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There is no shortage of data demonstrating that diversified cropping systems can sustain

high levels of productivity with fewer external inputs and lower externalities compared to

more simplified systems. Similarly, data exist indicating diverse cropping systems have

greater capacity to buffer against and adapt to weather extremes associated with climate

change. Yet, agriculture in the US Corn Belt and other major crop production regions

around the world continues to move toward simplified rotations grown over increasingly

large acreages. If our goal is to see more of the agricultural landscape made up of

diverse agricultural systems and the ecosystem services they provide, it is critical we

understand and creatively address the factors that both give rise to monocultures and

reinforce their entrenchment at the exclusion of more diversified alternatives. Using the

current state of farming and agriculture policy in the US as a case study, we argue that a

pernicious feedback exists in which economic and policy forces incentivize low diversity

cropping systems which then become entrenched due, in part, to a lack of research and

policy aimed at enabling farming practices that support the diversification of cropping

systems at larger spatial scales. We use the recent example of dicamba-resistant crops

to illustrate the nature of this pernicious feedback and offer suggestions for creating

“virtuous feedbacks” aimed at achieving a more diversified agriculture.

Keywords: agrichemical industry, cover crops, crop rotation, ecosystem services, herbicide resistance, policy,

glyphosate

INTRODUCTION

Farmers have known for millennia that planting the same crop in the same field year after year
quickly leads to impoverished soil and unmanageable populations of disease organisms, weeds,
and insect pests (Bullock, 1992; Howieson et al., 2000; Karlen et al., 2006). Similarly, recent
studies have demonstrated that increasing the diversity of a simple crop rotation by even a few
crops can result in not only similar or greater overall crop productivity and economic returns
compared to the conventional rotation, but also improved soil fertility and lower pest populations
and lower requirements for fertilizer and pesticide inputs (Smith et al., 2008, 2018; Davis et al.,
2012; Weisberger et al., 2019; Archer et al., 2020). What is more, numerous studies have shown
that the ecosystem services that arise from diversifying crop rotations, such as soil quality and
fertility enhancements, can also help buffer these systems against weather variability associated
with climate change (Bommarco et al., 2013; Gaudin et al., 2015; Williams et al., 2016; Bowles et al.,
2020). And recent socio-ecological research suggests that some farmers practicing monoculture
acknowledge the role that cropping system diversification can play in adapting to climate change
(Roesch-McNally et al., 2018).
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Given the evidence for improvements in productivity,
economic outcomes, climate resilience, and other ecosystem
services associated with diversified crop rotations, how is it that
farmers continue to maintain vast near monocultures of corn and
soybean in the US Midwest or wheat in southern Canada and
Western Australia, for example? And why would they seemingly
choose to farm this way when the benefits of maintaining diverse
crop rotations are so well-understood, even among farmers
practicing monoculture production?

The answer to the first question is relatively simple. Farmers
can successfully grow crops in monocultures and simple crop
rotations because they have access to synthetic fertilizers and
pesticides. Indeed, without inputs of synthetic fertilizer and
pesticides, continuous crop monocultures could not exist. This
reliance on fertilizer and pesticides also explains, in large part,
why monoculture farming is so fraught from an environmental
pollution perspective (Robertson and Swinton, 2005). Often,
the synthetic fertilizer that is necessary to drive monoculture
production is not taken up by the crop or stored in soil
organic matter, meaning some portion of the fertilizer remains
in the soil and is therefore susceptible to loss and movement to
other ecosystems (Robertson and Vitousek, 2009). Similarly, the
pesticides which are required to control otherwise untenable pest
levels rarely remain confined to their intended targets (Kolpin
et al., 1998; Humann-Guilleminot et al., 2019).

Of course, this simple proximate explanation for the existence
of monocultures does not fully acknowledge the critical role
the agrichemical industry plays in supporting monoculture
production. Indeed, the easy access to fertilizers and pesticides
farmers require in order to maintain simple crop rotations
would be impossible without an agrichemical industry eager
to supply these inputs. Conversely, the agrichemical industry’s
business model (true of most business models that require
keeping shareholders appeased) depends on the production and
sale of as much product as possible, while at the same time
defending against threats to its market share (Magdoff et al., 2000;
Mascarenhas and Busch, 2006; Hendrickson, 2015; Harker et al.,
2017). Hence, it might be just as accurate to say monocultures
exist because there is an agrichemical industry that profits from
their existence.

Now that we’ve established how it is possible for farmers
to farm in monoculture, the second question is why do they
choose to do so given the issues described above? The answer
to this question is more complex. Many potentially interacting
factors contribute to a farmer’s decision to specialize in just
one or a few crops. We term these factors “simplification
forces” because the net result is often a simplified crop rotation.
While much of the initial decision process is under farmer
control—meaning that in some sense farmers do indeed choose to
implement simplified cropping systems—at some point farmers
can become locked-in to the simplified system due to factors
that act to reinforce the continued existence of the simplified
system (e.g., Geels, 2011). These reinforcing factors make it
extremely difficult for farmers, once locked-in to a simplified
system, to change their practices and/or integrate additional
types of crops or cropping practices into their systems. We
more fully describe these factors below, with special attention

to the reinforcing factors which make cropping system re-
diversification such a challenge.

SIMPLIFICATION FORCES

Simplification forces incentivize reducing the diversity of
a cropping system. At their foundation, most of these
simplification forces have an economic, and hence, political basis
(MacDonald et al., 2013). A dearth of competitive markets for
alternative crops and a lack of infrastructure for processing
and/or product storage limit the types of crops that farmers
consider profitable in a given region (Bradshaw et al., 2004;
Meynard et al., 2018; Roesch-McNally et al., 2018). Simplification
is accelerated when volume discounts are offered for the
prevailing commodity crop and associated inputs (Magdoff
et al., 2000). In addition, the decoupling of crop and livestock
production in many regions has led to farmers specializing in
annual row crops, forgoing the perennial pasture crops that were
once more common components of their rotations (Howieson
et al., 2000; Karlen et al., 2006; Davis et al., 2012; Roesch-McNally
et al., 2018). The climate, through its effects on the economics
of farming, can also act as a simplification force, simply by
limiting the types and scale of crops that can be profitably
grown, when they can be planted and harvested, and their yield
potentials (Bradshaw et al., 2004). National agriculture policies
that have commoditized certain crops or that externalize risks
associated with simplified cropping systems provide additional
financial incentives, through subsidies and federal crop insurance
programs, to grow only those crops (O’Donoghue et al., 2009;
Iles and Marsh, 2012; Roesch-McNally et al., 2018). For example,
the majority of commodity payments in the US go to just seven
crops, while farmers growing certain other types of crops, such
as vegetables, nuts, and fruits, often receive little in the way
of federal subsidies or other incentives (Iles and Marsh, 2012).
Emergence of new policy and subsidiary markets for the products
(or byproducts) of the dominant monocrop can also incentivize
cropping system simplification, even in systems that are already
highly simplified (Karlen et al., 2006). The increase in corn
production and concomitant reduction in landscape scale crop
diversity that occurred in the US Corn Belt as a consequence of
the 2007 Energy Independence and Security Act (i.e., “ethanol
mandate”; Rahall, 2007) is a good example of this phenomenon
(Landis et al., 2008). Additionally, the fact that externalities
associated with monoculture cropping, such as environmental
pollution and loss of biocontrol ecosystem services, are typically
not borne by the farmer, and therefore not passed on to the
consumer, further disincentivizes adoption of more complex
cropping systems (Robertson and Swinton, 2005; Landis et al.,
2008).

Concomitant with the simplification of cropping systems,
many agricultural regions have seen tremendous increases in
the size of individual farm operations (MacDonald et al., 2013).
In the US for example, while small and medium-sized farms
(i.e., farms with 1–404 ha of harvested cropland) make up the
overwhelming majority of farms on a number basis, large-scale
farms (i.e., those with>405 ha of harvested cropland) account for
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over 67% of the total harvested cropland (Figure 1; USDA NASS,
2019). Many of the same broad simplification forces described
above—including disassociation of livestock and crop farming,
federal policy decisions, and innovations in labor-saving practices
and technology—have, along with economies of size, contributed
to the increasing scale and profitability of simple farming systems
(Duffy, 2009; Geels, 2011; MacDonald et al., 2013; Hoppe, 2014).
At the same time, investments in technology and specialized
equipment, including large-scale machinery such as tractors,
planters, and sprayers which enable large-acreage farming, can
also act to lock farmers into their existing cropping systems.

REINFORCING FACTORS,
SOCIO-TECHNOLOGICAL LOCK-IN, AND
DEFENSIVE SIMPLIFICATION

As we’ve alluded to, some of the simplification forces described
above may also become reinforcing factors if they also strongly
inhibit farmers’ abilities to subsequently change their farming
practices—a situation known as “lock-in.” Lock-in is the
inability of a farmer to deviate from or change the existing
farming practice or system due to social, political, economic, or
technological reasons (Arthur, 1989; Wilson and Tisdell, 2001;
Geels, 2011; Magrini et al., 2016; Wigboldus et al., 2016). The

large-scale and specialized equipment purchased to facilitate the
growing of crops over extremely large farm acreages represents
one type of reinforcing factor because it also makes it difficult
or impossible to integrate additional crops into a rotation if
those crops would require different equipment for planting or
harvesting (Geels, 2011). The erosion of specialized knowledge,
skills, and experience necessary to grow and manage a diversity
of crops, as well as a lack of farm workers able and willing to
do the work, can all be significant reinforcing factors (Iles and
Marsh, 2012; Carlisle et al., 2019). Finally, reliance on fertilizers
and pesticides can also be reinforcing factors leading to lock-in
(e.g., pesticide and technology “treadmills”; Wilson and Tisdell,
2001; Mortensen et al., 2012; Wigboldus et al., 2016).

Beyond locking farmers into specific cropping systems, some
especially pernicious reinforcing factors can threaten the ability
of other farming systems to coexist within the landscape. These
factors tend to be byproducts of the enablers of cropping
system simplification, specifically the crop protection products
that are relied upon to control weeds and insect pests in
simplified cropping systems. These types of reinforcing factors
are particularly problematic because they have the potential to
reduce landscape-scale crop diversity either by threatening the
coexistence of certain crops or cropping systems or by forcing
farmers to further simplify their cropping systems as a defensive
counter-measure. As an illustrative example, the remainder

FIGURE 1 | Number of farms with harvested cropland (orange bars) and total harvested cropland (blue bars) by farm size class in the US in 2017. Data are from Table

9 of the 2017 US Census of Agriculture, Census Volume 1, Chapter 1: U.S. National Level Data (USDA NASS, 2019).

Frontiers in Sustainable Food Systems | www.frontiersin.org 3 November 2020 | Volume 4 | Article 564197

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Mortensen and Smith Cropping System Diversification

of this section describes one such reinforcing factor: the use
of herbicides with high potential to cause drift damage and
the recently developed genetically-modified herbicide-resistant
crops that have greatly expanded their use.

The Case of Dicamba-Resistant Crops
Herbicide-resistant crops, crop plants genetically engineered to
be resistant to herbicides that would normally kill them, first
came to the US market in the mid-1990s. These crops were
engineered to be resistant to the herbicide glyphosate, a highly
effective broad-spectrum herbicide that is phytotoxically active
on a large number of weed and crop species across a wide
range of taxa (Duke and Powles, 2009). Modified to express
enzymes that are insensitive to or can metabolize glyphosate,
glyphosate resistant (GR) crops allowed farmers to easily apply
glyphosate in soybean, corn, cotton, canola, sugarbeet, and alfalfa
to control weeds without harming the crop (Behrens et al., 2007).
With Monsanto (now Bayer) holding the patent on the resistant
genes and who first developed glyphosate herbicide, the resulting
seed and pesticide package was heavily marketed and then
adopted at an unprecedented rate by growers who were attracted
to the flexibility and simplicity of the glyphosate/glyphosate
resistant crop technology package (Mascarenhas and Busch,
2006; Mortensen et al., 2012).

This commodity seed and pesticide package became a strong
reinforcing factor soon after emerging on themarket in 1996, and
by 2000, GR soybeans accounted for 54% of US soybean hectares
(Duke and Powles, 2009). By 2018, GR crops were grown on
90, 91, and 94% of the US corn, cotton, and soybean hectares,
respectively (Wechsler, 2018). The technology is effective and
easy-to-use and farmers have often responded to these benefits
by exclusively planting GR cultivars and applying glyphosate
herbicide in the same fields, year after year (Duke and Powles,
2009; National Research Council, 2010).

This single-tactic approach to weed management practiced
on over 90% of the principle commodity crops in the US has
resulted in an unintended, but not unexpected, problem: a
dramatic rise in the number and extent of weed species resistant
to glyphosate (Heap, 2020) and a concomitant decline in the
effectiveness of glyphosate as a weed management tool (Duke
and Powles, 2009; National Research Council, 2010). As the area
planted to GR crops increased, the total amount of glyphosate
applied also kept pace, creating intense selection pressure for
the evolution of weeds resistant to glyphosate. To be clear, this
dramatic increase in glyphosate use would not have been possible
without GR crop biotechnology. The number and extent of weed
species resistant to glyphosate has increased rapidly since 1996,
with 48 species now confirmed globally (Heap, 2020). While
several of these species first appeared in cropping systems where
glyphosate was being used without a resistant cultivar, the most
severe outbreaks have occurred in regions where GR crops have
facilitated continued overreliance on this herbicide (Evans et al.,
2016).

To address the problem of GR weeds, the seed and
agrichemical industries aggressively developed and marketed
new genetically engineered cultivars of soybean, cotton and
corn, where in addition to glyphosate resistance, additional

herbicide resistance traits were added. For reasons that make
little sense other than they control a number of the weeds
that have evolved resistance, these “next generation” herbicide
resistant crops were engineered to also be resistant to older and
more environmentally problematic herbicides dicamba (BASF,
Monsanto/Bayer) and 2,4-D (Dow AgroSciences) (Behrens et al.,
2007; Wright et al., 2010). Unfortunately, while these herbicides
can be used to provide some level of control to the weeds that
evolved resistance to glyphosate, they are also highly active and
strongly phytotoxic to most other broadleaf plants, including
crops, and, most problematically, are well-known to be highly
drift prone (Egan et al., 2014). Together, these two properties of
the new herbicide-resistant crops mean there is a high likelihood
of severe damage to broadleaf crop and non-crop plants in nearby
fields (Mortensen et al., 2012). In other words, the extent and
impact of the non-target effects of using herbicides like dicamba
and 2,4-D are large, with equally large potential to result in
defensive simplification.

The adverse effects of dicamba use that had been predicted
by models and extrapolations from experimental work (Egan
et al., 2011; Egan and Mortensen, 2012) have played out in the
field. In 2016, the year of their commercial release, dicamba-
resistant crops were planted on 25million acres. Acreage doubled
to 50 million acres in the 2018 field season and an estimated 60
million acres were planted to these crops in 2019 (Unglesbee,
2019; Wechsler et al., 2019). As a consequence of the problematic
properties of dicamba, in the 2017 field season, 3.6 million
acres of non-transformed soybean were injured by dicamba drift
(Nandula, 2019). This extent of crop injury in response to this
crop and herbicide use practice is unprecedented. It is also a
significant under representation of the total plant injury that
occurred. Importantly, the 3.6 million acres only accounts for
injury to soybean and doesn’t include other susceptible broadleaf
crops nor does it include non-crop broadleaf flowering plants.
The dicamba drift issue has been so bad, in fact, that some farmers
have been forced to purchase and plant the dicamba-resistant
crops defensively, in order to minimize the potential of dicamba
drift from neighboring farms injuring their own crops (Wechsler
et al., 2019; Fletcher, 2020).

We attempt to capture the spatial and temporal dynamics of
such a cropping system practice on landscape level crop diversity
in Figure 2. The simple simulation represents an agricultural
landscape comprised of 30 individual fields where early in the
time course, one field uses the newly transformed crop/herbicide
package. The use of the package results in neighboring farmers
adopting the practice because retailers shift to limiting seed
choices and because package developers provide incentives for
“defensive planting,” a practice where farmers reduce their risk
of crop damage by planting transformed crops that are not
susceptible to the non-target effects. Over the course of the 5 year
time period, the Shannon diversity index quantifying landscape
scale crop diversity falls as does the proportion of the landscape
planted to the non-transformed crop.

We contend that the dicamba-resistant cropping system
example highlights a central crux of the cropping system diversity
problem (Figure 3). In this case, private sector interests (i.e.,
the biotech seed and agrichemical industry) profit from the
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FIGURE 2 | Change in crop diversity across a hypothetical agricultural landscape over 5 years following the introduction of a reinforcing factor that drives defensive

simplification of neighboring cropping systems. Each rectangle represents a field or farm. In this example, the orange field/farm in year 1 adopts a new crop or

cropping practice associated with off-target effects that manifest on neighboring fields (i.e., dicamba herbicide vapor drift that travels beyond the confines of the field

to which it is applied). Here we assume that off-target movement of the herbicide extends some distance from the field on which it is applied, represented by the “drift

cloud” (shaded oval), and causes damage to susceptible crops (shades of green) but not resistant (orange) or tolerant (yellow) crops in farms/fields that are located

immediately adjacent to the offending farm. As a defensive measure, farms that experience an unacceptable level of damage in a given year, represented by at least

some portion of the field covered by the drift cloud, switch to the new cropping practice the following year. Farms/fields adjacent to the new adopters of the practice

are subsequently impacted and then adopt defensive planting of resistant cultivars in the following year. The result of this dynamic over time is an overall reduction in

crop diversity at the landscape level (bottom right panel).

agrichemical inputs and the associated “enabling technologies”
that are required to maintain a specific farming system—i.e.,
large-scale, simplified crop rotations. The larger the scale, and
the simpler and more widespread the farming system becomes,
the more the industry’s product packages are required, and the

more the industry profits (Hendrickson, 2015; Clapp, 2018).
And as we’ve stated above, the larger and more simplified the
farming system becomes the more farmers become locked-in to
the simplified system (Levins and Cochrane, 1996). At the same
time, federal agriculture agencies, such as the USDA, invest in
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FIGURE 3 | The crux of the cropping system diversification problem: feedbacks that reinforce cropping system simplification. We argue that steps 5 and 6 are where

efforts could be made to break the cycle of simplification and encourage cropping system diversification at larger scales.

the system because it is so large-scale. Consequently, agency-
funded research is aimed primarily at addressing inefficiencies
of the system, along with the problems that arise because of the
system, rather than seeking viable alternative systems (DeLonge
et al., 2016; Miles et al., 2017). In so doing, the agencies’
research funding priorities support the maintenance of this
system. This focus on solving the problems that arise from the
system also helps to facilitate partnerships between the same
private sector industry that profits from the maintenance of the
system and the public sector researchers and extension educators
who understandably want to serve their farmer-stakeholders,
many of whom are locked-in to the system. These private-public
partnerships ultimately benefit the private sector by helping to
reinforce the simplified system (Hendrickson, 2015). They can

also reinforce the system by locking out competing innovations
that would serve to diversify the system if those innovations do
not have the support of private interests (Vanloqueren and Baret,
2009).

An assumption implicit in all of this is there must necessarily
be a tradeoff between the scale of a farming system and
its diversity. In other words, we tend to assume that large
scale cropping systems must inherently be simple/low diversity
and therefore heavily reliant on external agrichemical inputs
with their concomitant externalities, ecosystem disservices,
and sustainability challenges. The validity of this assumption
is critical given the enormous footprint, both spatially and
environmentally, that large scale farming systems have across
the agricultural landscape (Figure 1). But is there a biological
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or ecological principle that specifically supports this assumption?
The only principles that seem to support the tradeoff that we are
aware of appear largely economic (Magdoff et al., 2000). If this
is indeed the case, it suggests that current barriers to cropping
system diversification might be overcome through actions at
the federal policy level; actions that would prioritize cropping
system diversification at large scales and catalyze research aimed
at scaling up diversified farming systems and the practices and
enabling technologies that would support them (Wigboldus et al.,
2016; Miles et al., 2017). Our final section outlines a possible
roadmap for achieving such actions.

A ROADMAP FOR OVERCOMING
BARRIERS TO CROPPING SYSTEM
DIVERSIFICATION

Our aim with this final section of the paper is to convey what it is
we see as most needed by policy makers, agriculture scientists,
food systems advocates, and other agriculture professionals
in order to move agriculture writ large toward greater
diversification specifically, and more broadly, an agriculture
informed by our expanding knowledge of ecological functions
and services. To that end, we see three broad strategies for
achieving this objective and discuss each below. Our primary
intent is not to provide a step-by-step plan for enabling each
strategy, but rather shine a light on each with the hope that others
will take the torch and illuminate a clearer and more productive
way forward.

Agriculture Scientists Must Enhance the
Scope and Scale of Systems-Level
Research
We recognize that systems research is needed to elucidate field
and landscape scale properties that underpin long-term delivery
of ecological function and services (Kleijn et al., 2019). However,
ecologically informed systems research alone will be insufficient
to bring about enhancements in cropping system diversification
at scales large enough to be beneficially impactful if the products
of that research are perceived as only being relevant for smaller-
scale farming systems (Wigboldus et al., 2016). Conversely,
agroecologists and other agriculture scientists who are unwilling
to engage in research that addresses the dominant large-scale
agricultural systems are likely missing opportunities to make
potentially impactful contributions to meaningfully address
agriculture’s larger environmental footprint. For example, there
has been much agroecological research conducted on cover
crops for use in smaller-scale and organic cropping systems.
Consequently, in organic agriculture cover crops are required
on all annually cropped acres, resulting in very high levels of
adoption of the practice on certified organic farms. However,
the fact that only 1–2% of US farmland is managed organically
means the aggregate effects of this particular cropping system
diversification practice on ecosystem function and services at
larger landscape scales is limited. What is more, because cover
crop adoption on the other 98% of US farmland managed
conventionally is low, ranging from 1 to 3% (Hamilton et al.,

2017), the greater benefits to society that this practice could
generate are, at present, largely unrealized.

Given that the majority of harvested cropland is in large-
scale farms (Figure 1), research aimed at increasing cropping
system diversification must involve identifying diversification
strategies that can be demonstrated to work at these larger
scales. What are the barriers to cover crop adoption on the
other 98% of conventionally managed US farmland and how
can these be overcome? What other strategies to cropping
system diversification could apply to, and likely be adopted
by, large farm systems and how could these be implemented?
What federal economic policy mechanisms could be enacted
or changed to facilitate cropping system diversification on
large farming systems rather than incentivizing these same
farms to maintain simplified systems? How do we close yield
gaps in organic cropping systems and scale these systems up
without simplification? These are some of the types of questions
more agroecologists, in collaboration with rural sociologists
and economists, should be asking. In order to enable more
agricultural scientists to ask these types of questions, federal
agricultural research funding priorities could place greater
emphasis on research aimed at identifying holistic production
systems where the systems and components of those systems are
scalable to the extent possible (Miles et al., 2017). This leads to
our second strategy.

Publicly Funded Research Should Address
the Common Good, Rather Than Prop Up
Unsustainable Systems
Many of the simplification forces described in the previous
sections are the direct or indirect result of policies established
by our federal agriculture agencies. Paradoxically, these same
federal agencies also direct our public investment in agricultural
research. The result is a national agriculture policy agenda
that not only incentivizes, but often promotes, large-scale, low-
diversity cropping systems and a national research agenda where
much of the funded research addresses problems associated with
large-scale, low-diversity cropping systems (Davis et al., 2009;
Miles et al., 2017). This does little to serve the common good.
We need look no further than the case study detailed in this
paper to support this argument. Hence, problems associated with
large scale, simplified cropping systems, like herbicide resistance
and environmental pollution, will continue to drive the research
agendas of agriculture scientists until there are changes to either
federal policy or the national research agenda (Davis et al., 2009;
Harker et al., 2017; Miles et al., 2017).

We argue that the federal research agenda needs to prioritize
cropping system diversification at all scales. Similarly, while
productivity of all farms will need to continue to rise over the
coming decades, there will also need to be a disproportionate
focus placed on improving the long-term sustainability and
environmental footprint of farming, and this clearly must include
large-scale farms (Hunter et al., 2017). Further, we recognize the
capacity for such research to bring about changes in practices
on the ground will be much greater with farmers engaged in the
research process (Rosmann, 1994; Hassanein, 1999; van de Fliert
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and Braun, 2002). Such participatory methods are proving to be
particularly effective at identifying suites of context-dependent
agroecological practices that are effective andmanageable at farm
scales (Blesh and Wolf, 2014; White et al., 2017).

Land-grant institutions will also need to play a role in better
serving the common good. When funding comes directly from
agrichemical companies to public sector agricultural scientists
or extension personnel, there is a strong incentive to focus
the research on the issues that the company’s products address
(Davis et al., 2009; Harker et al., 2017). If these issues are the
result of cropping system simplification itself, such as the rise
in glyphosate-resistant weeds owing the overuse of glyphosate
in GR cropping systems, the resulting research and extension
is likely to further entrench the simplified cropping system
rather than lead to alternatives to the system (Figure 3). A
disproportionately large amount of land grant research has
been aimed at propping up unsustainable cropping systems,
and for too long these institutions have served as the research
and marketing arms of the seed and agrichemical companies
(Magdoff et al., 2000). Reducing the influence agrichemical
companies have on land grant research and extension programs
would likely open a much larger range of potential solutions,
beyond just those in which private firms have an interest
(Vanloqueren and Baret, 2009).

Agricultural Scientists Must Engage in
Policy and Rule-Setting
Scientists need to engage in the process of rule-setting.
Rule-setting that regulates agricultural practices or that
incentivizes practices through a variety of regulatory or
economic mechanisms (MacDonald et al., 2013) is fraught with
economically motivated conflicts of interest biased to support
a larger, vertically integrated and more simplified agriculture.
It should be the role of the scientist to translate their work in
a way that informs ecologically based decision-making. In the
absence of this type of decision-making, private sector interests
will offer a production-oriented justification that argues for
simplification and vertical integration and where little attention
is paid to the externalities of production (Harker et al., 2017).
The voice of the scientist in this process is largely absent, or when
it is invoked, is usually that of a neutral arbiter. Scientists are
often called on to present or interpret data when policy makers
advance to rule-setting. What is needed is something more than
a presentation of the data; what is needed are interpretations of
the root cause of problems of an overly simplified agriculture
and a decision process that empowers scientists to measure
or project the externalities of production practices that enable
a more ecologically-weighted policy making. Much has been
written about this potential role for scientists (Hoppe, 1999;
Crouzat et al., 2018; Sarkki et al., 2020). Are they neutral arbiters,
honest brokers, or issue advocates? We argue that agroecologists
and other agricultural scientists have largely limited their role
to that of the neutral arbiter and therefore have blunted their
ability to shift agriculture toward one that places greater value
on lessening its environmental impact through such practices as
increased crop diversification.

CONCLUSIONS

The agroecology literature is replete with papers expounding
the benefits of cropping system diversification and the necessary
role that crop diversity plays in facilitating a more sustainable
system of agriculture (e.g., Altieri, 1999; Lin, 2011; Bommarco
et al., 2013; and many more), including broad brush calls for
“agroecological transformation of monocultures” as “a strategy
that represents a robust path to increasing the productivity,
sustainability, and resilience of agricultural production”
(Altieri et al., 2015). Similarly, recent research indicates many
monoculture farmers do recognize the potential agroecological
value that diversifying their cropping systems would hold for
them in terms of their ability to deal with climate change and
that they would like to implement diversification strategies if
possible (Roesch-McNally et al., 2018). However, being willing
to do something and being able to do something are two very
different things. As we hope we have made clear, many farmers
are effectively locked-in to their simplified cropping systems due
to a variety of factors, some of which are in their control but
many of which are largely outside of their control. Addressing
these factors head on is likely the only way that cropping
system diversification will occur on scales large enough to have
meaningful beneficial environmental impacts. We have outlined
several strategies, aimed primarily at agricultural scientists and
their research funders, for addressing these issues, including
expanding the agroecology research agenda to include large-scale
farming systems and the search for scalable practices that can
actually be integrated into large farms, as well as encouraging
agricultural scientists to take a more participatory approach
to policy and rule-setting; however, many other strategies
likely exist. In that vein, a major potential mechanism for
overcoming diversification barriers that we have not touched
upon is the power of consumers to directly influence how crops
are grown. There are a range of potential actions within this
realm, from certification of biodiversity-friendly agriculture to
radical reorganization of supply chains, highlighting the need
for greater collaboration between the natural and social sciences
(e.g., Robertson and Swinton, 2005; Salliou et al., 2019; Valencia
et al., 2019). Lastly, federal policy and research funding should be
redirected toward incentivizing cropping system diversification
and away from initiatives that support unsustainable cropping
systems.While our lens on these strategies is from the perspective
of the state of farming and policy in the US, it is important to
note that these same issues are being addressed and debated
elsewhere, with varying degrees of success (e.g., Pe’er et al., 2019).
It is likely that the outcomes of these efforts, many of which are
occurring within governance systems that differ from those in
the US, will provide additional examples for how limited public
resources can be invested into agricultural practices that more
effectively support the public good.
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