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CONSERVATION IS essential 
for agricultural sustainability 
in order to preserve soil 

productivity and mitigate adverse 
impacts on ecosystems such as 
degraded water quality and wildlife 
habitats. It can be costly to adopt 
conservation practices that help sustain 
farm soil health in the long term but do 
not always generate a positive return for 
farmers in the short term (e.g., reduced 
tillage, cover crops). Furthermore, 
some conservation practices potentially 
improve off-farm environmental 
conditions but do not improve farm 
profitability (e.g., riparian buffers, 
wetland restoration). The United States 
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has a long history of governmental 
investment in conservation to maintain 
the economic and environmental 
sustainability of agriculture. Recently, 
the pursuit of carbon neutrality has 
brought increased attention and funding 
to conservation in agriculture. This 
article briefly explores governmental 
conservation investment in agriculture 
and some key issues on its interactions 
with the fast-developing private carbon 
payment programs. 

Key conservation and carbon items 
in the newly passed IRA
The Inflation Reduction Act of 2022 
(IRA) was signed into law in August 
and will invest $369 billion in climate 
solutions and environmental justice 
and help reduce carbon emissions 
by roughly 40% by 2030 (US Senate 

2022). About $19.5 billion will go 
toward agricultural conservation 
through increased funding for large, 
existing USDA conservation programs. 
The Environmental Quality Incentives 
Program (EQIP), Regional Conservation 
Partnership Program (RCPP), 
Conservation Stewardship Program 
(CSP), and Agricultural Conservation 
Easement Program (ACEP) have about 
$8.45 billion, $4.95 billion, $3.25 
billion, and $1.40 billion in funding, 
respectively (based on IRA, Sec. 21001). 
EQIP and CSP, currently the two largest 
working land conservation programs, 
account for 43% and 17%, respectively, 
of the new IRA appropriation for 
agricultural conservation.  

Figure 1 illustrates how IRA funds 
will be distributed from 2023 to 2026 
(based on IRA, Sec. 21001). The focus 
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of support for ACEP is to “reduce, 
capture or sequester carbon dioxide, 
methane, or nitrous oxide emissions” 
and the support for EQIP, CSP, and 
RCPP places a strong emphasis on 
conservation practices that “improve 
soil carbon, reduce nitrogen losses, or 
reduce, capture, avoid, or sequester 
carbon dioxide, methane, or nitrous 
oxide emissions, associated with 
agricultural production” (IRA, Sec. 
21001). It is important to note that the 
IRA funds come on top of the existing 
appropriation these programs already 
have (Coppess et al. 2022).   

Existing major federal conservation 
investments
Conservation programs have long been 
a significant component of US farm bills, 
making up around 28% of the $103 
billion expected cost of the 2018 farm 
bill for non-nutrition programs from 
2019 to 2023 (USDA-ERS 2022). Figure 
2 shows the annual obligations of the 
three largest conservation programs 
since 2012. The Conservation Reserve 
Program (CRP), though it does not 
receive appropriation from the IRA, is 
the largest land retirement program 
in the United States. The average EQIP, 
CSP, and CRP obligations in the previous 
five years were $1.8, $1.4, and $1.8 
billion, respectively—the additional IRA 
funding for EQIP and CSP is more than 
their total obligations in the past four 
and past two years, respectively.  

While existing conservation 
programs like EQIP and CSP aim at 
providing multiple benefits, including 
mitigating soil and nutrient loss and 
improving water quality, the newly 
established IRA investment targets 
climate-smart agricultural practices 
(Coppess et al. 2022). Table 1 shows 
a list of the Natural Resources 
Conservation Service’s climate-smart 
practices, many of which are also 
covered by EQIP and CSP. In particular, 
eight of top-10 practices in terms of 

Figure 1. IRA funds for ACEP, CSP, EQIP, and RCPP conservation programs 
by year.

Figure 2. EQIP, CSP, and CRP obligations by year, 2012–2021.
Note: Data are from USDA-NRCS (2022) and USDA-FSA (2022).

acreage enrollment in EQIP and CSP 
are also on the list of the climate-smart 
activities in table 1 (USDA 2022). 

Along with the additional funding, 
the IRA also offers conservation 
technical assistance, including $1 
billion for technical assistance through 
the Natural Resources Conservation 
Service and $300 million for a program 

to measure carbon sequestration and 
emissions of carbon dioxide, methane, 
and nitrous oxide (IRA, Sec. 21002). 
In February 2022, USDA announced 
an investment of $1 billion to expand 
market opportunities for climate-smart 
commodities, supporting climate-
smart farmers, ranchers, and forest 
landowners (USDA 2022). In September, 
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Categories Practice 
Soil Health Conservation Cover; Conservation Crop Rotation; Residue and 

Tillage Management, No Till; Contour Buffer Strips; Cover Crop; 
Residue and Tillage Management, Reduced Till; Field Border; 
Filter Strips; Grassed Waterways; Mulching; Strip-Cropping; 
Vegetative Barriers; Herbaceous Wind Barriers 

Nitrogen Management Nutrient Management 
Livestock Partnership Anaerobic Digester; Waste Separation Facility 
Grazing and Pasture Pasture and Hay Planting; Prescribed Grazing; Range Planting 
Agroforestry, Forestry 
& Upland Wildlife 
Habitat 

Alley Cropping; Multi-Story Cropping; Windbreaks and Shelterbelts 
Establishment and Renovation; Silvopasture; Riparian Herbaceous 
Buffer; Riparian Forest Buffer; Hedgerow Planting; Tree and Shrub 
Establishment; Upland Wildlife Habitat Management; 
Windbreak/Shelterbelt Renovation 

Restoration of 
Disturbed Lands 

Land Reclamation, Landslide Treatment; Land Reclamation, 
Abandoned Mined Land; Land Reclamation, Currently Mined Land  

Rice Irrigation Water Management  

Table 1. Climate-Smart Conservation Practices as Designated by NRCS

Note: The practices in bold are among the top 10 practices of EQIP/CSP in terms of acreage covered.
Source: USDA (2022)

USDA announced $2.8 billion for 
selected projects in the Partnerships for 
Climate-Smart Commodities program 
(USDA 2022). 

Carbon payments from private 
companies 
In addition to government investment, 
significant funding has come from 
private entities to support conservation 
practices in agriculture and climate 
mitigation, mostly in connection with 
carbon credit trading. Numerous 
voluntary carbon initiatives, such 
as those by Truterra, Bayer Carbon, 
Agoro Carbon Alliance, and Carbon by 
Indigo, have launched to compensate 
farmers for adopting conservation 
practices and sequestering carbon. 
More than 200,000 metric tons of 
carbon have been sequestered with 
$4 million compensation through the 
Truterra carbon program in 2021 
(Truterra 2021), and 20,000 carbon 
credits have been issued with five 
million acres enrolled in the Indigo 
carbon program so far (Indigo 2022). 
The demand for carbon credits is 
predicted to rise by a ratio of 15 or 
more by 2030 and by a factor of up to 
100 by 2050, according to the Taskforce 
on Scaling Voluntary Carbon Markets 
(McKinsey 2021). For more on private 
carbon credit certification, see Plastina, 
Wongpiyabovorn, and Crespi (2022) 
and Plastina (2022).

Interaction between conservation 
programs and carbon-targeted 
programs
Given that existing conservation 
programs and the fast-growing carbon 
credit trading programs both target 
some major agricultural practices, 
some important issues will need 
to be considered in the design and 
implementation of these programs. 
The one issue that stands out most 
is the potential for “double dipping” 
issue arising from the overlapping 

of conservation practices. When a 
farmer considers the possibility of 
getting payment for the adoption of 
a conservation practice, say, cover 
cropping, should the farmer turn to 
traditional conservation programs or 
the nascent carbon credit payment 
programs, or both? From a policy design 
point of view, how should these two 
types of programs be coordinated to 
maximize conservation impacts and 
farmers’ net returns? The answers to 
these questions will hinge on how we 
value different environmental benefits 
including greenhouse mitigation, soil 
health, water quality, and wildlife 
habitat, etc. Traditional conservation 
programs have supported a portfolio 
of these benefits, while a carbon credit 
buyer will only be interested in the 
amount of carbon reduced.

The majority of voluntary carbon 
programs list cover crops, reduced 
tillage and nutrient management 
as actions that can generate carbon 
offsets which might be traded at carbon 
markets or used to meet voluntary 
carbon targets. Those practices are 
also among the major climate-related 
activities for EQIP and CSP. Different 
entities deal with overlapping issues 
differently. As one example, Indigo 
requires that land does not have CRP 
enrollment in its land use history; 

however, it has no restrictions on 
previous EQIP or CSP enrollment. 
Farmers who receive payments from 
CSP and EQIP are also eligible for 
Indigo’s carbon program. Participation 
in Indigo’s carbon program does not 
affect a farmer’s right to any USDA 
payments as long as they are not for 
carbon credits (Indigo 2022). On the 
other hand, Practical Farmers of Iowa 
(PFI 2022), which is not a carbon 
company and was founded in 1985 
with the mission to equip farmers to 
build resilient farms and communities, 
forbids a farmer from concurrently 
registering for multiple voluntary cost-
share programs, but the farmer can 
participate in both public and private 
programs. The coordination or lack 
thereof between private and public 
payments will affect how we achieve 
multiple dimensions of environmental 
benefits from limited resources. 

Another issue we want to note 
is that payment levels by existing 
conservation programs and carbon 
credit buyers are likely to be 
substantially different. Currently, 
most voluntary carbon programs offer 
outcome-based payment for the amount 
of carbon captured and stored, which 
can vary greatly across natural and 
management scenarios. For Adams 
County, Iowa, cover crops can result 
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in 0.33~0.63 tons of carbon removal 
per acre per year, while no-till will 
reduce carbon by 0.52~0.65 tons per 
acre per year, according to the COMET 
Planner Tool. Given the carbon price 
offered by Truterra and Indigo—$15 
to $25 for each carbon credit—the 
carbon payment for cover crops is 
$4.95–$15.75 per acre, which is far 
less than the implementation cost of 
$15–$78 (SARE 2020) and lower than 
the $18–$33 per acre EQIP payments 
in Iowa, which depend on species 
used (Sawadgo and Plastina 2018). 
Furthermore, according to Schulte 
Moore and Jordahl (2022), termination 
methods, species of cover crop, and 
timing (fall or spring) of reduced tillage 
have directionally unclear impacts on 
soil organic carbon. Some conservation 
practices, such as standard artificial 
drainage, will likely decrease soil 
organic carbon. In such cases, no carbon 
credits will be generated and no carbon 
payment will be made, but this does not 
imply that these practices should not be 
supported when other environmental 
benefits are provided. 

As the tremendous amount of 
government and private funding flows 
into agricultural conservation, it is 
imperative for us to understand the 
interactions between government and 
private programs. Such understanding 
will help us comprehend the roles of 
public support and willingness to pay 
by private companies and to leverage 
each to achieve the best conservation 
outcome broadly defined. So far, 
compared to private companies, the 
government continues to play the 
largest role in agricultural conservation 
and carbon sequestration. A simple 
comparison shows that the new 
IRA funding for EQIP climate-smart 
agriculture per year ($2.11 billion = 
$8.45/4 billion) would be more than 
five hundred times greater than the 
Truterra payment in 2021 ($4 million).
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Electric Vehicles, Horses, Oats, and Ethanol. Does the last 
Transportation Revolution Reveal Anything about the Next One?
John M. Crespi and Joshua L. Rosenbloom
jcrespi@iastate.edu; jlrosenb@iastate.edu

Figure 1. US hybrid and all-electrical vehicle registrations, 2000–2021.
Source: USDOE-EVTO (2022).

AUGUST 2022 was quite the 
month for energy-related 
headlines. First, Congress 

passed and President Biden signed 
into law both: (a) the bipartisan CHIPS 
and Science Act, which is structured 
in part to reduce bottlenecks in 
semi-conductors that green energy 
businesses such as electric vehicle 
(EV) manufacturers had been facing; 
and, (b) a substantial package of 
green-energy stimulus in the Inflation 
Reduction Act (see the detailed 
discussion at the Center for Agricultural 
Law and Taxation). Coupled with the 
previously passed (November 2021) 
bi-partisan, Infrastructure Investment 
and Jobs Act, which includes funding 
to upgrade energy transmission and 
increase vehicle chargers, both urban 
and rural areas should see significant 
developments in clean energy 
transportation infrastructure. 

Then, on August 25, California 
Governor Gavin Newsom announced 
an end to sales of newly manufactured 
gasoline- and diesel-powered 
vehicles beginning in 2035. In reality, 
California cannot legally implement 
this ban without the Environmental 
Protection Agency granting a special 
waiver for the Clean Air Act. Attorneys 
general from other states have been 
fighting California’s waiver request 
(see Saiyid 2022), alleging California, 
which has 11% of US vehicles (USDOT 
2020), has an outsize influence on US 
transportation needs. Indeed, when 
coupled with 17 other states that 
have set part or all of their emissions 
standards to California’s regulations, 
arguably up to 40% of US vehicle sales 

may be impacted (CARB 2022). 
Are US drivers ready to get rid 

of their gas tanks? There was a 60% 
increase in EV registrations in the 
United States in the first quarter 
of 2022—the overall share of EVs 
represent nearly 5% of the new vehicle 
auto market and about 2% of all EVs 
in the United States (see figure 1). 
Blanco (2022) cites studies predicting 
40%–45% of new car sales could be EVs 
by 2035. However, a frequent question 
that arises is whether the energy 
infrastructure exists or if the United 
States can build it in time to match such 
a movement. Without the infrastructure, 
it is argued, EV usage could hit a ceiling 
despite government intervention. 

Electric and hybrid sales over the 
last 20 years
Since 2000, when hybrid vehicles were 

nearly absent from the US market, the 
total number of hybrids grew to about 
800,000 in 2021. By 2021, plug-in 
hybrids grew to about 174,000 vehicles 
while the number of pure EVs grew to 
about 460,000 (see figure 1). 

Two arguments about the growth 
in EVs are worth examining by means 
of analogy. First, US infrastructure 
is not ready for a switch to EVs. 
Second, a move to EVs necessitates 
an end to ethanol and biodiesel. 
There will be much written on both 
issues in the years to come, but for 
this article, we simply compare the 
last time a revolution happened in 
the transportation sector, near the 
beginning of the twentieth century.

Horseless buggies will never catch 
on!
By 1930, internal combustion engines 
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Figure 2. US motor vehicle registrations compared with the number of 
horses and mules, 1900–1921.
Sources: Registrations are from USDOT (1997) and livestock values are from Salem and Rowan (2007) 
including author interpolations.

Figure 3. US motor vehicle registrations (left axis) compared with horses 
and mules (right axis), 1900–1960.

had clearly replaced horses and mules 
as the preferred transportation in 
the United States. One of the first 
US car builders, Alexander Winton 
(1860–1932), recalled to The Saturday 
Evening Post how people reacted to 
the horseless buggy industry at its 
inception. “But in the [18]90s, even 
though I had a successful bicycle 
business, and was building my first car 
in the privacy of the cellar in my home, 
I began to be pointed out as ‘the fool 
who is fiddling with a buggy that will 
run without being hitched to a horse’” 
(Winton 1930).

Like hybrids in 2000, horseless 
carriages were still curiosities in 1900, 
although entrepreneurs and early 
adopters began to see their potential. 
Iowan William Morrison (1855–1927) 
used electric batteries instead of gas 
in his horseless carriage; and, in fact, 
at the dawn of the horseless buggy era 
about one-third of all cars sold in the 
United States were electric (USDOE 
2022). However, by 1900, only 4% 
of US roadways were paved. Local 
governments funded most roads in the 
United States in the late 1800s and early 
1900s—federal support for highways 
did not really begin until the Federal-
Aid Highway Program in 1916, and the 
interstate highway system did not begin 
construction until 1956 (TRB 2005). 
In short, the horse and buggy were 
usurped before the infrastructure was 
in place. 

Where figure 1 presents roughly 
the first two decades of the emerging 
EV era, figure 2 compares horse 
and mule numbers with vehicle 
registrations in the United States 
from 1900 to 1921 and shows that 
the number of horses and mules only 
slightly declines after approximately 
1915, whereas the number of vehicle 
registrations increases greatly 
around the same period. The number 
of car registrations increases as 
a proportion of total “vehicles” 

(=registrations+horses+mules), to 
about 40%, which is much more than 
we see so far today with electric and 
hybrid vehicles as a share of total 
vehicles. 

Let us now expand figure 2 into 
figure 3 to show the true decline of 
the horse as a mode of transportation. 
Ending our graph at around 1960 
is good enough to make the point—
the number of horses and mules in 
existence today is not much more than 

it was in 1960. 
An interesting way to examine the 

change in transportation is to look at 
the change with the data transformed 
into logarithms (base 10) to see the 
rate of change. Figure 4 shows that by 
approximately 1924, the increasing 
growth rate of automobile registrations 
overtook the low growth rate of horses 
and mules (in logarithms shown as a 
nearly flat line). The two lines cross 
about 1924, which was arguably the 
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Figure 5. US road mileage (left) and oil production (right), 1900–1961.
Source: Mileage from USDOT (2019), oil from OWD (2022). 

end of the growth path for horses, 
mules, and buggy whip stores. The end 
of the era of the horse-drawn carriage 
in the mid-1920s is consistent with 
that proposed by Grübler et al. (1999) 
in a much more thorough study of 
the data. Less than 30 years from the 
introduction of the automobile, horses 
were heading out to pasture.

Of course, one important factor in 
the success of the automobile was the 
rapid decline in prices brought about 
by the application of assembly line 
mass-production techniques (Hounshell 
1984, ch. 6). Average prices (in current 
dollars) fell 51% from 1906 to 1940, 
dropping from $3,290 to $1,611 (Raff 
and Trajtenberg 1996). After adjusting 
for the effects of inflation the decline 
was even more dramatic, resulting in 
a more than two-thirds decline in the 
real price. In constant 2022 dollars, 
the average auto price dropped from 
$107,930 in 1906 to $33,984 in 1940. 
During this period, vehicle quality also 
increased greatly. Raff and Trajtenberg 
(1995) calculate that the quality 
adjusted price of autos fell by more than 
80% in this period, with most of the 
decline occurring by the early 1920s.

Comparable reductions in the 
purchase price of EVs seem unlikely 
today in view of the perfection 
of assembly line manufacturing 
techniques that has already been 
achieved. Probably the greatest 
potential for cost reduction in EVs is in 
battery production, where continued 
technological progress is expanding 
battery capacity relative to cost. 
Castelvecchi (2021) reports that the 
cost of lithium has fallen 97% since 
1991. Plante and Howard (2022) report 
that between 2012 and 2021 the ratio 
of vehicle price to its range in miles 
has fallen about 50% for Tesla, and a 
bit more than 60% for other electric 
vehicles. 

What about infrastructure needs at 
the birth of the automobile revolution? 

Figure 5 shows the expansion of public 
roads (paved or unpaved) along with 
the expansion of the US oil industry 
(measured in terawatt hour (TWh) 
energy equivalences to account for 
differences in oil usage). Until the 
1970s, the United States was mostly 
self-sufficient in oil production; thus, 
unlike the metals used in EV batteries, 
domestic gasoline and diesel production 
was able to provide for US automobile 
needs. As figure 6 shows, when we 

convert public road mileage and US oil 
production into logarithms to show 
the rates of change and add vehicle 
registrations, it appears that motor 
vehicle registration led the charge. 
After about 1924, the rates follow 
similar growth trends. In other words, 
US infrastructure did not come first, 
nor did it increase in proportion to the 
number of cars, at least not at first. 

 If cars lose their tanks, what 

Figure 4. US motor vehicle registrations compared with horses and mules 
in logarithms, 1900–1960.
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Figure 7. Oat production in the United States, 1900–2000.
Source: USDA-NASS, https://usda.library.cornell.edu/concern/publications/j3860694x?locale=en, various 
years.

Figure 6. US motor vehicle registrations, road mileage, and oil production 
in logarithms, 1900–1960.

happens to ethanol?
Does the end of the buggy era tell us 
anything about biofuels? Consider 
ethanol, which is essentially a fuel 
additive. So, too, were oats in the buggy 
era, and ethanol seems dependent on 
the internal combustion engine just as 
oats seemed dependent on horse-drawn 
carriages. 

Unlike a car, livestock can eat a 
variety of feeds; and, in the 1900s, 
horses and mules were foraging 
on pastures and fed hay and grain 
complemented with high-energy oats. 
By 1900, oats were widely produced 
in the United States for farm rotations 
and soil management and oat straw was 
used for livestock bedding. Similarly, 
corn is a multi-faceted product for 
which ethanol is just one use. Oats 
did not immediately vanish as cars 
increased because oats still had other 
uses and because there was not another 
crop ready to replace oats on the farm 
to build income (see figure 7). Figure 
7 extends well past the 1960 cutoff of 
the earlier graphs in order to show that 
the eventual decline of oats commenced 
well past the decline of horses and 
mules—it was not commensurate.

In figure 7, we see that the rise 
in oat production after 1900 begins 
to peter out in the 1920s, around the 
same time that automobiles overtook 
horses and mules as the main means of 
transportation. However, oat production 
did not immediately decline—oat 
production survived at around its mid-
1920s’ levels for another 30 years. By 
the 1960s, however, US agriculture had 
begun moving to more of a monoculture 
with fewer rotations and fewer farms 
growing oats. The year 1958 was the 
last year in which oat production 
was about what it was in 1900 when 
horseless carriages started to spook 
their animal-powered cousins. 

For Iowa specifically, the growing 

popularity of soybeans displaced oats 
and hay (see figure 8). Nationally, oats 
outlasted horses and only declined 
because of changes in the farming 
industry—especially a more profitable 
use of farmland (soybeans). Ethanol, 
likewise, can find new uses in hybrids, 
hydrogen, jet fuel, or as a greener fuel 

than natural gas or coal for power 
plants to produce electricity for the 
coming EV fleets.1 Will ethanol’s usage 
decline as cars move from gas to EV? 
This is likely, but it is not clear what the 
“soybean” of the future representing a 
more profitable use of farmland looks 
like right now. It may still be for ethanol 

 1. See chapter 6 of Schulte Moore and Jordahl (2022) for discussion of how ethanol is low carbon and can be made a carbon-neutral fuel. Brazil has built an 
ethanol-powered electricity power plant, for example. Airlines will struggle to find green jet fuels, ethanol is a potential candidate.

https://usda.library.cornell.edu/concern/publications/j3860694x?locale=en
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or biodiesel or other green fuels such as 
biogas, but instead of going in the tank 
of passenger vehicles it will go into the 
tank as jet fuel, long-haul trucking fuel, 
or in farm and construction equipment 
that need more power per unit of fuel 
than EV currently provides. As figure 
9 shows, the energy equivalent of a 
battery still lags behind other liquid 
forms of energies. Ethanol, biodiesel, 
and other forms of plant-based, liquid 
fuels will still be needed for now, even 
if passenger vehicles may discard their 
tanks because of their lighter weights 
per mass of battery. Pronouncing the 
end of ethanol just because of the 
rise of EVs is akin to pronouncing the 
end of oats because of the rise of the 
internal combustion engine. These 
liquid fuels may eventually be replaced, 
but they have other uses, arguably 
even more uses than the oat-based fuel 
supplements had in 1924.

Conclusion
It is sometimes difficult to see 
change happening when you are 
living through it. With the benefit of 
hindsight and a comparison to the 
last transportation revolution in the 
early 1900s, we can see similarities 
and differences to today’s movement 
toward EVs. It is easy to forget that 
most roads in 1900 were unpaved, that 
oil production was also in its infancy, 
and that the growth in automobiles 
outpaced the growth in roads and oil 
production for about 20 years. This 
is not unlike what we are witnessing 
with EVs today when considering the 
infrastructure constraints of battery 
material, charging stations, and energy 
transmission. Relatedly, we may 
wonder what happens to plant-based 
fuels like ethanol as drivers choose 
vehicles without fuel tanks? A similar 
question might have been asked about 
the future of oats in the early 1900s. 
There we see that because oats, like 
ethanol and biodiesel, had other uses 

Figure 9. Gasoline gallon equivalent energy (Gasoline GGE=100%).

Notes: Electricity is 3% in GGE; however, a better comparison for EVs is the charge of a battery that is the 
same weight as a gallon of gas, which is 15.3% of GGE. 
Source: US DOE-AFDC (2022).

besides horse fodder, oat production 
survived longer than horse production, 
only eventually succumbing to changes 
that would have been hard to foresee. 
Ethanol has a green energy potential 
and, if history is a guide, ethanol 
will have a place in the US energy 
portfolio because some transportation 

and machinery require a greater 
energy per unit than EV batteries can 
currently provide. Obviously, there are 
differences between the transportation 
revolution of the early 1900s and the 
EV movement today; however, there are 
also similarities worth examining. 

Figure 8. Iowa acreage devoted to specific crops, 1909–2020.
Source: USDA-NASS (2022), various years. Thanks to Chad Hart for data collection.
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Agricultural Projections into 2023
Lee Schulz and Chad Hart
lschulz@iastate.edu; chart@iastate.edu

AUTUMN IS a transition season 
in a variety of aspects—schools 
are fully back in session, 

college football fires up another season, 
and agricultural markets shift their 
focus. For crops, the focus moves from 
supplies to usage, and for livestock, the 
market chatter often delves into the 
outlook for the upcoming year. 

USDA’s World Agricultural Supply 
and Demand Estimates (WASDE) 
report outlines the current view for 
agricultural markets over the next 12 to 
18 months. In general, extreme weather 
events, domestic and international 
economic concerns, and the continuing 
rebound in consumption patterns from 
the COVID-19 disruption have shaped 
the agricultural storylines. While meat 
demand remains strong, cattle numbers 
have declined due to drought and high 
production costs. Meanwhile, USDA 
projects growth in the pork and poultry 
industries and projects a fall in livestock 
prices in 2023, given the slightly higher 
production, with the exception of beef. 
Last year’s drought did not have a major 
impact on crop production, but this 
year’s drought seems to have created 
more crop stress and less crop yield. 
Crop usage is revealing some of the 
strain from sustained higher prices—
USDA has downgraded the crop usage 
outlook for the 2023 crops across the 
board.

For the livestock sector, the 2022 
calendar year has been a challenging 
one. Drought has limited the use of 
pastures throughout the western 
United States, forcing the transfer 
of some cattle (literally looking for 
greener pastures) and the liquidation 
of others. Avian influenza reduced 

 2022 2023  
 Forecast Change from 

September 
Forecast Change from 

September 
Change 

from 2022 
to 2023 

Production (Billion Pounds) 
  Beef 28.14 0.13 26.37 0.03 -1.77 
  Pork 27.15 0.02 27.35 -0.18 0.20 
  Broilers 45.90 0.42 46.63 0.73 0.73 
  Turkey 5.20 -0.01 5.61 -0.02 0.41 
    Total 
Meat 

107.12 0.56 106.66 0.57 -0.46 

Prices ($ per Cwt.) 
  Steers 143.15 0.36 153.50 0.00 10.35 
  Hogs 71.08 -0.20 66.75 -3.00 -4.33 
 (Cents per Pound) 
  Broilers 141.40 -2.00 131.00 -8.80 -10.40 
  Turkey 152.90 1.60 151.00 2.80 -1.90 

Table 1. USDA Livestock Projections

Source: USDA (2022).

chicken and turkey flocks across the 
country earlier this year. Thus, supply 
disruptions continue to impact the 
livestock markets. For the most part, 
meat demand, both domestic and 
international, has been robust and has 
pushed prices higher. However, the 
pork industry has seen a pullback in 
international sales, mainly from China; 
and, while prices are relatively strong, 
producers continue to face higher feed 
and labor costs, limiting profitability. 

Table 1 shows the current 
projections for the 2022 and 2023 
calendar years in the livestock sector. 
Overall, meat production in 2022 is 
set to be just slightly above that of 
2021, with beef and broiler increases 
offsetting a drops in pork and turkey. 
Annual average prices for all four of the 
major meat animals are higher in 2022 
than in 2021, however the pork and 
broiler markets have seen prices soften 
recently. The outlook for 2023 points 
to lower beef production and increased 
pork, broiler, and turkey production 
and the reverse pattern for prices. Total 
meat supplies will be lower, but there 

will be greater availability of pork and 
poultry. Internationally, USDA projects 
meat trade to decline in 2023, as beef 
exports are projected to fall by 500 
million pounds and pork exports are 
expected to fall by 100 million pounds, 
more than offsetting 200 million 
pounds of poultry export expansion. 
For poultry, the increase in exports is 
not enough to offset the larger supplies, 
so prices are projected to fall. For pork, 
the combination of slightly higher 
production and lower exports lead to 
lower price projections. For beef, the 
supply reduction is enough to cover 
the export decline, and beef prices are 
projected to continue to rise.

For the corn and soybean markets, 
the September and October USDA 
reports outlined several adjustments 
to both supply and demand. The 
supply adjustments incorporated new 
acreage information from the Farm 
Service Agency and new survey data 
from NASS’s farmer and objective yield 
queries. For both crops, USDA’s new 
estimates indicate less acreage and 
less yield. The national corn planted 

mailto:lschulz%40iastate.edu?subject=Fall%202022%20Agricultural%20Policy%20Review%20Article
mailto:chart%40iastate.edu?subject=Fall%202022%20Agricultural%20Policy%20Review%20Article
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Source: USDA (2022).

Source: USDA (2022).

Table 2. Corn Supply and Use

Table 3. Soybean Supply and Use

Marketing 
Year  

 2021 
(9/1/2021 to 8/31/2022) 

2022 
(9/1/2022 to 8/31/2023) 

 

  
Estimate Change 

from 
August 

Forecast Change 
from 

August 

Change 
from 2021 

to 2022 

Area 
Planted 

(mil. acres) 93.3 -0.1 88.6 -1.2 -4.7 

Yield (bu./acre) 176.7 -0.3 171.9 -3.5 -4.8 

Production (mil. bu.) 15,074 -41 13,895 -464 -1,179 

Beg. 
Stocks 

(mil. bu.) 1,235 0 1,377 -153 142 

Imports (mil. bu.) 24 -1 50 25 26 

Total 
Supply 

(mil. bu.) 16,333 -42 15,322 -591 -1,011 

Feed & 
Residual 

(mil. bu.) 5,715 115 5,275 -50 -440 

Ethanol (mil. bu.) 5,328 -22 5,275 -100 -53 

Food, 
Seed, & 
Other 

(mil. bu.) 1,441 -4 1,450 0 9 

Exports (mil. bu.) 2,471 21 2,150 -225 -321 

Total Use (mil. bu.) 14,956 111 14,150 -375 -806 

Ending 
Stocks 

(mil. bu.) 1,377 -153 1,172 -216 -205 

Season-
Average 
Price 

($/bu.) 6.00 0.05 6.80 0.15 0.80 

 

Marketing 
Year  

 2021 
(9/1/2021 to 8/31/2022) 

2022 
(9/1/2022 to 8/31/2023) 

 

 
 

Estimate Change 
from 

August 

Forecast Change 
from August 

Change 
from 2021 

to 2022 

Area 
Planted 

(mil. acres) 87.2 0.0 87.5 -0.6 0.3 

Yield (bu./acre) 51.7 0.3 49.8 -2.2 -1.9 

Production (mil. bu.) 4,465 30 4,313 -217 -152 

Beg. 
Stocks 

(mil. bu.) 257 0 274 49 17 

Imports (mil. bu.) 16 1 15 0 -1 

Total 
Supply 

(mil. bu.) 4,738 31 4,602 -169 -137 

Crush (mil. bu.) 2,204 -1 2,235 -10 31 

Seed & 
Residual 

(mil. bu.) 103 -14 122 -4 19 

Exports (mil. bu.) 2,158 -2 2,045 -110 -113 

Total Use (mil. bu.) 4,465 -18 4,402 -124 -63 

Ending 
Stocks 

(mil. bu.) 274 49 200 -45 -74 

Season-
Average 
Price 

($/bu.) 13.30 0.00 14.00 -0.35 0.70 

 

area estimate was decreased by 1.2 
million acres to a total of 88.6 million 
acres. The national average corn yield 
estimate dropped to 171.9 bushels per 
acre. Putting together the acreage and 
yield updates, USDA found evidence to 
reduce projected corn production by 
over 500 million bushels, moving below 
14 billion bushels for the year. That puts 
this year’s production over 1 billion 
bushels below the 2021 total. So corn 
supplies will be tighter over the next 12 
months.

USDA also updated corn usage (see 
table 2), with cuts impacting the major 
usage categories. The recent slowdown 
in ethanol production translated into 
a 22 million bushel decline in corn 
grind out of the 2021 crop. However, 
corn export sales out of the 2021 crop 
were increased by 21 million bushels 
and feed usage was higher with the 
drought. Given the results from the 
September Grain Stocks Report, USDA 
set the 2021/22 corn ending stocks 
at 1.377 billion bushels, well below 
previous estimates. The reduction in 
stocks allowed USDA to increase its 
2021/22 season-average price estimate 
to $6.00 per bushel. For the new (2022) 
crop, feed/residual usage was cut by 
50 million bushels, exports declinced 
by 225 million bushels, and corn usage 
for ethanol was slashed by 100 million 
bushels. Overall corn usage is projected 
to be down by nearly 800 million 
bushels for the new corn marketing 
year. The 2022/23 ending stocks are 
now set at 1.172 billion bushels, down 
216 million bushels from August and 
down 205 million bushels from last 
year. The 2022/23 season-average price 
estimate rose to $6.80 per bushel.

Nationally, USDA reduced total 
planted area for soybeans by 600,000 
acres, to 87.5 million acres (see table 
3). The national average soybean yield 
estimate came in at 49.8 bushels per 
acre, down 2.2 bushels over the last 
couple of months. Overall, the projection 
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for national soybean production is 
4.313 billion bushels, which is a large 
crop, but not quite as large as last 
year. Soybean usage adjustments 
reduced domestic and international 
consumption. For the 2021 crop, USDA 
lowered exports, reflecting lower sales 
into China along with reductions in 
seed and crush usage. Those changes 
boosted the 2021/22 ending stocks 
to 274 million bushels, so stocks rose, 
but the market remains tight. The 
2021/22 season-average price estimate 
held steady at $13.30 per bushel. For 
the 2022 crop, the usage reductions 
spread and grew. The domestic crush 
expectation dropped by 10 million 
bushels. So while USDA still expects 
domestic usage to grow, they cut that 
estimated growth by 25%. The larger 
cut hit in exports, with 110 million 
bushels removed there, based on a 
combination of greater global supplies 
and more competition. Despite the 
losses in usage, 2022/23 ending stocks 
are projected at 200 million bushels, 
down 74 million from last month 
and down 40 million from last year. 
However, the 2022/23 season-average 
price slipped to $14.00 per bushel.

These projections outline some 
significant shifts for agricultural 
markets. During 2021, most 
agricultural markets were dealing 
with the combination of record or 
near-record production and robust 
demand, a nearly ideal situation for 
agriculture. The outlook for the end 
of 2022 and into 2023 paints a much 
different picture. For beef and corn, 
supplies will be smaller over the next 
year, but consumption is shrinking 
as well. Prices are high across the 
markets, but the prolonged exposure 
of consumers to those higher prices is 
eroding consumption, as reflected in 
the declines in both domestic use and 
exports.
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TILLAGE, THE act of cultivating 
soil in order to improve crop 
growing conditions, is closely 

associated with the emergence of 
settled societies. Critical for food 
security, incentivized by crop sector 
profitability, and implicated in 
environmental degradation events such 
as the US Dust Bowl era, the activity 
has long been matter for public policy. 
Our intent here is to highlight recent 
developments in supply and demand 
for the activity as well as public interest 
in overseeing whether and how soil 
cultivation occurs.

Tillage, a suite of practices adapted 
to the intended crop, a location’s soils 
and climate, and available technology, 
include any or all of cutting, hoeing, 
loosening, turning, and elevating the 
soil. Power sources have shifted from 
tool-assisted human hand labor through 
animal-drawn wooden plows to the 
combustible engine. Commencing 
with eighteenth century innovations, 
specialized tillage equipment has 
become a prominent purchased input 
category. 

While the activity requires 
substantial energy, labor, and 
mechanical inputs, farmers derive many 
benefits. Tillage long before planting 
can bury preceding-crop residues as 
well as the insects and plant pathogens 
they harbor while allowing time for 
nature to further loosen the soil. Tillage 
activities just prior to planting can dry 
and warm the soil for early planting, 
provide a seedbed that fosters quick 
emergence, bury or mangle weeds that 
would otherwise compete for nutrients 
and sunshine, and make available soil-
stored nutrients. Tillage between crop 
plants and rows can control weeds 

Figure 1. National annual energy prices paid by farmers in the United 
States.

The Tillage Input: Technical Change, Markets, and Policy
David Hennessy, Chaoqun Lu, Scott Swinton, and Braeden Van Deynze
hennessy@iastate.edu; clu@iastate.edu; swintons@msu.edu; Braeden.VanDeynze@dfw.wa.gov

during the crop season.
Tillage operations generate external 

costs and benefits to users of land, air, 
and water resources (i.e., the public 
at large). The external effect that may 
resonate most clearly with the public 
is soil erosion arising from intensive 
or unwise cultivation. Fertile soil is 
mostly privately-owned, and optimal 
use for private goals may conceivably 
lead to severely degraded fertility. 
Eroded soil may end up in waterways, 
impeding service flows including 
transport, recreation, and potable water. 
Tillage can also limit land capacity to 
filter nutrient runoff into waterways 
and to mitigate floods by delaying 
or dispersing rainfall. Disturbed soil 
may give rise to dust storms or fine 
particulate matter that impair human 
health and can also foster carbon 
release, resulting in higher greenhouse 
gas (GHG) emissions.

In what follows, we discuss tillage 
as an input into agricultural production, 

pointing out policy issues along the way 
and emphasizing the nexus between 
tillage and seed technologies. We also 
discuss climate external effects. We 
conclude with some speculations on the 
future for tillage and related activities. 

Tillage as an input
The role of tillage in a cropping system 
depends on many context-specific 
factors. Corn can be tillage-intensive, 
and especially so when planted after 
corn with residue that the farmer would 
like to bury. Available tillage system 
choices include: conventional tillage 
that combines traditional moldboard 
plowing to completely invert the top soil 
layer with disk or harrow to break clods 
and make a smooth seedbed; reduced or 
conservation tillage using a chisel plow, 
which opens the topsoil while leaving 
much surface residue intact; and no-till 
where the soil is not deeply disturbed 
but seed and any agrichemicals are 
placed into a slit while maintaining 

mailto:hennessy%40iastate.edu?subject=Fall%202022%20Agricultural%20Policy%20Review%20Article
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Figure 2. Trends in tillage intensity choices and number of glyphosate 
resistant weed species, 2000–2016.
Note: GRW=glyphosate-resistant weeds; GRC=glyphosate-resistant crop; CT=conservation tillage; 
NT=no till.

soil structure. Conservation practices, 
such as strip till or mulch till, mix the 
previous elements to preserve residue 
and soil organic matter while creating 
a suitable, weed-free seedbed. While 
more intensive tillage can positively 
affect that planting’s yield, the 
effect is generally not large and cost 
considerations or environmental and 
related constraints primarily determine 
the tillage choices. 

Each tillage type involves 
specialized equipment that can 
be owned or custom-hired, where 
conventional tillage is more demanding 
in both labor and machinery 
requirements. Higher tillage intensity 
also requires comparatively more 
energy but less herbicide. Perry, 
Moschini, and Hennessy (2016) show 
that from 1998 to 2011 adoption of 
low-tillage-intensity systems for the 
US soybean crop tended to increase 
with fuel price but decrease with both 
herbicide price and soybean price. 
Larger operations preferred low 
intensity systems, likely due to scale 
economies and the propensity for larger 
operations to rent land distant from a 

tillage operation base. 
Figure 1 shows GDP-deflated 

energy prices paid by US farmers and 
also farm-level corn price deflated 
energy prices during 1990–2021. When 
compared with either inflation or corn 
prices, energy prices have been higher 
in the period’s second half, an interval 
over which lower intensity tillage 
practices have generally expanded for 
both corn and soybeans crops. 

Soil type and landscape topography 
can be important determinants of the 
choice made. Erosion-prone soils and/
or a significantly sloped field may tilt 
the choice toward lower intensity 
tillage practices in order to keep soil 
in place. Eligibility considerations for 
certain government payments may 
also affect the choice. Weather too 
can be a determinant because fall and 
early spring conditions may not allow 
for field operations. In addition, as 
intensive tillage acts to dry out the soil, 
it will be favored when seeking earlier 
planting and disfavored when soil water 
availability is low.

Seeds and weeds

Since the 1950s, herbicides have 
largely superseded tillage as a primary 
weed control input in US agriculture. 
However, the suite of pre-emergence 
herbicides popular through the 1980s 
required application to tilled soil for 
effectiveness, and so tillage remained 
important. In the early 1990s, the 
advent of Roundup Ready™ crops, 
including both corn and soybean, 
fundamentally changed the need 
for tillage. These crops can tolerate 
glyphosate, a broad-spectrum herbicide 
that kills any plant that is not genetically 
resistant, allowing regular application 
post-emergence and reducing need for 
tillage associated with pre-emergent 
formulas.

The rise of glyphosate resistant 
crops enabled farmers to control weeds 
without tillage. With weed control 
assured through chemicals alone, no-till 
farming has offered both profitability 
and environmental advantages. After 
an initial investment in no-till planting 
equipment, a farmer can cut costs by 
reducing the number of costly field 
passes (Perry, Moschini, and Hennessy 
2016) while retaining crop residues, 
reducing soil erosion, and building 
organic matter. Glyphosate resistant 
crop uptake boosted low-tillage system 
adoption rates, while also increasing 
use of glyphosate and reducing use of 
other herbicides (Perry, Moschini, and 
Hennessy 2016; Van Deynze, Swinton, 
and Hennessy 2021).

However, tillage declined, only to 
rise again. As reliance on glyphosate 
and related herbicides grew, many 
weed species evolved genetic resistance 
to those herbicides. Since 2007, US 
farmers have been increasing their use 
of tillage (as well as non-glyphosate 
herbicides) to control resistant weeds. 
The rate at which farmers have returned 
to tillage is driven in part by the number 
of herbicide-resistant weed species 
they face (Van Deynze, Swinton, and 
Hennessy 2021). Figure 2 depicts 
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percent adoption of conservation tillage 
(solid blue) and no-till (dashed blue) 
in US soybeans, as well as the growth 
in the maximum and mean number of 
glyphosate-resistant weeds identified 
at state level. Low-intensity tillage has 
declined from a peak adoption of ~70% 
as glyphosate has become less effective, 
falling to adoption levels not seen since 
the early days of Roundup Ready™ 
adoption in the early 2000s. 

Tillage and climate
Agricultural soils have been identified 
as an important source of biogenic 
GHGs, such as carbon dioxide (CO2) and 
nitrous oxide (N2O), as some farming 
practices also add excess nitrogen to 
soils or stimulate soil organic matter 
decomposition, leading to more GHG 
emissions. Global human-induced N2O 
emissions have increased by 30% since 
1980—nearly 90% of this increase 
is attributed to enhanced direct and 
indirect emissions from agricultural 
soils (Tian et al. 2020). The share of 
agricultural N2O emissions is similarly 
important in the United States, 
with corn and soybean production 
accounting for over 90% of its increase 
(Lu et al. 2021). Consequently, 
mitigating GHG emissions from the 
agricultural sector while maintaining 
productivity and economic viability 
has become a major challenge for 
policymakers. Tillage practice plays a 
critical role in affecting agricultural soil 
GHG emissions because it stirs crop 
residues into soils while altering soil 
temperature, moisture, and aeration 
conditions. Further complexities arise 
when tillage interacts with fertilization 
choices and other management 
practices. 

Using data from a nationwide 
farmer survey to drive a process-based 
land ecosystem model, Yu et al. (2020) 
estimate that historical tillage practices 
in the US corn-soybean cropping 
system have led to a soil carbon loss 

Figure 3. Model estimated annual change in soil CO2 and N2O emissions 
(in CO2 equivalents) in the US corn-soybean cropping system resulting 
from tillage intensity changes relative to the year 1998 (for the period 
1998–2008) and the year 2008 (for the period 2009–2016). 
Note: Adapted from Lu et al. (2022).

of 10.3–15.2 MMT C yr-1 (MMT-million 
metric tons, or 1012 g) from 1998 to 
2016, much larger than the carbon 
sequestered annually in Conservation 
Reserve Program land (~ 7.78 MMT 
C yr-1). Furthermore, reduced tillage 
intensity has lowered soil CO2 and 
N2O emissions at a rate of 5.5 MMT 
CO2 e yr-1 during 1998–2008 (Lu et 
al. 2022), an annual rate close to the 
gross GHG emissions from all Iowa 
residential fossil fuel consumption in 
2020 (IDNR 2020). However, under 
growing pressure from weed resistance, 
intensified tillage during 2009–2016 
increased soil CO2 and N2O emissions 
by 13.8 MMT CO2 e yr-1, more than 
offsetting the GHG mitigation benefit 
gained through reduced tillage one 
decade earlier. Figure 3 shows how 
GHG fluxes have responded to the 
tillage intensity change (first declined 
and then increased) from 1998 to 
2016. Compared with these changes 
in soil emissions, the agricultural 
machinery GHG emissions associated 
with tillage intensity change is trivial. 
These findings alert us to the need 
for developing sustainable weed 

management practices while using 
reduced tillage or no-till to mitigate 
GHG emissions.

Looking forward
Driven by profit, technical innovations, 
and some regulation, tillage choices 
have changed dramatically since World 
War I, when tillage was horse-powered 
and chemical herbicides usage very 
limited. Looking forward, technological 
change as well as fuel and commodity 
prices are likely to retain their 
importance in determining whether and 
how soil is cultivated. With precision 
conservation, for example, tillage 
operations avoid highly erodible field 
sub-plots and sensor-driven robotic 
sprayers treat weeds individually to 
avoid the need for extensive spraying 
or tillage as a substitute. Climate policy 
that either subsidizes GHG uptake, 
through carbon credits, or taxes GHG 
emissions is also likely to become an 
important factor in tillage choice. To 
the extent that fertilization practices 
affect cultivation, evolving approaches 
to nutrient management may also affect 
tillage choices.
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While the totality of scientific 
evidence points to a public policy stance 
that would, in general, encourage low 
tillage intensity as affected through 
publicly supported research and 
outreach activities, more detail in policy 
prescriptions are as yet challenging. 
The science underlying tillage and its 
environmental implications is complex 
because soil physics, chemistry, and 
biology are inherently dynamic, place-
specific, and as yet poorly understood. 
Matters for consideration when 
thinking about policy approaches to 
tillage include how to collect field-
level information for research and for 
management, how to avoid incentive 
structures that might deliver short-run 
benefits but do long-run harm, and the 
optimal choice between carrot (e.g., 
carbon credits) or stick (e.g., cropping 
plans to be eligible for program 
payments) given budget limitations.
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IN 2021, harvested crop areas 
accounted for over 24 million acres 
of land in Iowa. More than 94% of 

this area was dedicated to production 
of just two commodity crops: corn 
and soybeans (USDA-NASS 2022). In 
spite of Iowa’s productive landscape, 
the state is a net table food (for direct 
human consumption) importer, with 
approximately 95% of table food 
grown elsewhere (Stone, Thompson, 
and Rosentrater 2021). As the human 
population of Iowa becomes more 
concentrated in urban areas, the 
opportunities to expand local table 
food production to meet nutritional, 
environmental, and social sustainability 
targets in these places increase. The 
ongoing Iowa UrbanFEWS project 
(Thompson et al. 2021) focuses on 
identifying opportunities to increase 
table food production in the six-county 
Des Moines Metropolitan Statistical 

Figure 1. (a) Methodological flowchart. (b) Study area location, Des Moines River Basin outlet (DMRB outlet), Des 
Moines Metropolitan Statistical Area (DMMSA), and subbasins where potential future land use changes (LUC) 
were modeled. 
Note: The highlighted (red) subbasins in (b) are the same areas included in subsequent figures. 

DMMSA 
Food 
System  

Current amount of local food 
production  

Increased local food 
production within the DMMSA  

LCA 

Current conditions: Models 50% of 
dietary requirements in 2020 with 
current production (about 5% local 
and 45% distant) based on 
consumption patterns 

Future scenario: Models 50% of 
dietary requirements in 2040 with 
all local production based on 
current consumption patterns 

SWAT 

Current conditions: Models land use 
and yield conditions for 2020 

Future scenario: Models future 
land use with 50% local production 
and future yield conditions for 
2040 

 

Table 1. Description of Current Condition and Future Scenario

Area (DMMSA) in Iowa.
US agricultural systems are efficient 

for crop productivity (Hunt et al. 2021) 
but also generate close to 25% of total 
US greenhouse gas emissions (GHGE). 
The Des Moines River Basin (DMRB), 
which leads to and surrounds much of 
the DMMSA, has a high proportion of 
agricultural land use and contributes 
to a number of negative environmental 
impacts in addition to GHGE. For 
example, excessive exports of nitrogen 

and phosphorus to the DMRB stream 
system contribute to both local water 
quality degradation and exacerbate 
the seasonal oxygen-depleted hypoxic 
zone in the northern Gulf of Mexico 
(Brighenti et al. 2022; Schilling et al. 
2019; Gassman et al. 2017). In 2018, 
corn and soybeans were grown on 
approximately 70% of DMRB land area 
(Brighenti et. al. 2022). 

The USDA Agricultural Census 
provides important information 
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about land area and crop yields for 
different crops. However, yield data 
has not historically been collated by 
the agency for fruits and vegetables in 
Iowa due to generally low production 
levels. The limited yield information 
collected for the region makes it difficult 
to develop assumptions for current 
average yields using publicly-available 
datasets. Estimating average fruit and 
vegetable yields at the DMMSA scale 
for different potential future climatic 
conditions is even more challenging. 
One way to generate this data over 
time and for various crop types is 
by using simulation models. For 
example, the spatially oriented Soil 
and Water Assessment Tool (SWAT) 
ecohydrological model can incorporate 
estimates for climate parameters to 
generate yield and water balance 
indicators for the future. Water quality, 
GHGE, and economic viability must all 
be considered to provide stakeholders 
and policy makers with information 
useful to design more sustainable 
food systems (Raschke et. al. 2021). In 
this context, life cycle analysis (LCA) 
modeling techniques can be integrated 
with SWAT (figure 1a) to evaluate 
the impacts of increasing table food 
production in urban and peri-urban 
landscapes.

This study focuses primarily on 
the DMMSA, the largest urban center in 
Iowa (~700,000 inhabitants including 

Figure 2. Cumulative distribution function for future projections of water quality and quantity variables. 
Note: The nitrogen behavior is represented by NH4 (NO2 and NO3 were similar).

satellite communities). The total area 
of the DMMSA is roughly 9,356 km² 
(US Census Bureau 2021), in contrast 
to the considerably larger 31,893 km² 
upper portion of the DMRB, which 
surrounds the primary DMMSA and 
is required to accurately capture the 
natural watershed drainage necessary 
for SWAT simulations (figure 1b). 
We use a scaled-down input-output 
(USE-EIO) LCA model (Yang et al. 
2017) to interface with the SWAT 
model to comprehensively measure 
and evaluate the environmental and 
economic impacts of increasing table 
food production in this landscape, 
combining global warming potential 
and water quality impacts with the 
economic impacts of these changes 
in the metropolitan area. We run the 
combined LCA-SWAT models for two 
DSMMSA scenarios: (a) a (current) 
baseline in which 5% of table food is 
grown locally (an approximation of 
contemporary conditions); and, (b) 
a future condition in which 50% of 
dietary requirements for the population 
is grown locally (based on current 
food consumption patterns and foods 
that can be grown in Iowa) (see table 
1). The table foods in both models are 
apples, blueberries, broccoli, cabbages, 
carrots, cherries, collard greens, corn, 
cucumbers, dry beans, grapes, green 
peas, iceberg lettuce, kale, melons, 
onions, pears, potatoes, pumpkins, 

raspberries, snap beans, soybeans, 
spinach, squash, strawberries, sweet 
corn, sweet potatoes, tomatoes, and 
winter wheat.

Study design
We use LCA and SWAT models to 
generate environmental and economic 
impacts associated with changes in land 
use and climate (figure 1a). We estimate 
current average yields (kg/ha) for the 
30 food types for our study area using 
input from fruit and vegetable extension 
specialists at Iowa State University. We 
incorporate land areas associated with 
production of each fruit and vegetable 
into the SWAT model for each scenario. 
We perform the SWAT simulation for 
current and future climates—the same 
set of climate models generated both 
sets of climate data. We obtain future 
climate projections and historical 
(current) data through the CORDEX 
initiative and use a combination of one 
RCM and two GCMs (RegCM4-MPI-ESM-
MR and RegCM4-GFDL-ESM2M). SWAT 
model simulation outputs include values 
for streamflow, nutrients, sediment, 
and crop yields. We then executed the 
LCA model using the SWAT crop yield 
outputs for current and potential future 
conditions to estimate environmental 
and economic impacts for each scenario. 
Land use for production of table 
food increases by about 370 km², or 
approximately 4% of the total DMMSA 

https://swat.tamu.edu/
https://cordex.org/
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Figure 3. Three-basin representation for total nitrogen and phosphorus 
loads that corresponded to different proportions of land use change. 
Note: The same three subbasins are shown spatially in figure 1b.

area. Our configuration for land use 
change includes distribution of table 
food production areas among several 
subbasins (outlined in figure 1b).

Discussion 
We present our SWAT simulations at 
two spatial scales: one for the whole 
DMRB as measured at the outlet (figure 
1b) and one for a set of subbasins for 
which we project land use change 
(figure 1b).  We also include five output 
variables: streamflow, sediments, 
nitrogen (in three forms, NO3, NO2, NH4), 
phosphorus (mineral), and crop yield. 
We use the LCA model to simulate the 
current condition and future scenarios. 
Both models use the two climate models 
for simulation. Environmental impacts 
assessed in the LCA simulation include 
global warming potential (GWP), energy 
use, and agricultural land use area. To 

enable comparisons between the two 
scenarios, environmental and land use 
outputs include impacts associated with 
growing table food to meet a total of 
50% of dietary needs. 

For the SWAT model at the DMRB 
outlet scale, outputs indicate no 
significant change in the water quantity 
or quality for the two scenarios, 
which is what we expected since 
the proportion of land use change 
for the entire DMRB area is minimal 
(~1%). Climate projections indicate 
potential reductions in streamflow, 
sediments, nitrogen, and phosphorus 
for the medium (50% of the cumulative 
distribution function; CDF) and lower 
(95% of the CDF) segments (figure 2). 
Trends for the peaks (10% of CDF) are 
mixed and there is no clear pattern 
of increase or reduction in the values 
(figure 2).

At the subbasin scale, changes in 
model outputs are more noticeable.  
Here, changes in land use appear to lead 
to reductions for both total nitrogen 
and phosphorus. The three subbasins 
(highlighted in figure 1b) had different 
proportions of land use change, which 
their respective water quality outputs 
reflect (figure 3). Analyses of all 13 
headwater subbasins indicates that 
a minimum of 5.6% land use change 
is required to result in model output 
changes. 

We use two climate models, 
RegCM4-GFDL and RegCM4-MPI, to 
simulate current and future yields. 
We find that RegCM4-GFDL results 
in higher average yield estimates 
compared to RegCM4-MPI in our 
study area. We notice that changes in 
future precipitation patterns result 
in increases or decreases in yields for 
fruits and vegetables based on our 
SWAT outputs (kg/ha). Among the 
crops we simulate, 18 show increased 
yields and three show decreased yields 
(the other nine crops vary for the two 
climate models). For example, future 
simulations show yield reductions 
for apples and tomatoes, while 
cucumbers show a significant potential 
yield increase (figure 4). Variations 
in crop yields may be a result of the 
combination of climate models.

 According to LCA model 
projections, energy use and GWP are 
reduced on a per person basis for the 
future scenario (with more local food 
production) compared to current 
conditions (figure 5). Energy use 
reduces by 16% for simulations using 
the climate projections in RegCM4-
GFDL, and 10% using RegCM4-MPI. 
Similarly, GWP reduces by 16% using 
RegCM4-GFDL and 9% using RegCM4-
MPI. At the scale of the DMMSA, this 
leads to an average energy reduction 
of 298 million megajoules and a 
GWP reduction of 89 million kg CO2 
equivalent annually. The area of 
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agricultural land required to grow 50% 
of dietary requirements for the MSA 
population increases by about 3% for 
the future scenario using projections in 
RegCM4-GFDL and 5% using RegCM4-
MPI. Interestingly, agricultural land 
use decreases on a per-person basis 
and only land area used for forage 
and grazing associated with livestock 
production increases. Assuming 
production occurs across the United 
States (current condition), the total 
area of cropland needed to meet all 
nutritional needs is 16% greater using 
climate projections in RegCM4-GFDL 
and 17% greater using RegCM4-MPI. 

From an economic perspective, 
we are interested in knowing how the 
current and future scenarios compare 
economically for the DMMSA using 
current producer prices. We assume 
prices for individual food types do not 
change between the current condition 
and future scenario. We compare the 
two scenarios by isolating the increase 
in table food production for current 
and potential future food systems. We 
find that table food production at a 
level that could meet 50% of DMMSA 
nutritional requirements would have 
a gross value of approximately $157 
million, or about 13% of the estimated 
$1 billion dollars currently generated 
by production of commodity crops 
(e.g., corn and soybean) in the DMMSA 
based on consistent producer prices in 
2012 dollars. In the future scenario, the 
DMMSA can capture an additional $97 
million dollars by growing more (up to 
50%) of its own table food, increasing 
the value of DMMSA agricultural 
production by 15%. However, it is likely 
that the many necessary infrastructure 
and policy factors would need to change 
to support this additional table food 
production within the DMMSA. 

Conclusion and future 
considerations
Several factors, including science, 

Figure 4. Crop yield (kg/ha) trends (increasing or decreasing) when 
comparing current and future climate projections. 

Figure 5. Per person energy and global warming potential to meet 50% of 
dietary requirements given GFDL and MPI climate projections. 
Note: The salmon color represents the current conditions and the blue represents the future scenario.

markets, and policies influence 
decisions regarding agricultural systems 
(e.g., crop type and farming practices). 
This study indicates potential strengths 
and weaknesses of different crop 
production scenarios and how they 

affect agricultural sustainability. A 
shift in land use to increase table food 
production in the DMMSA landscape 
indicates the potential for improvement 
in water quality and reductions in 
energy use and GWP. For future 
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analyses, we plan to include a larger 
ensemble of climate models and in-
depth uncertainty analyses to increase 
our confidence in the results.
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