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Executive Summary

HIGHLIGHTS OF FINDINGS AND RECOMMENDATIONS

Corn is the major cereal crop of the United
States, with two-thirds of national corn and
soybean acreage concentrated in the Upper
Midwest. Farmers in the region have highly
specialized knowledge and experience with
these crops and considerable capital and
infrastructure investments. It is critical,
given an increasingly variable climate and
occurrence of extreme weather events, to
develop and test management approaches
that increase the adaptive capacity of cornbased agriculture, and equip farmers and land
managers to be functionally resilient.

CLIMATE

The corn-soybean system has been the focus
of research since 2011 by 140 scientists,
extension and outreach educators, and
cooperating farmers of the USDA-NIFA
funded Climate and Corn-based Cropping
Systems Coordinated Agricultural Project
(CAP), commonly known as the Sustainable
Corn CAP. The project team and 35
experimental research sites across nine states
in the upper Midwest including Iowa, Illinois,
Indiana, Michigan, Minnesota, Missouri,
Ohio, South Dakota, and Wisconsin and
involve 10 land grant universities and USDAAgricultural Research Service (ARS).

WATER

This technical report, Climate and Managing
Corn-Soybean Agroecosystems (Volume 1)
is a synthesis and integration of sciences
spanning 19 disciplines and local knowledge
of Upper Midwest farmers. The findings,
implications and recommendations in this
report represent research conducted by the
team over the last five years (2011-2016) and
is focused on improving understanding of the
complex interactions among weather-climate,
water cycles, nitrogen, soil carbon, and
human-social systems of corn-based systems.
This work reflects experimentation and
assessments of in-field management practices,
such as drainage, tillage, cover crops,
extended rotations, and nitrogen sensing
to determine how farmers can better utilize
these practices to meet crop productivity
and environmental goals under increasingly
variable weather.

Mean precipitation is predicted to increase slightly,
mostly in winter and spring. This is because the air is
projected to warm, which can then hold more moisture.
Heavy rainfall events have increased significantly more
than the annual or the seasonal totals have increased.
This trend is predicted to continue and to strengthen
over the next 30 years.
Over the past 60 years the Midwest has seen a slight
warming, mostly in the cooler half of the year, which
has allowed the hardiness zones to move northward.

Controlled drainage infrastructure can retain water
in the soil profile and be beneficial in years when
moisture stress occurs. Careful site selection and design
are necessary to limit seepage from the system to
improve the likelihood of increasing growing-season
soil moisture.
Less benefit is achieved from controlled drainage
infrastructure in areas where a substantial portion of
total annual drain flow occurs in spring resulting in the
need for drainage in order to complete field work.
In years with high daily temperatures and limited
moisture, no-till systems will have a yield advantage
relative to tilled systems.

NITROGEN
Controlled drainage can reduce offsite nitrate loss to
surface water from drained cropland. The drainage
systems do not reduce the nitrate concentration in tile
drains; rather a reduction in nitrate loss is a result of
reduced drain flow from the land.
Cover crops are effective for reducing nitrate and
sediment losses from a variety of cropland landscapes.
Models of extensive adoption of cover crops across the
Corn Belt region confirm that wider cover crop adoption
by producers in the study region would be of value.
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GREENHOUSE GAS
To reduce nitrous oxide (a greenhouse gas) emissions in a
corn-soybean system, replacement of corn with another crop,
such as soybean or wheat, can achieve a greater reduction
than what can be achieved solely through improved crop
management practices.
Our cover crop and drainage experiments showed no
consistent effect on nitrous oxide emissions from the soil
surface. More research is needed.

CARBON
Losses and gains in soil organic carbon, soil nitrate, and
soil water holding capacity are site specific. These changes
reflect soil characteristics, position on the landscape, and
tillage practices. For example, soil organic carbon in the root
zone (0-20 cm) is eroded over time on slopes and summits,
causing crop yields to decrease in those locations.
When used as part of a long-term (3+ years) soil
conservation strategy, no-till can be implemented without
yield penalty compared to more aggressive tillage systems
in a corn-soybean rotation, under most Corn Belt
environments.
Cover crops can be added to increase organic matter inputs
and aid in protection of soil organic carbon.

STAKEHOLDERS
Farmers’ beliefs, attitudes, and concerns about climate
change, as well as confidence in their capacity to cope and
willingness to take adaptive and mitigative action, vary
a great deal across the Corn Belt. Strategies in support
of adaptive management are likely to be most successful
when they align with local context and conditions and take
differences among farmer perspectives into account.
Farmers are generally confident in their capacity to adapt to
adverse weather. Highly confident farmers are less likely to
have experienced negative impacts of extreme weather.
Farmers are pragmatic problem solvers. Our extension
educators found farmers to be more receptive to exploring
risk management solutions when discussions focused on the
challenges associated with “increased weather variability and
extremes” versus the topic of “climate change.”
Farmers need more timely and accurate local weather and
climate information as well as tools to make management
decisions that effectively protect their economic, soil and
water resources.
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section 1. Introduction
1.1 VARIABLE CLIMATE AND MANAGING
CORN-SOYBEAN AGROECOSYSTEMS
Agriculture in the United States (U.S.) is a complex and
dynamic social-agroecological system. The temporal
and spatial distribution of soil, water, climate, economic
and social conditions affect the mix of crops farmers
select and the practices and technologies they apply
on their farms (Walthall et al. 2012). Corn-soybean
agroecosystems, the dominant cropping system in the
upper Midwest, influences and are regulated by these
conditions with impacts on productivity and ecological
well-being at field, farm, watershed, and regional levels.
These systems have been the focus of research since
2011 by scientists, extension and outreach educators,
and cooperating farmers of the USDA-NIFA funded
Climate and Corn-based Cropping Systems Coordinated
Agricultural Project (CAP), commonly known as the
Sustainable Corn CAP. The project team and research
sites span nine states in the upper Midwest including
Iowa, Illinois, Indiana, Michigan, Minnesota, Missouri,
Ohio, South Dakota, and Wisconsin. This technical
report is a synthesis of key biophysical and social
findings from the Sustainable Corn CAP research
conducted over the last five years (2011-2016).
Managing complex interconnected systems of carbon
(C), water, nitrogen (N) and human action takes
science, experiential knowledge, and a capacity to adjust
crops and farming practices to integrate past and new
information. A central goal of this project is to increase
what is known about a suite of practices that can help
farmers create management systems that, in turn, sustain
a competitive agriculture and ensure the ecological
integrity of the landscape under increasingly variable
climate and extreme weather events. Climate change is
one of the primary challenges facing the production of
commodity crops and stewardship of land and water
resources for future generations. Assessment of current

systems and adaptation experiments are first steps in
formulating effective individual and policy responses to
risks, benefits, and pressures.
Corn is the major cereal crop in the U.S., which along
with rice, soybean and wheat provides a total of 75
percent of the world caloric intake. Two-thirds of
national corn and soybean acreage is concentrated in
the U.S. upper Midwest. These agricultural commodities
are economic engines for the region and the nation with
the production of corn, soybean, and wheat amounting
to $357 billion during the 2011-2015 project period
(see Appendix B). Farmers in the region have highly
specialized knowledge and experience with these crops
and considerable capital and infrastructure investments.
It is critical, given an increasingly variable climate and
occurrence of extreme weather events, to develop and
test management approaches that increase the adaptive
capacity of corn-based agriculture, and equip farmers
and land managers to be functionally resilient. The
Sustainable Corn CAP institutions and scientists are
well suited geographically to identify the capacity and
evaluate strategies that can improve the resilience of
corn-based systems.
Successful adaptation strategies employed in this ninestate region can be expected to be applicable outside
the area. The region has a diversity of soils, weather
and climate, social, and economic conditions. There
is a significant difference in range of crop acreage and
production among the states are shown in 2011 to 2015
production values. Across these nine states, corn yields
ranged from 75 to 200 bu/acre (4707 to 12554 kg/ha),
soybean from 30 to 56 bu/acre (2017 to 3766 kg/ha),
and wheat from 37 to 81 bu/acre (2488 to 5447 kg/ha)
(Figures 1, 2, 3; Appendix B). The variation across this
region in production, soils, and climate has enabled the
team to evaluate a suite of management practices under
differing scenarios.

Climate & Managing Corn-Soybean Agroecosystems s 2

Report Overview

Section 1 begins by framing the U.S. and upper Midwest
corn, soybean, and wheat production systems to
understand the current crops grown in the region. Next,
project goals regarding synthesis and integration of
sciences and stakeholder views relative to production,
pest management, water, nitrogen (N), and carbon
(C) are discussed. Section 1 ends with details of the
project research sites and biophysical and social science
methodologies used to conduct the research components
of the project.
Section 2 outlines team findings, implications and
key recommendations based on analyses, integration,
and modeling of research data to address complex
components within these agroecosystems and a scalingup to identify landscape-wide effects. The section begins
with a discussion of changing climate patterns in the
upper Midwest, followed by productivity of corn-based
systems, and the water cycle, nitrogen and soil organic
carbon (SOC) stocks. Each subsection presents both
biophysical and social science findings, implications, and
recommendations based on integration of the sciences.
Section 3 highlights the connecting threads among the
data, findings and recommendations, and suggests policy
implications and future research.

Corn-based systems are well suited to a wide variety of
geographies. Corn is particularly productive in the upper
Midwest due to favorable climate and soils, although
stresses can occur such as temperature, moisture excess
or shortage, weed pressure, soil characteristics, fertility,
and other factors. Yields for corn, soybean, and wheat
continue to trend upward (see Figures 1, 2, 3) as a result
of substantial efforts to improve crop genetic and farmer
management practices. Yet research has shown yield
gains for this region would have been greater if climate
conditions had been more stable (Mourtzinis et al.,
2015; Melillo et al., 2014; Romero-Lankao et al., 2014).
Unintended environmental consequences of intensified
corn-based cropping systems present challenges that
farmers, crop advisors and policymakers must address.
The impact of variable climate on U.S. farmers is
predicted to continue into the future based on model
simulations of two primary climate components —
temperature and precipitation.
These three major crops (corn, soybean, wheat)
differ in plant physiology, progression of vegetative
and reproductive development, and recommended
management practices. Because of these differences,
the impacts of climate change are crop and landscape
position specific. Corn-based cropping systems are
vulnerable to these stresses from a changing climate:

Section 4, “Supporting Scientific Publications,” and
Section 5, “Project Principal Investigators,” serve as
references to Sections 1, 2, and 3.

• Longer growing season (shifted frost dates)

1.2 CORN-BASED SYSTEMS

• More frequent severe precipitation events

Corn, the most widely produced grain in the U.S.,
provides the main energy ingredient for livestock feed,
is processed into a wide range of food and industrial
products, and approximately 20% is exported (USDA
ERS, 2014). Two-thirds of the U.S. corn crop is grown
in a nine-state region of the upper Midwest, where the
Sustainable Corn CAP project took place.

• Greater annual stream flows

Currently, and for the past several decades, the dominant
cropping system in this region has been an annual
rotation of corn and soybean. Other cropping systems
include two years of corn followed by soybean, corn
grown continuously, and the addition of a third crop
such as wheat. For the past five years, farmers have on
average planted 60 million acres (24 million hectares)
of corn in this region, followed by 50 million acres
(20 million hectares) of soybean and 7.5 million acres
(3 million hectares) of wheat. These values represent
approximately 67% of the corn and soybean U.S. acreage
and 15% of wheat acreage. See Appendix B for acreage,
production, and yield data per state and year (USDA
NASS, 2016a; USDA NASS, 2016b).

3

• Warmer winters
• Warmer nights

Corn, which is predominately grown in yearly rotation
with soybean, is a crop that is highly productive,
intensively managed, and cultivated to positively respond
to historical precipitation and regional temperature
patterns. Corn and soybean production often represents
a low diversity of land use and, even without climate
change, has a history of unintended consequences on soil
conditions, water quality, and water supplies (Morton
2014). In the last 100 years, changes in the precipitation
patterns in the upper Midwest have compromised
productivity in some locales, increased soil erosion,
affected N leaching into water, increased nitrous
oxide (N2O) atmospheric levels, and altered timing of
intraseasonal water availability.

1.3 SYNTHESIS AND INTEGRATION OF
SCIENCES
The Sustainable Corn CAP team has integrated
knowledge from research spanning 19 disciplines,
(continued on page 7)

FIGURE 1 |

CORN

Corn acres planted and harvested, grain yield, and grain production value for years 2011 to 2015 in states within
the Sustainable Corn project region (USDA NASS 2016a, USDA NASS, 2016b). USDA NASS data set available in
Appendix B.
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FIGURE 2 |

SOYBEAN

Soybean acres planted and harvested, grain yield, and grain production value for years 2011 to 2015 in states within
the Sustainable Corn project region (USDA NASS 2016a, USDA NASS, 2016b). USDA NASS data set available in
Appendix B.
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FIGURE 3 |

WHEAT

Wheat acres planted and harvested, grain yield, and grain production value for years 2011 to 2015 in states within
the Sustainable Corn project region (USDA NASS 2016a, USDA NASS, 2016b). USDA NASS data set available in
Appendix B.
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plus local knowledge of upper Midwest farmers, to
improve understanding of the complex interactions
among climate, water cycles, nitrogen, carbon, and
human-social systems in corn-based systems. The
result is a synthesis of research findings, implications
and recommendations developed from analyses and
modeling based on field and survey data, climate data,
and secondary data. This technical report (Volume
1) and following volumes capture the comprehensive
work of the project, and connect multiple sciences
and stakeholder perspectives to evaluate a suite of
management practices with these goals:
•

Increase soil carbon for improved soil quality
and sustainability

•

Limit loss of nitrogen from the system

•

Stabilize soil and nutrients during periods of
saturated and flooded conditions while improving
water availability and efficiency for crop use
during moisture stress conditions

•

Build system resilience by integrating productivity
and environmental goals through field, farm,
watershed and landscape level management in the
face of changing climate

•

Transfer knowledge and findings through sciencedriven, experiential learning opportunities to
equip and educate farmers and teachers

Location of
Sustainable Corn CAP participating
institutions and field research sites.

FIGURE 4 |

Institutions
Field Research

(may represent more
than one research site)
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In the first two reports, Volume 1 and 2, Climate and
Managing Corn-Soybean Agroecosystems: Findings,
Implications, and Recommendations, site specific and
system-scale project data are synthesized and integrated
to address the challenge of climate change adaptation
for upper Midwest agricultural systems. The research
encompassed includes not only the biophysical findings
pertaining to grain yield, C, N, and water cycles, but also
the social science findings on the views and practices of
farmers who are managing the landscape and seeking
ways to adapt to changing conditions while assuring
productivity and protecting the agroecosystem.
Volume 3, Climate Change and Agricultural Extension,
and Volume 4, Preparing the Next Generation Scientists
and Teachers, use synthesis and integration to link the
suite of experimental practices at many scales (field,
farm, watershed, landscape) and under different climate
conditions to extension and education. Volume 5, Project
and Research Management of Data and Systems, presents
recommendations on creating and managing large
multi-institutional collaborative data, and the structural
challenges of monitoring and facilitating large multidisciplinary, multi-institutional collaborative science.
Volumes 1 to 5 will be published in 2016 and 2017.

1.4 BIOPHYSICAL AND SOCIALECONOMIC RESEARCH DATA
COLLECTED
An expansive field research network of 35 sites made
up the biophysical research network and included
previously existing as well as newly established sites; sites
were in all project states except South Dakota (Figure
4 and Appendix C). Across the sites, team members
were able to assess crop and environmental responses
by researching a suite of management practices and
measuring C, N, greenhouse gas (GHG), water quality
and volume, pest populations, and agronomic
indicators (Appendices D and E).
Most research sites began collecting data
in 2011 and measured parameters for five
years through the 2015 growing season.
In 2012, some additional treatments
were initiated, plots added, and
monitoring sensors installed.
Project scientists collected and
analyzed biophysical data, using
standardized protocols developed by
the team prior to the first field season
(Kladivko et al. 2014). Standardized
protocols exist for all data collected
by the team, which includes soil organic

carbon (SOC), total N, soil physical properties, soil
moisture, water quality and volume, greenhouse gas,
crop biomass, C and N in biomass and grain, insect and
disease pressure, and grain yield (Appendix E).
The discussions and group decision-making were
central to developing team standardized methodologies
(Kladivko et al. 2014). The challenges of standardizing
and ensuring methods are as similar as possible were
worthwhile to achieve team goals related to temporal
and spatial data analysis. But this endeavor required not
only effort upfront in establishing these, but continual
communication, time-intensive management and quality
review by the data team, and high-level adherence
checks and correction by researcher leads and data team
(Herzmann et al. 2014). Research data were uploaded to
the team’s central database by team members with review
and quality control performed by database managers to
ensure data integrity and adherence to standardization
(Herzmann et al. 2014).
These field data were integrated with climate science
data to evaluate a suite of management practices. There
were many practices that could have been studied. The
team selected management practices that were widely
used by farmers as well as counterparts to those that
were relatively novel or not yet widely implemented.

Different management allowed a baseline of current
practices to be established and determination of the
potential improvement possible. Management practices
investigated include: corn-soybean rotation, cover crops
(cereal rye in particular) within a corn-soybean rotation,
extended and diverse crop rotations, organic cropping
system, drainage water management, canopy N sensing,
tillage management (no-till and conventional), and
landscape position (Appendix D).
Every site included a corn-soybean rotation or
continuous corn as a comparative baseline to measure
change over time from different practices and climate
conditions. Specific sites varied in the combination
of treatments studied, due to varying site capacities
and when it was established. Integration and
recommendations were developed and are presented
here at a systems level, when possible.
The social and economic primary data were collected
using a mixed methods approach: a major random
sample survey, conducted in partnership with the USDANIFA funded Useful to Usable project, of 4,778 farmers
across 11 Upper Midwest Corn Belt states (Figure 5) and
in-depth interviews and pre-post surveys with a select
group of farmer cooperators. The 2012 random sample
survey, which was stratified by 22 HUC 6 (Hydrological

Social economic research at
the HUC 6 watershed level map.

FIGURE 5 |
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Unit Code) watersheds, drew its sample from the USDA
National Agricultural Statistics Service (NASS) Census
of Agriculture master list of farmers. Two criteria were
used to select the sample from the overall population of
corn farmers: at least 80 acres (32.3 hectares) of corn and
USD$100,000 in the 2007 Census of Agriculture. These
minimum production criteria were set because largerscale operations farm a disproportionately large amount
of acreage relative to their numbers: across the 11 states
in Figure 5, farm operations with 2007 gross sales of
at least USD$100,000 gross farm revenue represented
27% of farms with cropland, but cultivated 78% of all
cropland acres (USDA-NASS 2009).
The farmer survey’s main objective was to develop a
research-based understanding of Corn Belt farmers’
perspectives on climate change and potential adaptation
and mitigation strategies. The survey collected data on
beliefs about climate change, concerns about predicted
impacts of climate change, recent experiences with
extreme weather, use of decision support tools, current
management practices, and attitudes toward potential
individual-level and societal adaptation and mitigation
actions. To date, this survey remains the largest
scientifically rigorous survey focused on farmers and
climate change.
The second major social science research component
consisted of in-depth interviews with 159 cooperating

farmer-cooperators who were recruited from the Sustainable
Corn CAP extension educators’ networks. The interview
process consisted of two parts: a longitudinal survey
(baseline 2012 and follow-up 2015) and in-depth interviews
in 2003 with the 159 cooperating farmers. The combination
of in-depth interviews and surveys offered deeper insights
into how farmers are viewing the national and local climate
change conversation, their interpretation and responses
to perceived risks, concerns for the sustainability of their
operation and capacities to adapt (or not) to system changes.
Quotes from in-depth interviews with these participating
project farmers, while not representative of all farmers in
the region, are used throughout this report to illustrate and
elaborate survey findings.

SECTION 2. DATA,
IMPLICATIONS,
RECOMMENDATIONS
2.1 CLIMATE CHANGE AND THE
UPPER MIDWEST
Weather variability and extremes are factors farmers
respond to daily by adjusting decisions and

Observed U.S. annual total precipitation changes for 1991-2012
compared to 1901-1960 average.
FIGURE 6 |

Original graphic from Melillo, J.M., T.C. Richmond, and G.W. Yohe, eds. 2014. Highlights of Climate Change Impacts in the
United States: The Third National Climate Assessment. US Global Change Research Program. Washington, DC: US Government
Printing Office.
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FIGURE 7 |

U.S. soil temperature regimes.
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management practices. Although changing conditions
are accepted as part of farming, the uncertainties
associated with increasing weather variability due to
climate change makes managing even more complex.

2.1.1 U.S. Climate. The Third National Climate
Assessment documents increased climate disruptions to
agriculture in the U.S. over the past 40 years and projects
accelerated impacts in the next 25 years (Melillo et al.,
2014). Loss and degradation of soil and water resources
due to increasing extremes in precipitation (Figure 6) are
identified as key concerns to both rain-fed and irrigated
agriculture. The 2014 North America Regional Aspects
Report by the Fifth Intergovernmental Panel on Climate
Change (IPCC) cites rising temperatures and carbon
dioxide (CO2) concentrations, high vulnerability to
climate extremes, regional drought, pest infestations, land
use changes, and pollution as stressing North American
ecosystems (Romero-Lankao et al., 2014). This report also
finds that effects of temperature and climate variability
on yields of major crops have been observed; and further
notes water resources are already stressed by non-climate
change anthropogenic factors. The authors conclude
the uncertainty and risks associated with increased
rainfall intensities and highly variable climate influence
agricultural productivity and present huge challenges to
managing water and soil resources.

Increasing future climate variability is predicted to
result in heightened temperature effects and uneven
distribution of excess water and water deficits; these
will make crops vulnerable in known and unknown
ways (Morton 2014). As agriculture adapts to these
spatial and temporal changes, land cover and use shifts
also will occur. Crop production may decline in some
areas and expand in others. Changes in temperature
patterns can alter accumulation of growing degree
units (GDU), growing season length, and precipitation
amount, intensity, and distribution (Johnson et al.,
2010). For example, soil temperature patterns (Figure
7) influence where row crop production may expand
to meet demands for corn and soybean. Recent
expansion of corn, wheat and forage production have
been observed in the frigid temperature zone of North
Dakota and South Dakota with increases in temperature
and precipitation (Laws et al. 2014). Without careful
management, a changing climate along the expected
trajectory will: 1) exacerbate soil erosion, transport
and sediment deposition in streams, lakes and rivers,
2) increase off-field and off-farm nutrient losses which
pollute water, and 3) threaten limited water supplies
(Morton 2014).			

2.1.2 Upper Midwest climate. Average annual
global and U.S. temperature and precipitation data
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mask geographic variations in weather and climates
across continents and within regions in the U.S. The
Upper Midwestern U.S. has experienced quite different
annual and intraseasonal temperature and precipitation
patterns compared to the rest of the country (Laws et
al. 2014; Arritt 2016). In the past 60 years, the Upper
Midwest has seen a slight warming most notably in the
cooler half of the year, allowing the hardiness zones to
extend northward. A 5 to 10% increase in average yearly
precipitation also has occurred, which for most states
in the Upper Midwest equals 1 to 3 inches (2.5 to 7.5
cm). The greatest current and projected challenge to
farmers is the increase in heavy rainfall in the region.
There is evidence wetter spring and fall conditions in
the eastern part of the region present substantial field
management challenges and affect planting and harvest
conditions. Heavy rainfall (>4 inch per day (>10 cm/
day)) has increased significantly more than the annual or
the seasonal totals. These extremes in precipitation have
been observed by many farmers across the region.
A Wisconsin farmer compared past and current extreme
rain events in his own local area:

“

…it seems our rains are less frequent, they’re heavier,
they’re more intense than they were, than I ever remember
…not to say that we didn’t have wet falls back then [the
first few years I farmed]. I remember very wet falls. I
remember very wet springs. I remember dry springs, dry
falls. But it just seems like, when we get rain now, it’s a
couple inches at a time or it’s just a trace.

”

Sustainable Corn CAP analyses of historical precipitation
records reveal that from the 1950s through the present,
there have been strong increases in the occurrence of
heavy rainfall across the region, despite only a modest
increase in total rainfall. Increases are greatest for the
heaviest amounts (more than 4 inches per day (10 cm/
day)). Specific findings include:
Finding: Over the past 60 years the Upper Midwest
has seen a slight warming, mostly in the cooler half
of the year, which has allowed the hardiness zones to
move northward.
Finding: Mean precipitation is predicted to increase
slightly, mostly in winter and spring. This is in part
because the air is projected to warm, allowing it to
hold more moisture.
Finding: Heavy rainfall events have increased
significantly more than the annual or the seasonal
totals have increased. This trend is predicted to
continue and to strengthen over the next 30 years.
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Finding: The length of intraseasonal dry spells
(i.e., days between rainfall events) is predicted
to increase.
Implication for landscape level and individual
farmer decisions: The recent trend of more frequent
heavy rainfall in the Upper Midwest is expected to
continue and intensify in future decades. Increased
frequency of heavy rainfall in past decades is not
a natural fluctuation, but is the “new normal” and
is expected to intensify. This is a robust result that
is found under all climate modeling approaches.
Predicted interaction of climate change with farm
management depends on the climate model that is
used, mainly because of different changes in water
availability predicted by different climate models.
These climatic trends set the context for evaluating
and interpreting current management practices to
understand how well fields, farms, and the regional
landscape can absorb the shocks associated with
increasing variability in weather and climate shifts.
Increased knowledge about threats to and opportunities
for productivity and environmental impacts on C, N,
water, and farmers under future climate scenario models
can guide farm practices and policy towards more
effective adaptive management.
Recommendation: Farmers need to be prepared for
shortened windows of time for field operations and
for the impacts of more frequent heavy rainfall with
longer intraseasonal dry periods.
Recommendation: Long-term adaptation measures
will need to accommodate changes in precipitation
and can include practices that help compensate such
as no-till and residue management, drainage water
management or cover crops to reduce erosion.

2.1.3 Farmers’ experiences and views on
climate change. A wide variety of adjustments and

adaptations must occur if we are to successfully address
short and long-range challenges to the resilience of
cropping systems and the broader agricultural landscape.
A major question underlying the work of the Sustainable
Corn CAP is how we can help farmers deal with
production and environmental impacts and associated
uncertainties caused by weather variability, taking into
consideration regional and local soil and environmental
variations. In order to answer this question, there was
a need to better understand farmers who are managing
corn-based systems. This meant seeking answers to
questions such as: What are farmers thinking about
climate change? What are their experiences with
variability in weather and extreme rain and drought

events? What are their concerns and perceptions of risk
associated with variability in weather and long term
weather shifts? What are their current practices and to
what extent are they adapting to changing conditions?
Social scientists on the team explored these questions
by assessing farmer beliefs, risk perceptions, attitudes
toward adaptation and mitigation actions, and perceived
capacities to respond to climate change. Beliefs are
people’s perceptions about the world and how it works.
They are statements about what is regarded as true and
not true. Beliefs originate from a variety of sources,
ranging from scientific fact, systematic or unsystematic
observations, learned behaviors, and unverified
assumptions (Arbuckle et al. 2013; Church et al. 2015;
Loy et al. 2013). Perceptions of risk are subjective
assessments people use to understand and cope with
danger and uncertainties in their lives. Risk assessments,
rational and intuitive, vary based on perceptions
of whether there is a problem, the parameters of
the problem, exposure and sensitivities to the risk,
probabilities of loss, and resources available to address
the risk (Slovic 2009; Morton et al. In Review). Farmers
continually assess and manage risk in their agricultural
operations. These risks include production risks (yield
loss), price/market volatility, institutional change
(regulations), weather (short-term field management)
and climate (longer-term investments), and social norm
expectations. Farmer capacities to respond to changing
conditions are based on their current situation, access to
data, information and technology, and their confidence,
ability and skills to turn data into useable information
about how to best respond (Arbuckle et al. 2014).

Beliefs

An Indiana farmer elaborated what he is thinking about
climate change:

“

Now, I’m not sure how much things are actually
changing. When they talk about the world temperature
changing 2/10 of a degree in a year relative to... to what
it has been, you know, historically. I don’t know. I wish I
had a dinosaur around to ask him…what kind of changes
I should be looking at? I’m just not too torn up about the

weather and changes right there. But, as far as the drought
that happened [2012], you know, it didn’t rain so I don’t
know how any practice I could have made last year that
would have changed my outcome other than the level or
the type of crop insurance I would have bought. Other
than that... I tried my best. It went in better than I’ve ever
seen a crop go in and [I was] just tickled pink until it didn’t
rain. So that’s just the way life is when you farm. It doesn’t
rain, you don’t make money.

”

Finding: Two-thirds of surveyed farmers believed
climate change is occurring. However, they differed
in their beliefs about causality. Eight percent
attributed climate change primarily to human
actions; 33% to both human and natural causes, and
25% to mostly natural causes. One-third of farmers
thought there was not enough evidence to know
with certainty whether climate change is occurring
(31%) or did not believe that it is (3.5%).
Finding: Despite differences in beliefs about the
causes of climate change, a majority of farmers
agreed or strongly agreed they had noticed more
variable or unusual weather on their farms over the
last five years.
Implication to farmer risk assessments: Beliefs
about climate were associated with perceptions of
risk, and willingness to take action to mitigate and
adapt to weather/climate conditions. Those who
believed climate change was primarily caused by
human activities were those most concerned and
willing to adjust their practices (Arbuckle et al. 2015).
Implication to farmers moving out of current
status quo: Farmers’ uncertainty about projected
climate change impacts on their production systems
were associated with beliefs about the causality of
climate change, experiences with drought, concern
about heat stress on crops and their agricultural
information network. These factors were
information sources that reduced (or increased)
perceptions of too much uncertainty (Morton et al.
In review).
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Experience with weather

Finding: Many farmers seem to use their
experiences with past weather as a baseline to make
sense of current weather and projected weather in
order to make good management decisions. Project
models examining factors that influence decisions
to implement no-till (NT), cover crops, and to
plant more crops on highly erodible land (HEL)
find that actual past climate and precipitation can
have a significant effect on the type of management
put in place. Further responses are local, since
seasonal precipitation varies greatly across the upper
Midwest and has a differential impact on the type of
management used (Morton et al. 2015).
Finding: There is significant variability among
farmers in their beliefs about climate change
causality, experiences with drought and flooding,
concern about impacts of extreme events on the
farm enterprise, and assessments of risks and
opportunities that change may bring. (Arbuckle
et al. 2014)
Implication for those working with farmers:
Weather experiences and perceptions of risk
may increase willingness to adapt to climate
change regardless of climate beliefs
(Arbuckle et al. 2015).

Risk perceptions and uncertainty

Uncertainty about local weather conditions present
challenges to farmers making real time decisions about
planting, nitrogen fertilizer applications, herbicide
and pest management, and harvest. These risks and
uncertainties associated with variable climate and extreme
weather events are direct and underlying factors that affect
daily and longer-term farm management decisions.
One Wisconsin project farmer voiced his concern about
the unpredictability of weather:

“

Well, my real concern about climate change is…
the wind patterns and what that affects, rainfall, either
getting too much, too little, whatever. The fact that the
Midwest, what we would consider the Corn Belt or the
bread basket of the United States, is that way because we
have predictable rainfall and predictable weather and my
concern is unpredictability… which doesn’t lend itself well
to producing a crop or to planting for anything.

”

A Michigan farmer acknowledged that uncertainty in
weather was expected:
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“

The only thing I trust is it’s going to change. It’s not
going to be the same. Next year will not be ... like any year
previous, right? This summer won’t be like any of the other
summers I’ve experienced. It’ll be different. And that’s
what makes it glorious to farm. Cause you don’t get bored.
You’ve just got to be ready.

”

Finding: Beliefs, perceived risks, confidence,
attitudes and current practices varied widely across
the upper Midwest. In Iowa, trust in environmental
or agricultural interest groups as sources of climate
information influenced the perceived climate risks
to agriculture, and support for adaptation and/or
mitigation responses (Arbuckle et al. 2015).
Implication: Variations in trust and beliefs about
climate change can have direct effects on perceived
risks to the farm operation and potential changes
in practices.
Finding: The majority of farmers in the upper
Midwest perceive there is too much uncertainty
about the impacts of climate change to justify
changing their agricultural practices (Morton et al.
In review).
Implication: Farmer uncertainty points to using
a “wait and see” approach as a rational adaptation
strategy until better, more locally accurate climate
information and future consequences are available
to guide decisions.

Attitudes toward adaptation
and mitigation actions

The survey measured farmer attitudes regarding
potential individual-level and societal responses to
increased weather variability. The survey provided
respondents with a number of statements about actions
that might be taken by individual farmers, farmers as
a group, private sector firms, extension, government
agencies, and other actors. In general, farmers expressed
favorable attitudes toward adaptation actions, but
few farmers supported reduction of GHG emissions
(Arbuckle et al. 2013; Loy et al. 2013).
Finding: Most respondents believed farmers in
general (65%) and they themselves (58%) should
take additional steps to protect their farmland from
increased weather variability.
Finding: Majorities of surveyed farmers agreed
Extension (62%) and farm organizations (52%)
should help farmers prepare for increased weather
variability. Just 43% agreed state and federal agencies
should do the same.

Finding: Less than one-fourth of respondents
agreed they should reduce GHG emissions from
their farms (23%) or that government should do
more to reduce GHG emissions (23%).
Finding: Farmers who believed climate change
was occurring were more likely to support adaptive
action, but even farmers who were uncertain about
or did not believe in climate change supported
action to adapt to increased weather variability.
Implication: Extension and outreach should
be framed in terms of helping farmers adapt to
increased weather variability and extreme weather
(refer to Volume 3).

Capacity to adapt

Finding: The biophysical situation (flooding,
drought, saturated soils, and/or having a river
run through the farm) and farmer’s identities
(conservationist and productivist) significantly
influence field and farm management strategies to
adapt (or not) to changing conditions.
Implications: There is evidence that farmers are
paying attention to the biophysical situation as well
as are being guided by their own understandings
of themselves as good farmers in making decisions
about their farm operation.
Recommendations: This work suggests that
educators and policymakers should focus on
interventions, incentives and policies that appeal
the farmer’s conservationist identity to increase
adaptations that protect the agroecosystem in the
longer term. More research is needed to better
understand what activates identities, core values
and beliefs and how some values are privileged over
others in adaptive decisions.
Finding: Many farmers are confident that they
have the knowledge, technical skills and financial
capacity available to adapt to future changes in
climate. A great majority of them are supportive of
individual, private sector and government action in
support of adaptation.
Implication: Farmers have a great deal of
experience with variability in weather and have
successfully addressed issues associated with
these changing conditions. This confidence seems
to reduce stress and concerns about the impacts
of changes in climate. Outreach that appeals to
farmers’ skills and capacity to adapt to weather
extremes may resonate with them.

Project findings about current and projected upper
Midwest climate patterns and an understanding of
farmers’ beliefs about climate change, experiences with
climate hazards, perceptions of risk, and capacities to
adapt suggest the following recommendations:
Recommendation: To reduce farmers’ uncertainty,
increase their access to and capacity to understand
and interpret local historical and current weather
and climate records.
Recommendation: Give farmers opportunities to
learn how to use decision support tools that simulate
the effects of different climate scenarios, use of
different production practices and their impacts on
productivity, SOC and N stocks.
Recommendation: Convey scientific probabilities
using confidence levels based on scientific evidence
to help farmers more accurately interpret how
to incorporate scientific uncertainty into their
production decision making.
Recommendation: Focus on adaptation measures
that are consistent with farmers’ concerns with
current experience of climate variability, such as
measures that are effective in managing heavier
but less frequent precipitation. Because most
farmers do not attribute climate change to human
activity, farmer engagement strategies that focus
on increasing capacity to deal with extreme or
variable-weather may be more effective
than strategies focused on “climate change” or
“global warming.”
Project social scientists found Midwest farmers have
highly heterogeneous perspectives about climate
change and associated risks (Arbuckle et al. 2014). Six
distinct classes of farmers were identified based on the
variations of beliefs about climate change, the degree
to which they had experienced extreme weather, risk
perceptions and attitudes toward public and private
adaption, and mitigation action. These categories were
labeled the concerned (14%), the uneasy (25%), the
uncertain (25%), the unconcerned (13%), the confident
(18%), and the detached (5%). The farmers comprising
the concerned and the uneasy groups were relatively
engaged in thinking about climate change, worried about
the potential impacts, and were supportive of public and
private, individual, and collective action to address the
risks and causes of climate change. These farmers also
tended to have experienced negative impacts of extreme
weather in recent years. The uncertain class appeared
to be less concerned, but tended to believe that climate
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change is occurring, and were supportive of adaptation
and mitigation at levels similar to those of the concerned
and uneasy. Farmers who made up the unconcerned, the
confident, and the detached tended to not believe climate
change is occurring, expressed much less concern about
potential risks, were more confident in their capacity to
adapt, and were not as likely to support action. Except
for the confident, these subpopulations reported very
little experience with adverse weather-related impacts on
their farm operations over the previous five years. The
significance of personal experience in many analyses of
the data suggests that as increased climate variability and
extreme weather events become more visible, farmers
may become less uncertain and more pro-actively seek
management strategies to reduce perceived risks.

2.2 CORN AND SOYBEAN PRODUCTION
AND MANAGEMENT
Although corn biomass has economic value for feed and
bedding, and recently cellulosic energy, grain production
per area is the primary measurement of productivity.
The amount of grain harvested each year is a function of
the environment and farm management impact on the
genetic potential of the hybrid or variety. Corn, soybean,
and wheat are each well suited for production in the
Upper Midwest, but differ in overall crop development,
type of stressors, length of time required for grain fill, and
other production factors. Therefore, the impact of climate
change will vary within and across years due to the crops
grown, weather conditions experienced, management
practices employed, and inherent site characteristics.
The impact on grain development and overall yield
is a function of understanding how changing climate
patterns impact the sensitivity and vulnerability of the
crops. For corn, the silking period is the most sensitive
period and historically has received much attention
by plant breeders to ensure successful pollination
and fertilization occurs. Stressors such as heightened
temperatures, drought, or disease can be long-term in
nature and can hasten grain fill, resulting in less starch
accumulated and thus, lower yields. Soybean has an
overlap in its development with the growth of leaves,
flowers, and pods occurring simultaneously much of the
season. This growth pattern inherently lessens the impact
of a one-time stress or event experienced by the crop
because of its compensatory behavior. Flower abortion,
however, occurs more frequently at higher temperatures.
A stressful environment, especially related to moisture
availability and temperatures (both air and soil), will
reduce grain yields in all crops.
Farmer specialization, knowledge and experience with
corn, soybean, and wheat production practices in the

Nsalambi Nikongolo, Lincoln Univ., inspects an insect sticky trap

Upper Midwest are key reasons these crops are produced
here efficiently. This knowledge is a valuable building
block as the region strives for greater sustainability
and resilience. Use of these monoculture systems has
several strong qualities primarily because the field can
be custom-managed to suit these crops as optimally as
possible each growing season. However, the downtime
between crops, most typically six months, is a long period
for the landscape to be exposed to weather events that
can lead to soil erosion, nutrient leaching, and fallow
periods that may impact overall system performance
when taking into consideration environmental indicators.
Management strategies are needed that reduce the period
when no living crops are on the landscape. Any new
management practice involves a learning curve, different
risks and challenges for the farmer. Our recommendations
are derived from research findings and are aimed at
facilitating successful adoption of practices with which an
individual farmer may not be familiar.

2.2.1. Analyses of plot and field
experiment data by project scientists reveal a

number of patterns that inform yield and management
under differing conditions.

Yield and Management

Finding: Corn yields were sometimes reduced
following a cereal rye cover crop. Greater rye
biomass tended to be associated with greater corn
yield reductions when there was less time between
termination and corn planting, colder temperatures,
and greater precipitation.
Implications for farmers: To manage a cereal
rye cover crop before corn, terminate the rye
when small and a minimum of 2 weeks before
planting corn. This recommendation is congruent
with the Midwest Cover Crops Council (MCCC)
targeting a rye height of 6 to 8 inches (15 to 20 cm)
at termination. This can help reduce risks from
allelopathy, insects, and N immobilization.
Recommendation for farmers: Use planting and
production practices that enhance early season corn
growth to help eliminate potential corn grain yield
penalty from a cereal rye cover crop. Corn planters
should have attachments and proper setup. Some
states recommend starter N for corn when planting
into cereal rye cover crop or no-till.
Finding: Soybean grain yield was not increased or
decreased when planted following a winter cereal
rye cover crop, no matter the amount of rye growth
or the number of days planted after rye termination.

Implication for farmers: Soybean crops can be
planted the same day as cereal rye termination or
any time after termination without detrimental
effects on grain yield.
Finding: Cereal rye cover crop growth varied widely
across the region and across years. This was due to
climate variation across the region, weather in a
given year, timing of rye seeding and termination,
and specific management practices utilized.
Recommendation for agricultural researchers
and funders: There is a need for more research
and experimentation to improve the practicality
and reliability of rye cereal cover crop seeding and
establishment due to the regional and within
year variability.
Recommendation for farmers and land managers:
Additional site specific on-farm experimentation is
needed to discover effective management strategies
to establish and grow cereal rye cover crops within
the time windows (fall and spring) available between
management of grain crops.
Finding: Averaged across all seven sites, annual
corn yields were similar between tillage systems
during all years except 2012. In 2012, yields in
conventional tillage were 9 and 8% less than yields
in no-till for the continuous corn and cornsoybean rotations, respectively. This was due to low
precipitation and high air temperatures during the
2012 growing season.
Implication for farmers: In years with stressful
growing conditions, particularly high daily
temperatures and limited moisture, no-till systems
with residue mulch may have a yield advantage
relative to tilled systems due to inherent changes in
the soil and plant microclimate.
Finding: Five-year average corn yields of the
corn-soybean rotation did not differ between
conventional tillage and no-till for five of the seven
research sites evaluated.
Implication for farmers: When used as part of a longterm (3+ yrs.) soil conservation strategy, no-till often
can be implemented without yield penalty compared
to more aggressive tillage systems in a corn-soybean
rotation under many upper Midwest environments.
Finding: Five-year average soybean yields of the cornsoybean rotation did not differ between conventional
tillage and no-till for four of six research sites (one of
the seven sites was not included in the analysis). The
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two research sites with differences had greater yields
in no-till compared to conventional tillage.
Recommendation to extension and crop advisors:
Encourage use of no-till to improve soil structure,
increase long-term infiltration and reduce runoff
and erosion based on soil, slope, other field
characteristics and crop.
Project findings associated with corn and soybean
production systems reveal important nuances in
emerging research on cover crop use and reaffirm prior
research on tillage. Use of no-till can reduce vulnerability
to varying amounts and intensities of precipitation
and improve soil moisture retention. For production
capabilities, additional cover crop research is needed to
move towards established best management practices
for regions that effectively improve the management,
timing of seeding, and springtime termination, as well
as variations in climatic and geographic responses. The
soil health benefits of no-till and cover cropping may not
always be translated into direct yield benefits because
the latter is strongly influenced by conditions during
the growing season. Yet the ecological and ecosystem
benefits of these best management practices must be
considered in an overall production strategy.

2.2.2 Management practices of Upper
Midwest farmers reflect attempts to address the

sometimes competing goals of sustaining or improving
productivity, environmental, economic, and social
indicators. Accomplishing these goals present difficult
trade-offs for farmers as they seek to manage under
increasingly variable weather and changing climate.
In order to understand receptivity to new practices and
capacity to adapt the corn-based system, the project
focused on medium and large-scale farmers whose
operations represent a large portion of the region. Social

TABLE 1 |

scientists studied farmers with a minimum of 80 acres
(32 hectares) of corn production and U.S. $100,000
gross sales whose farming operations were in the 22
watersheds with the highest acres of corn harvested
in 2007 in the Upper Midwest (see Section 1.4 for full
description of methods). Farmers surveyed, on average,
owned and rented a total of 1025 acres (415 hectares),
with a little more than 59% of those acres rented.
Farmers reported producing corn for diverse markets:
commodity, sweetener, export, feed (81.3%); ethanol
(64.5%); livestock-silage (39.4%); specialty or valueadded including organic (4.5%); seed (5.5%); and other
(3.6%). Over half of the farmers produced corn for at
least two different markets. Ninety-eight percent of the
farmers graduated from high school (GED equivalent)
and one-quarter had a 4-year or higher college degree.
Twenty-six percent planned to retire in the next five
years. Almost 55% of all farmers anticipated a family
member would take over the farm operation whenever
they decided to retire.
A little more than one-fourth of the random sampled
farmers reported using cover crops in 2011, with most
of those planting cover crops on 40% or less of their land
(Table 1). Soil types and slope vary considerably across
the region. Some landscapes have steep slopes that are
highly erodible land (HEL), and many farmers were
planting these hillsides to a cultivated crop and used
management practices such as limited tillage or no-till
to reduce water runoff and soil erosion. Nearly 60% of
farmers reported planting at least some HEL to crops
in 2011 (Morton et al. 2015). Just over 60% of farmers
reported using no-till on at least some of their land, with
18% reporting using it on 100% of their land. Fortyone percent of the farmers used diversified rotations
that included small grains, forages, or other crops on
their own land. Most farmers reported using nutrient
management strategies such as testing of soil, manure

Summary statistics for farmer response variables.

Practice
Artificially drained through tile or
other methods
No-till
Planted to cover crops
Highly erodible land that was
planted to crops

Standard
Deviation

Mean

0%

1-40%

41-59%

60-99%

100%

49.3

40.0

22.9

22.7

9.0

22.8

22.6

37.5
6.4
24.5

38.8
16.5
33.1

38.3
73.3
41.0

18.5
21.8
34.0

15.3
2.6
6.5

9.9
1.1
10.9

18.0
1.2
7.6

Reprinted by Permission, ASA, CSSA, SSSA. Table originally published in Morton, L.W., J. Hobbs, J.G. Arbuckle and A. Loy. 2015.
Upper Midwest climate variations: Farmer responses to excess water risks. 44:810-822. http://dx.doi.org/10.2134/jeq2014.08.0352
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and plant tissue to determine fertilizer rates on their own
(81%) and rented (71%) land. A similar percentage of
farmers used integrated pest management techniques.
A Minnesota project farmer explained his use of soil
tests to guide nitrogen management:

“

And so to get a handle on nitrogen and rates, for
the most part, but then also looking at P & K,… (we’re)
looking... for cost effectiveness and where we want to be.
So we... soil test and it’s fairly complicated. The more we
know, the less we know on certain places.

”

Almost one-quarter to one-third reported to not be
familiar with three technologies that could help them
manage inputs (irrigation efficiency best management
practices, 24%; water control structures, 23%; and
nitrogen canopy sensors, 34%).

2.3 INTEGRATED PEST MANAGEMENT
Increased carbon dioxide (CO2) and subsequent change
in temperature are predicted to affect plant-eating insects
(Bale et al. 2002) and possibly crop pests (Cannon et
al. 1998). Although day-length is the greatest stimulus
for triggering the start or end of overwintering, insect
development and migration can be predicted in
temperate regions because insects are cold blooded.
Increases in temperature are likely to speed their
development and improve overwintering success in
temperate regions (Bale and Hayward 2010). However,
long periods of high temperatures may lower survival,
especially if temperatures exceed upper lethal limits. If
the maximum daily temperatures decrease, as predicted
for the Midwest (see Section 2.1), a changing climate
still may negatively affect insects. For example, if the
average temperature remains consistently higher during
key points in an insect’s development, this may interfere
with development. Finally, the changes in temperature
and resulting impact on insect herbivores (i.e. crop pests)
is complicated, as many suffer significant mortality from
predation and parasitism from other insects, which in
turn may respond to a changing climate.
Beyond existing pests, invasive species continue to
negatively affect agriculture (Liebhold and Tobin 2008)
especially within the U.S. Elevated temperatures can
expand or shift the range available for invasive insects.
For example, soybean aphids are sensitive to changes
in temperature (McCornack et al. 2004) and combined
with its natural enemies, this becomes a model system
for exploring the possible impact of climate change on
an insect pest. Elevated CO2 increases soybean aphid
population (Dermody et al. 2008), not because of CO2
directly, but rather from an increase in temperature

at the leaf surface (O’Neill et al. 2011), and affected
plant physiology (O’Neill et al. 2010a). Anticipating the
impact of increasing temperature on aphids and their
natural enemies is challenging. Several efforts to model
the relationship between aphid and natural enemies
have suggested biological control may be strengthened
(Abbott et al. 2014) or destabilized (Meisner et al. 2014)
depending upon the life history traits of the prey and
natural enemies. To improve future modeling efforts,
empirical data are needed, especially in the context
of farming practices that may be adopted due to
climate change, if pest managers are to be proactive in
preventing future insect outbreaks.

2.3.1 Farmer response to climate change also
may affect pest pressure. Specifically, farmers may
use cover crops and extended rotations to improve soil
quality and prevent erosion. However, cover crops may
produce a ‘green-bridge’ during the spring for migrating
pests to better inhabit spring-seeded crops.

Finding: An increased risk from true armyworm
(Mthimna unipuncta) occurred in Iowa due to the
use of cover crops in corn (Dunbar et al. 2016).
Unfortunately a compensatory increase in predatory
insects did not occur with the presence of a cover
crop in corn or soybean (Dunbar et al. in review
A). This increased pest pressure risk occurred even
when farmers were following recommendations to
remove the cover crop to prevent a green-bridge
from forming.
Implication for integrated pest management
funding: This pest can be managed, but will come at a
cost for a practice that requires governmental support
to ensure adoption. It is not clear to what extent other
mitigation practices will increase the likelihood of
previously uncommon pests causing outbreaks.
Extending rotations beyond continuous corn to include
more frequent inclusion of other crops can have multiple
benefits, especially in light of a changing climate. Crop
rotation is recommended for the most important
insect pest of corn, the western corn rootworm (WCR,
Diabrotica virgifera virgifera). Areas within the Upper
Midwest have a higher percentage of continuous corn
acreage due to a host of reasons including soil type,
high market demand, and adoption of WCR resistant
corn. Although most farmers in the upper Midwest use
Bt-corn with specific proteins that target this pest, the
overuse of this tactic has led to resistance to multiple
Bt-toxins (Gassmann et al. 2011). A hopeful outcome
from this situation is that farmers will return to rotation,
which could reduce both the impact of the WCR and the
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occurrence of Bt-resistant populations. Unfortunately,
although the former is true, we did not see evidence
that crop rotation reduced the occurrence of resistant
populations (Dunbar et al. in press). Furthermore,
extending rotations within a corn production system did
not affect beneficial insect communities within either
corn or soybeans (Dunbar et al. in review B).

2.3.2 Weed pressure. Almost 50% of upper

Midwest farmers surveyed by the project in 2011
were concerned or very concerned about increased
weed pressure. Similar concerns were expressed about
increased insect pressure (50%) and higher incidence of
crop disease (50%) (Loy et al. 2013).

2.4 WATER CYCLE
The continuous movement of water throughout the
earth is the hydrological cycle as it moves from one
storage location to another by processes of precipitation,
infiltration, runoff, and evaporation. Its storage
location depends greatly on climatic factors, especially
temperature changes. The water balance refers to a
change in internal moisture storage as balanced by
moisture fluxes into and out of a particular location
(Bowling 2012; Laws et al. 2014). Over multi-year
periods with little to no change in the hydrologic system,
the field-scale water balance describes how precipitation
causes runoff, drain flow, ground water recharge and
evapotranspiration. Increasing precipitation intensity
can generate more surface runoff and lessen the amount
in the soil profile. Storage of snow and soil ice decreases
during warmer winter periods and thereby, increases
winter surface runoff, drain flow, and groundwater
recharge. Changes in the winter months can change the
historic soil moisture and temperatures at the start of
a growing season. Surface runoff, especially on sloped
topographies, is erosive and can lead to soil movement
down slope, off-field and off-farm causing sedimentation
of nearby creeks, rivers, and lakes.
Management of the water balance in corn-soybean
production is designed to remove excess water at the
field and watershed scales as well as retain soil moisture
in preparation for the growing season. In rainfed
climates, like the Upper Midwest, surface ditching and
subsurface tile drainage are used to improve soil aeration
in the root zone of growing plants and crop yields on
poorly-drained soils. Potential benefits of drainage
on naturally poorly drained soils are reduced erosion,
earlier planting date, improved seed germination and
establishment and more rigorous plant growth and
health. (Laws et al. 2014; Strock 2016).
Controlled drainage refers to the practice of limiting the
outflow from a subsurface drainage system through the
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use of a control structure at the system outlet. It is one
mechanism that researchers are studying to discover
under what conditions farmers can use it to adapt
to increased variability in precipitation. It may allow
farmers to “save” subsurface water for later use by the
crop when needed.
There are a number of concerns associated with drainage
that need to be carefully addressed. Tile drainage during
periods of extreme precipitation and lack of vegetation has
had an unintended consequence of off-field and off-farm
N, phosphorous (P), and sediment losses. Nitrate loads
from tile-drained fields have been shown to contribute to
hypoxic conditions in the Gulf of Mexico (Alexander et
al. 2008; Frankenberger 2012; Laws et al. 2014). Attention
to practices that reduce nitrate loss while maintaining
drainage functions during the cropping season are of high
importance at the individual farm and watershed levels.

2.4.1 Project findings based on plot and
field experiments reveal a number of implications

and recommendations for farmers who have or will
install drain tile in their fields. This pertains to the use of
controlled drainage to retain water and decrease nitrate
loss during the non-growing season.
Finding: The seasonal timing of drain flow differs
between the northwest portion of the region
(Minnesota and Iowa), where most flow occurs
in April-June, and the eastern portion (Ohio and
Indiana) where flow can occur throughout the
winter. The timing is correlated with the quantity of
winter precipitation and the amount of annual soil
freezing, with more soil frost leading to later drain
flow, but greater winter precipitation resulting in
earlier drain flow. Regionally, the drain flow was
most correlated with (1) winter precipitation, and
(2) annual precipitation minus evapotranspiration,
as influenced by soil type. The volume of drainage
and subsequent nitrate load from subsurface
drainage is strongly influenced by these two climate
variables allowing for USDA and land managers to
target regions for controlled drainage.
Implication to drainage contractors and farmers:
Addition of controlled drainage infrastructure
should be targeted to locations where it is most
effective based on drain flow timing and landscape
characteristics. Less benefit is achieved from
controlled drainage infrastructure in areas where a
substantial portion of total annual drain flow occurs
in spring, when stored drainage water must be
released to completed field work.
Finding: Controlled drainage reduced annual drain
flow by 3-68% in Iowa, 7-49% in Indiana, 12-68% in

Ohio, and 25-100% in Minnesota. Controlled drainage
did not result in substantial soil moisture increases.
a) Controlled drainage raised the water table on
average, but differences in the number of hours
during the growing season in which the water
table was within 12 inches (30 cm) of the surface
(which might be detrimental) and between 12
and 24 inches (30 and 60 cm) of the surface
(which might be beneficial) were not statistically
significant in Iowa or Ohio, and only significant in
one of two sites in Indiana.
b) Controlled drainage increased volumetric
soil water content in the profile during July and
Aug by an average of 0.3 inches (0.8 cm) in Ohio
and 0.4 to 2.2 inches (1.1 to 5.7 cm) in Indiana,
and reduced total hours of soil moisture deficit
over the entire year. However, growing season
metrics of soil moisture deficit that included the
magnitude of the deficit did not show significantly
different levels of soil moisture stress.
Implications to drainage contractors and farmers:
Controlled drainage infrastructure can retain water
in the soil profile and may be beneficial in years
when moisture stress occurs. Careful site selection
and design are necessary to limit seepage from
the system to improve the likelihood of increasing
growing season soil moisture.
Although drainage water management adoption is
limited, it is being encouraged through training in the
design and installation of drainage management systems,
education of landowners, and financial incentives
provided by state and federal conservation programs.
Individual landowners and farmers’ decisions have
landscape-scale impacts on soil and water resources.
A number of recommendations for future research,
education and policy development are:
Recommendation to extension and crop advisors:
Increase engagement and education of landowners
and farmers to help them assess their drainage
challenges and explore solutions that address their
individual field and farm concerns and watershed
scale impacts associated with nutrient loss and
water quality.
Recommendation to extension and crop advisors:
Given the uncertainty in future climate and local
weather variability, farmers should implement
methods that are appropriate to localized conditions
that affect water availability.
Recommendation to policymakers: Develop
policies that encourage drainage water management;
Jeff Strock, Univ. of Minnesota, sets up water quality
sampling equipment

Ray Arritt (left), Iowa State Univ., and
Dennis Todey, South Dakota State Univ.

watershed (OH, MI, IN), 72% of farmers were
concerned or very concerned about more frequent,
extreme rains and 64% were concerned or very
concerned about increases in saturated soils,
compared to 31% and 14%, respectively, in the Big
Blue watershed (NE, KS).

especially targeting cropping regions with greatest
potential to benefit from improved management and
highlighting importance of the timing of drainage
for improving water quality.

2.4.2 Upper Midwest farmer responses
to managing water. Variability in climate and

extreme weather events means farmers need strategies
to manage their crops so they have enough water to
produce healthy plants, but not too much. Forty-seven
percent of farmers agreed that increased investments in
agricultural drainage systems were needed to prepare
for increased precipitation (Loy et al. 2013); with almost
68% of farmers within the Western Lake Erie HUC 6
(Hydrologic Unit Code) watershed calling for more
drainage. Seventeen percent of farmers across the region
thought more investments in irrigation systems were
needed to prepare for more frequent drought with the
percentage of agreement in the Middle Platte HUC 6
(47%) and Southeastern Lake Michigan HUC 6 (36%).
Finding: More than 75% of farmers have creeks,
streams, or rivers running through or along the land
they farm. Nearly three-fourths reported experience
with saturated soils and 37% reported significant
flooding from a stream or river on some of the land
they farmed at some point during the five years
prior to the survey (2007-2011). Slightly less than
30% had experienced significant drought on the
land they farmed in the past five years.
Finding: Farmer concern about excess water
varied across the region. In the Western Lake Erie
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A Wisconsin farmer-cooperator reflects on the
variability of weather from year to year:

“

[The weather is] all over the board from last year’s
drought and heat to years of wet and cold. I mean,… you’ll
never have an average year; it’s always one extreme or the
other and it’s just how do you try to work around it.

”

A Michigan farmer-cooperator responds to extreme
variations in precipitation in his locale:

“

We seem to be having these extremes from one year
to the next. Like this year, it’s way too wet. Last year, it
was plenty dry. The year before that, it was cold and wet
initially, and then it got too dry after that… You need to
do the best you can so that you’re not locked into a corner.
Obviously, you can’t do anything about the rain but, if you
don’t work your ground to death and you leave residue on
the ground...you’re going to conserve more moisture than
if it’s wide open and getting baked by the sun.

”

Implications of variability in precipitation: The
timing, amount and intensity of precipitation during
the growing season will have significant effects on
whether the crop germinates, becomes established,
and develops to maximize its yield potential.

Finding: Almost 75% of farmers in the region
reported at least some cropland they farmed was
artificially drained and 23% reported 100% of
their land was drained (see Table 1, Morton et al.
2015). Farmers in the western portion of the region
studied (Nebraska) and Southeastern Lake Michigan
were the most likely to irrigate portions of their
farmland. Middle Platte, Loup, and Big Blue farmers
reported irrigating on average 78%, 56%, and 57%
respectively of their owned lands. Southeastern Lake
Michigan farmers reported irrigating on average
17% of owned land.
Finding: Growing season precipitation varied across
the six subregions of the Upper Midwest (2007-2011)
and was significantly associated with variations in
management practices (cover crops, tillage, drainage,
and planting to HEL) (Morton et al. 2015).
Implications for farmers: Regional climate
conditions may not well represent individual
farmers’ actual and perceived experiences with
changing climate conditions.
Implications to climate science: Accurate climate
information downscaled to localized conditions has
potential to influence specific adaptation strategies.
Finding: Increased wetness in the last five years
relative to the past 40 years was associated with
water management, NT, cover crops and planting
crops on HEL. Further, the differential responses in
practices were associated with geographic locations,
personal experiences with saturated soils and
flooding, marginality of soils and diversification of
corn markets (Morton et al. 2015).
Implications at field, farm, and watershed scales:
Extensive drainage of crop land is practiced across
much of the Upper Midwest and is one strategy
farmers seem to be using to deal with heavy rain
events so they can get into their fields for planting,
early season application of nitrogen, and harvest.
Excess water not only can affect crop growth and
productivity but also influences off-field, off-farm soil
erosion and N losses with unintended consequences
to water quality and future soil productivity.
Recommendations to farmers: Experiment with
a suite of practices to better manage your cropping
system with close attention to technologies that
mitigate excess water, soil erosion, and nutrient
losses during the growing season.

2.4.3. Landscape-wide modeling offers
a region-wide view of how conservation

practices could affect downstream
water quality.
Recommendations to policymakers: Government
cost share and other conservation practice support
programs should focus on identification of the
most cost-effective locations for installing/adopting
conservation practices for a given watershed or region.

2.5 NITROGEN SYSTEM
Nitrogen (N) is an essential nutrient for plant growth
and often is the limiting nutrient in corn-based systems
(Sawyer 2012). Although abundant in nature, most N
is not in a form that plants can take up and must be
converted to plant available ammonium or nitrate. This
may be accomplished by either atmospheric N2 fixation
by plant/microbe symbiosis or by industrial fertilizer
manufacture. Ammonium (NH4) can be biologically
converted to nitrite (NO2) and then rapidly to nitrate
(NO3). Nitrate is highly mobile in the soil and easily
leaches through the hydrologic system during times of
the year when growing plants are not on the landscape.
Denitrification occurs when soils are saturated and
nitrogen is lost from the soil into the atmosphere. This
is a biological process that converts nitrate (NO3) into
dinitrogen (N2), nitric oxide (NO) or nitrous oxide
(N2O) gases. Dinitrogen gas is inert in the air (a main
component of air), but nitrous oxide is a greenhouse gas.
The complex pathways and reactions of nitrogen as it
passes between soil, air, microbes, plants, and humans
is called the N cycle (Sawyer 2012). In soils, microbes
create many of these reactions; many processes can occur
simultaneously, and the resulting forms of nitrogen
may behave very differently than the previous forms of
N. The management of N fertilizer in corn production
impacts timing and availability of N for plant growth
and whether it is lost through water flows or to the
atmosphere. During wet springs in fields with bare soils,
nitrogen applied through fertilizer applications or from
natural soil processes can be lost from the system. This
may result in lower crop yields, economic loss, and
increased levels of local and downstream N in water
systems (Laws et al. 2014).
A range of approaches are available to maintain good
N supply to crops while reducing N losses to water and
air. Some involve management of nitrogen fertilizer
(N timing, N rate, N source) while others involve
practices such as cover crops and controlled drainage as
discussed in this report. For example, cover crops grow
during seasons of the year when the cash crop has been
harvested and the field is fallow. The use of a cover crop
provides vegetation that can actively take up nutrients
such as N, thereby reducing N loss.
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2.5.1 Soil nitrate. Analyses of project data based on

plot and field experiments reveal a number of findings
that help the project research team better understand the
soil N cycle and the influence of climate. These findings
have implications for some of the management options
available to farmers.
Finding: Total N uptake by the cereal rye cover
crop increased as the cover crop growth increased.
The cereal rye cover crop reduced soil nitrate-N
concentrations in the spring, with the amount
of reduction weakly correlated to the amount of
rye biomass and rye N content. Cereal rye also
reduced soil nitrate-N concentrations in the fall at
some sites where measured, in spite of relatively
little fall growth.
Implications: Total nitrogen uptake by the cereal
rye cover crop increased as growth of the cover crop
increased. With a crop on the landscape during
periods without a cash crop, the soil nitrate-N
concentration was reduced in spring and fall when
compared to soil nitrate-N with no rye cover crop.
Recommendations to extension and crop
advisors: Promote greater cover crop use to reduce
NO3- leaching; engage the industry to accelerate
effective technologies that integrate row crop and
cover crop combinations.
Implications to farmers: The rye cover crop system
should be managed to maximize fall cover crop
growth and have proper management in the spring
before establishment of the cash crop. However,
maximizing cover crop growth could be a tradeoff as
that could increase risk of reduced corn yield.
Finding: Modeling results indicate climate change
will bring about precipitation changes in future spring
seasons. Approximately 22% of future springs (April
to June) will have a >20% increase in precipitation
compared to the historical mean. This could cause a
shift toward more NO3- loss in spring that may not be
alleviated entirely by split N applications.
Finding: Model results indicate NO3- leaching
is expected to increase with climate change.
This is because of increased soil organic matter
decomposition occurring from increased
temperatures. The increase in nitrate leaching and
decrease in soil organic matter are reduced when
cover crops or extended rotations are implemented.
Finding: Modeling hypothetical adoption of
cover crops across 95% of the cropland in the
Upper Mississippi River Basin (UMRB) and Ohio-
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Tennessee River Basin (OTRB) resulted in total
mean annual reductions (1981 to 2000) across the
two regions of total N of about 18% to 21%, total
P of about 15% to 21% and large reductions in the
Northern Gulf of Mexico (NGM) hypoxic zone.
Recommendation: Cover crops have been shown to
be effective in field studies for mitigating NO3- and
sediment losses for a variety of cropland landscapes.
Our simulation results of extensive adoption of
cover crops across the Upper Midwest region
confirm this, and point to the need for wider cover
crop adoption by producers in the region.

2.5.2 Nitrate movement to water. The value

obtained in using a water control structure is its potential
influence on the total nitrogen exiting the system. A
farmer can manage the drainage outlet during parts of
the year when a higher water table will not harm the
crop, and may benefit the crop, and thereby, reduce the
nitrate load to ditches and streams. This nitrate load
reduction is due primarily to the reduced drain flow
volume and potentially higher denitrification from
anaerobic soil conditions.
Finding: Controlled drainage reduced NO3- load
(which is the quantity of most interest for nutrient
reduction, calculated as NO3- concentration x drain
flow). Ranges: 11-72% in Iowa; 30% in Indiana;
12-70% in Ohio; 30-100% in Minnesota. Controlled
drainage, unlike some other practices such as cover
crops, should not be expected to reduce nitrate
concentration in tile drains but rather reduce loads
through decreasing the flow.
Implications: Controlled drainage can reduce offsite
NO3- loss to surface water from drained cropland.
The systems do not reduce the NO3- concentration
in tile drains; rather a reduction in nitrate loss is a
result of reduced drain flow from the land.
Recommendations to farmers and crop advisors:
Tile-drained areas are vulnerable to nitrate loss.
Farms can implement conservation approaches
appropriate to their climate, landscape, and
cropping patterns.

The nitrogen, water, and carbon cycles are interrelated,
along with crop productivity, so alterations in one will
impact others.
Finding: Model results indicate by targeting
cropland conservation investments to the most
cost-effective location and extent of coverage in
the Mississippi-Atchafalaya River basin, northern
Gulf of Mexico (NGM) hypoxic zone goals can be

reached at less than half the cost of non-targeted
conservation practices. It is important to note,
however, that limitations in site suitability exist
because of low slope requirements.
Recommendations to policymakers: Conservation
agency policies need to encourage implementation
of practices such as controlled drainage, which may
not have an economic benefit, possibly through
incentive/cost share programs that continue beyond
three years and pay more than a portion of costs.

incorporate cover crops cannot be assumed. More
research is needed.
Finding. N2O emissions from corn were greater
than those from soybean or wheat. Wheat and
soybean emitted 30-70% less N2O than corn
(massN2O/area/time).

2.5.3. Greenhouse gases (GHG) include an array

of naturally occurring and human-synthesized chemical
compounds (Castellano 2012). Agriculture directly
accounts for 10-12% of total global anthropogenic GHG
emissions and indirectly 17-30% is associated with
land use changes (US EPA 2015). Nitrous oxide (N2O)
production from agricultural soil management accounts
for 35-50% of all U.S. agricultural GHG emissions and
has been a focus within the Sustainable Corn project. The
project gathered and analyzed data on N2O emissions
from corn and soybean systems at 18 sites to discern
influence from various management practices.
Finding. Drainage had no consistent effect on N2O
emissions (mass N2O/area/time) over 10+ site years
of data. Patterns of N2O loss from year-to-year
could not be consistently correlated to differences in
surface soil moisture.
Implication: Due to year-to-year variation in
weather, drainage did not have a consistent effect on
N2O emissions.
Finding. A cereal rye cover crop, as managed in this
project (herbicide termination, no incorporation,
no tillage) had no consistent effect on direct N2O
emissions in the corn or soybean phases of the cornsoybean rotation. However, indirect N2O emissions
resulting from NO3- leaching were not considered.
Implication: On average, cover crops increased
direct N2O emissions from the soil surface by
approximately 10% relative to no cover crops, but
indirect N2O emissions resulting from leaching
of NO3- were not considered. Moreover, more
measurements in the late fall and early spring when
cover crops are actively growing may reveal the
positive effect is a spurious result due to lack of more
comprehensive measurements.
Finding. Cereal rye cover crop and drainage
experiments had no consistent effect on N2O direct
emissions from the soil surface. A reduction in GHG
emissions, specifically N2O, from systems that

Joe Lauer, University of Wisconsin, works with two next generation
scientists

Implication for policymakers: To reduce N2O
emissions in corn-based cropping systems,
replacement of corn with another crop, such as
soybean, wheat, or perennial crops will typically
achieve greater reduction than what can be achieved
solely through improved crop management practices
of the corn phase, such as N fertilizer optimization.
Recommendation: A change in crop rotations to
include greater cash crop diversity, such as soybean or
wheat, will reduce N2O emissions compared to corn.
Finding. The application of N fertilizer increased
N2O emissions from the soil up to 2.5 months after
application, especially when soils were warm and
wet. Sensor-based variable-rate sidedress N reduced
N2O emissions compared to standard uniform
preplant N field-level rates based on initial results
and site modeling.
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Implication to farmers: Applying N fertilizer inseason with sensor-based variable rate technology,
rather than using whole field uniform rate
recommendations, may reduce N2O emissions early in
the season resulting in lower total annual emissions.

2.5.4. Upper Midwest farmers’ perceptions
and selection of practices to manage N
vary across the region. Farmer surveys and interviews
offer insights into what farmers are thinking about the
relationships among agricultural fertilizer use, N in
water, and their management practices.

Finding: Just one-third of random sample
surveyed farmers agreed or strongly agreed with
the statement, “nutrients and sediments from
agriculture have negative impacts on water quality
in their state.” A similarly low proportion of farmers
were concerned or very concerned about the
increased loss of nutrients into waterways.
Implications: Despite the fact that nutrient loss
from agriculture is negatively impacting surface
water quality in all surveyed watersheds, nearly twothirds of farmers in the region were not aware of
those negative impacts on water quality.
A South Dakota project farmer elaborates his view on
the problem of N in the water:

“

… nitrates in Minnesota and the Dakotas [were] here
long before commercial fertilizers were even used. And so
we got to keep in mind that’s a part of the nitrogen cycle
and that these nutrients cycle over time and... nitrates
happen to be soluble and... move with the water. And in a
year like last year [2012] where there’s less water, they get
concentrated. And that is probably more the problem, the

amount of water that we had last year rather than just the
tile structure... So we’ve got to keep that balance in mind
and... make sure that we’re not harming the environment
but, at the same time,... we need to be able to produce
agricultural products.

”

An Iowa project farmer says he does not have much
control over where nitrogen goes:

“

So everybody gets up in arms… and they don’t
understand Mother Nature’s process… Whether it be my
process to why I apply nitrogen or anybody else’s [process],
they do the best they can but, if it doesn’t get utilized by the
plant, you can’t control that because Mother Nature always
holds the trump card. And we can only do the best we can
and if she decides she wants to do something different,
we’re [out of luck].

”

A number of literatures find that farmers who manage
for both profitability and minimization of environmental
impacts, and put long-term conservation in place
because of concern for the ecological health of their
watershed, also are likely to be concerned about N runoff
from their fields and farm (McGuire et al. 2013, 2015).
Project scientists’ analysis of farmer survey data found
similar evidence.
Finding: Farmers who have stronger conservationist
identities are more likely to put in place adaptive
management strategies for long term protection
against soil erosion and excess N losses from high
precipitation events and runoff.
Implications: Use of a suite of conservation
management practices can help prevent soil erosion
and reduce loss of excess N. Farmers who value soil
and water resources, are concerned about the long-

Daren Mueller (left), Iowa State Univ., and Bryan
Overstreet, Purdue Univ., measure the plant
population in a soybean field
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term implications of their farming practices, and
consider these values as central to their farmer identity,
are implementing a variety of conservation practices.
Cover crops are conservation practices known to
scavenge N and improve water quality. Adoption of cover
crops in 2011, when social scientists surveyed farmers
across the Upper Midwest, was at about 27% of farmers
(see Table 1) and they had planted cover crops on 40% or
less of their cropland. Although project field experiments
were focused on the use of cereal rye as a cover crop,
farmers are trying many types and combinations of cover
crops with differing experiences. Subsequent in-person
interviews with farmers in the region identified personal
and structural barriers to incorporating cover crops into
corn-soybean rotations. In some interviews, farmers
using cover crops expressed disillusionment with cover
crops and their capacity to be scaled up across the region
(Roesch-McNally et al. in press).
Finding: Many farmers believe cover crop use
entails risks from establishment and termination to
timely field work and to yield. Farmers who report
higher levels of perceived risks are less likely to
report cover crop use; however, farmers who report
greater understanding of cover crops report lower
levels of perceived risk (Arbuckle and RoeschMcNally, 2015).
Interviewed project farmers offer their perspectives on
cover crops:

“

Yeah, I have [considered cover crops]. I think the
concept is intriguing and interesting and I’m just not sure
how would I... implement a cover crop.
South Dakota farmer

”

“

No [haven’t used cover crops] considering it though....
we’re looking at seeing the positives and negatives of it. We
have several around us here that are using cover crops.... I
just need to talk to some more producers. We’re probably
going to,… within a year or two of taking a look at it… Of
course, it does improve the soil tilth… but we’d like to see
a cover crop that, maybe, can add some nitrogen at a...
more reasonable expense than what the cost of anhydrous
ammonia is. You know, if we can do that, I’d be really
interested in that.
Illinois farmer

“

”

… Cover crops definitely, I think, hold a lot of promise
but I think there’s going to be a learning curve there,
definitely, that you’re going to look to your neighbor or
whoever to say, hey, he’s out killing off his oats or whatever,
maybe I’d better get after it and get that done too.
Another Illinois farmer

”

“

And I’m not saying I wouldn’t do it again, it’s just that
it’s... hard getting it established [be] cause, a lot of times,
we don’t like to work our bean ground in the fall…. But it
seems like you would have to get it established so I’m not
sure how much I’m going to gain if I open up that ground
in the fall of the year and try to get this thing established
or, leave the ground undisturbed and not establish
anything... It’s something... I’ve argued it in my mind but I
haven’t come up with a good answer yet.
Wisconsin farmer

”

Recommendation to researchers: Increase research
to quantify potential risks with cover crops and
develop risk management practices.
Recommendation to extension and crop advisors:
Focus more outreach on helping farmers to better
understand risks and how to manage them. A better
understanding of risks and the effectiveness of risk
management strategies would help farmers to more
effectively weigh costs and benefits of cover crops.

2.5.5. Nitrogen management is a production
efficiency concern with huge implications for water

quality and farm profitability. Current management practices
are inadequate to address the unacceptable N, sediment,
and phosphorus losses into near-by streams and lakes
(Alexander et al. 2008; Ribaudo 2011). These high sediment
and phosphorus loads are exacerbated by an increasingly
variable climate and more frequent and extreme (4-inch or
10-cm) rain events in short periods of time.
Recommendations to farmers: Improve management
of N to increase plant productivity, economic
efficiencies, and reduce N loss that contributes to
hypoxia conditions in the Gulf of Mexico.
Recommendations to extension and crop advisors:
Provide farmers and landowners with nutrient
reduction strategies (in field, edge of field, farm,
and watershed scale practices) that can reduce
off-farm N loss and watershed level accumulations
that increase nitrate levels in downstream waters.
Engage in an active dialogue about water quality
issues associated with changes in the water cycle
influenced by climate variability.

2.6 CARBON SYSTEM
Soil carbon, comprising ~1-6% of the total soil mass,
plays a key role in the global carbon cycle. Most of the
soil carbon resides within soil organic matter (SOM)
and is stored in the upper 3 feet (1 m) of the soil profile
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(Kravchenko 2012). SOM, an essential component
of healthy fertile soil, is made up of previously living
plant and animal residues that are in different stages of
decomposition (Lal 2014). It is a reservoir for nutrients
necessary for plant growth and development such as N,
P, sulfur (S) and micronutrients. Microorganisms feed
on SOC and decompose SOM at different rates ranging
from fast (several years), slow (decades to centuries), and
passive (thousands of years) (Kravchenko 2012). Water,
air, and temperature conditions influence the rate of
microbe decomposition of SOM.
SOM is one of the major binding agents of soil
aggregation (Lal 2015a). It holds particles together and
creates soil pores within and between aggregates to
provide air and moisture to the roots and drain excess
water. Carbon within the upper soil profile is more

conditions and CH4 under anaerobic environments.
Tillage also increases the propensity for erosion and
other types of soil degradation.
The elimination of tillage results in the seed placed
directly into an undisturbed soil with a goal of 100% soil
cover, although this is difficult and not possible for all
soil and crop systems (Dick 2012; Lal 2015b). No-till can
preserve complexity and heterogeneity of soil structure,
reduce loss of SOC, improve water infiltration and
storage in the soil, limit soil erosion and enhance soil
health (Lal 2014). Use of cover crops has the potential
within certain environments to increase soil aggregation,
retain SOC, reduce soil erosion, and improve water
infiltration and soil biological activity (Kladivko 2012).
For researchers to detect a change in SOC varies by soil
type and experimental design (Necpalova et al. 2013)
due to site variability and the slow, small changes in
SOC. Scientists within this project measured SOC at
three periods capturing baseline, midpoint, and at the
end; these results will be included in Volume 2. The
design of our sampling protocol and experiments were
focused towards constructing a long-term footprint that
requires more than 5 years of funding. Implementation
of these management practices on the landscape and
their ability to sequester SOC take an uncertain length of
time to see an appreciable increase.

2.6.1 Regional variation in soil organic
carbon. Losses and gains in SOC, soil NO , and soil
3

water holding capacity are site specific. These changes
reflect soil characteristics, position on the landscape,
and tillage practices. For example, SOC in the root
zone (0-8 inches or 0-20 cm) is eroded over time on
slopes and summits, causing crop yields to decrease in
those locations. The Sustainable Corn CAP research
experiments have significantly different amounts of SOC
as seen in Figure 8; this needs to be considered when
understanding the rate of change and sequestration
capacity of soils in the Upper Midwest.
Phillip Owens, Purdue Univ., examines soil samples

affected by changes in management practices than
deeper in the root zone. While tillage has been a staple
in many agricultural systems, scientists know soil
aggregate formation is disrupted when carbon is released
from tillage operations (Lal 2015b). Soil disturbance
increases the availability of carbon to microorganisms
and speeds the rate of decomposition and release of
carbon into the atmosphere as CO2 under aerobic
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Based on preliminary analysis of the data and in
congruence with existing literature, project
recommendations to protect and increase SOC and
limit carbon loss from climate change include:
Finding: Some soil types and experiments could
require more than 20 years to show a measurable
change (Necpalova et al. 2013), which is important
in funding programs and policies focused on
improvement of SOC.
Finding: Cover crops can be added to increase
organic matter inputs and aid in protection of SOC.

Recommendation to farmers: Grow cover crops
with a management goal of obtaining higher biomass,
thereby increasing SOC, when and where possible.
Recommendations to extension and crop advisors:
Continue to document and raise awareness of
benefits of cover crops and NT, and how to manage
them for different benefits.
Recommendations to farmers and crop advisors:
Learn about conservation management strategies
that can increase soil organic matter and control
erosion, especially in sensitive fields with highly
erodible land. In general, best management practices
that create a positive carbon budget (input > losses)
will enhance SOC.
Additional project data and analyses of SOC and tillage
are reported in Volume 2, published in 2017.

2.6.2 Upper Midwest farmers’ views on
the value of soil and carbon. The project’s

2012 random sample survey of farmers found that, on
average, 38% of farmers believed profitable markets for
carbon credits should be developed to encourage use of
conservation tillage, cover crops and other practices (Loy
et al. 2013). This is a solid one-third of farmers with a
very narrow range of variability in the region; from 30%

in the Des Moines HUC 6 to 44% in Black Root HUC 6.
Over 60% of farmers were using no-till on some portion
of their cultivated system with 43% implementing it on
over 41% of their land (Morton et al. 2015). However it
is observed that the use of no-till is not continuous from
one year to another and is mostly a rotational no-till,
which is not as effective from an ecological standpoint.
Many farmers realize that conservation practices must be
in place for many years for an increase in SOC to occur.
An Iowa farmer observes:

“

When you’re working with the soil, it’s not like a light
switch. You can’t just change things and see immediate
results. The soil needs time to transition. The conversion
time of three or more years (to no-till) can pose difficult
tradeoffs for farmers.

”

Finding: More than one-quarter of farmers reported
experiencing significant soil erosion on at least some
of their land over the five years prior to the survey
(2007-2011). Almost 38% expressed concern about
increased soil erosion on their farm.
Finding: Farmers who reported higher proportions of
their farmland as being HEL and planted to crops also
tended to have higher proportions of land in no-till
and cover crops (Morton et al. 2015).

Soil organic carbon in the root zone (0-8 inches or
0-20 cm) across research sites in the region.
FIGURE 8 |
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Finding: 19 of 22 HUC 6 watersheds experience more
extreme precipitation events (exceeding the 99th
percentile) between 2007-2011 than would be expected
by chance compared to the historical record.
Implications for farmers: Planting crops on HEL
under increasing extreme precipitation events of 4
inches (10 cm) or higher rainfall may increase the
vulnerability of the soil resource and the likelihood of
high levels of erosion and gully formation.
Recommendation to policymakers: Put policies in
place that incentivizes not planting crops on HEL.
Planting crops on HEL, under increasing number of
extreme rain events, is an increasingly risky practice
that is likely to escalate erosion and reduce SOC.
Finding: Many farmers believe cover crops
have numerous agronomic (e.g., soil health) and
environmental (e.g., water quality) benefits. Farmers
who rate benefits more highly are more likely to
report cover crop use.
Finding: Farmers believe structural barriers such as
lack of market infrastructure (e.g., seed, equipment,
and technical assistance), compatible regulatory/
policy frameworks (e.g. crop insurance), and
conventional thinking among landlords and crop
advisors are impediments to cover crop adoption.
Implications: Farmers’ perceptions about cover crop
implementation and the balance of risks and benefits
are influencing their decisions to try them.
Recommendations for policymakers: Continue to
work toward improved facilitating infrastructure.
Outreach to agricultural advisors (e.g., agricultural
retailers, custom operators) will help them become
more comfortable with cover crops, or to view them
as a business opportunity.
Recommendations for policymakers: Develop
outreach strategies for non-operator landowners; for
example, educational materials that target them with
messages about the potential short and long-term
benefits of cover crops.
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SECTION 3. Conclusion
Management practices employed in corn-based cropping
systems and utilized to build adaptive capacity to climate
change allow significant gains in production, resilience,
and sustainability overall. Analyses and modeling
of project field experimental data offer new findings
and add detail to prior literatures related to managing
water, nitrogen, and carbon in Upper Midwest cornbased cropping systems under increasingly variable
climate and extreme precipitation events. This team has
substantially advanced agro-climate science and increased
understanding of the barriers to action from the field
to the watershed level. This information can be used to
develop regional policies that more effectively influence
adoption of diverse conservation practices and equip
farmers for climate change.
Project biophysical scientists have identified basic
processes that enhance soil health, conserve nutrients
and sustain productivity. Strategies are directed towards
retention of SOC to improve soil health, reduce the loss
of soil N and other nutrients to enhance use efficiency
of resources, improve system resilience to sustain
productivity, and strengthen communication with land
managers to develop an effective action plan. These
strategies can be mutually obtained by adopting a suite
of practices proven to be successful across much of
the Upper Midwest, followed by local adoption by the
farmer based on farm-level agronomic and ecological
goals.
The interconnectedness among carbon, nitrogen, water,
and crop productivity necessitates a system mindset
with the benefit of ripple effects occurring across many
facets of the agroecosystem when improvements are
made. Findings, implications, and recommendations
highlighted in this report include cover crops to build
SOC, no-till to conserve soil and water and enhance
SOC, and controlled drainage to conserve nutrients and
leverage water resources.
Widespread adoption of these strategies by transfer
of knowledge through science-driven learning
opportunities and educational programs is necessary to
lessen the impact from climate change on agricultural
systems in the Upper Midwest. This transdisciplinary
team has determined that improving the system as a
whole, with a focus on the soil, is critical to developing
climate-resilient corn-based systems.
Jane Frankenberger, Purdue Univ., leads a field
demonstration during the project’s 2013 annual meeting,
in Indiana

Project social scientists found that Midwest farmers have
highly heterogeneous perspectives about climate change
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Laura Bowling, Purdue Univ., leads a field demonstration in Indiana

and associated risks (Arbuckle et al. 2014). Many farmers
seem to use their experiences with past weather as a
baseline to make sense of current weather and projected
weather in order to make good management decisions.
Project models examining factors that influence
decisions to implement no-till, cover crops, and to plant
more crops on highly erodible land find that actual past
climate and precipitation can have a significant effect on
the type of management put in place. Further, responses
are local, since seasonal precipitation varies greatly
across the Upper Midwest and has a differential impact
on the type of management used (Morton et al. 2015).
Uncertainty, perceptions of vulnerability, and access to
resources such as crop insurance and other programs
can affect capacities (and willingness) to respond to
perceived risks and hazards (Loy et al. 2013; Morton
et al. In review). Farmer adaptations are responses to
perceptions and interpretations of information and
experiences; these do not always reflect best management
practices scientists have found to be most effective.
The effectiveness of adaptive responses to a changing
climate in corn-based systems depends on the degree to
which the region’s farmers are willing and able to link
known science with their own local knowledge-based
experiences. Farmers, crop advisors, climatologists and
technical specialists are the stakeholders who are the
ultimate integrators of agricultural science within and
across the agroecosystem (Prokopy et al. 2013; Wilke
and Morton 2015a, 2015b). These stakeholders combine
and weigh science with their own knowledge and
experiences to make land use and management decisions
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that influence production and environmental outcomes
at field, farm, and watershed levels. Prior literatures and
findings from this project suggest that underlying beliefs
and values, attitudes, social norms and relationships
are situationally activated in farmers’ assessments
of risks and opportunities (Slovic 2009; Prokopy et
al. 2015a; Prokopy et al. 2015b; Arbuckle et al. 2015;
Morton et al. 2015). Social scientists are just beginning
to understand how these factors are incorporated into
a farmer’s decision to adapt (or not), and how they
affect willingness and capacities to respond to increased
variability in weather and climate.
The Sustainable Corn team has developed an extensive
cross-disciplinary network of colleagues and research to
better understand current and future capacity of Upper
Midwest corn-based agroecosystems for resilience
to climate change. This complex challenge spans
biophysical, social, and economic aspects necessitating
integrated research questions that drive solutions that
can be implemented on a local and regional basis.
Scientists and stakeholders now have a greater set of
resources grounded in scientific research to evaluate
management systems and the dynamic potential to
reduce uncertainty and risk under an increasingly
variable climate.
The findings and recommendations in this report
represent project research intended to increase
understanding of the distribution and timing
of precipitation and temperature, management practices,
and human perceptions of risk and vulnerability of

corn-based agroecosystems. This science is critical if
agriculture is to continue to innovate, adapt and thrive
under changing conditions. The research findings and
work with stakeholders reinforce one overarching
conclusion: local adaptation of corn-based cropping
systems to climate extreme will require farmers
to experiment with practices, and customize a
suite of practices that work for their landscape and
local climate.
The Sustainable Corn CAP team acknowledges that
people learn and change behaviors in different ways
and at different rates. Human adaptations to a changing
climate will not be linear nor always seem rational. A
variety of strategies are needed to increase continuous
access to science and its changing parameters, and to
ensure interpretations that are meaningful and of value
to farmers, agricultural policymakers, and society at
large. The transfer of scientific knowledge and the
reconstruction of new knowledge when scientific and
stakeholder knowledge are integrated is a dynamic and
ever-changing process. Findings in this report have
implications for Extension and outreach efforts as well
as education of science teachers and next generation
scientists. Volume 3 of this Technical Report series,
Climate Change and Agricultural Extension, co-produced
in partnership with the USDA-NIFA Useful to Usable
(U2U) project, addresses the challenges and provides
guidance for communicating climate science and
applying it to managing agricultural systems. Volume 4,

Group discussion during the project’s 2012 annual meeting.
From left: Reagan Waskom, Colorado Water Institute; Dennis Todey, South Dakota State
Univ.; and Robert Anex, Univ. of Wisconsin.

Agri-Climate Education; Preparing the Next Generation,
documents hands-on learning field days and modules
that help teachers communicate these principles in the
classroom.
The Sustainable Corn CAP has expanded knowledge
about C, N, water, and human-social systems that
underpin corn-soybean systems and their interactive
responses to variability and extreme weather events.
While funding for this project has ended, the work
continues. Many of the Sustainable Corn CAP scientists
continue this work in a variety of ways. Project next
generation scientists, the graduate students and postdoctoral associates who were trained in their discipline
as part of this project, will use what we have learned
to build new science as they move into their future
careers. These next generation scientists worked sideby-side with more experienced scientists within and
outside their discipline to bring together disciplinary
theories, methodologies, and known science with other
disciplinary sciences to create new knowledge that better
represents the dynamic and complex nature of the cornbased agroecosystem.
The Sustainable Corn team continues to evaluate
system scale research outcomes of in-field management
practices to determine how farmers can develop systems
that meet crop productivity and environment goals
under changing conditions.
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Appendix A
Abbreviations and acronyms used in this report.
BMP

Best management practice

NH4

Ammonium

C

Carbon

NT

No-tillage

CH4

Methane

N2O

Nitrous oxide

CO2

Carbon dioxide

NO3

Nitrate

DOC

Dissolved organic carbon

P

Phosphorus

GDU

Growing degree unit

S

Sulfur

HEL

Highly erodible land

SOC

Soil organic carbon

HUC

Hydrologic unit code

SOM

Soil organic matter

MRTN

Maximum return to nitrogen

WCR

Western corn rootworm

N

Nitrogen

Appendix B
TABLE 2
States within the Sustainable Corn CAP project region and corresponding corn,
soybean, and wheat acreage, yield, and production value (USDA NASS 2016a,
USDA NASS, 2016b). Values shown per individual year per state. At the end of
the table, five year total for the 9-state region is included.

State

Crop

Illinois

corn

soybean

Area Planted
(Million Acres)

Year
2011
2012
2013
2014
2015
2011
2012
2013

12.60
12.80
12.00
11.90
11.70
8.95
9.05
9.50

Area harvested
(Million Acre)
12.35
12.25
11.80
11.75
11.50
8.91
8.93
9.48

Grain Yield (Bu/
ha)
157.0
105.0
178.0
200.0
175.0
47.5
43.0
50.0

Grain Production
Value
(Billion $)
12.118
8.837
9.494
8.719
7.346
5.417
5.606
6.257
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Cont.

State

Crop

wheat

Indiana

corn

soybean

wheat

Iowa

corn

soybean

wheat

Michigan

corn

soybean

47

Area Planted
(Million Acres)

Year
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011

9.80
9.80
0.80
0.65
0.88
0.74
0.54
5.90
6.25
6.00
5.90
5.65
5.30
5.15
5.20
5.45
5.55
0.43
0.33
0.46
0.39
0.29
14.10
14.20
13.60
13.70
13.50
9.35
9.35
9.30
9.85
9.85
0.02
0.02
0.03
0.03
0.02
2.50
2.70
2.60
2.55
2.35
1.95

Area harvested
(Million Acre)
9.77
9.72
0.77
0.64
0.84
0.67
0.52
5.75
6.03
5.83
5.77
5.48
5.29
5.12
5.19
5.44
5.50
0.41
0.29
0.44
0.34
0.26
13.70
13.70
13.05
13.30
13.05
9.23
9.31
9.25
9.77
9.80
0.02
0.01
0.02
0.02
0.02
2.19
2.38
2.23
2.21
2.07
1.94

Grain Yield (Bu/
ha)
56.0
56.0
61.0
64.0
67.0
67.0
65.0
146.0
99.0
177.0
188.0
150.0
45.5
44.0
51.5
55.5
50.0
62.0
67.0
73.0
76.0
68.0
172.0
137.0
164.0
178.0
192.0
51.5
45.0
45.5
51.0
56.5
45.0
50.0
52.0
49.0
52.0
153.0
132.0
155.0
161.0
162.0
44.5

Grain Production
Value
(Billion $)
5.581
4.899
0.308
0.292
0.367
0.224
0.130
5.297
4.316
4.613
4.068
3.165
3.057
3.312
3.528
3.080
2.434
0.164
0.139
0.204
0.133
0.087
14.610
12.988
9.609
8.783
8.770
5.989
6.033
5.513
4.963
4.790
0.005
0.005
0.007
0.004
0.003
2.057
2.102
1.445
1.299
1.174
1.045

Cont.

State

Crop

wheat

Minnesota

corn

soybean

wheat

Missouri

corn

soybean

wheat

Ohio

corn

Area Planted
(Million Acres)

Year
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013

2.00
1.93
2.05
2.03
0.70
0.56
0.62
0.55
0.51
8.10
8.75
8.60
8.20
8.10
7.10
7.05
6.70
7.35
7.60
1.58
1.39
1.23
1.26
1.53
3.30
3.60
3.35
3.50
3.25
5.35
5.40
5.65
5.65
4.55
0.79
0.78
1.08
0.88
0.76
3.40
3.90
3.90

Area harvested
(Million Acre)
1.99
1.92
2.04
2.02
0.68
0.54
0.59
0.47
0.48
7.70
8.33
8.14
7.55
7.60
7.04
7.00
6.62
7.27
7.55
1.52
1.34
1.18
1.21
1.47
3.05
3.30
3.20
3.38
3.08
5.21
5.27
5.61
5.59
4.48
0.69
0.68
0.99
0.74
0.61
3.20
3.65
3.73

Grain Yield (Bu/
ha)
43.0
44.5
42.5
49.0
75.0
76.0
75.0
74.0
81.0
155.0
165.0
159.0
156.0
188.0
39.0
43.5
42.0
41.5
50.0
46.1
57.0
56.7
54.8
59.9
114.0
75.0
136.0
186.0
142.0
36.5
30.0
36.0
46.5
40.5
50.0
58.0
57.0
58.0
53.0
153.0
120.0
174.0

Grain Production
Value
(Billion $)
1.198
1.102
0.876
0.851
0.340
0.322
0.297
0.200
0.217
7.268
9.168
5.565
4.217
4.858
3.405
4.354
3.587
3.005
3.247
0.565
0.621
0.449
0.364
0.422
2.225
1.817
1.989
2.226
1.596
2.377
2.292
2.646
2.597
1.633
0.230
0.272
0.368
0.230
0.134
3.153
3.105
2.862
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Cont.

State

Crop

soybean

wheat

South Dakota

corn

soybean

wheat

Wisconsin

corn

soybean

wheat
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Area Planted
(Million Acres)

Year
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015
2011
2012
2013
2014
2015

3.70
3.55
4.55
4.60
4.50
4.70
4.75
0.88
0.50
0.66
0.62
0.52
5.20
6.15
6.20
5.80
5.40
4.10
4.75
4.60
5.15
5.15
2.88
2.40
2.49
2.51
2.76
4.15
4.35
4.10
4.00
4.00
1.62
1.71
1.58
1.80
1.88
0.35
0.27
0.32
0.30
0.23

Area harvested
(Million Acre)
3.47
3.26
4.54
4.59
4.49
4.69
4.74
0.85
0.45
0.64
0.55
0.48
4.95
5.30
5.86
5.32
5.03
4.07
4.72
4.58
5.11
5.12
2.79
2.23
1.84
2.36
2.24
3.32
3.30
3.03
3.11
3.00
1.61
1.70
1.55
1.79
1.87
0.34
0.25
0.27
0.25
0.21

Grain Yield (Bu/
ha)
176.0
153.0
48.0
45.0
49.5
52.5
50.0
57.0
68.0
70.0
74.0
67.0
132.0
101.0
137.0
148.0
159.0
37.0
30.5
40.5
45.0
46.0
37.3
45.9
42.2
55.5
46.2
155.0
120.0
145.0
156.0
164.0
47.0
42.0
39.0
44.0
49.5
65.0
75.0
58.0
65.0
74.0

Grain Production
Value
(Billion $)
2.309
1.895
2.833
3.016
2.889
2.536
2.097
0.326
0.243
0.293
0.226
0.148
3.940
3.597
3.251
2.630
2.599
1.837
2.044
2.319
2.155
1.978
0.776
0.821
0.530
0.728
0.484
3.098
2.649
1.924
1.781
1.673
0.938
1.000
0.774
0.788
0.787
0.135
0.139
0.094
0.077
0.069

Cont.

State

Crop

Year

Area Planted
(Million Acres)

Midwest
United States
corn
soybean
wheat

Area harvested
(Million Acre)

Grain Yield (Bu/
ha)

Grain Production
Value
(Billion $)

Five Year Total
Five Year Total
Five Year Average
Five Year Total
Planted Acres (2011- Harvested Acres
Grain Yield (2011Grain Production
2015)
(2011-2015)
2015)
Value (2011-2015)
299.05
281.25
152.22
212.20
249.85
247.43
45.40
132.66
37.50
34.14
61.10
12.19

Appendix C
Institutional research farms with one or more experimental plots as part of the
team research.
Agricultural Drainage Water Quality–Research and
Demonstration Site, Iowa State University
Agricultural Engineering and Agronomy Research
Farms, Iowa State University
Arlington Agricultural Research Station, University of
Wisconsin
Bradford Research and Extension Center, University of
Missouri
Davis Purdue Agricultural Center, Purdue University

Freeman Farm, Lincoln University
Hicks Farm, Southwest Research and Outreach Center,
University of Minnesota
Lancaster Agricultural Research Station, University of
Wisconsin
Marshfield Agricultural Research Station, University of
Wisconsin
Michigan State University Agronomy Farm: Mason
Research Farm
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North Appalachian Experimental Watershed Agricultural
Research Station, USDA-ARS, Coshocton, Ohio

Orr Agricultural Research and Demonstration Center,
University of Illinois

Northwest Agricultural Research Station, The Ohio State
University

Southeast Purdue Agricultural Center, Purdue University

Northwestern Illinois Agricultural Research and
Demonstration Center, University of Illinois
Ohio Agricultural Research and Development Center,
The Ohio State University
On-farm DWM site in Pusheta Creek watershed,
Clay Township, Auglaize County, OH, The Ohio State
University

Southeast Research and Demonstration Farm, Iowa State
University
Variable Input Crop Management Study, University of
Minnesota
Waterman Agricultural and Natural Resources
Laboratory, The Ohio State University
W.K. Kellogg Biological Station, Michigan State
University

Appendix D
Overall management practices studied at 1 or more research site within the
Sustainable Corn CAP research network.
Tillage
No Tillage
Conventional Tillage
Crop Rotations
continuous corn
continuous soybean
continuous wheat
corn-soybean rotation
corn-soybean- wheat rotation
corn-soybean- oats/alfalfa-alfalfa rotation
continuous corn with cereal rye cover crop
corn-soybean with cereal rye cover crop
corn-soybean- wheat with mixed cover crop
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Drainage Water Management
No drainage
Conventional drainage (“free”)
Controlled drainage (“managed”)
Shallow drainage
Drainage with subirrigation
Nitrogen (N) Management
No nitrogen fertilizer applied
MRTN application of N fertilizer in spring
Sensor based N application
Landscape position
Near-summit
Side slope
Toe slope

Appendix E
Biophysical data collected at one or more research sites following standardized
protocols (Kladivko et al. 2014). Data collected at 10 or more locations included
here; other data collected not included for brevity.
Agronomic
Corn
Plant population of corn
Corn vegetative biomass at maturity
Corn vegetative biomass total carbon
Corn vegetative biomass total nitrogen
Corn grain yield
Corn grain moisture
Corn grain total carbon
Corn cob total carbon
Corn grain total nitrogen
Corn cob total nitrogen
Corn cob biomass
Corn grain biomass
Soybean
Plant population of soybean
Soybean vegetative biomass at maturity
Soybean vegetative biomass total carbon
Soybean vegetative biomass total nitrogen
Soybean grain yield
Soybean grain moisture
Soybean grain total carbon
Soybean grain total nitrogen
Soybean grain biomass
Wheat
Wheat grain yield
Wheat grain moisture
Wheat grain total carbon
Wheat grain total nitrogen
Cover Crop
Cover crop (rye) biomass at spring termination
Rye biomass total carbon
Rye biomass total nitrogen

Weather

Precipitation (rain and melted snow)
Temperature of air, minimum
Temperature of air, maximum
Wind speed
Wind direction
Relative humidity
Solar radiation

Greenhouse Gas

Nitrous Oxide (N2O-N)
Carbon Dioxide (CO2-C)
Volumetric soil moisture (%) at 5 cm
Soil temperature at 5 cm

Soil

Dry bulk density
Water retention
Soil moisture
pH
Cation Exchange Capacity (CEC)
Soil Organic Carbon (SOC)
Total N
Soil Nitrate
Standard soil fertility routine analysis
Soil texture
Percent sand
Percent silt
Percent clay

Water

Nitrate-N concentration in tile
Dissolved Organic Carbon concentration (DOC)
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The Climate and Corn-based Cropping Systems CAP (Sustainable Corn CAP) is a USDA-NIFA supported program, Award No.
2011-68002-30190. It is a transdisciplinary partnership among 11 institutions creating new science and educational opportunities.
The Sustainable Corn CAP seeks to increase resilience and adaptability of Midwest agriculture to more volatile weather patterns
by identifying farmer practices and policies that increase sustainability while meeting crop demand.

Participating Institutions

A portion of the socioeconomic research findings were from a joint survey conducted in
partnership with Useful to Usable (U2U): Transforming Climate Variability and Change
Information for Cereal Crop Producers (Award No. 2011-68002-30220).

Additional funding was provided by these partners to expand the scope and reach of research by the Sustainable Corn CAP team.

