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Abstract: The Midwestern U.S. landscape is one of the most highly altered and intensively managed
ecosystems in the country. The predominant crops grown are maize (Zea mays L.) and soybean
[Glycine max (L.) Merr]. They are typically grown as monocrops in a simple yearly rotation or with
multiple years of maize (2 to 3) followed by a single year of soybean. This system is highly productive
because the crops and management systems have been well adapted to the regional growing
conditions through substantial public and private investment. Furthermore, markets and supporting
infrastructure are highly developed for both crops. As maize and soybean production have intensified,
a number of concerns have arisen due to the unintended environmental impacts on the ecosystem.
Many areas across the Midwest are experiencing negative impacts on water quality, soil degradation,
and increased flood risk due to changes in regional hydrology. The water quality impacts extend even
further downstream. We propose the development of an innovative system for growing maize and
soybean with perennial groundcover to recover ecosystem services historically provided naturally by
predominantly perennial native plant communities. Reincorporating perennial plants into annual
cropping systems has the potential of restoring ecosystem services without negatively impacting grain
crop production and offers the prospect of increasing grain crop productivity through improving the
biological functioning of the system.

Keywords: maize; soybean; perennial; groundcover; cropping system; crop breeding; crop diversity;
intercropping; soil health; soil quality; ecosystem services; water quality; technology adoption;
integrated pest management

1. Introduction

The Midwest U.S. is at the nexus of agricultural productivity, biofuel production, and water
quality issues [1–3]. Situated almost entirely in this region, the U.S. Corn Belt is among the world’s
most productive agroecosystems producing nearly 40% of the world’s maize (Zea mays L.) and over
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25% of the world’s soybean [Glycine max (L.) Merr]. The region produces most U.S. starch-based
biofuels, and is home to the nation’s first commercial cellulosic ethanol plants. However, intensive
maize and soybean production have caused negative impacts on water quality and soil quality [4–7].
These impacts arise largely because the crops are present in the landscape for only a portion of the year,
leaving the soil exposed to extended periods of wind and water erosion leading to nutrient loss, due to
the susceptibility of bare soil [8]. Furthermore, the maize phase of the rotation requires large inputs of
synthetic nitrogen fertilizer to be productive; yet the lack of actively growing root systems for more
than half of each year means that much of the nitrogen fertilizer is lost to leaching. Cassman et al. [9]
estimated that just 37% of the N fertilizer applied to maize in the north central U.S. is actually used
by the crop. With climate projections predicting more droughts, floods, extreme rains, and other
conditions in this region [10], eliminating the long periods of bare soil would greatly increase system
stability and resiliency.

We propose a way forward—a perennial groundcover (PGC) approach—that involves recapturing
some of the ecosystem services lost when the prairie was converted to agricultural landscapes. The PGC
approach is predicated on increasing continuous soil surface cover through insertion of perennial
plant species into annual cropping systems in ways that strategically alter surface hydrology to
augment retention and infiltration of rain water and subsurface biology to enhance year-round nutrient
retention and cycling. In essence, it is a landscape design approach inspired by the natural vegetation
present prior to modern agriculture. A fundamental difference between the PGC approach and other
approaches to conserving soil and water resources, is the effort to improve the highly-developed and
productive maize-soybean system rather than replace it with alternative crops not as well adapted or
developed to the region or restoring it to the original perennial landscape. Rather than underestimating
the technological lock-in associated with existing practices and markets which can lead to solutions
that are slow to deploy, or that are never implemented [11,12], our goal is to develop a functional
system that sustains or enhances crop productivity, restores ecosystem services and protects the public
and private investment that undergirds it. The proposed strategy is not one of replacement with
alternative crops species, but rather one of augmenting the maize-soybean system to regenerate and
recover ecosystem functions, particularly those with significant impacts on environmental outcomes.

2. Agricultural Context

2.1. The Landscape

Prior to European settlement, the dominant vegetation in the U.S. Midwest landscape was tall grass
prairie, transitioning to hardwood deciduous forest to the east and mixed and short grass prairie to the
west [13]. The native prairie was highly diverse, but as the name suggests was dominated by tall grasses
throughout the more humid eastern reaches. The prairie plant communities evolved under intermittent
defoliation by fire and herbivory and were relatively stable despite these disturbances. Since European
settlement of the region began in the Nineteenth Century nearly all the native vegetation has been
replaced by cultivated crops [14,15]. In Iowa, for example, almost 75% of native grasslands were
converted to cropland by the middle 1800′s, and nearly all of that land area is devoted to production of
maize and soybean crops. Only small remnants of tall grass prairie exist today.

The agricultural landscapes that have evolved in this area are well suited to growing maize and
soybean for a variety of reasons. They lay in a humid temperate climatic zone where precipitation is
usually adequate to meet water requirements of the crops, and winters are severe enough to break
pest cycles that plague production in warmer southern climates [16]. The Mollisol soils predominant
in this region formed in recently deposited glacial till, loess, or fluvial parent materials under prairie
vegetation. Thus they are generally deep and rich in organic matter making them inherently fertile and
productive [17]. However, much of the soil organic matter that was present under native vegetation
has been lost due to erosion and accelerated oxidation as a consequence of modern agricultural
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practices [18–20]. Current soil organic matter levels are about half of what they once were under prairie
vegetation (Figure 1) [21].
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Figure 1. Comparison of soil developed under continuous prairie vegetation (a) and an adjacent soil
(b) under decades of continuous cultivation. The profiles visually illustrate the loss in soil structure
incurred from repeated tillage and the consequent loss in soil organic carbon. The undisturbed soil is
richly aggregated in the upper 0–20 cm A-horizon, whereas the cultivated soil has a shallower depth of
the A-horizon that is lighter in color, and has less aggregation. Photo: David Laird.

The wholesale conversion of land from native vegetation to crop production created numerous
environmental problems that are becoming more pronounced as crop production intensifies [14].
While native grasslands were dominated by perennial species that provided continuous cover to
the land surface and extensive root systems that helped to build soil organic matter levels, modern
agricultural systems depend on the production of relatively few species that occupy it for less than
half of the year. Consequently, the soil receives less organic carbon (C) inputs and the soil surface
is exposed to the elements and extensive erosion has occurred throughout the region [22]. Some of
this eroded soil ultimately ends up in surface water where it causes sedimentation and increases
turbidity. This soil, carrying with it agricultural chemicals and nutrients, can be a major source of
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pollution [23,24]. Installation of extensive sub-surface drainage systems to drain excess water from
what were once prairie wetlands has increased the movement of mobile nutrients and chemicals,
bypassing the natural filtering process of percolating through the soil profile. In contrast, nutrients in
native plant communities were efficiently captured by the extensive root systems of perennial plants
and recycled into plant biomass. Thus, native prairie systems were relatively closed systems, with little
movement of nutrients from prairie soils into surface or ground water [25].

2.2. The Crops

Maize and soybean are grown throughout the U.S. with commercial production concentrated
in the North Central states, an area often called the Corn Belt. Given the preponderance of soybean
produced in short rotation with maize the area has lately been referred to as the corn-soybean belt [26],
but it is nonetheless predominantly mono-cropped. The region is slowly expanding to the north and
west as improved germplasm and management practices are being developed to overcome climatic
constraints [27]. Furthermore, evidence exists that the climate in this region is becoming more amenable
to maize and soybean production as a consequence of climate change [28].

Ten Midwestern states account for over 80% of U.S. maize production, with the top five (Iowa,
Illinois, Nebraska, Minnesota, Indiana) accounting for over 60% [29]. In the most recent growing
season, total acreage planted to maize was estimated at 37.1 million ha with 33.9 million ha, harvested
for grain [29]. Soybean was planted on nearly as many ha and 33.5 million ha (90%) were harvested.
Overall, these two crops together accounted for US$ 89.5 billion in 2017, with maize accounting for
79.6% of the value of grains produced and soybean for 91.9% of the value of oilseeds [29].

Given the importance of these two crops to the agricultural economy, and the huge investments in
crop development and support infrastructure, a rational approach to solving environmental problems
associated with their production would be to develop better management practices with lower impacts
on the environment. Attempts to replace them with alternative crops which lag decades in commercial
development, lack adequate markets and infrastructure, and are therefore less profitable to produce on
any realistic scale, are unlikely to succeed within a reasonable timeframe. Environmental problems
associated with maize and soybean production are the result of the ways in which these crops are
grown, not the crops themselves. The most straightforward and economically realistic approach to
achieving better environmental outcomes is to develop improved production practices that have fewer
negative impacts.

2.3. Biofuels

As required by the Energy Independence and Security Act of 2007, the U.S. set a goal of producing
136 billion L y−1 of renewable fuel by 2022, with 58% or 79.5 billion L y−1 to be in the form of advanced
biofuels [30]. Achieving this goal will require focused and substantial changes in how agricultural
landscapes are designed and managed because agricultural residues and dedicated energy crops are
projected to account for most of the needed biomass for producing this renewable fuel [31]. Furthermore,
to meet the specific cellulosic fuel requirement of 61 billion L y−1, 20 to 30% of the cellulosic feedstock
will likely be comprised of maize stover [32]. This aspect is reflected by the predictions in the U.S.
Billion-Ton Update indicating that the majority of biomass available within the North Central Region
will be derived from crop residues, predominantly maize stover [31]. The U.S. is unlikely to reach its
goal of displacing 30% of 2005 petroleum consumption without tapping into this maize stover residue
reserve as this is the largest readily available source of biomass at present and is projected to remain so
well into the future.

However, serious concerns have been expressed regarding negative and in some cases potentially
devastating environmental consequences of indiscriminately harvesting crop residues [33,34]. Crop
residues are generally returned to the field where they provide soil cover throughout the intervening
fallow period between successive crops by creating a barrier to reduce wind and water erosion.
Returning crop residues to the soil recycles nutrients and adds carbon, which is critical for building soil
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organic matter, maintaining soil structure and enhancing nutrient cycling [35]. Hence, crop residues
provide important ecosystem services that protect and enhance soil quality and off-farm water and air
quality [36].

The amount of maize stover that can be removed from a field without adversely affecting these
services depends on a number of factors. Land that is highly susceptible to erosion due to sloping
topography needs more surface residue than level ground and maintaining soil organic matter requires
even more residue return than protecting the soil from erosion [37]. Estimates indicate that on average,
only about 40% of the maize stover that is produced within the North Central U.S. region can be
safely harvested when conventional crop management systems are used [38]. Therefore, it is critical
that novel management systems are developed to enable sustainable removal of maize stover [39].
To meet the projected biomass demand, alternative cropping systems that reduce the vulnerability of
land to environmental degradation must be developed and implemented [33]. Incorporating the PGC
approach in maize production systems would allow removal of crop residue by minimizing negative
effects on soil and water quality.

3. Environmental Concerns

3.1. Nitrogen Efflux and Water Quality

Less than 40% of the N fertilizer applied to maize fields in the Midwest is actually used by the
maize crop [9,21,40]. The rest is either leached from the soil as NO3

−, contaminating surface and
ground water, or is volatilized to the atmosphere as NH3 (contributing to air pollution), N2 (harmless),
or N2O (a potent greenhouse gas). These N losses are a large, but unaccounted for economic cost
to farmers, cause serious water quality problems, impact recreational use of water, and contribute
about 2.5% of total U.S. greenhouse gas (GHG) emissions. Nutrients leaching from maize and soybean
fields are the leading cause of impaired water quality of groundwater, rivers and lakes throughout the
U.S. Midwest [41,42]. Further, flow-weighted concentrations and fluxes were found to have increased
at sites within the Mississippi River Basin (MRB) between 1980 and 2008 [43]. Nutrients, including
N and P flowing down the Mississippi River and into the Gulf of Mexico from Midwestern farms,
are the leading cause of the hypoxic zone, a.k.a. “dead zone” in the Gulf of Mexico, an area where the
concentration of dissolved oxygen in the water has decreased to a level that can no longer support
marine life [44,45]. In 2017, NOAA estimated the size of the hypoxic zone to be 22,730 square kilometers
(8776 square miles); the largest area measured since hypoxic zone mapping began in 1985 [46]. New
and innovative management practices are critically needed to meet the EPA goal of reducing NO3

−

loads in the Mississippi river by 45% [47,48].
One of the factors contributing to the high nitrogen export from the Upper MRB in particular is

that the high soil nitrogen availability occurs not only during a period of insufficient crop nitrogen
uptake, but also during a wet time of the year when farmers generally want to accelerate the draining
of their land so that field operations can begin [49]. In areas where soil moisture content is high during
the early spring and summer, it is common to use subsurface tile drainage to allow water above field
capactity to exit the field more rapidly than natural drainage alone. This not only improves field
trafficability, but prevents waterlogged soil conditions that can decrease crop yield. An estimated
16 million hectares in the Corn Belt have subsurface tile drainage, according to one estimate, with some
areas particularly in Iowa and Illinois having subsurface drainage tiles beneath 60–80% of farmed
acres [50]. This estimate is likely low, because it was based in large part on data published in 1987
and 1992. An analysis of continuous monitoring data from the Otter Creek watershed in Northeast
Iowa, confirmed that tile drainage was a greater threat to stream nitrate loads than groundwater or
surface quick-flow sources [51]. Other predictive models using actual N input and landscape data also
implicated tile drainage in the nitrate loading observed in the UMRB [52]. The installation of these
extensive tile drainage networks, done to improve agricultural productivity, has altered the hydrology
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of these agricultural watersheds [53]. Innovative management practices therefore will need to pertain
to tile-drained landscapes to have the most widespread applicability and impact.

3.2. Soil Erosion

Accelerated soil erosion is the most widespread soil degradation process not only in the Midwest,
but throughout the world. Soil erosion results in loss of effective rooting depth, decreased soil fertility,
downstream pollution of receiving water bodies, and increased emission of greenhouse gases from
soils [54,55].

In the North Central U.S., conventional production of annual row crops means that for a significant
part of the year between harvest in mid to late fall and partial canopy closure in early summer, there is
no substantial ground cover. Furthermore, because the crops are grown in rows, even when the
vegetation is robust, bare soil still exists between the crop rows. Combined with the damaging effects of
tillage, the result is intolerable rates of soil erosion by water on cropland that are an order of magnitude
larger than erosion rates on land enrolled in the Conservation Reserve Program (CRP) and restored to
non-working grassland (Figure 2).
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Figure 2. Estimated average annual sheet and rill erosion by water for the state of Iowa, according the
USDA National Resources Inventory [56].

While soil erosion on cropland in Iowa, for example, was reduced by almost 50% between 1977
and 1997, there has been virtually no significant progress since that time. Indeed, there has even been
some increase in estimated erosion rates from the low in 1997. Furthermore, while Figure 2 shows the
average values across the state, there is significant spatial and temporal variability (Figure 3), such that
some watersheds experience annual erosion at rates many times higher than the statewide average.
Pressures to use crop residues, which otherwise would buffer the soil against erosive forces, to meet
biomass demands for biofuels production will only exacerbate the current problems. Additionally,
increases in the volume and erosive power of rainfall expected in the Midwest under a changing
climate will likewise worsen the rates of soil loss [57].
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Figure 3. As an example, estimated annual soil loss for the 2017–2018 water year across Iowa, illustrating
erosion rates from 3 to more than 70 Mg/ha. The latter corresponds to an erosion rate of roughly 6 mm
(0.2 inch) of soil loss in four years. Figure courtesy of the Daily Erosion Project (www.dailyerosion.org).

The negative consequences of high rates of erosion are numerous and substantial. To the
farmer, soil erosion poses a risk to sustained crop production by reducing soil depth and quality.
A potentially more immediate concern is that erosion generates sediment, which is a water quality
pollutant. As explained by Nearing et al. [58], the downstream costs of sediment delivery include
stream degradation, disturbance to wildlife habitat, flooding, and direct costs for dredging, levees,
and reservoir storage losses. Furthermore, eroded sediments carry soil bound chemical contaminants,
such as phosphorus and certain agricultural chemicals, to receiving water bodies.

Any soil management practice that reduces soil disturbance and provides more surface cover
reduces the risk of soil erosion and transport, thereby reducing the damage this process can cause.
Increasing the percent of the soil covered by robust vegetation—both the proportion of the field
with ground cover, and the proportion of the year with ground cover—would reduce soil erosion
rates considerably.

3.3. Soil Quality and Ecosystem Services

Soil supports plant production, which is the foundation for the human food web as well as the
raw material or feedstock for plant-derived bio-products and biofuels. Soil is a living environment that
hosts about a quarter of our planet’s species. It is a rich source of pharmaceuticals and genetic resources.
Soil has important functions of storing and regulating the cycling of the water and chemical elements.
As water passes through the soil profile, it filters and cleans the water; it detoxifies potentially toxic
compounds including heavy metals and xenobiotics. Soil also serves as the primary terrestrial carbon
pool, storing about three times more carbon than exists in the atmosphere or terrestrial vegetation.
Thus, soil plays a key role in regulating greenhouse gas emissions and subsequent climate change
effects. Soil has cultural, spiritual, aesthetic, archaeological and educational roles that are an essential
part of human life unrecognized by most people.

In 1993, the National Academy of Sciences issued a report that stimulated public discussion
regarding soil and water quality [59]. The report was among the first policy-oriented publications
emphasizing that healthy soils are vital for sustained agricultural production to support an increasing
global population. It identified several factors contributing to soil degradation including erosion,

www.dailyerosion.org
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compaction, salinization, soil organic matter loss and diminished biological activity. Unfortunately,
more than two decades later soil degradation continues to be a global problem [60].

Recognizing that loss of soil organic matter disrupts several critical soil functions including
nutrient cycling, microbial food sources and community structure, aggregate stability, hydrology,
and overall productivity, investment focused on understanding how soils function has increased
exponentially since 2012. It has been proposed that erosion-induced CO2 emissions can contribute to
GHG emissions [55], but others show erosion might result in a net sink for atmospheric CO2 [61]. More
important, however, might be erosion-induced losses of other ecosystem services—nutrient-supplying
power, water infiltration and retention, and overall enhanced plant growth. Disaggregated soil
particles can be more easily mobilized by forces associated with water or wind erosion and/or tillage
operations [62], with subsequent deposition into low or depression sites within landscapes [63,64],
or worse, mobilized and lost from the farm [65]. As a result, productivity in both eroded and
deposition areas is not only reduced, but also those sites have increased potential for nutrient leaching
and/or denitrification which can negatively affect water and air quality. Conventional maize-soybean
production has led to declines in soil organic matter (SOM), due to erosion, insufficient carbon input,
excessive crop residue removal, tillage, or poor drainage (Figure 4). Ultimately, this decline can result
in decreased productivity and increased potential for water quality degradation. However, adopting
agricultural practices that restore SOM has the potential of reversing this trend.
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Figure 4. A conceptual diagram illustrating how loss of soil organic matter leads to soil degradation
with ultimate outcomes of reduced productivity and increased potential for water quality impairment.
PGC systems will increase soil organic matter and regenerate the productive capacity of the soil.
(Adapted from Weil & Brady [66]).

4. Mitigating Environmental Impacts of Crop Production

4.1. Annual Cover Crop Systems

Restoring perennial vegetative cover to the agroecosystem can be achieved using annual plant
species grown in a relay cropping system [67]. A commonly used cover-crop system employs a summer
annual grain grown in sequence with a winter annual grain. The use of annual cover crops grown in a
relay system with maize has been extensively researched and the potential benefits of doing so are well
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documented [68]. Winter annual cover crops planted in the fall afford several positive impacts. They
immobilize NO3 and thereby decrease its leaching through the rooting zone into groundwater and tile
drains [69]. They prevent erosion by dampening the force of rainfall [36], reduce above ground water
flow rate, decrease runoff, and increase infiltration of water into the soil [70].

Establishment of annual cover crops following maize is often challenging especially in the northern
reaches of the Corn Belt [67]. Planting of cover crops generally occurs after maize harvest when
weather and soil conditions are often not conducive to establishment of the cover crop [68]. Therefore,
establishment of winter annual cover crops following maize and soybean is somewhat inconsistent
and carries a relatively high risk of failure. Interseeding the cover crop into a standing maize crop
is one way to overcome the weather constraint, but requires aerial seeding, which is expensive and
limited by the number of available aircraft and operators.

Winter annual cover crops must be terminated in the spring to allow for field preparation and
planting of the primary summer annual grain crop. The timeliness of these field operations can be
delayed by weather and wet soil conditions. Delaying planting of the grain crop has a negative impact
on its yield and reduces overall productivity. In some growing seasons, there is ample time to terminate
the cover crop and complete field preparation in time to maximize growth of the grain crop. Even so,
growing a winter annual in sequence with a summer annual grain greatly complicates management
of the primary crop and frequently reduces its productivity, especially maize [71,72]. Some annual
cover crops, including winter rye (Secale cereal L.), can negatively impact yield of the subsequent maize
crop [73] by increasing root pathogens [74,75].

Annual cover crop establishment, successful or not, incurs significant costs in time and money
that cannot be reliably recovered through either improved productivity of the primary crop or market
value of the cover crop itself [76,77]. A recent survey of Iowa farmers indicated that economics are
a barrier, particularly “pressure to make profit margins makes it difficult to invest in conservation
practices,” yet 35% of the respondents had increased or adopted cover cropping practices suggesting
that such barriers, while real, are not insurmountable [78]. Additionally, the use of cover crops may be
precluded by complex management requirements related to cover crop termination and uncertainty of
impacts on crop insurance [79,80].

4.2. Perennial Groundcover

A promising alternative to a relay cropping system is intercropping with a perennial groundcover.
The system achieves perennial soil cover and the associated benefits by year-round presence of the
groundcover. Unlike annual cover crops, perennial groundcovers do not need to be replanted or
terminated every year. They can coexist as a companion crop with maize throughout its growing
season, thus providing ecosystem services throughout the year. Using strip tillage to create and manage
zones where maize was planted, and nutrients were applied and incorporated, Wiggans et al. [81]
demonstrated that high-yielding maize could be produced in central Iowa with perennial groundcover.
In two out of three growing seasons, maize planted into perennial groundcover produced equal
yields as that grown conventionally (Figure 5). In a fourth year of the same study, maize planted into
perennial groundcover out yielded conventionally grown maize [82] (data not previously published).
Obtaining these yields required chemical suppression of the groundcover in spring which at present is
necessary to prevent eliciting a shade avoidance response (SAR) in juvenile maize [83,84]. While careful
management of competition between the perennial groundcover and maize was needed, these results
were achieved using maize hybrids and groundcovers that had been developed for other uses and were
not optimized to work together. The use of incompatible perennial grass can result in decreased yields
of maize [85] and soybean [86]. Developing maize hybrids and soybean and groundcover varieties
specifically designed for perennial groundcover systems, however, would likely result in significant
performance increases for this system.
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Others have demonstrated that perennial groundcover can be suitable for grain production
systems. In southern Illinois, U.S., maize grain production ranged from 5.7 to 10.8 Mg ha−1 when
grown in perennial grass sods when the grasses were managed with various herbicides [87]. Perennial
grass cover following harvest ranged from 0 to 87%. Conversely, yield of maize planted in living
alfalfa (Medicago sativa L.) ranged from 8.0 to 16.4 Mg ha−1, but persistence of the alfalfa was poor
to nonexistent. Soybean production with tall fescue (Schedonorus arundinaceus (Schreb.) Dumort.)
ranged from 3.0 to 3.6 kg ha−1 while grass persistence ranged from 21 to 83% cover after harvest.
Greatest soil cover at harvest for grasses was with strip tillage and paraquat applied to the grass,
however, this practice resulted in lower soybean yields than in other systems that had less grass cover
at harvest. In a separate study [88], maize grain production in a tall fescue sod ranged from 0.7 to
8.6 Mg ha−1 depending on the herbicide program. Tall fescue biomass at maize harvest ranged from
1.6 to 6.1 Mg ha−1.

In Georgia, U.S., maize planted in wider 90-cm rows compared with 75-cm row width with
20-cm wide herbicide bands of dead white clover (Trifolium repens L.) was a suitable living mulch
treatment [89]. Successful living mulch systems with white clover were capable of meeting a substantial
portion of maize N needs [90]. Conversely, utilization of seven different perennial legumes averaged
N fertilizer equivalency of 13 to 71 kg N ha−1 yr−1 at 0 N rates [91] in comparatively lower maize
yielding environments.

An important distinction between these other approaches to intercropping grain crops with
perennial groundcover is that in the system we envision the primary purpose of the groundcover is to
impart ecosystem services. The grain crop remains the principal economic crop and improvements
derived from the groundcover accrue from contributions that improve grain crop productivity.
The groundcover is not intended to be harvested and marketed, and thus can be developed to fill
ecosystem gaps created by high-yielding grain and oilseed crops. Perennial groundcover varieties
that are adapted to the growing environment will significantly curtail soil erosion by extending the
duration of vegetative soil cover year around. Additionally, by attenuating the impact of rainfall and
interrupting surface runoff, they will increase water infiltration. During semi-dormancy in summer,
they can serve as a barrier to evaporative losses increasing the soil moisture available to the growing
grain crop [92]. By increasing moisture retention and impeding its loss, perennial groundcover could
indirectly provide critical moisture to the grain crop, particularly during dry periods.

In the U.S. Midwest, perennial groundcover varieties begin growth in spring well before grain
crops are planted. During this period when soil is warming and biological activity is increasing,
the groundcover will actively immobilize soluble nutrients including nitrate mineralized from soil
organic matter. By doing so, they decrease contamination of ground and surface waters during the
period of the year when nitrate levels in surface waters generally peak [49,93]. Simultaneously, they will
increase nitrogen use efficiency by retaining N that would have been lost. By building soil organic
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matter through reduced tillage and root growth, perennial groundcover will contribute to increased
retention of other nutrients through immobilization and by increasing soil cation exchange capacity.

Beyond the attributes inherent from a perennial growth habit, groundcover varieties with enhanced
traits could be developed to further extend their benefits. All of the traits already mentioned could
be amplified and additional ones could be developed. For example, biological nitrification inhibitors
have been identified in the root exudates of several grass species [94,95]. These compounds disrupt
the conversion of ammonium to nitrate by soil microbes. Since ammonium ions are retained better
by soil, this trait could improve the performance of the groundcover in mitigating nitrate leaching.
Several candidate groundcover species are known to associate with endophytic fungi that produce
allelochemicals that have antibiosis properties against other organisms [96,97]. Novel endophytes
that produce defensive chemicals against diseases and insects could be developed for perennial
groundcovers as part of a pest management strategy for maize and soybean production.

5. Designing and Developing Perennial Groundcover Systems

Designing a system for growing grain crops with perennial groundcover will require a
well-coordinated and multidisciplinary approach. It will involve carefully constructing a crop
ecosystem that optimizes growth of the crop and groundcover in time and space to achieve increased
production concurrent with enhanced ecosystem services. Doing so will necessitate the development
of agronomic practices that minimize competition between the crop and groundcover and amplify the
environmental benefits of providing perennial cover. It will require developing crop and groundcover
varieties that are spatially and temporally compatible. Much of the potential for increasing crop
productivity lies belowground. Understanding how perennial groundcover influences soil water and
nutrient retention will be critical for leveraging these effects for improvements in short- and long-term
production. Understanding broader-scale impacts on the environment and how they might relate
to landscape management is also important to deploying PGC systems where they will provide the
most benefit. Finally, the adoption of a system will depend on economic and sociological factors
that determine acceptance by producers and agricultural industry. All of these activities must be
coordinated to achieve successful development and commercialization of a PGC system.

In much of the world, large-scale crop production is a complex, technological undertaking,
bounded by biological and climactic realities, and driven by market and regulatory forces [98].
To mitigate the financial risks inherent to farming, farmers and the agricultural industry that supports
them have a natural preference for simple strategies that overcome spatial and climactic variability.
A challenge and opportunity of the PGC vision is its reliance on two primary cultivated organisms:
the annual cash crop and the perennial groundcover. The opportunity has been detailed elsewhere
in this paper, but briefly is based upon the multiple ecosystem services provided by the perennial
cover and the relative simplicity of maintaining that perennial cover compared to annual cover
crops. The challenge comes from the significantly greater complexity of such a system, which now
has variability along each dimension of interaction between the two crops—e.g., rooting habits
of each species, spectral reflectance of the groundcover and spectral sensitivity of the cash crop,
and soil preparation methods. Handling this complexity can be accomplished by applying systems
engineering principles—i.e., by formally considering the interconnections between key subsystems
in the development of the overall system [99]. In the case of PGC, this means explicitly identifying
the critical dimensions of interaction, and then considering those interactions at each stage of the
development process. It also means identifying key performance indicators (or in systems engineering
terms, Measures of Performance), recognizing the bounds of those indicators, and regularly evaluating
the system on those values to track and guide the development of the system [100].

As described previously (Section 4.2, Figure 5), multi-year small-scale trials in one location have
validated the claim that PGC maize can provide competitive or better yields. While some early
adopters may be willing to trial small parts of their fields based on such evidence, there are inherent
risks associated with using a PGC-maize approach at this time, because the system has not been



Agronomy 2019, 9, 458 12 of 35

sufficiently tested. Research and development efforts in agriculture and beyond focus on reducing
the risk and cost of new approaches, and the rapidity with which they are successful in de-risking
impacts the time-to-market. Würschum et al. [101] described a citizen-science approach to a soybean
experiment that recruited over two-thousand persons thereby greatly increasing the geographic range
and total number of experimental treatments in a breeding experiment. Cooperating with producers,
a citizen-science approach could profoundly accelerate the rate of knowledge generation by increasing
the number of evaluations and the geographical area covered. Equally important, working with
producers in this context leverages the significant human capital—in the form of technical expertise—in
the population of producers, and simultaneously decreases the unit cost of experimentation.

5.1. Crop Ecology and Management

Coexistence of multiple plant species growing in association within natural plant communities is
the norm rather than an exception. Maintaining a monoculture usually requires substantial effort to
modify the growing environment to suit the needs of a single plant species. In addition to providing
nutrients, managing water, and modifying the soil environment through tillage, herbicides and other
biocides are needed to check encroachment of other species. The goal of such management practices
is to create a near optimum growing environment for the crop plant in order to maximize yield.
In natural plant communities, not all biological interactions are negative for the organisms involved
and indeed some are neutral and others are positive [102]. There are many examples of commensalism
and mutualism in natural plant communities [103,104]. Conceptually, designing a simple plant
community that positively affects crop yield and provides ecosystem services related to environmental
quality, and pest suppression is possible. For instance, crop diversification using intercropping can
potentially reduce weed population density and biomass production compared to monocrops [105].
This natural weed suppressive ability is most likely based on varying levels of resource competition,
allelopathy, or weed seed predation/microbial decay provided by the intercrops that can create an
unstable environment to prevent weed population shifts to a particular species, which is an increasing
concern in mono-cropped maize or soybean.

5.1.1. Minimizing Interspecific Competition

Interspecific competition among plants seldom ends well for one or both species involved.
The more competitive species will out-compete the other for available resources resulting in exclusion
of the other or coexistence with growth of both species diminished by the other. Competition between
the species in PGC systems needs to be avoided to ensure optimum crop performance and persistence
of the groundcover and its beneficial effects. Plants have adapted a number of mechanisms for
coexisting in communities. One widely accepted mechanism for minimizing competition in natural
plant communities involves differential adaptation to niches in the growing environment [106]. Niche
complementarity involves spatial and temporal localization of resource acquisition so that species do
not compete directly. The greater the number of niches available, the greater potential diversity of the
plant community there will be. Crop and soil management is traditionally directed at homogenization
of the growing environment. Niches are overcome or destroyed by providing resources that would
otherwise be limiting. This strategy ensures that the crop plant will be the most competitive and
dominant species across a field.

A reasonable approach to developing PGC systems would be to manage the crop environment
to provide separate niches for the crop and perennial groundcover. Growth of the latter could be
restricted to a relatively smaller volume of soil and to a time period that is asynchronous to maximum
growth of the crop (Figure 6). The space and time occupied by crop and the groundcover should
be as different as possible. Ideally, the groundcover species should be low growing and occupy a
smaller and shallower volume of soil than the crop. Its optimum growth temperature should be
different than that of the grain crop so that its maximum demand for resources occurs at a different
time. For maize and soybean production, the groundcover species should grow actively in the spring
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and autumn and ideally go dormant during summer when growth of the crop reaches its maximum.
An effective groundcover would also need to persist through periods of low available moisture under
shade, recover and begin active growth as daily temperatures decline and the grain crop matures and
dries down. After harvest of the grain, the groundcover needs to provide enough soil cover to arrest
erosion and have sufficient hardiness to survive the winter.
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Figure 6. Profile of established maize growing with perennial groundcover. In this configuration, maize
is planted into 38-cm tilled strips alternating with 38-cm wide strips of perennial groundcover. Base
groundcover is 50% providing resistance to surface water flow, increased infiltration, and decreased soil
erosion. Belowground, the groundcover occupies less than 10% of the soil volume reserving over 90%
for the grain crop to exploit. Management practices should be designed to maintain localization of the
two species in time as well as space to ensure minimum competition and optimum grain production.
The ideotype for a perennial groundcover is cool-season growth (spring and fall), summer dormancy,
a shallow root system, rhizomatous or stoloniferous regrowth, shade tolerance, and winter hardiness.

5.1.2. Species Complementarity

Flynn et al. [107].evaluated thirty-five potential groundcover species for continuous maize
production. The trial was designed to identify species with minimal negative associative effects on
maize yield. Strip tillage was used to create zones for planting maize, but no other groundcover
suppression strategies were used. They identified several species that could be suitable candidates as
perennial groundcovers for continuous maize production. These included some of the bluegrasses
(Poa spp.), fine leaf fescues (Festuca spp.) and bentgrasses (Agrostis spp.) [107].. Common to all these
species is that they are cool-season grasses with the C3 photosynthesis system, a relatively shallow
root system, good shade tolerance, excellent recuperative capability and fall regrowth, an optimum
growth temperature < 25 ◦C and are sufficiently winter hardy. Thus, their growth complements that of
maize which has C4 photosynthesis, a deeper root system and higher optimum temperature for growth
(>30 ◦C). The contrasting and complementary characteristics between the cool-season groundcovers
and maize afford the possibility for them to coexist in a perennial groundcover system. The study by
Flynn et al. [107] was designed to screen potential groundcover species and their competitive effects
on maize grain yield. Thus, groundcover species had a negative impact on yield when not suppressed
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in the spring. Even the least competitive groundcover species reduced maize yield by 23% when
not suppressed.

5.1.3. Managing Competition

Even when competition between the crop and groundcover is minimized by compartmentalizing
the growing environment, residual competitive effects remain [107]. These are observed most acutely
during establishment of the crop when growth of the groundcover is near its maximum rate. During
this period the presence of the groundcover alters the growth and development of the crop in a manner
similar to the response observed when establishing in the presence of weed species. These effects
are not easily attributed to any direct competition between the species for resources because there is
physical separation of the seed from the zone of groundcover growth. They are generally observed
even when there are no obvious limitations due to shade, soil moisture or nutrient status.

While acknowledging resource competition between more aggressive groundcovers and maize,
Flynn et al. [107] suggested that the SAR by maize likely plays an important role in reducing yield
when it is grown with less competitive groundcovers. Shade avoidance is triggered by a reduction in
red:far red light associated with increased absorbance of red light by the actively growing groundcover.
Mediated by a phytochrome response, maize senses potential competition and alters its growth to avoid
it [108,109], a response that occurs similarly in other species [110]. As a consequence, stem elongation
accelerates and leaf development is somewhat retarded [111,112]. Grain yield is reduced because
SAR is often associated with lower seed set. This conjecture is yet to be definitively proven, but it
explains many of the observed effects when maize is grown with less aggressive groundcovers. If real,
it provides scope for reducing the need for chemical suppression of the groundcover by developing
groundcover varieties that go dormant early in the growing season. Genetic variation among maize
germplasm for sensitivity to red:far red light should allow development of elite hybrids that are
insensitive to the presence of a groundcover. These, however, are long-term strategies for mitigating
SAR and for the time being groundcover suppression will be necessary to prevent triggering SAR by
developing maize plants.

Wiggans et al. [81,92] evaluated groundcover suppression strategies for no-tilled and zone-tilled
maize grown in Kentucky bluegrass (Poa pratensis L.) and red fescue (Festuca rubra L.). Suppression
strategies included pre-plant burn down with paraquat (N,N′-dimethyl-4,4′-bipyridinium dichloride)
followed by post-emergence glyphosate (N-(phosphonomethyl)glycine) in either one or two
applications. A wet spring in the first year of the study delayed maize planting for several weeks
allowing recovery of the groundcover after suppression. However, maize planted in zone-tilled
bluegrass suppressed with paraquat yielded nearly as well as conventional maize. In the two
subsequent years, several of the perennial groundcover treatments performed as well as conventional
maize. They concluded that bluegrass suppressed with paraquat in the spring was the least competitive
groundcover allowing grain production commensurate to conventionally grown maize. Perhaps the
key finding of their work is that despite the benefits provided by groundcover in the spring, it behaves
much like a weed in terms of maize establishment and requires suppression to enable the emergent
maize crop to establish.

The intensity of tillage has an impact on crop yield as well as soil erosion and water infiltration.
Zone tillage was superior to no-till management for maize grown with perennial groundcover [81].
In that study, the tilled zones where maize was planted were 25 cm wide and approximately 20–25 cm
deep. Perennial groundcover was grown between each adjacent row of maize which was planted on
76 cm centers. It may be possible to further attenuate competition between maize and groundcover
by altering the width of tilled zones and changing the geometry of their placement. Increasing the
width of tilled zones to 51 cm would double the tilled soil over that used by Wiggans et al. [81] and
should favorably alter the red:far red radiation sensed by the emerging maize plant perhaps reducing
or eliminating the SAR. Alternatively, tilled zones could be further widened such that each row of
maize is exposed to groundcover on only one side, which would also reduce red:far red ratio. Since
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many of the candidate groundcover species spread laterally by vegetative growth it should be feasible
to migrate vegetative strips across a field over time so the entire upper soil volume receives the benefit
of perennial cover for a fraction of time proportional to the base cover provided.

5.1.4. Enhancing Crop Competitiveness

Uniform maize emergence is critical for achieving high grain yields. The presence of groundcover
intentionally alters the rhizosphere to promote soil health and biological activity. However,
the groundcover may alter the soil environment in ways that are detrimental to germinating seed
and developing seedlings. Under groundcover, soils remain colder longer, creating additional stress
to the germinating seed and hindering crop stand establishment [113]. Uneven stand establishment
ultimately has a negative impact on grain yield.

Seed is key to enhancing stand establishment and crop competitiveness under PGC. Seed must
be genetically adapted to emerge under these stressful conditions but also must have exceptional
quality. Seed viability and vigor (collectively known as seed quality) are a measure of the seed’s
metabolic efficiency. In maize, where a single seed produces a plant with a single ear (seldom two ears),
the relationship among seed size, seed density, emergence uniformity, and seed yield is not clearly
understood. Some reports assign little importance to maize seed size when seeds are planted under
ideal conditions [113–115]. However, the stressful planting conditions of no-till agriculture [113] or cold
soils and increasing planting depth [115] negatively affect seedling emergence. Seed quality and seed
genetic potential are more important for uniform seed emergence than seed size [113]. Understanding
interplant competition dynamics and plant-to-plant yield variation could provide new management
tools for future yield gains in maize, especially when planted with a perennial groundcover.

The competition for water, light, and nutrients between an established PCG and seed has been
studied in trees [116,117], mixed grass-broadleaf communities [118,119], and between weeds and
crops [120,121]. PGC and crop root architecture [118,122] and light wavelength during early seedling
development [81,86,123] can affect interplant competition and dry matter accumulation and yield.
These studies, however, did not consider seed quality variability. Understanding the role of seed quality
on interplant competition dynamics between maize seedlings and PGC, and between plant-to-plant
competition and yield, could enhance crop competitiveness and provide new management tools for
enhancing future yield gains in maize.

Management of weeds in PGC systems will differ from current systems in some respects, but will
be similar in others. A number of herbicide modes of action currently are labeled for utilization on maize
in the U.S. that do not kill perennial grass species [88,124]. Application equipment is available for strip
application by shielded sprayers to protect susceptible crops and/or PGC [125] from herbicides with
activity against either system component. The presence of PGC may influence crop-weed competitive
interactions, weed population dynamics, and weed demographic processes. Besides providing a direct
competition to weeds for space, light, moisture and nutrients, provision of PGC likely will contribute
to annual losses in weed seed banks by enhancing invertebrate predation and microbial decay of
weed seeds in the soil. PGC will act as a living mulch and aid in decreasing the red:far-red ratio of
the light transmitted to the soil surface which can potentially inhibit weed seed germination and
seedling growth, thereby reducing the early-season weed interference and yield losses in the maize
crop [126–129]. The use of PGC systems in maize-soybean production may well promote resilient,
ecologically based weed management strategies, and reduce herbicide inputs and their adverse impact
on soil, water, or natural habitat [130,131]. Furthermore, the decreased reliance on herbicides will
aid in preventing or delaying resistance evolution in weed species to multiple herbicide modes of
action [131], which is currently a significant pest management challenge for growers (predicted annual
losses of approximately US$ 43 billion in maize and soybean grown in the North America). Likewise,
PGC may impact diversity and abundance of maize arthropod pests or predators and parasitoids of
maize arthropod pests [132], but these areas not yet researched.
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5.2. Plant Breeding and Genetics

5.2.1. Developing PGC Cultivars

Cool-season perennial grasses are collectively a group of grass species that are well adapted
to the humid temperate region of the Midwest U.S. Many of them including Kentucky bluegrass,
ryegrass (Lolium perenne L.), tall fescue, orchardgrass (Dactylis glomerata L.), bromegrasses (Bromus spp.),
fine leaf fescues (Festuca spp.) and bentgrass (Agrostis stolonifera L.) are used for forage, turfgrass or
soil conservation.

Cool-season perennial grasses are ideal groundcovers for annual grain crops because of their unique
physiological, morphological and developmental characteristics that make them highly compatible
with annual grain crops with minimal competition. Most cool-season grass species co-evolved
with domesticated animals in the Eurasia region, developing culmless stems in which the growing
point and the internodes remain close to the soil surface until inflorescence development is initiated,
allowing these species to escape from grazing or mowing injuries [133]. The short plant stature of
these cool-season grasses would result in less competition with the main crop for light and space.
Cool-season grasses have a fibrous root system with extensive root hairs that cling to soil particles,
making them ideal for soil erosion control. Branching in cool-season grasses occurs in the form of tillers,
rhizomes or stolons with adventitious roots forming at nodes of the latter two, which can quickly fill in
any empty space following harvest of grain crops providing desired ground coverage. The growth of
rhizomes and stolons is reduced by severe shade from an actively growing maize or soybean canopy
during the summer months, but it can quickly resume once they are exposed to full sun following crop
harvest, resulting in a desirable “contraction-expansion-contraction” recurrent growth cycle of PGC
that minimizes competition with the grain crop during summer and maximizes groundcover after
grain harvest (Figure 7).
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Figure 7. Maize production with Kentucky bluegrass as ground cover ((a) 31 May, (b) 13 June and
(c) 10 July 2018). Kentucky bluegrass was established in the fall of 2017. A grass-free zone was created
in the spring of 2018. Maize hybrid, DeKalb DB57-75RIB (refuge in bag) was planted at 32,000 seeds
per acre on 30 April 2018. Maize grown with the Kentucky bluegrass cultivar ‘Shannon’ yielded at
least 90% of the grain yield obtained from the non-PGC control plots without using any additional
agronomic practices to control interspecific competition.

While cool-season grasses already possess many traits desired in PGC, no single species has
them all. Therefore, developing improved, dedicated PGC cultivars with multiple desirable traits
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is critical. Current breeding efforts for cool-season grasses are directed towards developing better
forage or turfgrass cultivars and no breeding program for developing cultivars dedicated to be used as
PGC exists. Despite major differences in breeding objectives between forage grasses and turfgrasses,
improved stand persistence with verdure is a primary breeding objective for both. Consequently,
some traits desirable for PGC such as summer dormancy or shallow roots are often strongly selected
against and as a result lost in many elite turfgrass and forage cultivars. It is therefore necessary to
identify these traits in unimproved or wild accessions and integrate them into otherwise adapted
cultivars as part of any PGC breeding program.

Great progress has been made in breeding forage and turfgrass despite its small research
community [134]. Early 1940s marked the beginning of cultivar development for forage grasses with
the release of a landmark tall fescue cultivar ‘KY-31’ in 1943 and another high impact tall fescue cultivar,
‘Alta’ in 1945 [135]. During the same decade, several Kentucky bluegrass cultivars were also released
without extensive breeding and selection. These cultivars were generally referred to as common
Kentucky bluegrass including South Dakota Certified, ‘Park’ and ‘Troy’, which generally have erect
growth habit and rapid vertical growth rate. The Kentucky bluegrass cultivar, ‘Merion’ released in
1947 by the United States Golf Association, Green Section was the first true turf type cultivar with
improved turf quality and much slower vertical growth rate [136,137]. Its release ushered in an era of
active turf-type Kentucky bluegrass breeding that has resulted in hundreds of new cultivars. Since
then, plant breeding efforts have been expanded to many other cool-season grass species. Given that
cool-season grasses already possess many traits of the ideotype for an ideal PGC, we envision that
future PGC breeding efforts will focus on improving the traits of summer dormancy, shallower roots
and other desirable traits such as the ability to inhibit the nitrification process.

Entering dormancy early in the summer by PGC minimizes the competition for water and
nutrients between PGC and the grain crop and minimizes SAR. Some Poa species including Kentucky
bluegrass, Sandburg bluegrass (Poa secunda J. Presl) and bulbous bluegrass (P. bulbosa L.) enter dormancy
during summer (Figure 8). Summer dormant forage type tall fescue cultivars have recently been
developed [138]. It is well established that lack of soil moisture triggers summer dormancy in Kentucky
bluegrass, whereas in Sandberg bluegrass the photoperiod is the likely trigger [136,139,140]. Summer
dormancy triggered by a photoperiod or heat is preferred as they are more reliable environmental cues.
We are currently evaluating the summer dormancy response of a number of USDA-GRIN Sandburg
bluegrass accessions to identify accessions with early summer dormancy. Such accessions can either be
further improved for direct use as PGC or be used for developing Kentucky bluegrass with improved
summer dormancy through interspecific hybridization [141]. Similar screening for summer dormancy
can be done for USDA-GRIN tall fescue accessions in order to improve tall fescue or related Festuca
species with enhanced summer dormancy.

Utilizing PGC with yield-enhancing traits will likely lead to quick adoption of the PGC-based
cropping system. Ishikawa et al. [142] showed that Koronivia grass [Urochloa humidicola (Rendle)
Morrone & Zuloaga], a pasture grass widely grown in humid tropical areas greatly suppressed
the nitrification process, a bacteria-driven process that leads to nitrogen loss from the soil, lowers
crop nitrogen use efficiency and causes environmental degradation. A key chemical compound,
brachialactone, a cyclic diterpene secreted from roots was shown to be responsible for this biological
nitrification inhibition (BNI). In addition, the BNI trait has been shown to be genetically controlled [143],
suggesting that development of cool-season grass cultivars with enhanced BNI is feasible. Interestingly,
perennial ryegrass has already been shown to possess the ability to inhibit nitrification [144,145].

The majority of cool-season grasses are outcrossing, therefore abundant natural variations exist
among populations or cultivars, providing an excellent opportunity to make genetic gains [146–149].
These variations have not been explored specifically for developing cultivars for use as PGC.
The significant contribution of plant breeding has been abundantly demonstrated for major crops and we
expect the same can be accomplished if dedicated breeding programs for developing PGC are established.
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Significant progress made in genome sequencing, molecular biology and biotechnology [150,151] will
undoubtedly empower plant breeders to develop superior PGC cultivars.
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5.2.2. Developing Maize Hybrids Adapted to PGC Systems

Maize genetics and generally plant breeding is gradually transitioning from a black box approach,
largely agnostic of genes and alleles affecting trait variation, to a discipline, where decisions where
decisions are based on (1) a deep understanding of which combinations of genes and respective alleles
lead to improved breeding populations and cultivars and (2) massive testing of selected candidates.
Currently, genomic selection is an extension of traditional breeding methods, where large numbers
of genotypes are evaluated first at DNA and a selected fraction at the more expensive agronomic
levels, to ultimately identify a limited number of superior experimental variety candidates. With a
more complete understanding of which gene and respective allele combinations would result in the
optimal genotype for a given environment, more targeted approaches are expected to emerge, which
will enable their design. The question is no longer, whether a tool or approach is available, but which
of the increasing number of options should be chosen, given limited financial resources, to maximize
both genetic gain and economic return.

The rate of genetic gain for grain maize [152] during 1930–1960s was 55.5 kg/ha/year, which
rose to 99.3 kg/ha/year in subsequent decades. Maize has a rich pool of genetic diversity to help
breeders create improved germplasm. It is the most widely grown agricultural crop in the world and a
pre-eminent experimental model plant. Substantial resources have been established, including the
first maize genome sequence from inbred B73 [153], followed by an increasing number of sequenced
genotypes [151,154–157]. At this rate, dozens, if not hundreds, of sequenced maize genomes will be
available in the near future.

Discoveries of genome organization, maize diversity, precision envirotyping [158], genomic
selection [159,160], genome editing [161,162], and speed breeding [163] coupled with eco-physiological
crop models [164] have potential to modify or completely redesign maize genetic improvement models.
If maize hybrids specifically adapted to PGC systems are needed, then modern breeding approaches
will enable their development within a short time period.

Maize cultivars grown in perennial groundcover face different challenges with regard to exploiting
their yield potential compared to current “clean” weed-free production conditions. During the first
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weeks of cultivation, maize is sensitive to shifts in red to far-red radiation. Groundcover may elicit
SAR with an associated negative impact on grain yield. Groundcover also affects the microclimate for
emerging maize seedlings by reducing temperature and increasing moisture compared to conventional
growing conditions. Thus, maize genotypes adapted to perennial groundcover cultivation need to be
less sensitive to red:far red radiation to avoid SAR, and possess better abiotic stress tolerance to thrive
when grown with groundcover. It is conceivable, but untested yet, that different maize genotypes are
optimal under perennial groundcover versus conventional cultivation conditions. However, while
establishing and running a dedicated breeding program for maize cultivars in PGC would be possible,
it would be very costly. It will thus be important to determine in field experiments, whether there
are Genotype x Management interactions, or whether the same genotypes performing well under
conventional cultivation conditions are generally superior under PGC conditions. The same question
applies to soybean and other crop species.

5.3. Soil Health and Nutrient Management

More than half of the organic C that was present in the native prairie soils of the U.S. Midwest has
been lost as a consequence of row crop agricultural systems. Although records of soil organic carbon
(SOC) levels in Midwest prairie soils prior to European settlement are lacking, evidence for supporting
this enormous loss of soil organic C due to cultivation comes from studies of long-term plot trials [21]
and ‘across-the-fence’ comparisons of soil organic C levels in long-term cultivated fields with adjacent
‘never-been-plowed’ prairie remnants (Table 1).

Table 1. Comparison of soil organic C levels (0–15 cm) in adjacent native prairie remnants and long-term
cultivated fields in Iowa. Paired soils sampling sites were selected within 20 m of each other and within
the same soil map unit. Soils were sampled an analyzed using methods described in Russell et al. [165].

Site
Prairie Cropped

(kg-C/ha)

Hayden 182,290 126,311
Chipera 169,809 68,170
Larson 146,590 81599
Kalsow 143,086 94,879

Doolittle 106,766 71,665
Ketelsen 98,362 47,726

Average 141,151 81,725

The lower level of soil organic C in cultivated soils, relative to soils under native prairie vegetation,
is due in part to greater erosion of organic matter rich top soil in the cultivated fields, in part to
accelerated oxidation of labile soil organic matter because of enhanced soil aeration caused by tillage,
and in part to decreased C inputs in row crop soils relative to native prairie soils [18,166]. In native
prairie soils, a dense and integrated root-mycorrhizal network literally permeates every cubic millimeter
of the top soil and can extend with decreasing density to depths of up to 2 m [167]. This root-mycorrhizal
network is present year round and is continuously turning over as old roots and fungal hyphae die and
new roots and hyphae grow to replace them [168]. This turnover means that native prairie soils receive
a continuous and large input of root and fungal biomass C, which through the process of humification
is transformed into new soil organic matter [169]. Cultivated soils by contrast receive a much smaller
annual input of root and fungal biomass and the integrated root-mycorrhizal network is present in
cultivated soils for only about 3 months of every year. Thus in cultivated fields, soil organic C is being
lost through microbial respiration without any input of new biomass C for 9 months of every year.

The integrated root-mycorrhizal network under cool season perennial grasses extends only
through the topsoil; hence the benefits of cool season grasses for soil quality are largely confined to
the topsoil. The topsoil, however, is critical for building soil organic matter and maintaining soil
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quality, hence cool season grasses provide many of the same benefits as native prairie. The presence of
any actively growing surface cover, whether deep or shallow rooted, greatly increases surface water
retention and infiltration relative to a bare soil surface. In cultivated fields, rain falling on bare soil will
form a crust on the surface of the soil which inhibits infiltration and increases surface runoff, even when
a crop canopy is present. Hence, without a surface mulch, tilled soils are highly vulnerable to erosion.
The presence of crop residue mulch, as found in no-tillage systems, reduces the formation of surface
crusts and enhances surface water retention and infiltration, but cannot provide the belowground
benefits of a living mulch. New soil organic matter is predominantly formed from root and fungal
hyphae biomass C as much of the C in surface residues is mineralized and released as CO2. For example,
Gale et al. [170] reported that 75% of new soil organic C came from root biomass and only 25% came
from surface residue in a simulated no-till oat (Avena sativa L. cv. Ogle) cropping system.

Long-term field plot studies have demonstrated that cool-season grasses are effective for improving
surface soil health relative to various cropping systems. For example, Laird and Chang [35], compared
ten soil quality indicators from a long-term (19 years) field plot study that included a bluegrass control
along with no-tillage, chisel plow tillage, and moldboard plow tillage and with and without residue
removal treatments. Surface soil (0–5 cm) under the bluegrass sod had 1.29, 1.26, and 1.11 times higher
total C, total N, and CEC values, respectively, than surface soils under no-till cultivation. However,
surface soil under the bluegrass sod had 2.45 and 2.01 times larger nitrogen mineralization potential
and basal respiration rate, respectively, than soil under no-tillage. These results indicate that crop
residues left on the surface in no-till systems are not as effective as a living mulch in building levels of
labile soil organic matter and in promoting healthy biologically active soils.

5.4. Ecosystem Services and the Environment

Many of the ecosystem services of the tallgrass prairie were lost as a consequence of the conversion
to annual crop production [171,172]. Services included soil health; clean water; regulation of climate,
erosion, and pests; flood control; and wildlife habitat. Farmers, policy makers, and society at large
increasingly recognize that agroecosystems benefit from conservation practices that restore these
services. However, these important services that are socially valuable may not be immediately obvious
or easily quantified [173–175]. Choosing a sequence of crops and the practices used for growing them
represents a complex set of economic, ecological and social decisions that will determine what ecological
services are delivered by agricultural lands. An ecosystem services framework (ESF) that links the
functioning of an agroecosystem to human welfare has been useful in evaluating cropping systems to
identify trade-offs and opportunities for ‘win-win’ scenarios [176]. For example, Schipanski et al. [177]
used an ESF to evaluate the introduction of cover crops into 3-year maize-soybean-wheat rotations and
found that cover crops increased 8 of 11 ecosystem services. The full valuation of ecosystem services
provided by a cropping system is only possible after the system is fully developed and implemented at
scale. The development of economically and agronomically viable PGC systems compatible with maize
and soybean production is still in an early stage of development. However, studies of the ecosystem
consequences of partial perennialization of the maize-soybean production system are available and
these provide a reasonable basis from which to make informed predictions about the likely performance
of PGC systems.

The impact of a PGC system on the provision of ecosystem services will depend on a wide range
of PGC characteristics such as root depth and growth rate, as well as local conditions such as soil
characteristics and slope, and also on both local climate and weather. A successful PGC system should
function in some important ways like vegetated buffers and cover crops. The extensive study of these
conservation measures give a hint of what we can expect from a well-designed PGC.

Hydraulic regulation and water purification services provided by vegetated buffers, filter strips,
and cover crops have been examined for many crops, locations and years. Mayer et al. [178] performed
a meta-analysis of nitrogen removal in buffers and found that that buffers of various types were
effective at removing nitrogen, that wider buffers were more effective at removing nitrogen and that
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nitrogen removal was not related to flow pattern or vegetation type. This agrees with a subsequent
meta-analysis of vegetated buffers by Zhang et al. [179] that quantified the relationships between
pollutant removal efficacy and buffer width, slope, soil type and vegetation type. The most important
predictive factor of pollutant removal efficacy was buffer width. Removal efficacy was found to
increase nonlinearly with buffer width, and buffer width alone explained large percentages of the
variance in removal efficiency for sediment, pesticides, nitrogen and phosphorous. A PGC system
can be thought of as series of vegetative buffers located across the field surface. Sediment, nutrient
and pesticide removal efficiency will vary with local conditions, particularly the depth and nature of
drainage flow, however, a PGC is likely to provide very high removal rates.

Vegetative filter strips are a conservation practice commonly used throughout the U.S. Corn
Belt to control runoff and the transport of sediment. Filter strips are typically 5 to 15 m-wide strips
usually along the bottom of a sloped field and often planted in tall fescue or other short cool-season
grass. Filter strips effectively reduce runoff (both inter-rill and concentrated flow) as well as sediment
transport [180,181]. A PGC system that is well-established and is contour planted can be expected
to effectively function as a series of vegetative filter strips that cover the entire field surface except
the planting rows. Such a system should dramatically reduce overland flow and sediment transport
compared to a typical maize field with bare soil under the crop.

Biological control services are the regulation of crop pests and diseases. These services are the
product of complicated ecosystem processes that vary over time and across the landscape. Although
the impact of PGC on biological control is uncertain and is likely to be highly variable, there are reasons
to be optimistic. In some agricultural settings, growing a perennial cover beneath the main crop is
common practice [182]. For example, perennial cover crops are the norm in apple (Malus sylvestris L.)
production. The cover is permanent between rows with bare soil along the tree row. The services
provided by the perennial cover include weed suppression and improved nitrate management [183].
Living mulches are also successfully grown concurrently with several vegetable crops and support the
hypothesis that cover crops can reduce some pest populations [184,185]. A review by Bianchi et al. [186]
found enhanced natural enemy activity associated with herbaceous field margins. Prasifka et al. [187]
found that living mulches grown with a maize-soybean rotation increased predator abundance and
consumption of European corn borer (Ostrinia nubilalis Hübner). What evidence there is suggests
that there are opportunities for improved pest management with PGC, but there is also evidence
that some perennial cover can worsen pest problems. For example, soybean aphid is known to use
various buckthorn (Rhamnus) species as a primary host in early spring before the availability of soybean
plants [188]. Much more needs to be learned about the effect of PGC on crop pests, their natural
enemies and crop diseases, but it is clear that when designed correctly, perennial groundcovers can
provide valuable biological control services.

The use of a PGC in maize production is expected to increase the sustainable provision of biofuel
feedstock while maintaining grain production. Several studies have observed that synergies between
annual cover crops and maize stover removal can increase sustainable stover removal and farm
profits [189]. The capacity of the PGC to reduce erosion, maintain or increase soil organic carbon, and
retain nutrients is likely to be equal to or larger than that of an annual cover crop and allow maize stover
to be harvested sustainably at rates much higher than possible with current management practices.
Bonner et al. [190] performed a detailed model-based estimate of sustainable maize stover harvest in five
U.S. Corn Belt states (Nebraska, Iowa, Illinois, Indiana and Minnesota). Stover harvest was constrained
to not exceed tolerable soil loss rates (T values) and maintain a soil conditioning index (SCI) > 0.
The addition of a winter rye cover crop to a baseline of current conservation tillage practices increased
sustainable stover harvest by 51% over the baseline. The use of the cover crop and a 3 m wide, single
native perennial grass barrier located in the middle of the slope profile increased sustainable stover
harvest by 75% compared to the baseline. The imposition of more severe sustainability constraints (total
erosion < 1/2 T, SCI > 0, and SCI-OM > 0) increased the importance of these conservation measures.
Under these constraints, use of the cover crop and vegetative barriers increased the potentially available
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maize stover within the five states by 207% relative to the baseline management scenario. Based on the
results of the analysis of Bonner et al. [190], it seems reasonable to expect that a well-designed PGC
system would allow a substantial increase in sustainable stover harvest.

Although the ecosystem service impacts of PGC are highly uncertain, there is sufficient scientific
study of related systems such as living mulches, cover crops, and filter strips to suggest that a
well-designed PGC system is likely to lead to greater ecosystem services. It will be important to
quantify the direct economic impacts of PGC as well as the less tangible value of ecosystem services.
The major challenge facing the dominant maize-soybean production system today is the loss of
ecosystem services that have direct societal consequences such as declining water quality, increased
flooding, and expanding hypoxic zones, but also the loss of soil fertility that is required for continued
agricultural productivity. The PGC system is a promising approach to expanding the ecosystem services
provided by the agricultural landscape of the U.S. Corn Belt while also preserving farm profitability.

5.5. Economic and Sociological Factors

Producer adoption of a PGC system requires agronomic feasibility and evidence of positive
agro-environmental impacts, but ultimately scientists must be able to quantify and communicate
its economic feasibility to invoke adoption. Current maize and soybean rotations in the Midwest
have path dependency owing to long-standing and familiar agricultural and conservation policies,
the significant capital investments of farmers and retailers in the supply chain, commodity market
and pricing structures, and organized political forces. Large-scale adoption of alternative cropping
systems must meet these imbedded technologies, institutions and market advantages head-on, and it
is likely that shifting to a more regenerative system such as the proposed PGC in the Midwest faces a
long-tailed adoption path.

5.5.1. Socio-Economic Feasibility: Benefits and Costs

A PGC system adapted uniquely for Midwest agriculture has the propensity to generate pecuniary
benefits that imply improved farm revenue from crop yield improvements and greater maize stover
extraction. Modern high-yielding maize hybrids produce large quantities of stover that may interfere
with the following maize crop, an autotoxicity mechanism known as ”yield drag” [191]. A regenerative
system with optimized maize hybrids could allow producers to remove and market more of the maize
stover and generate positive yield impacts on the following crop. There is evidence that biochar,
a byproduct of certain stover processing systems, when applied to fields, can also mitigate the potential
negative effects of maize stover removal and also reduce nitrogen leaching from soils [192].

Pratt et al. [189] found that benefits from groundcover varied widely (from US$ 75/hectare to US$
192/hectare) depending on the assumptions about the amount of added nitrogen obtained from the
cover crop. Higher net returns may also be achieved through lower input costs because of increased
future productivity, reductions in soil erosion, moisture retention, and reduction in fertilizer loss
from leaching (which lead to lower applications of fertilizer, pesticide and herbicide). These benefits
are harder to measure and no market price for them exists, making incorporating them in standard
cost-return analyses and explaining them to producers difficult. Finally, adoption of new, regenerative
production technologies may convey positive rural community impacts, with the potential to not only
stabilize the profitability of the farming system, but additionally to stimulate local economies and
generate new enterprises to support the PGC system and opportunities for employees and firms in in
the associated value chains.

Quantifiable costs include the price of groundcover seeds, expenditures related to planting,
the management and maintenance of the groundcover crop (herbicide and fertilizer application when
needed, chemical suppression, etc.) as well as capital investment in the form of new machinery
and/or modifications of existing machinery to accommodate the new cropping system. The additional
management responsibilities associated with adoption of perennial groundcover, which include the
mitigation of competition between groundcover and the primary crop, are part of the non-quantifiable
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costs. Even more difficult to measure are the impacts on timing of operations, changes in farm benefits
(for example, crop insurance), soil health, changes in water quality, and the perceptions and beliefs of
farmers about the benefits of adopting groundcover.

Quantifying economic benefits and costs is crucial in determining a system’s profitability and
break-even prices and yields. In addition to measurable benefits and costs, there are non-quantifiable
gains and opportunity costs associated with the proposed PGC system, which makes it difficult for
farmers to determine expected net returns and make informed decisions about adoption. As the PGC
system is developed and optimized, research focused on quantifying producers’ choices within a system
(e.g., hybrid selection, rotation options, and biomass removal based on production characteristics)
and developing realistic pecuniary costs and benefits, even for those factors that are yet un-priced,
that identifies a profitable system with a favorable risk profile is the most effective pathway towards
voluntary producer adoption.

5.5.2. Lessons Learned from Cover Crops and Other Conservation Practices

Producers using traditional maize-soybean rotation systems in the Midwest U.S. have a number
of federal, state and regional working-land programs and alternative production practices available
to mitigate the established negative soil and water impacts: Conservation Reserve Program (CRP),
Conservation Stewardship Program (CSP), Conservation Reserve Enhancement Program (CREP),
Resource Enhancement and Protection (REAP in Iowa), cover crops, low- and no-till production, and so
forth. Yet to date, the use of established conservation practices in the highly-productive agricultural
Midwest region is relatively low. A 2017 Iowa Farmland Ownership and Tenure Survey [193] shows
that approximately 8% of Iowa farmland was in some type of state or federal conservation program,
27% of Iowa farmland was no-till, 4% had cover crops, and 3% was in buffer strips. The voluntary
use or adoption of any of these often comes down to expected returns: will the practice or program
enrollment provide an equal or greater return to the land and/or does it reduce the variance in returns
over time? A producer may be reluctant to enroll portions of a field into a state conservation program
because it requires a longer-term commitment. Returns to commodity production may be higher in the
future, and locking into conversation practices vis-à-vis federal or state programs, that are costly to
install or reverse creates risk, and therefore an adoption barrier.

Producers evaluate the profitability and economic feasibility of their production systems. Given the
current state of knowledge, a PGC system introduces new risks, and producers make tradeoffs between
the benefits, costs and risks associated with implementation of a different cropping system [177],
such as cover crops. Depending on the type of cover crop and management regime used, changes
in crop management imposes differential production costs [194], and varying impacts on crop yields
and therefore profitability bring about uncertainty in expected net returns. Lu et al. [195] highlight
the variability in the profitability of cover crops in grain production based on the type of cover
crop. According to Pratt et al. [189], agronomic benefits of groundcover can range from a net loss
of US$ 11.09/hectare to a net gain of US$ 87.32/hectare. Given that the presence of cover crops may
increase or decrease yields, the impact on productivity is uncertain. The same applies to fertilizer and
herbicide application, which could decrease because of reduced loss through leaching or increase due
to application on cover crops (see Section 5.1.4), and groundcover persistence and competition with the
primary crops. Furthermore, timing of field operations is important so as not to interfere with cash crop
responsibilities and production [194,196]. A PGC system may be shown to decrease the production
costs and create an opportunity for an improved economic profile; however, it introduces production
complexities and new uncertainties into the decisions that will influence producers’ willingness to
adopt them [197,198].

5.5.3. Policies and Mechanisms to Incent Adoption

The adoption of the PGC system has policy implications and will likely require market-based
incentives to promote larger-scale adoption early in the system’s life. Federal and state programs
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to promote conservation practices are already in place, but farmer education and policy support to
encourage adoption of cover crops until sustained expected revenues are realized may be key to
the adoption of a PGC system by farmers. Bergtold et al. [194] outline the changes in the Federal
Crop Insurance Program, which allows for the use of groundcover by farmers without affecting their
crop insurance eligibility (which was not the case in the past). However, farmers must abide by the
Natural Resources Conservation Service (NRCS) guidelines regarding cover crop termination to ensure
eligibility. Zhang et al. [193] report that farmers are more likely to adopt conservation practices, which
include cover crops and no- or low-till systems, when there are policies in place to get cost-sharing and
tax credits for doing so. An extensive study regarding farmers’ private returns to cover crops shows
that though private net returns are negative, even with cost-sharing, the ability to graze livestock
on the cover-cropped acres in the spring or harvest it for biomass yields positive net returns [199].
Traditional conservation programs limit grazing of livestock or harvesting biomass when cost-share
conservation practices are used; this is policy that may need adjusting to incentivize a PGC system.

6. Conclusions

Perennial groundcovers offer the potential for addressing environmental concerns associated
with soil and water degradation while also increasing crop productivity and profitability (Figure 9).
A perennial groundcover need not have any direct economic value. Its worth comes from adding
value to the associated grain crop by allowing a greater amount of stover to be sustainably harvested
and improvements in subsequent grain crop performance. The provenance of enhanced ecosystem
services, also has economic value, but currently there are no universally accepted mechanisms for
assessing these at the farm level. The emerging markets for advanced biofuels will create demand and
value for harvested stover. Producers will be able to simultaneously harvest a food and energy crop
from the same land without causing undue environmental damage. In order to meet the projected
biomass demand, alternative cropping systems that reduce the vulnerability of land to environmental
degradation must be developed and implemented [33]. Maize production systems that use perennial
groundcovers would allow removal of crop residue with minimal negative effects on soil and water
quality [34].

A remarkable aspect of the productivity of perennial groundcover systems is that it has been
achieved using technologies and germplasm developed for conventional production practices. It is
easy to imagine more advanced systems that use groundcover varieties, maize hybrids, and soybean
varieties that are specifically adapted to perennial groundcover systems. Groundcovers could be
developed through conventional and molecular breeding systems that possess the traits described
above. Maize hybrids could be identified that are less sensitive to early-season competition and tolerate
potential interferences from ground covers. Additionally, machinery could be designed to better
manage crops growing in association with perennial groundcovers. Part of the success story of modern
crop production is the ability to precisely plant crops. Planters could be designed that accurately plant
maize into strips to minimize proximity to the cover and using sensors detect when the cover needs
restoration and reseeding as necessary. Tillage, fertilization, and suppressant application could be
combined to reduce the number of passes of field machinery required. This would save time and also
reduce the negative effects of soil compaction caused by repeated field traffic.

The idea of producing grain and oilseed crops with a perennial groundcover is not as radical of
an idea as it first appears. Less than a century ago farmers were growing open-pollinated varieties of
maize which were planted at very low populations. Thus the genetics and the management practices
were different. Architecture of the mature maize canopy was very different than today and grain
yields were also much lower; 10–20% of what they are today. Weed management was achieved by
cultivation as there were no herbicides. Contrast that to today, where the crop is planted with laser
precision at very high populations with seed treated with chemicals to inhibit pests. Modern hybrids
are modified genetically to resist insects and diseases and to tolerate herbicides directed at weeds.
Fields are scouted and pests controlled using integrated strategies involving cultural, biological and
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chemical controls. To the extent possible, every variable affecting production is controlled so that an
environment favorable to crop production is achieved.
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Figure 9. Illustration of interplay between perennial cover and annual crop over a growing year for
the proposed system (mid-winter is up). Key events are illustrated clockwise from top, including
spring planting of primary crop coinciding with induced die-back of perennial crop, early growth of
primary crop while perennial is dormant, resurgence of groundcover as primary crop matures, and
continued presence of groundcover post-harvest. Each complete cycle further regenerates soil health
and ecosystem stability. The economic and social impacts represent goals to be achieved and have yet
to be verified by research.

The proposed changes in the production system are modest by comparison especially given the
magnitude of potential benefits to the environment. By including a perennial plant in the system,
functional traits inherent in the native flora can be fostered with attendant environmental benefits.
To accommodate the perennial species, tillage practices will need to be altered to some extent. Either
no-till or more likely strip-till methods will be required. Using the latter method, farmers will still be
able to prepare an ideal seedbed for planting, incorporate nutrients and amendments and perhaps
mange the soil in new ways that build rather than deplete organic matter with its associated benefits to
soil quality.

At least for the near term, the groundcover will need to be suppressed in the spring when
it behaves much like a weed with respect to the developing maize seedling. Farmers are already
altering weed management strategies as weeds resistant to glyphosate are becoming common [200].
They are returning to pre-emergent and other early-season control strategies. Applying a chemical
suppressant either concomitant with tillage or planting is probably not a serious challenge, although
the consequences of not doing so are arguably much greater in a PGC system. Development of
new groundcover varieties, maize hybrids, and soybean varieties will lessen the risk associated with
early-season competition from the groundcover and reduce the severity of treatment required to
suppress the groundcover.

It is unreasonable to expect the adoption of perennial groundcover production systems until they
have been more thoroughly studied and have been developed to be as robust as conventional systems.
The potential to improve the environment and long-term sustainability of maize production more than



Agronomy 2019, 9, 458 26 of 35

justifies the investment in genetics, machinery, and other inputs necessary for managing PGC systems.
The potential is real, but it will take substantial development by all components of the agricultural
industry to achieve it.

Author Contributions: Conceptualization, K.J.M.; writing—original draft preparation, R.P.A., A.E.E., S.F., C.B.F.,
A.S.G., K.L.J., P.J., A.L.K., D.L.K., D.A.L., A.W.L., T.L., M.D.M., K.J.M., D.R.R., S.L.W.; writing—review and editing,
R.P.A., A.E.E., S.F., C.B.F., A.S.G., K.L.J., P.J., A.L.K., D.L.K., D.A.L., A.W.L., T.L., M.D.M., K.J.M., D.R.R., S.L.W.;
visualization, D.A.L., A.L.K., D.L.K., M.D.M., K.J.M., S.F.; project administration, K.J.M.; D.R.R.

Funding: Development of this article was supported by the Iowa Agriculture and Home Economics Experiment
Station and Iowa State University (ISU) College of Agriculture and Life Sciences (CALS).

Acknowledgments: The authors express sincere gratitude to Joe Colletti, former Interim Dean of CALS,
for providing administrative and logistical support to the PGC initiative. We are also grateful to Lynn Laws,
CALS Communication Specialist, who provided excellent writing and editing assistance. Christine Hobbs (Hobbs
Designs, LLC) created the graphics presented in Figures 6 and 9. Anne Kinzel, Assistant Director of the ISU
Bioeconomy Institute, has been unflagging in her support and encouragement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kling, C.L.; Chaubey, I.; Cibin, R.; Gassman, P.W.; Panagopoulos, Y. Policy implications from multi-scale
watershed models of biofuel crop adoption across the Corn Belt. J. Am. Water Res. Assoc. 2017, 53, 1313–1322.
[CrossRef]

2. Guo, T.; Cibin, R.; Chaubey, I.; Gitau, M.; Arnold, J.G.; Srinivasan, R.; Kiniry, J.R.; Engel, B.A. Evaluation
of bioenergy crop growth and the impacts of bioenergy crops on streamflow, tile drain flow and nutrient
losses in an extensively tile-drained watershed using SWAT. Sci. Total Environ. 2018, 613, 724–735. [CrossRef]
[PubMed]

3. Teter, J.; Yeh, S.; Khanna, M.; Berndes, G. Water impacts of US biofuels: Insights from an assessment
combining economic and biophysical models. PLoS ONE 2018, 13, e0204298. [CrossRef] [PubMed]

4. Karlen, D.L.; Kovar, J.L.; Cambardella, C.A.; Colvin, T.S. Thirty-year tillage effects on crop yield and soil
fertility indicators. Soil Tillage Res. 2013, 130, 24–41. [CrossRef]

5. Johnson, J.M.F.; Novak, J.M.; Varvel, G.E.; Stott, D.E.; Osborne, S.L.; Karlen, D.L.; Lamb, J.A.; Baker, J.;
Adler, P.R. Crop residue mass needed to maintain soil organic carbon levels: Can it be determined? BioEnergy
Res. 2014, 7, 481–490. [CrossRef]

6. Jin, V.L.; Baker, J.M.; Johnson, J.F.; Karlen, D.L.; Lehman, R.M.; Osborne, S.L.; Sauer, T.J.; Stott, D.E.;
Varvel, G.E.; Venterea, R.T.; et al. Soil greenhouse gas emissions in response to corn stover removal and
tillage management across the US Corn Belt. BioEnergy Res. 2014, 7, 517–527. [CrossRef]

7. Lehman, R.M.; Cambardella, C.A.; Stott, D.E.; Acosta-Martinez, V.; Manter, D.K.; Buyer, J.S.; Maul, J.E.;
Smith, J.L.; Collins, H.P.; Halvorson, J.J.; et al. Understanding and enhancing soil biological health: The
solution for reversing soil degradation. Sustainability 2015, 7, 988–1027. [CrossRef]

8. Porter, P.A.; Mitchell, R.B.; Moore, K.J. Reducing hypoxia in the Gulf of Mexico: An alternative approach. J.
Soil Water Conserv. 2015, 70, 63A–68A. [CrossRef]

9. Cassman, K.; Dobermann, A.; Walters, D. Agroecosystems, N-use efficiency, and N management. AMBIO J.
Hum. Environ. 2002, 31, 132–140. [CrossRef]

10. Cook, B.I.; Ault, T.R.; Smerdon, J.E. Unprecedented 21st Century drought risk in the American Southwest
and Central Plains. Sci. Adv. 2015. [CrossRef]

11. Roesch-McNally, G.E.; Arbuckle, J.G.; Tyndall, J.C. Barriers to implementing climate resilient agricultural
strategies: The case of crop diversification in the US Corn Belt. Glob. Environ. Chang. 2018, 48, 206–215.
[CrossRef]

12. Vanloqueren, G.; Baret, P.V. Why are ecological, low-input, multi-resistant wheat cultivars slow to develop
commercially? A Belgian agricultural ‘lock-in’ case study. Ecol. Econ. 2008, 66, 436–446. [CrossRef]

13. Weaver, J.E. North American Prairie; Johnsen Publishing Co.: Lincoln, NE, USA, 1954.
14. Gallant, A.L.; Sadinski, W.; Roth, M.F.; Rew, C.A. Changes in historical Iowa land cover as context for

assessing the environmental benefits of current and future conservation efforts on agricultural lands. J. Soil
Water Conserv. 2011, 66, 67A–77A. [CrossRef]

http://dx.doi.org/10.1111/1752-1688.12592
http://dx.doi.org/10.1016/j.scitotenv.2017.09.148
http://www.ncbi.nlm.nih.gov/pubmed/28938215
http://dx.doi.org/10.1371/journal.pone.0204298
http://www.ncbi.nlm.nih.gov/pubmed/30265704
http://dx.doi.org/10.1016/j.still.2013.02.003
http://dx.doi.org/10.1007/s12155-013-9402-8
http://dx.doi.org/10.1007/s12155-014-9421-0
http://dx.doi.org/10.3390/su7010988
http://dx.doi.org/10.2489/jswc.70.3.63A
http://dx.doi.org/10.1579/0044-7447-31.2.132
http://dx.doi.org/10.1126/sciadv.1400082
http://dx.doi.org/10.1016/j.gloenvcha.2017.12.002
http://dx.doi.org/10.1016/j.ecolecon.2007.10.007
http://dx.doi.org/10.2489/jswc.66.3.67A


Agronomy 2019, 9, 458 27 of 35

15. Smith, D.D. Iowa prairie-an endangered ecosystem. Proc. Iowa Acad. Sci. 1981, 88, 7–10.
16. Lyon, D.J.; Pavlista, A.D.; Hergert, G.W.; Klein, R.N.; Shapiro, C.A.; Knezevic, S.; Mason, S.C.; Nelson, L.A.;

Baltensperger, D.D.; Elmore, R.W.; et al. Skip-row planting patterns stabilize corn grain yields in the central
Great Plains. Crop Manag. 2009. [CrossRef]

17. Jenny, H. The Soil Resource, Origin and Behavior; Springer: New York, NY, USA, 1980.
18. Cambardella, C.A.; Elliott, E.T. Particulate soil organic-matter changes across a grassland cultivation sequence.

Soil Sci. Soc. Am. J. 1992, 56, 777–783. [CrossRef]
19. Aref, S.; Wander, M.M. Long-term trends of corn yield and soil organic matter in different crop sequences

and soil fertility treatments on the Morrow Plots. Adv. Agron. 1997, 62, 153–197.
20. Nafziger, E.D.; Dunker, R.E. Soil organic carbon trends over 100 years in the Morrow plots. Agron. J. 2011,

103, 261–267. [CrossRef]
21. Huggins, D.R.; Buyanovsky, G.A.; Wagner, G.H.; Brown, J.R.; Darmody, R.G.; Peck, T.R.; Lesoing, G.W.;

Vanotti, M.B.; Bundy, L.G. Soil organic C in the tallgrass prairie-derived region of the corn belt: Effects of
long-term crop management. Soil Tillage Res. 1998, 47, 219–234. [CrossRef]

22. Den Biggelaar, C.; Lal, R.; Wiebe, K.; Breneman, V. Impact of soil erosion on crop yields in North America.
Adv. Agron. 2001, 72, 1–52.

23. Dabrowski, J.M.; Peall, S.K.; Van Niekerk, A.; Reinecke, A.J.; Day, J.A.; Schulz, R. Predicting runoff-induced
pesticide input in agricultural sub-catchment surface waters: Linking catchment variables and contamination.
Water Res. 2002, 36, 4975–4984. [CrossRef]

24. Lee, K.H.; Isenhart, T.M.; Schultz, R.C. Sediment and nutrient removal in an established multi-species
riparian buffer. J. Soil Water Conserv. 2003, 58, 1–8.

25. Masarik, K.; Norman, J.; Brye, K. Long-term drainage and nitrate leaching below well-drained continuous
corn agroecosystems and a prairie. J. Environ. Prot. 2014, 5, 240–254. [CrossRef]

26. Karlen, D.L.; Hurley, E.G.; Andrews, S.S.; Cambardella, C.A.; Meek, D.W.; Duffy, M.D.; Mallarino, A.P. Crop
rotation effects on soil quality at three northern Corn/Soybean Belt locations. Agron. J. 2006, 98, 484–495.
[CrossRef]

27. Wright, C.K.; Wimberly, M.C. Recent land use change in the Western corn belt threatens grasslands and
wetlands. Prod. Natl. Acad. Sci. USA 2013, 110, 4134–4139. [CrossRef] [PubMed]

28. Basche, A.D.; Archontoulis, S.V.; Kaspar, T.C.; Jaynes, D.B.; Parkin, T.B.; Miguez, F.E. Simulating long-term
impacts of cover crops and climate change on crop production and environmental outcomes in the Midwestern
United States. Agric. Ecosyst. Environ. 2016, 218, 95–106. [CrossRef]

29. USDA-NASS. Crops and Plants. 2018. Available online: https://www.nass.usda.gov/ (accessed on 11
November 2018).

30. H.R.6. Energy Independence and Security Act of 2007; Public Law No: 110-140; Government Printing Office:
Washington, DC, USA, 19 December 2007.

31. US-DOE. 2016 Billion-Ton Report: Advancing Domestic Resources for a Thriving Bioeconomy, Volume 1: Economic
Availability of Feedstocks; ORNL/TM-2016/160; Oak Ridge National Laboratory: Oak Ridge, TN, USA, 2016.

32. Perlack, R.D.; Stokes, B.J. Billion-Ton Update: Biomass Supply for a Bioenergy and Bioproducts Industry;
ORNL/TM-2011/224; Oak Ridge National Laboratory: Oak Ridge, TN, USA, 2011.

33. Karlen, D.L.; Varvel, G.E.; Johnson, J.M.F.; Baker, J.M.; Osborne, S.L.; Novak, J.M.; Adler, P.R.; Roth, G.W.;
Birrell, S.J. Monitoring soil quality to assess the sustainability of harvesting corn stover. Agron. J. 2011, 103,
288–295. [CrossRef]

34. Moore, K.J.; Karlen, D.L.; Lamkey, K.R. Future prospects for corn as a biofuel crop. In Compendium of
Bioenergy Crops; Goldman, S.L., Ed.; Science Publishers: Rawalpindi, Pakistan; Taylor & Francis Group, LLC:
Abingdon, UK, 2014; pp. 331–352.

35. Laird, D.A.; Chang, C.W. Long-term impacts of residue harvesting on soil quality. Soil Tillage Res. 2013, 134,
33–40. [CrossRef]

36. Wilhelm, W.W.; Johnson, J.M.F.; Hatfield, J.L.; Voorhees, W.B.; Linden, D.R. Crop and soil productivity
response to corn residue removal: A literature review. Agron. J. 2004, 96, 1–17. [CrossRef]

37. Wilhelm, W.W.; Johnson, J.M.F.; Karlen, D.L.; Lightle, D.T. Corn stover to sustain soil organic carbon further
constrains biomass supply. Agron. J. 2007, 99, 1665–1667. [CrossRef]

http://dx.doi.org/10.1094/CM-2009-0224-02-RS
http://dx.doi.org/10.2136/sssaj1992.03615995005600030017x
http://dx.doi.org/10.2134/agronj2010.0213s
http://dx.doi.org/10.1016/S0167-1987(98)00108-1
http://dx.doi.org/10.1016/S0043-1354(02)00234-8
http://dx.doi.org/10.4236/jep.2014.54028
http://dx.doi.org/10.2134/agronj2005.0098
http://dx.doi.org/10.1073/pnas.1215404110
http://www.ncbi.nlm.nih.gov/pubmed/23431143
http://dx.doi.org/10.1016/j.agee.2015.11.011
https://www.nass.usda.gov/
http://dx.doi.org/10.2134/agronj2010.0160s
http://dx.doi.org/10.1016/j.still.2013.07.001
http://dx.doi.org/10.2134/agronj2004.0001
http://dx.doi.org/10.2134/agronj2007.0150


Agronomy 2019, 9, 458 28 of 35

38. Sheehan, J.; Aden, A.; Paustian, K.; Killian, K.; Brenner, J.; Walsh, M.; Nelson, R. Energy and environmental
aspects of using corn stover for fuel ethanol. J. Ind. Ecol. 2004, 7, 117–146. [CrossRef]

39. Karlen, D.L.; Beeler, L.W.; Ong, R.G.; Dale, B.E. Balancing energy, conservation, and soil health requirements
for plant biomass. J. Soil Water Conserv. 2015, 70, 279–287. [CrossRef]

40. Environmental Protection Agency. Reactive Nitrogen in the United States: An Analysis of Inputs, Flows,
Consequences, and Management Options; EPA-SAB-11-013; EPA Science Advisory Board, U.S. Environmental
Protection Agency: Washington, DC, USA, 2011.

41. Hayes, D.; Kling, C.L.; Lawrence, J. Economic Evaluation of Governor Branstad’s Water Quality Initiative; CARD
Policy Briefs 2016, 16-PB 19; Center for Agricultural and Rural Development, Iowa State University: Ames,
IA, USA, March 2016.

42. Keiser, D.A. The missing benefits of clean water and the role of mismeasured pollution. J. Assoc. Environ.
Resour. Econ. 2019, 6, 669–707. [CrossRef]

43. Sprague, L.A.; Hirsch, R.M.; Aulenbach, B.T. Nitrate in the Mississippi River and its tributaries, 1980 to 2008:
Are we making progress? Environ. Sci. Technol. 2011, 45, 7209–7216. [CrossRef] [PubMed]

44. Rabalais, N.N.; Turner, R.E.; Scavia, D. Beyond science into policy: Gulf of Mexico hypoxia and the Mississippi
river: Nutrient policy development for the Mississippi River watershed reflects the accumulated scientific
evidence that the increase in nitrogen loading is the primary factor in the worsening of hypoxia in the
northern Gulf of Mexico. BioScience 2002, 52, 129–142. [CrossRef]

45. Rabotyagov, S.S.; Kling, C.L.; Gassman, P.W.; Rabalais, N.N.; Turner, R.E. The economics of dead zones:
Causes, impacts, policy challenges, and a model of the Gulf of Mexico hypoxic zone. Rev. Environ. Econ.
Policy 2014, 8, 58–79. [CrossRef]

46. NOAA, National Oceanic and Atmospheric Administration. Gulf of Mexico ‘Dead Zone’ Is the Largest Ever
Measured. 2017. Available online: http://www.noaa.gov/media-release/gulf-of-mexico-dead-zone-is-largest-
ever-measured (accessed on 24 October 2018).

47. Environmental Protection Agency. Gulf Hypoxia Action Plan. 2008. Available online: https://www.epa.gov/

ms-htf/gulf-hypoxia-action-plan (accessed on 24 October 2018).
48. Stoner, N. Working in Partnership with States to Address Phosphorus and Nitrogen Pollution through Use of a

Framework for State Nutrient Reductions; Office of Water, United States Environmental Protection Agency:
Washington, DC, USA, 16 March 2011; p. 6.

49. Dinnes, D.L.; Karlen, D.L.; Jaynes, D.B.; Kaspar, T.C.; Hatfield, J.L.; Colvin, T.S.; Cambardella, C.A. Nitrogen
management strategies to reduce nitrate leaching in tile-drained Midwestern soils. Agron. J. 2002, 94, 153–171.
[CrossRef]

50. Sugg, Z. Assessing U.S. Farm Drainage: Can GIS Lead to Better Estimates of Subsurface Drainage Extent;
World Resources Institute: Washington, DC, USA, 2007; Available online: https://www.wri.org/publication/

assessing-us-farm-drainage (accessed on 11 June 2019).
51. Arenas Amado, A.; Schilling, K.E.; Jones, C.S.; Thomas, N.; Weber, L.J. Estimation of tile drainage contribution

to streamflow and nutrient loads at the watershed scale based on continuously monitored data. Environ.
Monit. Assess. 2017, 189, 426. [CrossRef]

52. David, M.; Drinkwater, L.E.; McIsaac, G.F. Sources of nitrate yields in the Mississippi River Basin. J. Environ.
Qual. 2010, 39, 1657–1667. [CrossRef]

53. Blann, K.L.; Anderson, J.L.; Sands, G.R.; Vondracek, B. Effects of agricultural drainage on aquatic ecosystems:
A review. Crit. Rev. Environ. Sci. Technol. 2009, 39, 909–1001. [CrossRef]

54. Pimentel, D.; Allen, J.; Beers, A.; Guinand, L.; Linder, R.; McLaughlin, P.; Meer, B.; Musonda, D.; Perdue, D.;
Poisson, S.; et al. World agriculture and soil erosion. BioScience 1987, 37, 277–283. [CrossRef]

55. Lal, R. Soil erosion and the global carbon budget. Environ. Int. 2003, 29, 437–450. [CrossRef]
56. USDA Natural Resources Conservation Service. National Resources Inventory. 2015. Available online:

https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/technical/nra/nri/ (accessed on 4 April 2019).
57. Nearing, M.A. Potential changes in rainfall erosivity in the U.S. with climate change during the 21st Century.

J. Soil Water Conserv. 2001, 56, 229–232.
58. Nearing, M.A.; Xie, Y.; Liu, B.; Ye, Y. Natural and anthropogenic rates of soil erosion. Int. Soil Water Conserv.

Res. 2017, 5, 77–84. [CrossRef]
59. National Research Council. Soil and Water Quality: An Agenda for Agriculture; National Academy Press:

Washington, DC, USA, 1993.

http://dx.doi.org/10.1162/108819803323059433
http://dx.doi.org/10.2489/jswc.70.5.279
http://dx.doi.org/10.1086/703254
http://dx.doi.org/10.1021/es201221s
http://www.ncbi.nlm.nih.gov/pubmed/21823673
http://dx.doi.org/10.1641/0006-3568(2002)052
http://dx.doi.org/10.1093/reep/ret024
http://www.noaa.gov/media-release/gulf-of-mexico-dead-zone-is-largest-ever-measured
http://www.noaa.gov/media-release/gulf-of-mexico-dead-zone-is-largest-ever-measured
https://www.epa.gov/ms-htf/gulf-hypoxia-action-plan
https://www.epa.gov/ms-htf/gulf-hypoxia-action-plan
http://dx.doi.org/10.2134/agronj2002.1530
https://www.wri.org/publication/assessing-us-farm-drainage
https://www.wri.org/publication/assessing-us-farm-drainage
http://dx.doi.org/10.1007/s10661-017-6139-4
http://dx.doi.org/10.2134/jeq2010.0115
http://dx.doi.org/10.1080/10643380801977966
http://dx.doi.org/10.2307/1310591
http://dx.doi.org/10.1016/S0160-4120(02)00192-7
https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/technical/nra/nri/
http://dx.doi.org/10.1016/j.iswcr.2017.04.001


Agronomy 2019, 9, 458 29 of 35

60. Karlen, D.L.; Rice, C.W. Soil Degradation: Will Humankind Ever Learn? Sustainability 2015, 7, 12490–12501.
[CrossRef]

61. Doetterl, S.; Berhe, A.A.; Nadeu, E.; Wang, Z.; Sommer, M.; Fiener, P. Erosion, deposition and soil carbon:
A review of process-level controls, experimental tools and models to address C cycling in dynamic landscapes.
Earth Sci. Rev. 2015, 154, 102–122. [CrossRef]

62. Li, X.; McCarty, G.W.; Karlen, D.L.; Cambardella, C.A. Topographic metric predictions of soil redistribution
and organic carbon in Iowa cropland fields. Catena 2017, 160, 222–232. [CrossRef]

63. Harden, J.W.; Sharpe, J.M.; Parton, W.J.; Ojima, D.S.; Fries, T.L.; Huntington, T.G.; Dabney, S.M. Dynamic
replacement and loss of soil carbon on eroding cropland. Glob. Biogeochem. Cycles 1999, 13, 885–901.
[CrossRef]

64. McCarty, G.W.; Ritchie, J.C. Impact of soil movement on carbon sequestration in agricultural ecosystems.
Environ. Pollut. 2002, 116, 423–430. [CrossRef]

65. Montgomery, D.R. Soil erosion and agricultural sustainability. Prod. Natl. Acad. Sci. USA 2007, 104,
13268–13272. [CrossRef]

66. Weil, R.R.; Brady, N.C. The Nature and Properties of Soils, 15th ed.; Pearson: New York, NY, USA, 2016; ISBN
978-0-13-325448-8.

67. Moore, K.J.; Karlen, D.L. Double cropping opportunities for biomass crops in the north central USA. Biofuels
2013, 4, 605–615. [CrossRef]

68. Appelgate, S.R.; Lenssen, A.W.; Wiedenhoeft, M.H.; Kaspar, T.C. Cover crop options and mixes for upper
midwest corn–soybean systems. Agron. J. 2017, 109, 968–984. [CrossRef]

69. Malone, R.W.; Kersebaum, K.C.; Kaspar, T.C.; Ma, L.; Jaynes, D.B.; Gillette, K. Winter rye as a cover crop
reduces nitrate loss to subsurface drainage as simulated by HERMES. Agric. Water Manag. 2017, 184, 156–169.
[CrossRef]

70. Blanco-Canqui, H.; Shaver, T.M.; Lindquist, J.L.; Shapiro, C.A.; Elmore, R.A.; Francis, C.A.; Hergert, G.W.
Cover crops and ecosystem services: Insights from studies in termperate soils. Agron. J. 2015, 107, 2449–2474.
[CrossRef]

71. Pantoja, J.L.; Woli, K.P.; Sawyer, J.E.; Barker, D.W. Corn nitrogen fertilization requirement and corn–soybean
productivity with a rye cover crop. Soil Sci. Soc. Am. J. 2015, 79, 1482–1495. [CrossRef]

72. Miguez, F.E.; Bollero, G.A. Review of corn yield response under winter cover cropping systems using
meta-analytic methods. Crop Sci. 2005, 45, 2318–2329. [CrossRef]

73. Acharya, J.; Bakker, M.G.; Moorman, T.B.; Kaspar, T.C.; Lenssen, A.W.; Robertson, A.E. Effects of fungicide
seed treatments and a winter rye cover crop in no till on the seedling disease complex in corn. Can. J. Plant
Pathol. 2018, 40, 481–497. [CrossRef]

74. Bakker, M.G.; Acharya, J.; Moorman, T.B.; Robertson, A.E.; Kaspar, T.C. The potential for cereal rye cover
crops to host corn seedling pathogens. Phytopathology 2016, 106, 591–601. [CrossRef]

75. Bakker, M.G.; Manter, D.K.; Moorman, T.B.; Kaspar, T.C. Isolation of cultivation-resistant oomycetes, first
detected as amplicon sequences, from roots of herbicide-terminated winter rye. Phytobiomes 2017, 1, 24–35.
[CrossRef]

76. Martinez-Feria, R.A.; Jacobs, K.L.; Weidenhoeft, M.H. Estimated Costs of Production for Winter Canola in Iowa;
Ag Decision Maker, Information File and Decision Tool, File A1-24; Iowa State University Extension and
Outreach: Ames, IA, USA, July 2016.

77. Wiedenhoeft, M.H.; Martinez-Feria, R.A.; Kaspar, T.C.; Jacobs Keri, L. Suitability of Winter Canola (Brassica
napus) for Enhancing Summer Annual Crop Rotations in Iowa. Master’s Thesis, Iowa State University, Ames,
IA, USA, 2015.

78. Arbuckle, J.G. Iowa Farm and Rural Life Poll Summary Report; PM 3075; Iowa State University: Ames, IA, USA,
2018.

79. Coppess, J.; Schnitkey, G. Farm bill issue review: Crop insurance and cover crops. Farmdoc Daily 2017, 7,
173. Available online: https://farmdocdaily.illinois.edu/2017/09/farm-bill-issue-review-crop-insurance-cover-
crops.html (accessed on 27 March 2019).

80. USDA RMA. Cover Crops and Crop Insurance; Risk Management Agency, Washington National Office:
Washington, DC, USA, 2018. Available online: https://www.rma.usda.gov/Fact-Sheets/National-Fact-Sheets/
Cover-Crops-and-Crop-Insurance (accessed on 27 March 2019).

http://dx.doi.org/10.3390/su70912490
http://dx.doi.org/10.1016/j.earscirev.2015.12.005
http://dx.doi.org/10.1016/j.catena.2017.09.026
http://dx.doi.org/10.1029/1999GB900061
http://dx.doi.org/10.1016/S0269-7491(01)00219-6
http://dx.doi.org/10.1073/pnas.0611508104
http://dx.doi.org/10.4155/bfs.13.50
http://dx.doi.org/10.2134/agronj2016.08.0453
http://dx.doi.org/10.1016/j.agwat.2017.01.016
http://dx.doi.org/10.2134/agronj15.0086
http://dx.doi.org/10.2136/sssaj2015.02.0084
http://dx.doi.org/10.2135/cropsci2005.0014
http://dx.doi.org/10.1080/07060661.2018.1506503
http://dx.doi.org/10.1094/PHYTO-09-15-0214-R
http://dx.doi.org/10.1094/PBIOMES-10-16-0011-R
https://farmdocdaily.illinois.edu/2017/09/farm-bill-issue-review-crop-insurance-cover-crops.html
https://farmdocdaily.illinois.edu/2017/09/farm-bill-issue-review-crop-insurance-cover-crops.html
https://www.rma.usda.gov/Fact-Sheets/National-Fact-Sheets/Cover-Crops-and-Crop-Insurance
https://www.rma.usda.gov/Fact-Sheets/National-Fact-Sheets/Cover-Crops-and-Crop-Insurance


Agronomy 2019, 9, 458 30 of 35

81. Wiggans, D.R.; Singer, J.W.; Moore, K.J.; Lamkey, K.R. Response of continuous maize with stover removal to
living mulches. Agron. J. 2012, 104, 917–925. [CrossRef]

82. Wiggans, D.R.; Singer, J.W.; Moore, K.J.; Lamkey, K.R. Continuation of study cited in 81. Unpublished
work, 2011.

83. Maddonni, G.A.; Otegui, M.E.; Andrieu, B.; Chelle, M.; Casal, J.J. Maize leaves turn away from neighbors.
Plant Phys. 2002, 130, 1181–1189. [CrossRef] [PubMed]

84. Dubois, P.G.; Olsefski, G.T.; Flint-Garcia, S.; Setter, T.L.; Hoekenga, O.A.; Brutnell, T.P. Physiological and
genetic characterization of end-of-day far-red light response in maize seedlings. Plant Phys. 2010, 154,
173–186. [CrossRef] [PubMed]

85. Bartel, C.A.; Banik, C.; Lenssen, A.W.; Moore, K.J.; Laird, D.A.; Archontoulis, S.V.; Lamkey, K.R. Establishment
of perennial groundcovers for maize-based bioenergy production systems. Agron. J. 2017, 109, 1–14.
[CrossRef]

86. Bartel, C.A.; Banik, C.; Lenssen, A.W.; Moore, K.J.; Laird, D.A.; Archontoulis, S.V.; Lamkey, K.R. Living
mulch for sustainable maize stover biomass harvest. Crop Sci. 2017, 57, 3273–3290. [CrossRef]

87. Elkins, D.; Frederking, D.; Marashi, R.; McVay, B. Living mulch for no-till corn and soybeans. J. Soil Water
Conserv. 1983, 38, 431–433.

88. Elkins, D.M.; Vandeventer, J.W.; Xapusta, G.; Anderson, M.R. No-tillage maize production in chemically
suppressed grass sod. Agron. J. 1979, 71, 101–105. [CrossRef]

89. Sanders, Z.P.; Andrews, J.S.; Saha, U.K.; Vencill, W.; Lee, R.D.; Hill, N.S. Optimizing agronomic practices for
clover persistence and corn yield in a white clover–corn living mulch system. Agron. J. 2017, 109, 2025–2032.
[CrossRef]

90. Andrews, J.S.; Sanders, Z.P.; Cabrera, M.L.; Saha, U.K.; Hill, N.S. Nitrogen dynamics in living mulch and
annual cover crop corn production systems. Agron. J. 2018, 110, 1309–1317. [CrossRef]

91. Duiker, S.W.; Hartwig, N.L. Living mulches of legumes in imidazolinone-resistant corn. Agron. J. 2004, 96,
1021–1028. [CrossRef]

92. Wiggans, D.R.; Singer, J.W.; Moore, K.J.; Lamkey, K.R. Maize water use in living mulch systems with stover
removal. Crop Sci. 2012, 52, 327–338. [CrossRef]

93. Qi, Z.; Helmers, M.J.; Christianson, R.D.; Pederson, C.H. Nitrate-nitrogen losses through subsurface drainage
under various agricultural land covers. J. Environ. Qual. 2011, 40, 1578–1585. [CrossRef] [PubMed]

94. Subbarao, G.V.; Nakahara, K.; Hurtado, M.P.; Ono, H.; Moreta, D.E.; Salcedo, A.F.; Yoshihashi, A.T.;
Ishikawa, T.; Ishitani, M.; Ohnishi-Kameyama, M.; et al. Evidence for biological nitrification inhibition in
Brachiaria pastures. Prod. Natl. Acad. Sci. USA 2009, 106, 17302–17307. [CrossRef] [PubMed]

95. Subbarao, G.V.; Sahrawat, K.L.; Nakahara, K.; Ishikawa, T.; Kishii, M.; Rao, I.M.; Hash, C.T.; George, T.S.;
Srinivasa Rao, P.; Nardi, P.; et al. Biological nitrification inhibition—A novel strategy to regulate nitrification
in agricultural systems. Adv. Agron. 2012, 114, 249–302.

96. Young, C.A.; Hume, D.E.; McCulley, R.L. Fungal endophytes of tall fescue and perennial ryegrass: Pasture
friend or foe? J. Anim. Sci. 2013, 91, 2379–2394. [CrossRef]

97. Takach, J.E.; Young, C.A. Alkaloid genotype diversity of tall fescue endophytes. Crop Sci. 2014, 54, 667–678.
[CrossRef]

98. Böttinger, S.; Doluschitz, R.; Klaus, J.; Jenane, C.; Samarakoon, N. Agricultural Development and
Mechanization in 2013: A Comparative Survey at a Global Level. Presented at the Fourth World
Summit on Agriculture Machinery, New Delhi, India, 5–6 December 2013; Available online: http:
//www.clubofbologna.org/ew/documents/3_1a_KNR_Samarkoon.pdf (accessed on 21 May 2019).

99. Honour, E.C. A historical perspective on systems Engineering. Syst. Eng. 2018, 21, 148–151. [CrossRef]
100. SMC Systems. SMC Systems Engineering Primer & Guide: Concepts, Processes, and Techniques, 2nd ed.; Space &

Missile Systems Center, US Air Force: El Segundo, CA, USA, 2004.
101. Würschum, T.; Leiser, W.L.; Jähne, F.; Bachteler, K.; Miersch, M.; Hahn, V. The soybean experiment ‘1000

Gardens’: A case study of citizen science for research, education, and beyond. Theor. Appl. Genet. 2019, 132,
617–626. [CrossRef]

102. Sanders, I.R. Preference, specificity and cheating in the arbuscular mycorrhizal symbiosis. Trends Plant Sci.
2003, 8, 143–145. [CrossRef]

http://dx.doi.org/10.2134/agronj2011.0395
http://dx.doi.org/10.1104/pp.009738
http://www.ncbi.nlm.nih.gov/pubmed/12427985
http://dx.doi.org/10.1104/pp.110.159830
http://www.ncbi.nlm.nih.gov/pubmed/20668057
http://dx.doi.org/10.2134/agronj2016.11.0656
http://dx.doi.org/10.2135/cropsci2017.04.0232
http://dx.doi.org/10.2134/agronj1979.00021962007100010026x
http://dx.doi.org/10.2134/agronj2017.02.0106
http://dx.doi.org/10.2134/agronj2017.10.0609
http://dx.doi.org/10.2134/agronj2004.1021
http://dx.doi.org/10.2135/cropsci2011.06.0316
http://dx.doi.org/10.2134/jeq2011.0151
http://www.ncbi.nlm.nih.gov/pubmed/21869520
http://dx.doi.org/10.1073/pnas.0903694106
http://www.ncbi.nlm.nih.gov/pubmed/19805171
http://dx.doi.org/10.2527/jas.2012-5951
http://dx.doi.org/10.2135/cropsci2013.06.0423
http://www.clubofbologna.org/ew/documents/3_1a_KNR_Samarkoon.pdf
http://www.clubofbologna.org/ew/documents/3_1a_KNR_Samarkoon.pdf
http://dx.doi.org/10.1002/sys.21432
http://dx.doi.org/10.1007/s00122-018-3134-2
http://dx.doi.org/10.1016/S1360-1385(03)00012-8


Agronomy 2019, 9, 458 31 of 35

103. Stachowicz, J.J. Mutualism, facilitation, and the structure of ecological communities: Positive interactions
play a critical, but underappreciated, role in ecological communities by reducing physical or biotic stresses in
existing habitats and by creating new habitats on which many species depend. BioScience 2001, 51, 235–246.

104. Schlaeppi, K.; Bulgarelli, D. The plant microbiome at work. MPMI 2015, 28, 212–217. [CrossRef] [PubMed]
105. Liebman, M.; Dyck, E. Crop rotation and intercropping strategies for weed management. Ecol. Appl. 1993, 3,

92–122. [CrossRef] [PubMed]
106. Levine, J.M.; HilleRisLambers, J. The importance of niches for the maintenance of species diversity. Nature

2009, 461, 254–257. [CrossRef] [PubMed]
107. Flynn, E.S.; Moore, K.J.; Singer, J.; Lamkey, K.R. Evaluation of grass and legume species as perennial ground

covers in corn production. Crop Sci. 2013, 53, 611–620. [CrossRef]
108. Franklin, K.A. Shade avoidance. New Phytol. 2008, 179, 930–944. [CrossRef] [PubMed]
109. Rajcan, I.; Chandler, K.J.; Swanton, C.J. Red-far-red ratio of reflected light: A hypothesis of why early-season

weed control is important for corn. Weed Sci. 2017, 52, 774–778. [CrossRef]
110. Ballaré, C.L.; Scopel, A.L.; Sanchez, R.A. Far-red radiation reflected from adjacent leaves: An early signal of

competition in plant canopies. Science 1990, 247, 329–331. [CrossRef] [PubMed]
111. Markelz, N.H.; Costich, D.E.; Brutnell, T.P. Photomorphogenic responses in maize seedling development.

Plant Physiol. 2003, 2003. 133, 1578–1591. [CrossRef]
112. Page, E.R.; Tollenaar, M.; Lee, E.A.; Lukens, L.; Swanton, C.J. Does the shade avoidance response contribute

to the critical period for weed control in maize (Zea mays)? Weed Res. 2009, 49, 563–571. [CrossRef]
113. Graven, L.M.; Carter, P.R. Seed size/shape and tillage system effect on corn growth and grain yield. J. Prod.

Agric. 1990, 3, 445–452. [CrossRef]
114. Nafziger, E.D. Seed size effects on yield of two corn hybrids. J. Prod. Agric. 1992, 5, 538–540. [CrossRef]
115. Hunter, R.B.; Kannenberg, L.W. Effect of seed size on emergence, grain yield, and plant height in corn. Can. J.

Plant Sci. 1972, 52, 252–256. [CrossRef]
116. Löf, M.; Welander, N.T. Influence of herbaceous competitors on early growth in direct seeded Fagus sylvatica

L. and Quercus robur L. Ann. For. Sci. 2004, 61, 781–788. [CrossRef]
117. Vandenberghe, C.; Freléchoux, F.; Gadallah, F.; Buttler, A. Competitive effects of herbaceous vegetation

on tree seedling emergence, growth, and survival: Does gap size matter. J. Veg. Sci. 2006, 17, 481–488.
[CrossRef]

118. Wilkinson, S.R.; Gross, C.F. Competition for light, soil moisture and nutrients during ladino clover
establishment in orchardgrass sod. Agron. J. 1964, 56, 389–392. [CrossRef]

119. Dear, B.S.; Cocks, P.S.; Wolfe, E.C.; Collins, D.P. Established perennial grasses reduce the growth of emerging
subterranean clover seedlings through competition for water, light, and nutrients. Aust. J. Agric. Res. 1998,
49, 41–51. [CrossRef]

120. Rajcan, I.; Swanton, C.J. Understanding maize-weed competition: Resource competition, light quality and
whole plant. Field Crops Res. 2001, 71, 139–150. [CrossRef]

121. Gibson, K.D.; Fischer, A.J.; Foin, T.C.; Hill, J.E. Implications of delayed Echinochloa spp. germination and
duration of competition for integrated weed management in water-seeded rice. Weed Res. 2002, 42, 351–358.
[CrossRef]

122. Sadanandan Nambiar, E.K. Interplay between nutrients, water, root growth and productivity in young
plantations. For. Ecol. Manag. 1990, 30, 213–232. [CrossRef]

123. Kasperbauer, M.J. Far-red light reflection from green leaves and effects on phytochrome-mediated assimilate
partitioning under field conditions. Plant Physiol. 1987, 85, 350–354. [CrossRef]

124. Ferrell, J.; Murphy, T.; Waltz, C.; Yelverton, F. Sulfonylurea herbicides: How do different turfgrasses tolerate
them? Turfgrass Trends 2004, 13, 92–96.

125. Sumner, P.E.; Culpepper, S. How to Set up a Post-Emergence Directed and Shielded Herbicide Sprayer for Cotton;
Bulletin 1069; University Georgia Extension: Athens, GA, USA, 2017; p. 4.

126. Kromp, B. Carabid beetles in sustainable agriculture: A review on pest control efficacy, cultivation impacts
and enhancement. Agric. Ecosyst. Environ. 1999, 74, 187–228. [CrossRef]

127. Gallandt, E.R.; Molloy, T.; Lynch, R.P.; Drummond, F.A. Effect of cover-cropping systems on invertebrate
seed predation. Weed Sci. 2005, 53, 69–76. [CrossRef]

128. Menalled, F.D.; Smith, R.G.; Dauer, J.T.; Fox, T.B. Impact of agricultural management on carabid communities
and weed seed predation. Agric. Ecosyst. Environ. 2007, 118, 49–54. [CrossRef]

http://dx.doi.org/10.1094/MPMI-10-14-0334-FI
http://www.ncbi.nlm.nih.gov/pubmed/25514681
http://dx.doi.org/10.2307/1941795
http://www.ncbi.nlm.nih.gov/pubmed/27759234
http://dx.doi.org/10.1038/nature08251
http://www.ncbi.nlm.nih.gov/pubmed/19675568
http://dx.doi.org/10.2135/cropsci2011.06.0306
http://dx.doi.org/10.1111/j.1469-8137.2008.02507.x
http://www.ncbi.nlm.nih.gov/pubmed/18537892
http://dx.doi.org/10.1614/WS-03-158R
http://dx.doi.org/10.1126/science.247.4940.329
http://www.ncbi.nlm.nih.gov/pubmed/17735851
http://dx.doi.org/10.1104/pp.103.029694
http://dx.doi.org/10.1111/j.1365-3180.2009.00735.x
http://dx.doi.org/10.2134/jpa1990.0445
http://dx.doi.org/10.2134/jpa1992.0538
http://dx.doi.org/10.4141/cjps72-040
http://dx.doi.org/10.1051/forest:2004075
http://dx.doi.org/10.1111/j.1654-1103.2006.tb02469.x
http://dx.doi.org/10.2134/agronj1964.00021962005600040006x
http://dx.doi.org/10.1071/A97062
http://dx.doi.org/10.1016/S0378-4290(01)00159-9
http://dx.doi.org/10.1046/j.1365-3180.2002.00295.x
http://dx.doi.org/10.1016/0378-1127(90)90138-2
http://dx.doi.org/10.1104/pp.85.2.350
http://dx.doi.org/10.1016/S0167-8809(99)00037-7
http://dx.doi.org/10.1614/WS-04-095R
http://dx.doi.org/10.1016/j.agee.2006.04.011


Agronomy 2019, 9, 458 32 of 35

129. McCravy, K.W.; Lundgren, J.G. Carabid beetles (Coleoptera: Carabidae) of the Midwestern United States: A
review and synthesis of recent research. Terr. Arthropod Rev. 2011, 4, 63–94. [CrossRef]

130. Liebman, M.; Gallandt, E.R. Many little hammers: Ecological management of crop-weed interactions. In
Ecology in Agriculture; Jackson, L.E., Ed.; Academic Press: San Diego, CA, USA, 1997; pp. 291–343.

131. Norsworthy, J.K.; Ward, S.M.; Shaw, D.R.; Llewellyn, R.S. Reducing the risks of herbicide resistance: Best
management practices and recommendations. Weed Sci. 2012, 60, 31–62. [CrossRef]

132. Lundgren, J.G.; Fergen, J.K. Predator community structure and trophic linkage strength to a focal prey. Mol.
Ecol. 2014, 23, 3790–3798. [CrossRef]

133. Barnard, C.; Frankel, O.H. Grass, grazing animals, and Man in historic perspective. In Grasses and Grasslands;
Barnard, C., Ed.; St. Martin’s Press: New York, NY, USA, 1964.

134. Funk, C.R.; Meyer, W.A. 70 years of turfgrass improvement at the New Jersey Agricultural Experiment
Station. USGA Green Sect. Rec. 2001, 39, 19–23.

135. Sleper, D.A. Breeding tall fescue. Plant Breed. Rev. 1985, 3, 313–342.
136. Beard, J.B. Turfgrass: Science and Culture; Pearson Prentice Hall, Inc.: Englewood Cliffs, NJ, USA, 1973.
137. Curley, J.; Jung, G. RAPD-based genetic relationships in Kentucky bluegrass. Crop Sci. 2003, 44, 1299–1306.

[CrossRef]
138. Trammell, M.A.; Butler, T.J.; Young, C.A.; Widdup, K.; Amadeo, J.; Hopkins, A.A.; Nyaupane, N.P.;

Biermacher, J.T. Registration of ‘Chisholm’ summer-dormant tall fescue. J. Plant Regist. 2018, 12, 293–299.
[CrossRef]

139. Horton, M.L. The nature of summer dormancy in perennial grasses. Bot. Gaz. 1953, 114, 284–292.
140. Norton, M.R.; Volaire, F.; Lelievre, F.; Fukai, S. Identification and measurement of summer dormancy in

temperate perennial grasses. Crop Sci. 2009, 49, 2347–2352. [CrossRef]
141. Pepin, G.W.; Funk, C.R. Intraspecific hybridization as a method of breeding kentucky bluegrass (Poa pratenis

L.) for turf. Crop Sci. 1971, 11, 445–448. [CrossRef]
142. Ishikawa, T.; Subbarao, G.V.; Ito, O.; Okada, K. Suppression of nitrification and nitrous oxide emission by the

tropical grass Brachiaria humidicola. Plant Soil 2003, 255, 413–419. [CrossRef]
143. Subbarao, G.V.; Kishii, M.; Nakahara, K.; Ishikawa, T.; Ban, T.; Tsujimoto, H.; George, T.S.; Berry, W.L.;

Hash, C.T.; Ito, O. Biological nitrification inhibition (BNI)—Is there potential for genetic interventions in the
Triticeae? Breed. Sci. 2009, 59, 529–545. [CrossRef]

144. Munro, P.E. Inhibition of nitrite-oxidizers by roots of grass. J. Appl. Ecol. 1966, 3, 231–238. [CrossRef]
145. Moore, D.R.; Waide, J.S. The influence of washings of living roots on nitrification. Soil Biol. Biochem. 1971, 3,

69–83. [CrossRef]
146. Bonos, S.A.; Meyer, W.A.; Murphy, J.A. Classification of Kentucky bluegrass genotypes grown as spaced-plants.

HortScience 2000, 35, 910–913. [CrossRef]
147. Honig, J.A.; Averello, V.; Bonos, S.A.; Meyer, W.A. Classification of Kentucky bluegrass (Poa pratensis L.)

cultivars and accessions based on microsatellite (simple sequence repeat) markers. HortScience 2012, 47,
1356–1366. [CrossRef]

148. Wieners, R.R.; Fei, S.Z.; Johnson, R.C. Characterization of a USDA Kentucky bluegrass (Poa pratensis L.)
core collection for reproductive mode and DNA content by flow cytometry. Gen. Res. Crop Evol. 2006, 53,
1531–1541. [CrossRef]

149. Rajasekar, S.; Fei, S.Z.; Christians, N.E. Analysis of genetic diversity in colonial bentgrass (Agrostis capillaris
L.) using randomly amplified polymorphic DNA (RAPD) markers. Gen. Res. Crop Evol. 2007, 54, 45–53.
[CrossRef]

150. Fei, S.Z. Recent progresses on turfgrass molecular genetics and biotechnology. Acta Hortic. 2008, 783, 247.
151. Yang, N.; Xu, X.W.; Wang, R.R.; Peng, W.L.; Cai, L.; Song, J.M.; Li, W.; Luo, X.; Niu, L.; Wang, Y.; et al.

Contributions of Zea mays subspecies mexicana haplotypes to modern maize. Nat Commun. 2017, 8, 1874.
[CrossRef] [PubMed]

152. Smith, S.; Cooper, M.; Gogerty, J.; Löffler, C.; Borcherding, D.; Wright, K. Maize. In Yield Gains in Major U.S.
Field Crops; CSSA Special Publications 33; Smith, S., Specht, J., Diers, B., Carver, B., Eds.; ASA-CSSA-SSSA:
Madison, WI, USA, 2014; pp. 125–171.

153. Schnable, P.S.; Ware, D.; Fulton, R.S.; Stein, J.C.; Wei, F.; Pasternak, S.; Liang, C.; Zhang, J.; Fulton, L.;
Graves, T.A.; et al. The B73 maize genome: Complexity, diversity, and dynamics. Science 2009, 326, 1112–1115.
[CrossRef]

http://dx.doi.org/10.1163/187498311X565606
http://dx.doi.org/10.1614/WS-D-11-00155.1
http://dx.doi.org/10.1111/mec.12700
http://dx.doi.org/10.2135/cropsci2004.1299
http://dx.doi.org/10.3198/jpr2018.01.0001crc
http://dx.doi.org/10.2135/cropsci2009.06.0319
http://dx.doi.org/10.2135/cropsci1971.0011183X001100030042x
http://dx.doi.org/10.1023/A:1026156924755
http://dx.doi.org/10.1270/jsbbs.59.529
http://dx.doi.org/10.2307/2401248
http://dx.doi.org/10.1016/0038-0717(71)90032-0
http://dx.doi.org/10.21273/HORTSCI.35.5.910
http://dx.doi.org/10.21273/HORTSCI.47.9.1356
http://dx.doi.org/10.1007/s10722-005-7766-0
http://dx.doi.org/10.1007/s10722-005-1883-7
http://dx.doi.org/10.1038/s41467-017-02063-5
http://www.ncbi.nlm.nih.gov/pubmed/29187731
http://dx.doi.org/10.1126/science.1178534


Agronomy 2019, 9, 458 33 of 35

154. Hirsch, C.N.; Foerster, J.M.; Johnson, J.M.; Sekhon, R.S.; Muttoni, G.; Vaillancourt, B.; Penagaricano, F.;
Lindquist, E.; Pedraza, M.A.; Barry, K.; et al. Insights into the maize pan-genome and pan-transcriptome.
Plant Cell 2014, 26, 121–135. [CrossRef] [PubMed]

155. Lu, F.; Romay, M.C.; Glaubitz, J.C.; Bradbury, P.J.; Elshire, R.J.; Wang, T.; Li, Y.; Li, Y.; Semagn, K.; Zhang, X.;
et al. High-resolution genetic mapping of maize pan-genome sequence anchors. Nat. Commun. 2015, 6, 6914.
[CrossRef]

156. Sun, S.; Zhou, Y.; Chen, J.; Shi, J.; Zhao, H.; Zhao, H.; Song, W.; Zhang, M.; Cui, Y.; Dong, X.; et al. Extensive
intraspecific gene order and gene structural variations between Mo17 and other maize genomes. Nat. Genet.
2018, 50, 1289–1295. [CrossRef]

157. Unterseer, S.; Seidel, M.A.; Bauer, E.; Haberer, G.; Hochholdinger, F.; Opitz, N.; Marcon, C.; Baruch, K.;
Spannagl, M.; Mayer, K.F.X.; et al. European Flint reference sequences complement the maize pan-genome.
bioRxiv 2017. [CrossRef]

158. Xu, P.; Wang, L.; Beavis, W.D. An optimization approach to gene stacking. Eur. J. Oper. Res. 2011, 214,
168–178. [CrossRef]

159. Cooper, M.; Gho, C.; Leafgren, R.; Tang, T.; Messina, C. Breeding drought-tolerant maize hybrids for the US
corn-belt: Discovery to product. J. Exp. Bot. 2014, 65, 6191–6204. [CrossRef] [PubMed]

160. Meuwissen, T.H.E.; Hayes, B.J.; Goddard, M.E. Prediction of total genetic value using genome-wide dense
marker maps. Genetics 2001, 157, 1819–1829. [PubMed]

161. Shi, J.; Gao, H.; Wang, H.; Lafitte, R.; Archibald, R.L.; Yang, M.; Hakimi, S.M.; Mo, H.; Habben, J.E. ARGOS8
variants generated by CRISPR-Cas9 improve maize grain under field drought stress conditions. Plant
Biotechnol. J. 2017, 15, 207–216. [CrossRef] [PubMed]

162. Svitashev, S.; Young, J.K.; Schwartz, C.; Gao, H.; Falco, S.C.; Cigan, M.A. Targeted mutagenesis; precise gene
editing; and site-specific gene insertion in maize using Cas9 guide RNA. Plant Physiol. 2015, 169, 931–945.
[CrossRef] [PubMed]

163. Li, H.; Rasheed, A.; Hickey, L.T.; He, Z. Fast-forwarding genetic gain trends. Plant Sci. 2018, 23, 184–186.
[CrossRef]

164. Technow, F.; Messina, C.D.; Totir, L.R.; Cooper, M. Integrating crop growth models with whole genome
prediction through approximate Bayesian computation. PLoS ONE 2015, 10, e0130855. [CrossRef] [PubMed]

165. Russell, A.E.; Laird, D.A.; Parkin, T.B.; Mallarino, A.P. Impact of nitrogen fertilization and cropping system
on carbon sequestration in Midwestern Mollisols. Soil Sci. Soc. Am. J. 2005, 69, 413–422. [CrossRef]

166. Schlesinger, W.H. Changes in soil carbon storage and associated properties with disturbance and recovery.
In The Changing Carbon Cycle; Springer: New York, NY, USA, 1986; pp. 194–220.

167. Zajicek, J.M.; Hetrick, B.D.; Owensby, C.E. The influence of soil depth on mycorrhizal colonization of forbs in
the tallgrass prairie. Mycologia 1986, 78, 316–320. [CrossRef]

168. Miller, R.M.; Jastrow, J.D. Mycorrhizal fungi influence soil structure. In Arbuscular Mycorrhizas: Physiology
and Function; Springer: Dordrecht, The Netherlands, 2000; pp. 3–18.

169. Jastrow, J.D.; Miller, R.M.; Lussenhop, J. Contributions of interacting biological mechanisms to soil aggregate
stabilization in restored prairie. Soil Biol. Biochem. 1998, 30, 905–916. [CrossRef]

170. Gale, W.J.; Cambardella, C.A.; Bailey, T.B. Root-derived carbon and the formation and stabilization of
aggregates. Soil Sci. Soc. Am. J. 2000, 64, 201–207. [CrossRef]

171. Fuhlendorf, S.D.; Engle, D.M. Restoring heterogeneity on rangelands: Ecosystem management based on
evolutionary grazing patterns. BioScience 2001, 51, 625–632. [CrossRef]

172. Fierer, N.; Ladau, J.; Clemente, J.C.; Leff, J.W.; Owens, S.M.; Pollard, K.S.; Knight, R.; Gilbert, J.A.;
McCulley, R.L. Reconstructing the microbial diversity and function of pre-agricultural tallgrass prairie soils
in the United States. Science 2013, 342, 621–623. [CrossRef] [PubMed]

173. Fisher, B.; Turner, R.K.; Morling, P. Defining and classifying ecosystem services for decision making. Ecol.
Econ. 2009, 68, 643–653. [CrossRef]

174. Keiser, D.A.; Kling, C.L.; Shapiro, J.S. The low but uncertain measured benefits of U.S. water quality policy.
Prod. Natl. Acad. Sci. USA 2019, 116, 5262–5269. [CrossRef] [PubMed]

175. Hoque, M.; Kling, C.L. Economic Valuation of Ecosystem Benefits from Conservation Practices Targeted in Iowa
Nutrient Reduction Strategy 2013: A Non Market Valuation Approach; Working Paper 16-WP 561; Center for
Agricultural and Rural Development, Iowa State University: Ames, IA, USA, 2016.

http://dx.doi.org/10.1105/tpc.113.119982
http://www.ncbi.nlm.nih.gov/pubmed/24488960
http://dx.doi.org/10.1038/ncomms7914
http://dx.doi.org/10.1038/s41588-018-0182-0
http://dx.doi.org/10.1101/103747
http://dx.doi.org/10.1016/j.ejor.2011.04.012
http://dx.doi.org/10.1093/jxb/eru064
http://www.ncbi.nlm.nih.gov/pubmed/24596174
http://www.ncbi.nlm.nih.gov/pubmed/11290733
http://dx.doi.org/10.1111/pbi.12603
http://www.ncbi.nlm.nih.gov/pubmed/27442592
http://dx.doi.org/10.1104/pp.15.00793
http://www.ncbi.nlm.nih.gov/pubmed/26269544
http://dx.doi.org/10.1016/j.tplants.2018.01.007
http://dx.doi.org/10.1371/journal.pone.0130855
http://www.ncbi.nlm.nih.gov/pubmed/26121133
http://dx.doi.org/10.2136/sssaj2005.0413
http://dx.doi.org/10.1080/00275514.1986.12025251
http://dx.doi.org/10.1016/S0038-0717(97)00207-1
http://dx.doi.org/10.2136/sssaj2000.641201x
http://dx.doi.org/10.1641/0006-3568(2001)051[0625:RHOREM]2.0.CO;2
http://dx.doi.org/10.1126/science.1243768
http://www.ncbi.nlm.nih.gov/pubmed/24179225
http://dx.doi.org/10.1016/j.ecolecon.2008.09.014
http://dx.doi.org/10.1073/pnas.1802870115
http://www.ncbi.nlm.nih.gov/pubmed/30297391


Agronomy 2019, 9, 458 34 of 35

176. Power, A.G. Ecosystem services and agriculture: Tradeoffs and synergies. Philos. Trans. R. Soc. B Biol. Sci.
2010, 365, 2959–2971. [CrossRef]

177. Schipanski, M.E.; Barbercheck, M.; Douglas, M.R.; Finney, D.M.; Haider, K.; Kaye, J.P.; Kermanian, A.R.;
Mortensen, D.A.; Ryan, M.R.; Tooker, J.; et al. A framework for evaluating ecosystem services provided by
cover crops in agroecosystems. Agric. Syst. 2014, 125, 12–22. [CrossRef]

178. Mayer, P.M.; Reynolds, S.K.; McCutchen, M.D.; Canfield, T.J. Meta-analysis of nitrogen removal in riparian
buffers. J. Environ. Qual. 2007, 36, 1172–1180. [CrossRef]

179. Zhang, X.; Liu, X.; Zhang, M.; Dahlgren, R.A.; Eitzel, M. A review of vegetated buffers and a meta-analysis of
their mitigation efficacy in reducing nonpoint source pollution. J. Environ. Qual. 2010, 39, 76–84. [CrossRef]

180. Blanco-Canqui, H.; Gantzer, C.J.; Anderson, S.H.; Alberts, E.E.; Thompson, A.L. Grass barrier and vegetative
filter strip effectiveness in reducing runoff, sediment, nitrogen, and phosphorus loss. Soil Sci. Soc. Am. J.
2004, 68, 1670–1678. [CrossRef]

181. Blanco-Canqui, H.; Gantzer, C.J.; Anderson, S.H. Performance of grass barriers and filter strips under interrill
and concentrated flow. J. Environ. Qual. 2006, 35, 1969–1974. [CrossRef]

182. Bugg, R.L.; Waddington, C. Using cover crops to manage arthropod pests of orchards: A review. Agric.
Ecosyst. Environ. 1994, 50, 11–28. [CrossRef]

183. Hartwig, N.L.; Ammon, H.U. Cover crops and living mulches. Weed Sci. 2002, 50, 688–699. [CrossRef]
184. Frank, D.L.; Liburd, O.E. Effects of living and synthetic mulch on the population dynamics of whiteflies and

aphids, their associated natural enemies, and insect-transmitted plant diseases in zucchini. Environ. Entomol.
2005, 34, 857–865. [CrossRef]

185. Hooks, C.R.; Johnson, M.W. Using undersown clovers as living mulches: Effects on yields, lepidopterous
pest infestations, and spider densities in a Hawaiian broccoli agroecosystem. Int. J. Pest Manag. 2004, 50,
115–120. [CrossRef]

186. Bianchi, F.J.; Booij, C.J.H.; Tscharntke, T. Sustainable pest regulation in agricultural landscapes: A review on
landscape composition, biodiversity and natural pest control. Proc. R. Soc. B Biol. Sci. 2006, 273, 1715–1727.
[CrossRef]

187. Prasifka, J.R.; Schmidt, N.P.; Kohler, K.A.; O’neal, M.E.; Hellmich, R.L.; Singer, J.W. Effects of living mulches
on predator abundance and sentinel prey in a corn–soybean–forage rotation. Environ. Entomol. 2006, 35,
1423–1431. [CrossRef]

188. Ragsdale, D.W.; Voegtlin, D.J.; O’neil, R.J. Soybean aphid biology in North America. Ann. Entomol. Soc. Am.
2004, 97, 204–208. [CrossRef]

189. Pratt, M.R.; Tyner, W.E.; Muth, D.J., Jr.; Kladivko, E.J. Synergies between cover crops and corn stover removal.
Agric. Syst. 2014, 130, 67–76. [CrossRef]

190. Bonner, I.J.; Muth, D.J.; Koch, J.B.; Karlen, D.L. Modeled impacts of cover crops and vegetative barriers on
corn stover availability and soil quality. BioEnergy Res. 2014, 7, 576–589. [CrossRef]

191. Rogovska, N.; Laird, D.A.; Rathke, S.J.; Karlen, D.L. Biochar impact on Midwestern Mollisols and maize
nutrient availability. Geoderma 2014, 230–231, 340–347. [CrossRef]

192. Aller, D.; Archontoulis, S.; Zhang, W.; Sawadgo, W.; Laird, D.; Moore, K. Long term biochar effects on corn
yield, soil quality, and profitability in the US Midwest. Field Crops Res. 2018, 227, 30–40. [CrossRef]

193. Zhang, W.; Plastina, A.; Sawadgo, W. Iowa Farmland Ownership and Tenure Survey 1982–2017: A Thirty-Five
Year Perspective; Working Paper 18-WP 580; Center for Agricultural and Rural Development, Iowa State
University: Ames, IA, USA, 2018.

194. Bergtold, J.S.; Ramsey, S.; Maddy, L.; Williams, J.R. A review of economic considerations for cover crops as a
conservation practice. Renew. Agric. Food Syst. 2017, 34, 62–76. [CrossRef]

195. Lu, Y.C.; Watkins, K.B.; Teasdale, J.R.; Abdul-Baki, A.A. Cover crops in sustainable food production. Food
Rev. Int. 2000, 16, 121–157. [CrossRef]

196. Borghi, E.; Crusciol, C.A.C.; Nascente, A.S.; Sousa, V.V.; Martins, P.O.; Mateus, G.P.; Costa, C. Sorghum grain
yield, forage biomass production and revenue as affected by intercropping time. Eur. J. Agron. 2013, 51,
130–139. [CrossRef]

197. Gardezi, M.; Arbuckle, J.G. The influence of objective and perceived adaptive capacities on Midwestern
farmers’ use of cover crops. Weather Clim. Soc. 2019, 11, 665–679. [CrossRef]

198. Burnett, E.; Wilson, R.S.; Heeren, A.; Martin, J. Farmer adoption of cover crops in the Western Lake Erie
Basin. J. Soil Water Conserv. 2018, 73, 143–155. [CrossRef]

http://dx.doi.org/10.1098/rstb.2010.0143
http://dx.doi.org/10.1016/j.agsy.2013.11.004
http://dx.doi.org/10.2134/jeq2006.0462
http://dx.doi.org/10.2134/jeq2008.0496
http://dx.doi.org/10.2136/sssaj2004.1670
http://dx.doi.org/10.2134/jeq2006.0073
http://dx.doi.org/10.1016/0167-8809(94)90121-X
http://dx.doi.org/10.1614/0043-1745(2002)050[0688:AIACCA]2.0.CO;2
http://dx.doi.org/10.1603/0046-225X-34.4.857
http://dx.doi.org/10.1080/09670870410001663462
http://dx.doi.org/10.1098/rspb.2006.3530
http://dx.doi.org/10.1093/ee/35.5.1423
http://dx.doi.org/10.1093/aesa/97.2.204
http://dx.doi.org/10.1016/j.agsy.2014.06.008
http://dx.doi.org/10.1007/s12155-014-9423-y
http://dx.doi.org/10.1016/j.geoderma.2014.04.009
http://dx.doi.org/10.1016/j.fcr.2018.07.012
http://dx.doi.org/10.1017/S1742170517000278
http://dx.doi.org/10.1081/FRI-100100285
http://dx.doi.org/10.1016/j.eja.2013.08.006
http://dx.doi.org/10.1175/WCAS-D-18-0086.1
http://dx.doi.org/10.2489/jswc.73.2.143


Agronomy 2019, 9, 458 35 of 35

199. Plastina, A.; Liu, F.; Sawadgo, W.; Miguez, F.; Carlson, S.; Marcillo, G. Annual net returns to cover crops in
Iowa. J. Appl. Farm Econ. 2018, 2, 19–36.

200. Kruger, G.R.; Johnson, W.G.; Weller, S.C.; Owen, M.D.K.; Shaw, D.R.; Wilcut, J.W.; Jordan, D.L.; Wilson, R.G.;
Bernards, M.L.; Young, B.G. U.S. grower views on problematic weeds and changes in weed pressure in
glyphosate-resistant corn, cotton, and soybean cropping systems. Weed Technol. 2009, 23, 162–166. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1614/WT-08-040.1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Agricultural Context 
	The Landscape 
	The Crops 
	Biofuels 

	Environmental Concerns 
	Nitrogen Efflux and Water Quality 
	Soil Erosion 
	Soil Quality and Ecosystem Services 

	Mitigating Environmental Impacts of Crop Production 
	Annual Cover Crop Systems 
	Perennial Groundcover 

	Designing and Developing Perennial Groundcover Systems 
	Crop Ecology and Management 
	Minimizing Interspecific Competition 
	Species Complementarity 
	Managing Competition 
	Enhancing Crop Competitiveness 

	Plant Breeding and Genetics 
	Developing PGC Cultivars 
	Developing Maize Hybrids Adapted to PGC Systems 

	Soil Health and Nutrient Management 
	Ecosystem Services and the Environment 
	Economic and Sociological Factors 
	Socio-Economic Feasibility: Benefits and Costs 
	Lessons Learned from Cover Crops and Other Conservation Practices 
	Policies and Mechanisms to Incent Adoption 


	Conclusions 
	References

