Mundt, 2002; Kaut et al., 2009;
Bullock et al., 2017). For example, under drought and low
fertility conditions in Senegal, mixtures of early and intermediate
maturity cowpea varieties produce more stable yields in
comparison to monocultures (Thiaw et al., 1993). Early maturing
varieties of cowpea are important to food security as they can
provide food and income during times when food is scarce
(Hall and Patel, 1985; Thiaw et al., 1993). However, medium
maturity varieties tend to produce more grain and forage than

the early maturity varieties (Thiaw et al,, 1993). Planting a
mixture of both varieties increases food security by prolonging
the period of food availability without sacrificing productivity.
In Canada, wheat mixtures outperform wheat monocultures
under nutrient-poor conditions and generate higher yields
(Kaut et al., 2009). Similarly, oat varietal mixtures are more
productive than monocultures under drought stress (Peltonen-
Sainio and Karjalainen, 1991). The ability of varietal mixtures to
outperform monocultures in the face of abiotic stresses indicates
varietal mixtures have the potential to enhance the resilience of
agroecosystems to climate change (Borg et al., 2018; Reiss and
Drinkwater, 2018).

Many crop species encompass a broad range of intraspecific
trait variation and plasticity that could be useful for adapting
to an array of abiotic and biotic stresses, which are increasingly
unpredictable due to climate change (Sthapit et al., 2010). In
particular, landraces and currently underutilized crop species
have been selected over generations by local growers to withstand
a range of difficult growing conditions and are likely to be
important for developing future crop varieties (Padulosi et al.,
2014). For example, certain ecotypes of Andean quinoa are
extremely drought tolerant and well-adapted to saline and
sandy soils, making them well-suited to high-altitude desert
environments. In contrast, coastal ecotypes of quinoa are adapted
to high annual precipitation and are resistant to pre-harvest
sprouting (Murphy et al, 2016). Maintaining this kind of
intraspecific trait variation is useful for preserving sources of
genetic diversity that may be important in the development of
future crop varieties. By having access to locally desirable traits
such as drought tolerance or insect pest resistance, growers could
more easily adapt to changing climatic or biotic stresses (Sthapit
et al., 2010).

However, due to a focus on measuring the value of services
and a lack of data on costs, it remains unclear under what
conditions varietal mixtures are likely to be a profitable
diversification option. Future studies examining the economic
impact of varietal mixtures should adopt a holistic approach
that quantifies the costs of production as well as the value of
ecosystem services generated by this scale of diversity. This
data will allow us to measure the effect of varietal mixtures on
profitability, arguably the most important economic endpoint for
most farmers. Such studies should be conducted over multiple
years to assess the capacity of varietal mixtures to support
sustainable livelihoods.

VARIETAL MIXTURES AS A NUTRITION
INTERVENTION

Given that over a quarter of the human population does not
receive adequate nutrition, it is critical that nutritional benefits
contributing to food security be recognized as an ecosystem
service and integral goal of agroecosystems (Burlingame et al.,
2009a; DeFries et al., 2015). However, the trend toward more
simplified food systems has had negative impacts on human
health and nutrition, such as low diet diversity, micronutrient
deficiencies, and malnutrition in the developed as well as
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TABLE 2 | Examples of nutrient ranges within a single crop species, where d.w. refers to dry weight.

Crop species Nutritional ranges Estimated average requirements References
Females Males

Quinoa Protein: 11.13-16.18 g/100g d.w. 0.66 g/kg/day 0.66 g/kg/day Miranda et al., 2012
Dietary fiber: 8.07-12.08 g/100g d.w. - -
Free radical scavenging activity: 35.61-78.58% - -

Jute Beta-carotene: 34.33-81.33 mg/kg - - Choudhary et al., 2013
Iron: 51.27-103.4 mg/kg 8.1 mg/day 6 mg/day
Potassium: 4,140-4,460 mg/kg 2,600 mg/day 3,400 mg/day

Andean potatoes Vitamin C: 217.70-689.47 mg/kg d.w. 60 mg/day 75 mg/day Andre et al., 2007
Carotenoids: 2.83-28.83 mg/kg d.w. 265 mg/day 350 mg/day
Zinc: 12.6-28.83 mg/kg d.w. 6.8 mg/day 9.4 mg/day
Iron: 29.87-157.96 mg/kg d.w. 8.1 mg/day 6 mg/day

Wheat Magnesium: 600-1,890 mg/kg 320 mg/day 420 mg/day Oury et al., 2006
Zinc: 15-43 mg/kg 6.8 mg/day 9.4 mg/day
Iron: 20-88 mg/kg 8.1 mg/day 6 mg/day

Estimated average requirements based on Dietary Reference Intakes (DRI) are provided for males and females 31-50 years of age National Academy of Sciences, 2009. Nutrients for

which DRI have not been established are denoted by “-”.

developing world (Frison et al., 2006; Graham et al., 2007;
Negin et al., 2009; De Shutter, 2014). Despite global increases
in agricultural productivity, more than 900 million people are
still undernourished (Food and agriculture Organization of the
United Nations, 2010) and over 2 billion people exhibit at least
one micronutrient deficiency (IFPRI, 2014). To address these
issues, we cannot focus our attention solely on ramping up
agricultural production, as this alone will not guarantee food
security, or improved nutrition (Herforth et al., 2012). Rather, we
must pay attention to the diversity of food produced to increase
food security and combat diet-related health issues (Esquinas-
Alcazar, 2005; Toledo and Burlingame, 2006; Herforth et al.,
2012). While we acknowledge that dietary diversity is likely
most easily achieved by consuming different crop species, we
highlight the meaningful nutritional diversity that exists within
many annual food crop species.

Varietal mixtures may play an important role in diet
diversification and human health as different crop cultivars
vary in their nutrient compositions (Toledo and Burlingame,
2006; Burlingame et al., 2009a). This could be particularly
true for traditional local varieties and underutilized crop
species that tend to exhibit high intraspecific variation in
nutritional profiles (Padulosi et al, 2014). For example, a
study examining the nutritional characteristics of six cultivated
quinoa genotypes found significant differences in seed protein
content and antioxidant activity across the genotypes (Miranda
et al, 2012) (Table2). The Villarrica genotype had the
highest protein content, while the Faro genotype exhibited
the highest antioxidant activity. Jute is another example of
an underutilized species that exhibits significant variation in
nutrient content across varieties (Table 2). Traditionally grown
for fiber production, the young leaves of jute plants are consumed
as a leafy green vegetable in rural parts of Asia and Africa.
Interestingly, some of the varieties that provide high levels
of beta-carotene are less nutritious in terms of iron content

(Choudhary et al., 2013). Landraces of Andean potatoes are an
example of a staple food crop that encompasses broad variation
in nutrient content, including fiber, ascorbic acid (vitamin C),
potassium, and carotenoids (Andre et al., 2007) (Table 2). The
nutritional diversity found in potato varieties is particularly
evident in the Andes where varietal mixtures are suggested to play
an important role in dietary diversity (Picon-Redtegui, 1976).
In this region, varieties can vary in concentrations of a given
micronutrient by an order of magnitude and small portions of
certain varieties can provide up to half of the daily required
intake of a micronutrient, such as vitamin C (Andre et al., 2007).
Given the tradeoffs in nutrient content across varieties in each of
these crop species, planting a varietal mixture of quinoa, jute, or
potatoes would increase the nutritional profile of a field relative
to a monoculture of a variety that has a high level of only one
nutrient (Figure 2).

Varieties of more common staple food crops, such as
wheat can also differ significantly in their concentrations of
micronutrients such as magnesium and zinc (Oury et al., 2006)
(Table 2). In some instances, the highest concentrations of these
nutrients are found in rare, underutilized varieties. Zinc, which
can only be acquired through diet, is an essential trace element
that is vital to a range of human functions due to its role as
a cofactor of many enzymes (Prasad, 1998). However, there is
evidence that high magnesium and zinc content in grains comes
at a cost to yield (Oury et al., 2006). Therefore, it would be
antagonistic to breed simultaneously for high nutrient content
and yield (Oury etal., 2006) and to plant a field to just one cultivar
would result in a tradeoff either in terms of yield or nutritional
content. However, planting a mixture of wheat that includes both
high yielding and nutrient-rich cultivars would allow yield and
nutrition metrics to be met simultaneously.

Interestingly, intraspecific variation in phytochemicals that
are important to human nutrition also serve as plant defense
compounds against insect herbivory. Recent research suggests
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FIGURE 2 | In this illustration, we show three hypothetical varieties of potato (purple, yellow, and red) that have varying levels of nutrients A, B, and C. A field planted
to two or three of these varieties provides a more balanced nutrient profile relative to a field planted with one variety. Based on the assumption that individuals would
consume the same quantity of potatoes regardless of variety, we show the average level of each nutrient provided by two- and three-variety mixtures. In this
hypothetical example, three units of each nutrient are needed to achieve the daily recommended intake. Green indicates optimal nutrient levels that meet this

that increasing nutrient heterogeneity within agroecosystems
via intraspecific crop diversity could enhance insect pest
control services (Wetzel et al., 2016). Therefore, increasing
phytochemical diversity via varietal mixtures provides the
opportunity to simultaneously enhance nutritional and
ecological benefits. For example, ascorbic acid, a vitamin
critical to human nutrition, contributes to defending plants
against photo-oxidative stress (Smirnoff, 1996). Carotenoids
are not only important antioxidants for humans, they are also
secondary metabolites key to plant defense (Hahlbrock and
Scheel, 1989). Significant variation in both compounds has been
found among tomato varieties (George et al., 2004), suggesting
that consuming a variety of cultivars could provide a more
complete nutritional profile. Varieties of Brassica oleracea are
also known to vary widely in their mineral nutrient composition
and glucosinolate profiles—phytochemicals that offer protection
from insect herbivores (Broadley et al., 2007). In the human gut,
glucosinolates are hydrolyzed into isothiocyanates (Johnson,
2002) and there is strong evidence that these compounds play
a major role in protecting against cancer (Talalay and Fahey,
2001). Indeed, research suggests that the variation in mineral
composition found within B. oleracea crops is substantial enough
to warrant use in genetic biofortification programs aimed at
alleviating human dietary deficiencies, as varieties of this crop

species can vary more than 20-fold in their concentrations of
zinc (Broadley et al., 2007).

Given the wide range of nutrients found within a single crop
species, the capacity to measure crop nutritional diversity has
important implications for human health and nutrition, and
deserves further attention (DeFries et al., 2015). To this end, we
must transition from traditional yield- or calorie-based metrics
to new metrics, such as nutritional functional diversity (FD),
that consider the nutrient diversity of agroecosystems (Remans
et al,, 2011). Nutritional functional diversity (FD) was originally
developed to describe the crop species composition in an
agroecosystem as well as the nutritional composition of crops in
terms of important nutrients, which are categorized as functional
traits. In this context, functional diversity measures the variation
in nutrient composition and content in a crop community
(Remans et al., 2011). For example, incorporating a crop with a
distinct nutrient profile would increase the nutritional functional
diversity of a field. While the nutritional FD metric was originally
developed to assess nutrient diversity at the species level, it
could be extended to varietal mixtures as there is meaningful
nutritional diversity to be leveraged within crop species (George
et al., 2004; Oury et al., 2006; Andre et al., 2007; Broadley et al.,
2007; Burlingame et al., 2009b; Remans et al., 2011). The key
difference would be that most varieties within a single species
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are likely to contain the same nutrients, whereas different species
are more likely to have different nutrients from one another.
Therefore, in the case of varietal mixtures, the purpose of the
nutritional FD metric would be to evaluate the relative amount
of key nutrients provided by each variety (Figure 2), rather
than measuring whether a variety contributes a new nutrient.
This would be more akin to measuring nutrient evenness than
nutrient diversity. Applying this metric to varietal mixtures could
promote their use as a method for increasing dietary diversity, at
little cost to growers, and would provide a more effective strategy
for diversifying diets than randomly increasing the number of
varieties in a mixture.

We predict the greatest nutritional impact of varietal mixtures
would be seen in subsistence or semi-subsistence agriculture
systems where households predominantly consume crops they
have grown or participate in local food supply chains. We
might expect to see similar outcomes in local-scale food supply
chains, such as those still common throughout Europe. In these
food systems, households could increase dietary diversity by
expanding varietal diversity in their own fields or by purchasing
food directly from local growers with diversified fields. Indeed,
varietal mixtures are quite common in primarily subsistence
agriculture systems where they are typically used to extend
the harvest period and income generation, and curb crop
disease (Smithson and Lenné, 1996). Whether these mixtures are
currently planted with the explicit intent of increasing dietary
diversity or the nutritional benefits are a “side-effect” of a strategy
aimed primarily at providing other services, increasing awareness
of the nutritional benefits associated with varietal mixtures
could be particularly impactful for communities suffering from
micronutrient deficiencies and would allow multiple services to
be achieved simultaneously.

In contrast, we would expect fewer direct nutritional impacts
of varietal mixtures in commercial food systems where the
majority of households purchase food from retailers. Mainstream
food supply chains provide a wide range of annual crop
species and varieties, regardless of whether the crops were
grown in a monotypic or diversified field, as produce is
pooled from multiple growers. However, a meaningful and
growing number of households in the United States—where
mainstream food supply chains are ubiquitous—are increasingly
procuring produce from emerging food channels, such as
community-supported agriculture (CSA), farmers markets, and
farm stands (King et al., 2010). The nutritional benefits of
varietal mixtures are more likely to emerge in these local
food supply chains where households are purchasing directly
from growers.

The extent of nutritional services provided by varietal
mixtures will also vary depending on the crop species in question.
For instance, we might expect varieties of vegetable and fruit
crops that are directly consumed by humans to provide a
greater nutritional impact than annual grain crops grown for
human consumption, which often require processing. However,
depending on the particular grain and type of processing,
micronutrients can remain stable and, in some cases, become
more concentrated during food processing (Slavin et al., 2000).

CONCLUSIONS

There is clear evidence that varietal mixtures are a feasible
agricultural manipulation with the potential to support
agroecosystem services that provide economic and nutritional
benefits to humans (Figure 1). Implementation of varietal
mixtures seems quite viable in small markets dominated by
farmers who are growing primarily for subsistence purposes,
where changes to existing infrastructure and practices would
be small in comparison to large-scale, conventional systems.
However, with appropriate policy incentives, there is also
potential for this practice to be adopted more widely in
conventional agricultural systems, as has already been done
for pathogen management in small grains (Finckh et al., 2000;
Mundt, 2002; Tooker and Frank, 2012). Where marketing or
processing requires the separation of varieties, varietal mixtures
could be designed to accommodate mechanized equipment
in the form of strip mixtures where the varieties are mixed in
alternating strips of rows.

To expand the adoption of varietal mixtures, a number of
knowledge gaps require attention. We lack a clear understanding
of when and where the services provided by varietal mixtures
are likely to be strongest in agroecosystems. For instance, most
research evaluating the effect of varietal mixtures on yield have
been conducted in cereal crops (Reiss and Drinkwater, 2018) and
little is known about the role of varietal mixtures in supporting
crop productivity in other cropping systems, such as annual
vegetable crops. We also have yet to understand how a range
of insect herbivores and natural enemies respond to this level
of diversity (Tooker and Frank, 2012). Further research is also
needed to determine how genetically diverse a varietal mixture
should be to simultaneously support the ecological, nutritional,
and economic components of agroecosystems, and whether or
not this level of diversity is consistent across agricultural systems
(e.g., primarily subsistence vs. small scale market oriented vs.
large scale commercial).

It is also imperative that we explore the mechanisms
underlying the ecological impacts associated with varietal
mixtures (Hughes et al., 2008). Understanding these mechanisms
will allow us to enhance agroecosystem services that support food
security. Research in natural systems has highlighted the need to
comprehensively compare the relative importance of interspecific
and intraspecific plant diversity for ecological processes (Cook-
Patton et al., 2011; Tooker and Frank, 2012); this knowledge
would be particularly valuable in an agricultural context as it
would expand management options for growers.

Understanding the effects of varietal mixtures on farm
profitability under different management regimes is another key
area of research that will help farmers design agroecosystems
that capitalize on returns from ecosystem services. Implementing
varietal mixtures may not require significant changes to existing
management practices, but to understand whether or not this
diversification strategy can benefit farmers, we need to accurately
assess its effects on profitability through empirical economic
analyses that measure both production costs and revenue
generation, ideally over multiple years.
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Given the importance of micronutrients in supporting human
health and their interlinked roles in physiological functions
(Frison et al., 2006), it is vital that agricultural interventions
measure not only the yield capabilities of agroecosystems,
but nutrient diversity as well. To address nutritional services,
further research and outreach underscoring the capacity of
varietal mixtures to support dietary diversity and human well-
being is needed, as its value is often underappreciated. For
instance, in some regions where nutrient-related diseases remain
common, intraspecific variation in nutrient content is not
routinely considered to be an important characteristic when
extension agents recommend cultivars to farmers (Huang et al.,
1999; Toledo and Burlingame, 2006). The nutritional functional
diversity metric is one tool that can address this issue by
providing another dimension by which we can measure cultivar
characteristics (Remans et al., 2011). By moving beyond the
ecological aspects of functional diversity, this metric allows
us to broaden our perspective on the functional capacity
of agroecosystems.

As we seek to fill these knowledge gaps, we cannot focus our
attention solely on varietal diversity per se, as the composition,
and functional diversity of varietal mixtures are likely to be
significant drivers of agroecosystem processes (Newton et al.,
1997; Gallandt et al., 2001; Mille et al., 2006). To better
understand the linkages between agrobiodiversity, resilient
agroecosystems, and human nutrition, we need to simultaneously
explore impacts on multiple outcomes, such as ecosystem
services, dietary diversity, labor productivity, and livelihood
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