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To the readers of this report:

A year and a half ago, a diverse group of leaders from the conservation community, farmer 
organizations, agribusiness companies and food companies gathered together to attempt to develop a 
framework for “sustainable agriculture” for production agriculture.  It was clear from the start of that 
meeting that there was a strong consensus about the challenges that lie ahead for agriculture.  
Predicted global food demands indicate that production will need to double in the next 40 years.  At 
the same time, we are increasingly aware of the need to preserve biodiversity, the challenges of climate 
change, and the potential degradation of soil and major waterways.  Agriculture must meet these and 
other challenges with the continued leadership, innovation, and performance that have marked the 
last century in production agriculture.  These challenges will further require strong collaboration 
among farmers, conservation and community leaders, and the entire agricultural supply chain.   

As our discussions have progressed, we have learned a few things about sustainability and agriculture.  
Good practices are key to achieving good outcomes, and yet it is the outcomes—water use, soil loss, 
yields, to name a few—that will dictate how sustainable our systems are.  

Recognizing these tensions, we have devoted our attention first to identifying and measuring systems-
wide outcomes that are important to the sustainability of production agriculture in the United States.  
Tracking these systems-wide measures is a first step at gauging overall performance against key 
sustainability indicators.  We will look to local efforts and initiatives to further inform our work. 

One of our axioms has been to build on areas of highest common ground, accomplish what we can, 
and learn as we go.  While it has been no easy task to develop a set of tools and metrics that provide 
meaningful and credible information and also track and identify trends over time on a broad scale, we 
recognize that this report is only a starting point.  Yet we feel it is an important point that will inform 
our future work.  We know that the local context –environmentally, socially, and economically— is 
critically important to the decisions growers make every day on an individual level.  We are learning 
how to ensure that tracking national, system-wide performance will create drivers for change at the 
individual farm level, at the watershed level, and at the regional level.  

We have embarked on this complex task by focusing first on environmental indicators and on 
commodity crops in the United States.  Broader economic and societal trends are equally important to 
track to determine our overall progress towards greater sustainability as we meet the challenges of the 
next 40 years. We also recognize that these challenges must be met not only by the four crops focused 
upon in this study, but by all crops and by a full spectrum of practices and technology choices.  Our 
work in those areas will continue.

We recognize that the credibility of this information is critical to its use.  We conducted an informal 
peer review of this information with experts in agriculture.  We learned from these experts and will 
continue to solicit expert feedback as we do additional work. A summary of peer feedback and our 
response is included as an appendix to this report.   

We continue to address these challenges and their various dimensions, and invite you to join us as we 
learn together how to create more sustainable outcomes for agriculture.  

Sincerely, 

Jeff Barach, Jason Clay, Bonnie Raquet, Jerry Steiner, Rick Tolman

The Executive Committee on behalf of Field to Market: The Keystone Alliance for Sustainable 
Agriculture 
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Field to Market

The Keystone Alliance for Sustainable Agriculture

Environmental Resource Indicators Report

Executive Summary

Background. Nearly all estimates of future demand for agricultural goods suggest a need to 

double agricultural production by 2050, if not before, in order to maintain adequate supplies for 

a growing world population that will use its expanding income to diversify diets with more meat, 

dairy, fruits and vegetables.i  Field to Market: The Keystone Alliance for Sustainable 

Agriculture believes this increased production must be accomplished in a manner that does not 

negatively impact – and actually improves – overall environmental and societal outcomes.  Field 

to Market is a collaborative stakeholder group of producers, agribusinesses, food and retail 

companies, and conservation organizations that are working together to develop a supply-chain 

system for agricultural sustainability.  The group was convened and is facilitated by The 

Keystone Center, a neutral, non-profit organization specializing in collaborative decision-

making processes for environment, energy, and health policy issues.  

As an initial step, the group has defined sustainable agriculture as meeting the needs of the 

present while improving the ability of future generations to meet their own needs by focusing on 

these specific, critical outcomes:

 Increasing agricultural productivity to meet future nutritional needs while decreasing 

impacts on the environment, including water, soil, habitat, air quality and climate 

emissions, and land use;

 Improving human health through access to safe, nutritious food; and 

 Improving the social and economic well-being of agricultural communities. 

It is within this context that the group is developing metrics to measure the environmental, 

health, and socioeconomic outcomes of agriculture in the United States.  These metrics will 

ultimately comprise a Sustainability Index that will facilitate quantification and identification of 

key impact areas and trends over time, foster productive industry-wide dialogue, and promote 

continued progress along the path toward sustainability.  The national-scale environmental

resource indicators presented here are a first step in these larger efforts, which are summarized 
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visually in Table I.I.  Table I.I lists the kinds of components that we believe are critical for a 

complete sustainability index that measures outcomes for a full range of products and practices.  

The table includes the national scale outcomes that we have modeled to date (the shaded cells) 

as well as the additional environmental, health, and socioeconomic outcomes at national, 

regional and local scales that we plan to model in the future.  Our future plans and objectives for 

developing international scale metrics have not yet been defined.

Table I.I. Components of a Complete Sustainability Index. Field to Market has 
produced metrics for measuring environmental outcomes at the national scale (shaded cells).  
Specific socio-economic and health and safety outcomes are given as examples only; future work 
will determine which outcomes can be measured within these broad categories, as well as how 
they can be applied at different scales.

Methods Overview. The environmental resource indicator metrics presented here represent 

a first step in these efforts.  Using publicly-available data, national-scale metrics are developed 

to measure outcomes for five environmental indicators: land use, soil loss, irrigation water use, 

energy use, and climate impact (greenhouse gas emissions).  The metrics are applied to quantify 

environmental outcomes for four commodity crops –corn, cotton, soybeans, and wheat—

produced through agricultural practices in the United States.    

The national scale was chosen as a starting point for benchmarking the overall environmental 
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performance of particular crops.  We believe that national level environmental indicators can 

provide perspective and prompt industry-wide dialogue that is ultimately relevant to more 

localized investigations and efforts.  We have focused upon the four commodity crops because 

they constitute a majority of agricultural crops currently harvested in the United States.  An 

outcomes-based approach was selected because it can provide an inclusive mechanism for 

considering the actual impacts and sustainability of diverse agricultural products and practices. 

We recognize that water quality and biodiversity are key environmental areas of concern for 

agriculture, and we will need to develop metrics to measure the successes and continued 

challenges for these areas.   In this report, we provide an overview of our progress to-date in 

developing a water quality indicator.  

Results Overview.  Results are presented for the years 1987-2007.  The results for each 

indicator (land use, soil loss, water use, energy use, and climate impact/carbon emissions) are 

displayed for each crop in two formats: 1) Resource indicator (use or impact) per acre and crop 

productivity (yield) per acre (Figure I.Ia), and 2) “Efficiency” indicators showing resource 

indicator (use or impact) per unit of output, benchmarked to the year 2000 (Figure I.I.b).  We 

believe that both approaches are valuable, as resource use or impact indicators can show change 

over time independent of yield, and efficiency measures – resource indicator measures over 

output – can show change in use or impact over time relative to our ability to meet productivity 

demands. A summary of efficiency indicator results for each crop is also presented in a 

spidergram that demonstrates the change in “footprint” over time of all of the efficiency 

indicators (Figure I.II).  
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Year 2000 Unit
Energy Use 0.012 Million Btu/pound
Soil Loss 33.2 Pounds soil/pound cotton
Irrigation Water Use 1.5 Gallons/Irrigated pound
Net Carbon Emissions 0.5 Pounds carbon/pound cotton
Land 0.002 Acres/pound

Figure I.II. Summary of Cotton Efficiency Indicators
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Discussion and Conclusions. The group anticipates that the approaches presented in this 

report can be refined to better measure impacts on natural resources in addition to the efficiency 

of use of the resource.  The group also anticipates that these approaches can be adapted to 

quantify environmental outcomes for other crops and agricultural products and be inclusive of a 

full range of agricultural technologies and practices ranging, for example, from organic to 

conventional methods.  This expectation must be tested through case studies, and the methods 

must be revised as necessary for other crops and scales, as well as when additional data becomes 

available.  Table I.II conceptualizes our understanding of what each of our current metrics does 

and does not do, the metrics’ potential scalability, and areas for future improvement.

  

Table I.II. Evaluation of Environmental Resource Indicators and their 
effectiveness as metrics for environmental sustainability outcomes at various 
scales.  The five metrics presented here are believed to be relevant (assuming appropriate 
available data) at national, regional, and local scales.   Land Use, Water Use, and Energy Use 
indicators measure the efficiency of resource use, while soil loss and climate impact measure 
actual impact on the natural resource in question.  In most cases, the data utilized is not 
confounded by non-agricultural sources of stressors.  Agricultural inputs such as nutrients and 
pesticides are accounted for in the Energy Use and Climate Impact indicators.  Examples of 
ideas for future areas of improvement are also provided.

This report does not define a benchmark level for sustainability, and thus cannot conclude 

whether we have achieved “sustainability” in agriculture or how far we might have to go.  

However, the environmental resource indicators provide tools by which to describe progress or 

lack of progress at the national scale in terms of total environmental impacts as well as resource 
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efficiency.  They also provide a context for further focusing in on specific challenges and regions 

and generating processes for achieving continuous improvement.  

It is too soon in this process to draw major conclusions about this data. This report marks our 

first step in establishing some benchmarks and baselines for overall performance. However, we 

can begin to see some positive trends emerge and also identify areas where we would like to see 

see stronger trends and continuous improvement.  Gains in productivity (yield) per acre over the 

past decade in most of the crops have generally improved overall efficiency of resource use.  Soil 

loss trends (both per acre and per unit of output) have improved significantly in all crops.  In 

addition, corn has seen modest to significant improvements in water use per acre and in water 

use, energy use, and carbon emissions per bushel.  Cotton and soybeans are making progress in 

reducing irrigated water use, energy use, and carbon emissions per acre and per unit of output.  

Wheat’s energy use per bushel has decreased, its water use per bushel has remained relatively 

flat, and its carbon emissions per acre and bushel have seen larger increases. In the future, we 

hope to better understand the relationship between outcomes trends and the practices and other 

factors that are driving them.   This understanding will enhance our ability to achieve improved 

outcomes performance.

We view this work as a first step toward developing a complete Sustainability Index.  In the 

future, Field to Market will continue to develop and improve metrics for measuring 

environmental, health, and socioeconomic outcomes at a variety of scales, as we build consensus 

on an overall methodology for doing so (See Table I.I).  We recognize that other stakeholders 

must be engaged to develop these indicators.  The focus of these future indicators will be on 

outcomes rather than practices, policies, or technologies.  The group will utilize these current 

and future measures to further communicate about and define sustainability and develop 

practices to promote continuous improvement throughout the agricultural supply chain.

                                                          

i FAO. (2006). World agriculture: towards 2030/2050. Rome: Food and Agriculture Organization.
http://www.fao.org/ES/esd/AT2050web.pdf
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Field to Market

The Keystone Alliance for Sustainable Agriculture

Environmental Resource Indicators Report

1. Introduction

Field to Market: The Keystone Alliance for Sustainable Agriculture is a collaborative 

stakeholder group involving producers, agribusinesses, food and retail companies, and 

conservation organizations striving to develop a supply chain system for agricultural 

sustainability.  The alliance was convened and is facilitated by The Keystone Center, a neutral, 

non-profit organization specializing in collaborative decision-making processes for 

environment, energy, and health policy issues.  The primary objectives of Field to Market are:

 To identify criteria for sustainable agriculture that are open to the full range of 

agricultural technology choices; and 

 To support the implementation of production systems that lead to broad 

performance improvements against these criteria. 

We believe that growing food demand, grower needs and desirable land use patterns will require 

an intensification of agriculture. Nearly all estimates of future demand for agricultural goods 

suggest a need to double agricultural production by 2050, if not before, in order to maintain 

adequate supplies for a growing world population that will use its expanding income to diversify 

diets with more meat, dairy, fruits and vegetables.1 Agriculture is already the predominant use 

of all habitable land; however, grain-producing land per capita in 2030 is projected to be just 

0.08 hectares (0.2 acres), or just one-third of what was available in 1950.2   

Increased production must be accomplished in a manner that does not negatively impact – and 

actually improves – overall environmental and societal outcomes.  Globally, agriculture makes 

an estimated 70 percent of freshwater withdrawals.3  The World Water Council suggests we will 

need 17 percent more water than is available to feed the world in 2020.4 Energy is an important 

input to agriculture, yet the competition for energy resources is growing. The International 

Energy Agency (IEA) suggests energy demand will grow by 55 percent by 2030, with 74 percent 

of the new demand coming from developing countries.5  Climate change has also emerged as a 

concern with potential impacts on agricultural productivity. The Intergovernmental Panel on 
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Climate Change (IPCC) reports that agriculture contributes 13.5 percent of total global 

greenhouse gases (GHG).6 The IPCC reports that another 17 percent of global GHG emissions 

are due to deforestation and land transformation – practices that are associated in part with the 

demand for new sources of agricultural land. In the United States, the Environmental 

Protection Agency (EPA) estimates that agriculture is responsible for less than 10 percent of 

GHG emissions.7  

While agriculture is necessary in order to sustain human life, the group recognizes the need to 

address these and other important environmental and natural resource issues while meeting the

demands for agricultural goods.  Consistent with the Brundtland Report’s definition of 

sustainable development, we have defined sustainable agriculture as agriculture that “meets the 

needs of the present without compromising” – and while improving – “the ability of future 

generations to meet their own needs.”8  The alliance is focusing on these specific, critical 

outcomes:

 Increasing agricultural productivity to meet future nutritional needs while decreasing 

impacts on the environment, including water, soil, habitat, air quality and climate 

emissions, and land use;

 Improving human health through access to safe, nutritious food; and 

 Improving the social and economic well-being of agricultural communities. 

It is within this context that the group is developing metrics to measure the environmental, 

health, and socioeconomic outcomes of agriculture in the United States. These metrics will 

comprise a sustainability index that will facilitate quantification and identification of key impact 

areas and trends over time, foster productive industry-wide dialogue and promote continuous 

improvement along the path toward sustainability.  The national-scale environmental resource 

indicators presented here are a first step in these larger efforts.  Table 1.1 lists the components 

that we believe are critical for a complete sustainability index that measures outcomes for a full 

range of products and practices.  The table includes the national scale outcomes that we have 

modeled to date (the shaded cells) as well as the environmental, health, and socioeconomic 

outcomes at national, regional and local scales that we plan to model in the future. 
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Table 1.1. Components of a Complete Sustainability Index. Field to Market has 
produced metrics for measuring environmental outcomes at the national scale (shaded cells).  
Specific socio-economic and health and safety outcomes are given as examples only; future work 
will determine which outcomes can be measured within these broad categories, as well as how 
they can be applied at different scales. 



Field to Market: Environmental Resource Indicators Report, First Report, January 2009            4

2. Data and Methods

2.1. Overview

As a part of this effort, studies of existing outcomes-based metrics for sustainability were 

consulted.  Appendix A provides a thorough review of those studies.  In May 2008, we 

conducted a peer review of our methodologies and data uses.  Appendix B includes a list of peer 

reviewers, an overview of the process, and a summary of reviewer feedback as well as our 

responses.  The methodologies presented here represent our attempts to integrate and respond 

to peer review feedback.  

An outcomes-based approach was selected because it can provide an inclusive mechanism for 

considering the actual impacts and sustainability of a diversity of agricultural products and 

practices.  The national scale was chosen as a starting point for benchmarking the overall 

environmental performance of particular crops.  We believe that national level environmental 

indicators can provide perspective and prompt industry-wide dialogue that is ultimately relevant 

to more localized investigations and efforts.  

For this study, data has been retrieved and assembled across four primary crops in the United 

States:

1) Corn

2) Cotton 

3) Soybeans

4) Wheat 

Together, the production of these four crops has comprised approximately 70 percent of the 

acres of agricultural cropland use in the United States for the past several decades.  With the 

exception of hay production, these land uses would be the four largest acreage allocations of 

cropland in the United States. In 2007, these crops comprised 69 percent of the 305.7 million 

acres of U.S. agricultural crops harvested and had combined crop value of $98.12 billion.9 It is 

our intention that the methods utilized could be applied to a full range of technology choices and 

to other crops produced in the United States or elsewhere assuming sufficient data and, 

perhaps, with some modification.  
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In selecting resource indicators, the group has chosen to focus on five important indicator areas. 

The five areas are:

1) Land use and biodiversity

2) Soil loss

3) Irrigation water use and water quality

4) Energy use

5) Climate impact

There is ample evidence to suggest these five indicator areas merit the most consideration when 

considering the environmental impact and sustainability of agriculture.  In 1999, a United 

Nations Environment Program (UNEP) panel of 200 scientists across 50 countries selected 

water shortages and climate change potential as the most pressing problems for the 21st

century.10 A recent Massachusetts Institute of Technology survey of U.S. citizens reported that 

climate change, the destruction of ecosystems, and water pollution rank as the top three 

environmental concerns.11  

In addition to providing an abundant source of raw commodities for global human 

consumption, efficient agricultural land use creates less incentive to utilize additional land 

resources that may harbor sources of biodiversity. Efficient land use also addresses a potential 

source of climate change – the significant CO2 emissions resulting from deforestation and land 

transition – and results in utilizing less marginal land where higher rates of soil loss and applied 

fertilizer are a co-product of crop production.

The group has evaluated a number of other potential indicators including pesticide and fertilizer 

use. Consistent with the outcomes approach taken by this group, the impacts of these product 

inputs are accounted for in the energy use and climate impact outcomes indicators and will be 

included in the water quality indicator; the methodology for incorporating these inputs into 

energy and climate indicators is explained in sections 2.5 and 2.6 (below).  Another important 

factor in choosing indicators has been the ability of management practices or technology to 

impact the observed outcomes. For this reason, the group decided against including a measure 

of total water use, requiring the use of rainfall as an indicator.  Farm managers have no ability to 

manage the timing or application rates of rainfall. In addition, any undesirable impact of rainfall 

that can be managed, such as soil loss or water quality, is already assessed.  By measuring 
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applied water, we place priority on the relatively less renewable water resources as well as those 

that are within the farm management decision process.

We recognize that water quality and biodiversity are also areas that merit considerable 

attention.  Lacking a viable methodology at this time, we do not currently provide water quality 

and biodiversity metrics in this report.  However, following the release of this report, we plan to 

turn our immediate attention to this issue with the intent of developing robust water quality and 

biodiversity metrics in the course of the next year.  In the meantime, we have included in 

Section 2.4.2 an overview of our work on water quality to date, including the strengths and 

weaknesses of an earlier approach.

We present results in three formats: 1) Resource indicator (use or impact) per acre and crop 

productivity (yield) per acre, 2) “Efficiency” indicators showing resource indicator (use or 

impact) per unit of output, and 3) Total use and impact indicators, showing the annual use  or 

impact per acre multiplied by total acres harvested.  The Total annual indicators methodology 

and results are presented in Appendix C.  We believe that all approaches are valuable, as 

resource use or impact indicators can show change over time independent of yield, and

efficiency measures – resource indicator measures over output – can show change in use or 

impact over time relative to our ability to meet productivity demands. Total impact indicators 

show the impacts where increasing crop acreage may offset the benefits from higher yields and 

lower resource use per acre (Appendix C). A summary of efficiency indicator results for each 

crop is presented in a spidergram that demonstrates the change in “footprint” over time of all of 

the efficiency indicators; spidergram values are five-year centered averages.  

For the efficiency measures, all indicators and variables are normalized to a unit of production:

Corn:  per bushel produced

Cotton:  per pound produced 

Soybeans:  per bushel produced

Wheat:  per bushel produced

Yield data are derived from U.S. Department of Agriculture’s Annual Crop Production report.12  

Data used in this analysis are on a harvested area basis. Harvested area, rather than planted 

area, was used here because it is most often used in data reporting and is most familiar to 

agriculture producers. The alternative would be to present yield on a planted area basis; this 

method would account for abandonment due to weather or other adversity that causes the crop 
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not to be harvested. In parts of the world where abandonment is more pronounced, a measure 

based on planted area might be necessary.  Similarly, resource indicator per acre values for soil 

loss, water use, energy use, and climate impact are per harvested acre.  The per acre land use 

indicator is an exception, with land area shown as planted area in order to reflect total 

agricultural land use per crop.  

In order to facilitate comparison and evaluate relative changes over time, each efficiency 

indicator is indexed where actual values observed in the year 2000 are set equal to 100.  

Therefore, a one unit change in the index value of an individual indicator is equal to a one 

percent change, based on actual values observed in the year 2000.  Other prominent 

sustainability metrics, both pertaining to agriculture and apart from agriculture, have relied on 

normalized metrics including measures such as per capita, per unit of production, or per unit of 

value of production. In the widely acknowledged 2005 Environmental Sustainability Index,13

the authors suggest “…sustainability is a characteristic of dynamic systems that maintain 

themselves over time; it is not a fixed endpoint that can be defined;” under this interpretation, 

normalization becomes optimal in that it allows us to compare trends over time.

Data and methods have been standardized across all crops.  The data utilized in this report have

been retrieved from numerous sources – all are within the public domain, with the exception of 

some information on water quality presented below but not utilized in actual calculations.  Data 

and methods for each environmental resource indicator are further explained below.  Data 

analysis and summary has been completed by Global Insight, an economic, financial analysis, 

forecasting and consulting firm with more than 40 years of experience. 

2.2. Land Use Indicator

Land is a primary requirement to produce agricultural goods.  By its very nature, agriculture 

domesticates the land under production. A 2001 USDA Economic Research Service Report 

stated, “Land quite literally underlies all economic activity, but nowhere more than for 

agriculture. Land is the primary input for crop production and grazing livestock, a source of 

rural amenities, and a store of value for farmland owners.”14  According to 2002 land use data 

from the USDA, the United States composes 2.3 billion acres in total; 19.5% of these acres are 

cropland, or 442 million acres. 15  Other land uses include pasture, forest, special uses and 
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other.16  These categories can be divided further into more specific uses such as grassland, 

urban, rural parks and wildlife, cropland used for pasture, and cropland idled to name a few. 17 18

Each type of land use contributes its own challenges to sustainability, especially agriculture as a 

result of its high level of productivity per acre and large land use percentage. 19 20   Therefore, in 

this report the focus is on cropland land use, which will be referred to as agriculture for corn, 

cotton, soybeans and wheat.  In order for valuable crops to survive and thrive, the land must be 

managed in order that the optimal level of production can be reached.  It is desirable to 

minimize the amount of land under agricultural management in order to sustain the ecosystem 

services associated with natural habitat. By limiting the amount of land under production, more 

land is provided for any and all other uses.  Such uses might include habitat for wildlife and 

biodiversity of all forms.21  Although there is evidence to suggest that agricultural land is being 

converted to suburban and urban areas, 22 23 at this time, it is our intent is to produce metrics for 

on-going agricultural production per acre.  In future versions of the report we will more 

explicitly capture biodiversity and habitat measures within the land use metrics.

Data for measuring land use have come from the National Agricultural Statistics Service (NASS),

a division of the United States Department of Agriculture (USDA). The data were drawn from 

the final estimates provided in the Annual Crop Production report released in February 2008.24  

USDA's survey estimates of yield and farmed land area are considered the best measure 

available for US agriculture, as well as much agriculture around the world. 25 26

The land use efficiency indicator reflects the desire to minimize land use as a function of 

production:

Land Use Efficiency Indicator = Harvested Acres ÷ Unit of Output

Results are presented in both per acre and output efficiency forms. 

% Output efficiency = 1 acre/units of output

In other words, the results are presented in bushels or pounds per acre, as well as by the 

percentage of each acre that one bushel/pound requires for production.   As indicated in the 

equations above, the land use efficiency indicator utilizes harvested acres, reflecting the 

productivity of one harvested acre. We recognize that an efficiency indicator utilizing planted 

area rather than harvested area per unit of output would have the greatest impact on cotton, 

which has the greatest rate of pre-harvest abandonment (10-11 percent). The impact on the 
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other three crops would be much smaller as the ratios of planted to harvested area for these 

three crops are close to 1.  Harvested acres were used as the indicator in this report because the 

industry standard is to report yield based on harvested production. 27   It is also recognized that 

corn and soybean production go to uses other than the food supply, such as ethanol production.  

We focus on total harvested acres in this report and do not address post harvest allocation at 

this time.

For the land use efficiency indicator (land use per unit of output), data were indexed such that

the year 2000 equals 100.  This year was randomly selected as a reference.  In addition, the 

numbers reported in the results section should be multiplied by a factor of 1000.

2.3. Soil Loss Indicator

Soil is fundamental to efficient and economical food production.  While renewable over the 

long-run, excessive soil loss can have significant adverse effects on agricultural productivity and 

environmental health.  Beyond the loss of productivity, movement of soil from the field has 

negative implications on surface water quality and the ecosystems involved. 

Soil loss processes are predominantly caused by wind and water, and have been occurring on the 

land as long as there has been soil. Tillage practices that result in soil exposed to these elements 

without vegetative cover greatly accelerates these rates of loss.  Agricultural practices in the early 

part of the 20th Century coincided with a regional drought to produce the collapse of agro-

ecosystems across the Great Plains, commonly referred to as the Dust Bowl.  Great storms of soil 

were transported by wind across Texas, Oklahoma, and Kansas, and became a symbol of the 

need for conservation practices in agricultural production.

Soil loss is measured in a government report called the National Resource Inventory (NRI) from 

the Natural Resources Conservation Service (NRCS).28 29 The most recent data from the NRI is 

for 2003 (Figure 2.1). From 1982 to 1997 these data were collected on five-year cycles, but 

beginning in 2000 they were collected annually. The data were collected for 800,000 sample 

sites from 1982-1997, but in 2000 forward the data were collected from about 200,000 sample 

sites. Processing these data required aggregation at many levels for comparison.  Erosion data 

were computed using land use based models for water (the Universal Soil Loss Equation) and 

wind (the Wind Erosion Equation).30  These land use based models used as independent 
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variables the impact of crop rotation, tillage practice, field slope, rainfall, and conservation

practices.

Data for wind and water (sheet and rill) erosion were summed to estimate total loss from 

cultivated cropland by state for the reference years 1982, 1987, 1992, and 1997.  Working with 

the statisticians at NRCS and the NRI databases, area-weighted estimates were developed to 

quantify the soil loss by crop, by state, for the comparison years. Soil loss estimates were 

calculated as the mass of soil loss greater than the tolerable soil loss level (T).  T is a widely 

recognized measure of the maximum amount of soil loss in tons per acre per year that can be 

tolerated and still permit a high level of crop productivity to be sustained economically and 

indefinitely.31

While there is currently a debate as to the merits of T as a management tool, it does provide a 

mechanism for comparing relative impacts of erosion on soils for comparative purposes. 32  

Linear interpolation was used to estimate values for non-reporting years.   State soil loss levels 

were held constant from 1997 to present. The resulting data are expressed in units of tons of soil 

Figure 2.1:  Soil Loss from Major Drainage Basins, 2003 (from NRCS, 2003)
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lost above tolerable levels by crop per acre per year. These data were weighted using annual 

state planted acreage levels to create a national estimate. Results are presented in both resource 

impact per acre (soil loss above T per harvested acre) and efficiency (soil loss above T per unit of 

output) forms.  Efficiency data are indexed where the year 2000 equals 100.

2.4. Water Indicator

Water is an important limiting factor for crop production.33  Without adequate and timely water 

availability, crop production is not possible,34 35 which is one reason agriculture is responsible 

for 80% of the nation’s water consumption each year.36  Water quality is also an important social 

good – providing for the adequate and safe sources of human consumption, recreation, and 

biodiversity among others.  In this report, we offer a final methodology and results only for an 

irrigation water use indicator.  While we have been working to develop a water quality indicator, 

we do not offer a final methodology at this time.  However, in this section, we review our work to 

date on the water quality indicator; future work may or may not depart significantly from the 

water quality approach described below.

2.4.1 Irrigation Water Use Indicator

Water is becoming an increasingly scarce resource 37 because of greater demands from variables 

such as population growth, urbanization and accessibility.38 39 Increased population means 

increased food requirements.40 These increased demands on water create more competition for 

this finite resource.  Sixteen percent of U.S. agricultural land is irrigated.  Irrigated land 

produces 2.5 times more than non-irrigated land, 41 42 which means that more irrigation water 

will continue to be demanded.  This report presents a method for calculating total irrigation 

water use and per unit irrigation water use.  

Although average annual rainfall is a variable which affects the amount of water utilized by 

plants, 43 the focus of this project will be on irrigation water.  In addition, there is no doubt that 

water quality is a factor in sustaining water resources, 44 and that water quality is an important 

social good providing for adequate and safe sources of human consumption, recreation, and 

biodiversity. 45 Although improvements in efficiency are important, the authors recognize the 

importance of measuring changes in resource quality over time.  Water, air and soil quality are 
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part of environmental sustainability. 46 47 48  While we have been working to develop a water 

quality indicator, we do not offer a final methodology at this time.  In this report, we offer a final 

methodology and results only for an irrigation water use indicator.

Irrigation water use is the anthropogenic application of water on land to facilitate the growing of 

crops, pastures and recreational lands in order to maintain vegetative growth. 49  Although it is 

recognized that irrigation sources vary, 50  in this report, these differences will not be addressed.  

Data used for the irrigation analysis for the report were largely pulled from the "Farm and 

Ranch Irrigation Survey," part of the Census of Agriculture. 51 52 53

This data source was chosen because it is the only consistent and peer-reviewed source available 

for national data on water use and water management practices in the United States. 54 55 56  The 

benchmark years of data used in this analysis are 1988, 1994, 1998, and 2003.  These years were 

selected based on the Census of Agriculture methods of surveying in years ending in “2” and “7”.  

The reference year for the Farm and Ranch Irrigation Survey is generally the year following the 

census.  Survey methodology included a mail-out survey to nearly 20,000 randomly selected 

operators who had noted irrigation use in previous census years.  While participants were 

randomly selected, leading irrigation states were well represented.  The population was 

stratified into Water Resource Area, state, and the number of irrigated acres in order to increase 

the probability that an operator would be selected based on irrigation usage. 57

This survey provides information on the sources and uses of irrigation water for 48 states, not 

including Hawaii and Alaska.  Information obtained from survey participants included the 

source and amount of water used for irrigation, the number of acres irrigated, the type of 

distribution system used for irrigation, the number of wells and their characteristics, the amount 

of water use for each crop type, the average crop yields, the participant’s irrigation practices, the 

capital spent on irrigation, maintenance costs, the type of energy used, and the types of new 

technologies employed. Data used from the Farm and Ranch Survey for this report include 

quantity of water applied by crop, acres of irrigated crop, yield for the irrigated crop and yield 

for non-irrigated production on farms that irrigate.  Given that the data presented in the Farm 

and Ranch Irrigation Survey is collected for farms that do irrigate we feel that it is appropriate to 

compare the irrigated and non-irrigated yields on these farms and the differential between 

them. 
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National average yield for each crop was calculated from the averaging of survey responses for 

the 4 census years stated above.  Using the averages of these four benchmark years, the 

relationship between the national average yield, irrigated yield and non-irrigated yield was 

established for each crop.  Then, by linear interpolation, the outcomes were used to estimate 

irrigated and non-irrigated yields, and water applied per acre for years without data.  In 

addition, the average share or portion of total acreage irrigated for each crop was calculated.  

This was done by dividing the amount of land irrigated by the total amount of land harvested for 

each crop:

Irrigated acres/total harvested area (acres) = irrigated share

The overall share of irrigated land was found by averaging the irrigated land for the four 

reference years.  The share of irrigated acreage for reference years was used to estimate the 

irrigated acreage for non-survey years.  Between survey values, water application rates after 

2003 were assumed to be constant at the 2003 level.  A new census was conducted in 2007 and 

the results have yet to be published.58

Non-irrigated yield was subtracted from irrigated yield in order to determine difference in yield 

between the two practices.  Again, data were averaged over all four reference years before the 

overall differential was established:

Irrigated yield – non-irrigated yield = Net Impact of Irrigation on Yield

The average amount of water applied was converted to gallons per acre and divided by the 

irrigation yield differential to determine the gallons of water used per unit of incremental 

production:

Total Gallons H2O/difference in yield = difference in gallons of water/bushel or pound as a 

result of irrigation

Results are presented in total irrigation water applied per harvested acre, as well as in water use 

per unit of incremental production (thousands of gallons).  Efficiency values were converted to 

an index where the year 2000 = 100.  The year 2000 was randomly selected. 

We recognize the limited number of data points as a limitation to our methods.  However, at the 

national level, a suitable alternative was not found.  Smaller scale studies may provide more 

regular annual data at the state or regional level.  For the same reason, a small n value for 

reference years, statistical analyses for significance were not performed.
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2.4.2. Water Quality Indicator (Overview of Work to Date)

Water quality is essential to agriculture and all of life.  It is also among the most challenging of 

the variables to quantify in a consistent and comprehensive manner because of the numerous 

groups collecting monitoring data and the myriad of methodologies being employed.  Due to the 

complexity of the issue, we have decided to exclude any quantitative measure of water quality 

from the current assessment.  Instead, we are planning to invest the considerable time and effort 

that we believe is both necessary and appropriate to adequately address water quality.  We hope 

to include such a quantitative analysis within the next year.

As one example of the extensive amount of research that has already been done in this area, we 

cite monitoring results from the United States Geological Survey (USGS) National Water Quality 

Assessment (NAWQA) program.  For the purpose of this example, we have focused on 

parameters measured by USGS in surface water, and compared them to human health 

benchmark concentrations tabulated by USGS.  We are investigating additional potential 

measures of water quality, based on aquatic life benchmarks, hydrology alteration, and ground 

water.  This is just one set of issues that will need to addressed in the planned water quality 

research that we mentioned above.

Despite some limitations, the USGS NAWQA database is the only water quality monitoring 

database with the necessary breadth and scope to uniformly address the potential impacts of 

crop production practices at both watershed and national scales.  Other possible sources of data, 

such as impaired waters lists or Total Maximum Daily Loads (TMDLs), are far too 

geographically variable, and they are more representative of state regulatory activity rather than 

actual water quality.

Within the USGS NAWQA program, we attempted to look at the frequency of detection of a 

potential water contaminant (Nitrate/Nitrite as N, or pesticides) at a concentration greater than 

10 percent of its water quality benchmark concentration to determine trends in overall water 

quality.  The term “detection” as used here does not refer to a mere analytical detection at any 

level.  The benchmark concentrations used for this purpose generally represent annualized 

mean concentrations intended to be protective of human health.  This approach has limitations 

because it creates a somewhat arbitrary standard that is not necessarily indicative of overall 
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water quality or sustainability.  As noted above, aquatic life benchmarks are being considered 

for future work providing appropriate availability.

The methodology could be applied using any suitable water quality monitoring data, including 

local watershed-scale data.  However, the national-scale USGS data (NAWQA, 1992-present) are

the most useful, due to widespread geographic and temporal coverage and the rigorous 

uniformity of their analytical methods and reporting procedures.  The list of water quality 

parameters for which queries were performed is given in Table 2.1.  Also indicated in Table 2.1

are the benchmark concentrations that were used for each parameter to determine detection 

frequencies.  Most of these are Health-Based Screening Levels as defined by USGS59 and the rest

are mainly Maximum Contaminant Levels as promulgated by the US Environmental Protection 

Agency.60

The 52 pesticide analytes included in the data queries represent the vast majority (by pounds 

applied) of all pesticide applications to corn, cotton, soybeans, and wheat.  As indicated in Table 

2.2, the pesticides included in these searches collectively account for 82-96 percent of the total 

amount of pesticides applied to these crops in the U.S. during the period 1990 to present. The

mean concentration (unweighted) was calculated at each sampling site for each year having at 

least four analytical results for the parameter of interest.  The overall detection frequency was 

then determined annually by comparing these mean concentrations with the benchmark 

concentration listed in Table 2.1 for that parameter.

The overall average frequencies of detection above the benchmark levels for nitrate-nitrite as 

nitrogen and pesticides are listed in Table 2.3.  Detection rates are very low even when looking 

at benchmark concentrations of 10 percent below the human health standards for both nitrates 

and pesticides.  While the detection trends over this period are relatively flat, production of 

these crops has increased over this period, suggesting that the efficiency of nitrogen and 

pesticide utilization has significantly increased, with the net result of less runoff over the time 

period that otherwise might have been expected.  This finding will be further elaborated and 

broadened over the next year or so as the more complete water quality assessment is completed.
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Table 2.1. Water Quality Parameters Included in NAWQA Data Warehouse 
QueriesBenchmarks based on USGS Health Based Screening Levels unless
indicated(1)
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Table 2.2. Extent to which Monitoring Data represent Crop Pesticide Use.

Table 2.3. USGS NAWQA Detections above Human Health Benchmark Levels
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2.5. Energy Use Indicator

From the production of nitrogen fertilizer to the drying and transportation of grain, agriculture 

uses energy in many forms.  Our analysis includes the major energy intensive areas of on-farm 

crop production: direct usage including operation of farm equipment utilizing various energy 

products (diesel, electricity, gasoline, natural gas, and liquefied petroleum gas) and indirect 

usage including fertilizer production and crop chemical production. Direct usage includes 

average energy use for irrigation and transportation energy to move the crop to on-farm storage 

only.  Together, these categories comprise 94.9 percent of total energy requirements for farm 

inputs.61  Seed production, which comprises only one percent of on-farm energy requirements, is 

not included but can be added to future versions of this metric; custom work, input hauling, and 

purchased water represent the remaining four percent of energy requirements for farm inputs. 62

Numerous studies have estimated the energy use, both direct and indirect, for crop production

(see Piringer and Steinberg 2006, Shapouri 2002, West and Marland 2002, and Lal 2004 for 

energy estimates and summaries of other studies). However, these studies typically look at 

energy use at a point in time, rather than as a time-series, as we are doing in this study.

Data from several USDA sources were used to build estimates of the total energy use by crop by 

year. At the heart of our analysis of the energy used to produce corn, soybeans, wheat, and 

cotton is a 2004 USDA study titled "The 2001 Net Energy Balance of Corn-Ethanol."63  While 

our analysis does not involve ethanol, the work done in this report provides well researched 

information concerning the energy associated with fertilizer production, seed production, crop 

protection products, and fuel and energy for equipment operation and crop handling. The most 

recent update to this study represents its third release. Over time the estimates have continued 

to be refined. The study ultimately draws its data from USDA's Agricultural Resource 

Management Survey (ARMS) and the Agricultural Chemical Usage reports as well as the 

Greenhouse Gas Regulated Emissions and Energy Use in Transportation (GREET) model from 

Argonne National Laboratory.  All energy requirements are converted into British Thermal 

Units (BTU) for comparison purposes.
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2.5.1 Fuel and Electricity

Data is not available for how much direct energy is used on farm for growing corn, cotton, 

soybeans and wheat at the national level. However, USDA’s National Agricultural Statistics 

Service (NASS) has conducted surveys to estimate the dollar cost of energy on farm in the Prices 

Paid Index.64 Therefore direct energy for fuel and electricity usage is calculated using estimated 

costs paid per acre by crop type. Energy costs correlate with energy use, but due to changing 

prices for energy over time, they do not correlate directly with energy use. In order to correlate 

energy costs more closely with energy use, costs must be weighted (divided) by a price index for 

the year given. As energy prices rise, so does the price index, so energy price divided by price 

index remains close to constant. Because the price index includes prices for many types of 

energy in locations all across the country with different prices, individual farmers may see a 

greater or lesser change than the price index. Nevertheless, the index is a good representation of 

the mean price of energy. 

Energy costs paid by farmers are estimated from surveys by USDA. USDA’s Prices Paid Index 

calculates the price index for fuels paid by farmers. Using 2001 as the base year, one can divide 

the energy cost per acre per crop by this price index in 2001. This results in the estimated real 

energy cost for 2001. Shapouri 2005 calculates the amount of energy in BTUs from fuel and 

electricity, averaged over 9 states in 2001, required in the production of one bushel of corn. 

Using Shapouri’s values for BTU’s from energy per bushel in 2001 and yield, one can derive the 

BTU’s per real dollar spent on fuel in 2001, in this case 172,913 BTU/Real Dollar of Fuel and 

Electricity. We assume that the BTU’s per real dollar spent on fuel is a constant value over time. 

Using this constant value of BTU/$, we can multiply it by the real dollars spent per acre in any 

given year for a given crop to estimate the BTUs per acre. USDA provides annual national level 

yield data for each of the crops studied. Dividing the BTU/acre by yield, one can calculate the 

BTU per bushel or pound for the given year (See Table 2.4).

Table 2.4. Method of Estimation of Energy used in Production

Caclulation Result
Energy Cost in 2001 ($/ac) ÷ Price Index in 2001 = Real Energy Cost (2001$/ac)

BTU/Ac in 2001 ÷Real Energy Cost (2001$/ac) = BTU/ Real Energy $

BTU/ Real Energy $ * Real Energy Cost/ac in given year = BTU/ac in given year

BTU/ac ÷ Yield (Bushels/ac or Lbs/ac) = BTU/Bushel or BTU/Lb in given year
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It is possible that as the price for one type of energy increases, farmers may substitute for other 

types of fuel where possible. This will confound the results and the price index. However, this 

may be the best proxy for energy use on farm and does not appear to lead to significant bias in 

either direction.

2.5.2 Agricultural Chemicals

Data on the quantity of agricultural chemicals used by crop type are not readily available at the 

national level. However, USDA’s NASS does provide data on costs farmers pay for agricultural 

chemicals in the Prices Paid by Farmers index and NASS provides an annual price index for 

agricultural chemicals. Additionally Shapouri 2005 calculated the amount of energy in BTUs, 

averaged over 9 states, required in the production of agricultural chemicals used to produce one 

bushel of corn. Therefore, indirect energy from agricultural chemicals can be calculated in a 

similar manner as fuel and electricity usage (Table 2.5). 

Using the average yield of bushels per acre in 2001 across those 9 states, one can obtain the 

BTUs per acre for agricultural chemicals for corn. Given that we have data on dollar amount 

spent on agricultural chemicals every year for all four crops, we can estimate the amount of 

agricultural chemicals used in production of each crop across the years. Using farm 

expenditures on chemicals over time (prices paid index) divided by the price index will provide 

the real dollars spent per year per acre. Multiplying real dollars spent by Shapouri’s value for 

BTU’s required to produce a given value of agricultural chemicals (in 2001$) will give the BTU’s 

required per acre for agricultural chemicals per crop. Dividing by USDA’s yield data results in 

BTU’s per bushel or pound of crop produced.

Table 2.5. Method of Estimation of Energy used in Production of Chemical Inputs

Caclulation Result
Ag Chemical Cost 2001 ($/ac) ÷ Price Index in 2001 = Real Ag Chemical Cost (2001$/ac)

BTU/ac in 2001 ÷Real Ag Chemical Cost (2001$/ac) = BTU/ Real $ Ag Chemicals
BTU/ Real $ Ag Chem in given year * Real Energy Cost/ac in 
given year = BTU/ac in given year

BTU/ac ÷ Yield (Bushels/ac or Lbs/ac) = BTU/Bushel or BTU/Lb in given year

Different chemicals may have significantly different energy input requirements for 

production, so it is not clear how actual usage will differ from this proxy. West and Marland 
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2002 estimate herbicides require 266.56 GJ/Mg (252,650 BTU/kg) while insecticides and 

fungicides require 284.82 GJ/Mg (269,957 BTU/kg) and 288.88 GJ/Mg (273,805 BTU/kg) 

respectively. Shapouri uses values from Wang et al. 1999,65 somewhat higher at 336,600 

BTU/kg for herbicide and 347,600 BTU/kg for insecticide. While these studies vary 

significantly, it should be noted that the difference between herbicides and insecticides within 

each study vary only slightly. 

These data were used to benchmark the year 2001 and real dollar expenditures were used to 

back-calculate and project forward from the year 2001.  Factors based on corn data are used to 

project soybean, cotton, and wheat, with the implicit assumption that crop chemical energy per 

real dollar for these crops are comparable to those for corn.  This assumption would seem 

reasonable given that many of the products are used across several crops.  This assumes 

conservatively that production technology is constant over time. It also assumes that new 

chemicals used have roughly the same energy requirements for production. It should also be 

noted that the crop chemicals represented about six percent of the energy for all inputs for corn 

in 2001 and thus the uncertainty in our assumptions is balanced somewhat by the relatively 

minor role that crop chemicals contribute to overall energy use.  Using this methodology a factor 

of 18,079 BTUs per real (2001) dollar of crop protection products was calculated.

2.5.3 Chemical Fertilizer

USDA’s Economic Research Service (ERS) provides national level data on the acreage and 

percentage of acreage of major crops that use chemical fertilizers, as well as the rate of fertilizer 

application.66  A few missing data points from USDA’s data were estimated by interpolation. By 

multiplying the percentage of acres fertilized by the application rate, one can calculate fertilizer 

per acre. Dividing by USDA’s yield data results in the amount of fertilizer per bushel or pound of 

crop (see Table 2.6)

Table 2.6. Method of Estimation of Energy used in Production of Fertilizer

Caclulation Result
Percent of Acres Fertilized * Fertilizer Application Rate (lbs /ac) = Fertilizer Used (lbs/ac)

Fertilizer Used (lbs/ac) ÷  Yield (Bushels/ac or Lbs/ac) = Fertilizer (lbs) /Bushel or Pound

Fertilizer (lbs) /Bushel or Pound * BTU/Fertilizer (lbs) = BTU/Bushel or BTU/Lb
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Shapouri 2005 provides estimates for the amount of energy required to produce nitrogen, 

phosphorous and potassium fertilizers. The values are reported to be 24,500 BTUs per pound N, 

4,000 BTUs per pound phosphate and 3,000 BTUs per pound of potash fertilizer. Multiplying 

energy in BTUs per pound of nutrient by the number of pounds required per bushel or pound of 

crop results in the BTUs per pound or crop of product.

While the literature provides a wide range for the energy required for production, the values we 

use are roughly in the middle of the literature values. 67 68 69 These values are conservatively 

assumed to be constant over time. If these values are relatively constant over time, then the 

value used for BTU/lb nutrient should not affect the overall trend of energy use from fertilizer 

per crop. Fertilizer application rate data was sourced from USDA and missing data points were 

estimated by linear interpolation. Results are presented in both resource use per acre (energy 

use per harvested acre) and efficiency (energy use per unit of output) forms.  Efficiency values 

were converted to an index where the year 2000 = 100.

2.6. Climate Impact Indicator

Climate change and its potential impact on agriculture is an important public policy topic.  

Climate impact measures the net carbon dioxide and other greenhouse gasses emitted both 

directly and indirectly in the production process. In the US, agriculture is a small but significant 

source of greenhouse gas, roughly 10% according to the US EPA.70 According to much of the

current literature, energy use and tillage create sources of greenhouse gas emissions. However, 

some agricultural practices have the potential to sequester carbon dioxide in the soil.71 72 For 

example, continuous no-tillage practices for some crops are documented as sources of carbon 

sequestration.73 However, the impact of no-till farming on soil organic matter remains poorly 

understood and is soil specific.  Recent studies suggest that no-till may result in change in the 

distribution of soil carbon—concentrating it into the upper-most soil layer— rather than a 

significant increase in total soil carbon measured over a larger soil profile.74 75 We recognize 

these uncertainties in current scientific understanding of the impacts of tillage practices as 

limitations to our climate impact methodology.

A net carbon balance was constructed for each of the four crops – corn, soybeans, wheat, and 

cotton.  Most of the available literature on the subject of carbon balance report a single cropping 
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season.76 In our effort we are trying to adjust for known, quantifiable changes over time. Some 

of our measures assume a static carbon contribution over time due to lack of data to make 

credible adjustments while others use actual application rates to predict carbon balances for 

years before and after the benchmark year.  Our analysis takes no credit for the carbon 

embedded in the removal of the crop.  It is assumed that the crop will ultimately be utilized or 

consumed and this carbon will be released back into the atmosphere. 

There are four major sources of climate impact in crop production: emissions from energy used 

to power machinery; emissions from energy used to produce agricultural inputs; carbon 

emissions or sequestration in soil; and soil N2O emissions from applied nitrogen fertilizer and 

manure.77 Our analysis takes no credit for the carbon embedded in the removal of the crop.  It is 

assumed that the crop will ultimately be utilized or consumed and this carbon will be released 

back into the atmosphere. 

The carbon balance includes carbon dioxide (CO2) as well as nitrous oxide (N2O) emissions

converted to carbon equivalents (CE). One kg of carbon dioxide contains 12/44 kg of carbon, 

using the atomic mass ratio of a carbon molecule to a carbon molecule. In this study, nitrous 

oxide (N2O), from soil’s atmospheric release of excess applied nitrogen, must be converted to its 

carbon equivalent. For this study, we use the IPCC 2001 Third Assessment Report conversion 

factor of 296 kg CO2 per kg N2O (or 80.7 kg CE). 78

The method for constructing the balances in this report relies heavily on West and Marland 

(2002). 79 Their method calculated the carbon balance for fuel consumption, agricultural inputs 

and soil carbon due to tillage. West and Marland compare emissions from three tillage practices: 

conventional till, reduced till and no-till. Tillage practice impacts not only the soil carbon 

emissions or sequestration, but also the machinery fuel usage, as well as fertilizer and chemical 

application rates. 

We also include N2O soil emissions from nitrogen application in this analysis. N2O is a major 

source of greenhouse gas emissions in US agriculture, and agriculture produces roughly 80 

percent of US N2O emissions according to Synder et al. 2007.80 Most of the available literature 

on the subject of carbon balance report a single cropping season.81  In our effort we are trying to 

adjust for known, quantifiable changes over time.  Some of our measures assume a static carbon 
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contribution over time due to lack of data to make credible adjustments while others use actual 

application rates to predict carbon balances for years before and after the benchmark year.  

2.6.1 Agricultural Inputs

West and Marland supply national average data from USDA for the year 1995 for each of the 

three tillage practices, for corn, soybeans and winter wheat.82 They give values in kg C/ha for 

herbicides, insecticides, N, P2O5, K2O, CaCO3, seed and irrigation. In addition they provide 

values for emissions with irrigation, without irrigation, and average C emissions. The carbon 

balance for each input is weighted by the percentage of planted acres using that input. All values 

are then summed to give an average value. West and Marland do not provide data for cotton, so 

we interpolated using the data on C emissions given for corn and USDA data we had on level of 

inputs. Using the C emission from corn, multiplied the ratio of cotton input (e.g. N, P, K etc) to 

corn input gave us a proxy for the C-emissions from cotton.

Using these values from 1995, we extrapolated both forward and backward to estimate values for 

other years. For herbicides and pesticides, we used the percentage change in real dollars spent 

on agricultural chemicals (see above discussion in Energy Section) to create the same percentage 

change in carbon emissions for a given year. For nitrogen, phosphorous and potassium, we 

similarly used the percentage change in application rate over time for each nutrient, 

respectively, and created the same percentage change in carbon emission. Because no data for 

lime is available at the national level over time, we used the percentage change in nitrogen as a 

proxy. While this may or may not be reflective of actual practice, lime has a small impact on the 

overall number of the total carbon emissions calculated, between 0.5% for wheat and up to 5% 

for soybeans in 1995, respectively. Carbon emissions from seed production are a larger portion, 

between 5% for corn and 20% for soybeans in 1995. Data for emissions from seed production 

was not available over time so we extrapolated using a 1% increase in carbon emissions every 

year from 1995, and likewise a 1% decrease every year prior to 1995. This results in 

approximately a 23% increase over the 20-year time horizon from 1987 to 2007. This may or 

may not be reflective of reality, but it seems to be a conservative estimate.

For emissions from irrigation, we used a similar method for extrapolation. Data is available for 

water applied per hectare for several years. First we interpolated across those years to estimate 

water use by year. Then, using the percentage increase or decrease of water use per hectare over 
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time from 1995, we used the same value to increase or decrease the carbon emissions in the 

respective year. Clearly irrigation depends on rainfall, and will not follow the linear trend of 

interpolation. However, interpolation should work in helping to elicit the trends over a 20-year 

time frame in C-emissions from water use. While irrigation is a major energy user and carbon 

emitter, only a certain percentage of fields are irrigated. The total carbon emissions from 

irrigation are weighted by this share. We assume that the share of irrigated acres remains 

constant at the 1995 values, 5%, 7%, 15% and 36% for soybean, wheat, corn and cotton, 

respectively. It is unclear how accurately these numbers reflect reality. It may be that both the 

percentage of acres irrigated, as well as the energy and hence carbon emissions required to 

pump water for irrigation may change dramatically over time as cropping patterns change over 

time. This may be difficult to estimate on a national scale without a much deeper analysis. 

Without better data, we believe this is the best estimate we can make. 

We calculated carbon emissions from agricultural inputs for each of the three tillage practices. 

We then created a weighted average, weighted by the share of planted acres under each type of 

tillage practice (see Table 2.6).

Table 2.6. Carbon Emission by Tillage Practice by input per crop

Caclulation Result

Mass applied/Mass applied in 1995 * Lbs C/ac per input in 1995 = Lbs C / ac in reference year

Lbs C / ac ÷ Yield (Bushels/ac or Lbs/ac) = Lbs C per input /Bushel or Pound

Σ Share of Crop under Tillage Practice *  Lbs C per input
/Bushel or Pound

        = Weighted Average Lbs C per input /Bushel 
or Pound per crop

2.6.2 Emissions from Machinery Operations

The carbon emissions due to equipment operation for alternative tillage systems were reported 

in the West and Marland study.  The three tillage systems are defined in the study as being 

consistent with the definitions used by the Conservation Technology Information Center (CTIC): 

Conventional Till, Reduced Till, and No-Till. CTIC provides data over time of the percentage of 

each crop under the different tillage practices. 

Conventional tillage uses the most energy for machinery, and hence produces the largest carbon 

emissions of the three practices, with respect to machinery usage. No-Till uses the least amount 

of energy, and hence produces the lease amount of carbon emissions (see Table 2.7). Because we 

do not have data for cotton, we assumed the tillage contribution to be the same for cotton and 
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corn. The analysis in this report assumes that these factors have not increased or decreased over 

time (i.e. no fuel efficiency improvement over time within a tillage system).  While the specific 

impact of this assumption is not known the directional impact is likely that we have understated 

gains in energy efficiency over time. 

Changes over time in the national average emissions from machinery come only from the 

changing percentages of tillage practices over time.  Efficiency gains due to changes in tillage 

practices are captured by using the CTIC data for the share of each crop under each tillage 

system.

2.6.3 Soil Carbon Emissions and Sequestration from Tillage

The impact of soil sequestration is provided for the three tillage systems but is considered in a 

three-crop (corn, wheat, and soybean) rotation.  This rotation is consistent with the West and 

Marland method for calculating the net carbon flux.  The inclusion of average soil carbon 

sequestration from corn, soybean, and wheat production was done because these three crops 

represent the three largest acreage crops produced in the United States.  Using the average of all 

three crops for each of the crops will likely underestimate the soil carbon sequestration of land 

under a corn/soybean rotation in the Midwest but the results should be generally representative 

of average values for the three crops across all acres and geographic regions. 

Table 2.7. Carbon Emission from Machinery Operation (West and Marland 2002)

Carbon Emissions from Machinery Operation Corn Soybean Wheat

Conventional (kgC per hectare) 72.02 67.45 67.45

Reduced Tillage (kgC per hectare) 45.27 40.7 40.7

No-Till (kgC per hectare) 23.26 23.26 23.26

In the case of a no-till system the carbon sequestration is considered to be in a continuous no-till 

system.  Data on the amount of continuous no-till by crop do not exist.  The industry standard 

for tillage system data is the CTIC.83  CTIC intends to collect continuous no-till estimates in the 

future but have no data at present.  For the purpose of this analysis we assume continuous no-

till is 10 percent of annual no-till area reported by CTIC.  This 10 percent estimate is based 
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strictly on professional judgment and serves as a conservative estimate until a better measure 

becomes available. The West and Marland study reports an average soil carbon sequestration 

level of 337 kg C/hectare per year assuming the three-crop rotation is maintained under 

continuous no-till.  This data comes from US Department of Energy, Center for Research on 

Enhancing Carbon Sequestration in Terrestrial Ecosystem’s (CSiTE) database. No appreciable 

carbon sequestration occurs under a reduced tillage or conventional tillage system, and 

consequently these systems are assigned a zero value.  While corn likely contributes more than 

twice that level of C in a given year, continuous no-till experts would suggest that strict crop 

rotation is a very important management practice.  For this reason this study assumes 337 kg 

C/hectare for all crops and assumes a rotation is being followed.  In many regions, this crop 

rotation is not followed, and so for those regions, this is not an accurate assumption. However, 

when one looks at carbon emissions and sequestration on a national scale, we believe this 

methodology will approach a national average.  West and Marland note that soil carbon 

sequestration will be significantly higher in the first few years and will slow in the later years.  

The 337 Kg C/hectare average was considered a realistic average over a 20 year period.  Some 

studies show appreciably higher soil carbon sequestration levels due to tillage practice.84 85 86  

The level we assume is likely conservative.  An ideal measure of soil carbon sequestration is the 

organic matter in the soil but no consistent, broad based data set was found for soil organic 

matter.  If such data becomes available, we will seek to include it in future versions of this 

report.

2.6.4 Soil N2O Emissions from Nitrogen Application

N2O is a potent greenhouse gas, and as such, nitrogen fertilizer application released as N2O is an 

important source of carbon-equivalent emissions. However, the range of estimates for N2O as a 

percent of N applied is very wide depending on the source of N, the method of application, and 

the soil conditions at the time of application.  Data from the December 2007 International Plant 

Nutrition Institute literature review reports that N2O emissions as a percent of N applied can 

range from near zero to nearly 20 percent of applied N.87  

For the purposes of our analysis we use a factor of 1.33 percent of all fertilizer N applied.  This 

estimate is consistent with the current IPCC estimates.88  Bouwman et al (2002) report a global 

mean of 0.9% of N from fertilizer is released from soil as N2O. Data on U.S. mean annual N 

fertilizer per crop by year is provided by USDA.89 We used this application rate to estimate N2O 

emissions from synthetic nitrogen fertilizer. We have applied an estimate of 1.79 percent of N 



Field to Market: Environmental Resource Indicators Report, First Report, January 2009            28

from manure, as currently summarized in recent literature.90  Manure application data was 

pulled from USDA's ARMS data concerning tons applied and manure source. The methodology 

to calculate emissions from soil N2O is seen in Table 2.8.

Table 2.8. Carbon Equivalent Emission from Soil N2O Emission

Caclulation Result
Percent of Acres N-Fertilized * N- Application Rate (lbs /ac) = N Used (lbs/ac)

N Used (lbs/ac) ÷  Yield (Bushels/ac or Lbs/ac) = N (lbs) /Bushel or Pound

N (lbs) /Bushel or Pound * 1.33%  = N2O lbs/Bushel or N2O lbs /Lb

Percent of Acres Manure Fert * Manure N Application Rate (lbs /ac) = N Used (lbs/ac)

N Used (lbs/ac) ÷  Yield (Bushels/ac or Lbs/ac) = N (lbs) /Bushel or Pound

N (lbs) /Bushel or Pound * 1.79%  = N2O lbs/Bushel or N2O lbs /Lb

N2O from N-Fertilizer plus N2O from Manure = Total N2O Bu/lb or lbs/lb

N2O lbs/Bushel or N2O lbs /Lb*296*(12/44) = C-Equivalent lbs/Bushel or lbs/lb

2.6.5 Total Carbon Emissions

The basic approach we used was to add the four factors of the carbon balance to create a net 

carbon balance for each of the crops:

Net Carbon Balance by Crop = (Machinery Operation + Inputs Used + Soil 

Carbon Change + N2O Emissions)

We also calculated total emissions per crop as measured by impact per acre times harvested 

acres. While acres planted but not harvested do contribute to carbon emissions, they do so to a 

lesser extent. We chose not to include those acres for this analysis. This will underestimate the 

overall value, but should not affect the overall trend as the unharvested acres remain fairly 

constant over time for each crop. Results are presented in both resource impact per acre 

(greenhouse gas emissions per harvested acre) and efficiency (emissions per unit of output) 

forms.  Efficiency values were converted to an index where the year 2000 = 100.
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3. Results: Corn

Figure 3.1. Summary of Corn Efficiency Indicators

3.1. U.S. Corn Supply and Demand

Over the past three decades corn has continued to rise in importance in the mix of U.S. crops.

In 1983 the U.S. Government paid farmers not to plant corn and other major crops and corn 

represented 19 percent of total US cultivated area. Since 1993 corn has increased in prominence 

and hit its current peak of 29 percent of the total U.S. cultivated area in the current, 2007/08, 

marketing year. Technology advancements have allowed corn to be planted farther north and 

south every year. Overall productivity gains in corn have been more robust than any of the other 

major crops with yield gains averaging 2.2 bushels per acre per year or about 1.5 percent per 

year based on recent yield levels.

Corn has replaced millions of less productive sorghum acres over time. The continued growth in 

share of the U.S. and world feed grain market has made corn the standard for livestock feed 
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ingredients.  More recently the U.S. ethanol industry has adopted corn as its predominate 

feedstock accounting for nearly 25 percent of total corn demand in 2007, and contributing to  

sharp increases in land use for corn production in that year.

3.2. Land Use

Over the twenty year study period from 1987 to 2007 , corn demonstrated a 41 percent increase 

in productivity (bushels per acre).a At the same time, corn’s planted area has increased 21 

percent (Figure 3.2), with a significant increase in 2007. Corn's productivity gains have allowed 

for a 37 percent reduction in the land needed to produce one bushel (Figure 3.3).
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a Percent change results for all indicators and crops are based on 20-year least squares trends analyses.
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3.3. Soil Loss

Soil loss above tolerable level (T) due to corn production has been significantly reduced in all 

regions of the U.S., with a 43 percent decrease in tons lost per acre (Figure 3.4).  When 

combined with productivity advances, soil loss above T per bushel of corn produced during the 

period 1987 to 2007 has decreased by 69 percent (Figure 3.5).
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3.4. Irrigation Water Applied

Over the analysis time period the average amount of irrigation water being applied per acre has 

declined from about 450,000 gallons per acre to 400,000 gallons per acre in the most recent 

survey year (2003), with a four percent trend decrease overall (Figure 3.6). During the same 

period about 14 percent of corn planted area was irrigated annually and the typical yield 

differential was 64.5 bushels per acre more than non-irrigated acres.  Irrigation efficiency per 

bushel has been variable over this time period, with a decrease of 27 percent (Figure 3.7).  
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3.5. Energy Use

Over the study period, corn’s energy use per acre increased by three percent, with improvement

since 1999 (Figure 3.8).  The energy used to produce a bushel or unit of corn has decreased by 37

percent (Figure 3.9). 
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3.6. Climate Impact

Measurement data for change in greenhouse gases (GHG) from the production of corn and other 

crops are very limited. Changes in the application methods for nitrogen fertilizer as well as the 

true change in energy use over time are difficult to approximate and consequently efficiency 

gains over time may not be captured in our analysis.  Given the heightened awareness of climate 

change in recent years, we can expect data availability in the area to improve rapidly.  During

the study period, corn has seen an increase in emissions per acre of eight percent (Figure 3.10) 

and a 30 percent decrease in emissions per bushel (Figure 3.11).
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4. Results: Cotton

Figure 4.1. Summary of Cotton Efficiency Indicators

4.1. U.S. Cotton Supply and Demand

The U.S. cotton market has seen considerable change over the past 20 years.  Growth in 

domestic demand for cotton products, particularly clothing, caused a significant increase in 

domestic demand/milling of raw cotton in the early years of our 1987 to 2007 time frame.  More 

recently, strong competition from foreign mills has caused demand to shift significantly to 

exports of raw cotton.  Exports as a share of total cotton demand have increased from 30 percent 

in 1998 to roughly 75 percent in 2007.  Cotton is grown in the southern states with Texas 

growing the largest number of acres - about five million acres of the 10 to 15 million acres 

typically grown.  Recent advances in commodity prices have had much less impact on cotton 

compared to soybeans, wheat, and corn.  This change in relative prices led to a significant loss in 

cotton planted area in 2007 and 2008.  Cotton plantings in 2007 totaled 10.8 million acres 

compared to a peak of nearly 17 million in 1995 and a low of eight million in 1983.
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4.2. Land Use

In recent years cotton yields have frequently reached record levels, and productivity (yield per 

acre) increased 31 percent over the study period (Figure 4.2).  While some of this growth has 

been the result of favorable weather in Texas, there has also been significant advancement in 

seed technology.  Cotton land use has fluctuated over time, with an overall increase of 19 percent

(Figure 4.2).  The amount of land required to produce a pound of cotton has decreased by 25 

percent over the study period (Figure 4.3).
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4.3. Soil Loss

Soil loss per acre due to cotton production decreased 11 percent over the study period (Figure 

4.4).  Meanwhile, soil loss per pound of cotton decreased 34 percent (Figure 4.5).
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Figure 4.4. Cotton Soil Loss Indicator
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4.4. Irrigation Water Applied

Among the major crops produced in the U.S., cotton is one of the most intensely irrigated.  

During the analysis period the share of total cotton planted acreage that was irrigated has 

typically been around 33 percent but has been as high as 45 percent in 1998.  Beyond the 

number of acres irrigated, the amount of water applied has also been substantial with levels as 

high as two acre-feet in past years.  The quantity of water applied to cotton has seen a 

precipitous decline from roughly 650,000 gallons per acre at the beginning of the study period 

to less than 500,000 gallons per acre in the most recent survey year (2003), with an overall 32

percent reduction over the study period (Figure 4.6).  This reduction in water use occurred at 

the same time that cotton yields hit record levels.  Cotton has seen dramatic improvement in this 

regard, with irrigated water use per pound of cotton reduced 49 percent during the past 20 years 

(Figure 4.7).
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4.5. Energy Use

Increased cotton yields coinciding with 47 percent reduction in per acre energy use (Figure 4.8) 

has led to a 66 percent decrease in energy use per pound of lint (Figure 4.9).

5

6

7

8

9

10

11

12

13

14

15

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

300

400

500

600

700

800

900

Energy Use (left axis)
Crop Yield (right axis)

Cotton Energy Use per Acre and Yield per Acre
(Million BTU) (Pounds lint)
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4.6. Climate Impact

Emissions per acre decreased nine percent over the study period (Figure 4.10) while emissions

per pound of lint fluctuated, with more recent improvements resulting in a 33 percent decrease 

between 1987 and 2007 (Figure 4.11).  Since 1995, nitrogen application has leveled off and 

carbon emissions have decreased.  Strong adoption of no-till over the past decade has also 

helped reduce net carbon emissions.

150

200

250

300

350

400

450

500

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

300

400

500

600

700

800

900

Net Carbon Emissions (left axis)

Crop Yield (right axis)

Cotton Climate Impact per Acre and Yield per Acre
(Pounds carbon) (Pounds lint)

(Net carbon emissions expressed as the amount of greenhouse gas in carbon equivalents.)
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5. Results: Soybeans

Figure 5.1. Summary of Soybean Efficiency Indicators

5.1. U.S. Soybean Supply and Demand

U.S. soybean demand has benefited from steady growth in both domestic demand (crush) and 

export demand for whole beans. Domestic demand has increased over time due to increased 

meat consumption, particularly poultry and pork. A similar phenomenon has occurred in 

China, resulting in that country importing more soybeans for animal feed use.  These demand 

increases have led to increased soybean planted area from a low of 58 million acres in 1990 to a 

recent high of 75 million acres in 2006. The acreage expansion has altered geographically where 

soybeans are grown within the U.S., with the greatest change being expansion of planted acreage 

in northern and western areas of the cornbelt where spring wheat and barley have traditionally 

been grown.

Soybean yields have not seen rapid growth like corn, but significant technology changes have
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occurred during the period.  The use of herbicide resistant seeds for weed control has become 

the standard while at the same time significant adoption of no-till farming practices has taken 

place.  Simultaneous with these changes, there has been a more efficient use of resources as well 

as direct growth in yields. Soybean yield growth has been about 0.37 bushels per acre or 1.0 

percent annually.

5.2. Land Use

Soybean productivity (yield per acre) increased by 29 percent over the study period while 

planted area for soybeans increased by 31 percent (Figure 5.2).  Increasing yields have resulted 

in soybean land use per bushel decreasing by 26 percent over the past 20 years (Figure 5.3).
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Figure 5.2. Soybean Land Use Indicator
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5.3. Soil Loss

The soybean soil loss indicators (per acre and efficiency) have improved dramatically over time, 

with a 31 percent reduction in soil loss per acre and 49 percent reduction in soil loss per bushel.  

These trends coincide with significant changes in farming practices in states that grow the bulk 

of U.S. soybeans (Figures 5.4 and 5.5). 
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5.4. Irrigation Water Applied

Irrigation use on soybeans is relatively limited. Only four to seven percent of the crop utilizes 

supplemental water. Consistent with the lower share of area being irrigated the amount of water 

per acre is typically less at about 260,000 gallons per acre per year. The amount of water 

applied per acre has changed very little over time (Figure 5.6), while water use efficiency  per 

bushel fluctuated over time, showing an overall 20% improvement between 1987 and 2007 

(Figure 5.7). Irrigated yields average 40 percent above non-irrigated yields on farms that 

irrigate at least part of their crop.
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5.5. Energy Use

Over the study period, the energy use per acre for soybeans has decreased by 48 percent (Figure 

5.8) while energy use per bushel has decreased by 65 percent (Figure 5.9). Soybeans utilize a 

very limited amount of nitrogen fertilizer and this considerably reduces the total amount of 

energy used to produce the soybeans, especially in comparison with more nitrogen-intensive 

crops. Soybeans have seen the most dramatic shift in inputs used, particularly herbicides and 

fuel for tillage. These factors have allowed the per-unit energy requirements to decline 

substantially over time.
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5.6. Climate Impact

Soybean tillage practices have moved heavily toward no-till over the years.  Even with the 

assumption that only 10 percent of the annual no-till is continuous, as measured by CTIC, the 

net carbon balance per acre decreased for most of the study period, by 14 percent overall (Figure 

5.10).  Emissions per bushel decreased 38 percent (Figure 5.11). 
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Figure 5.10. Soybean Climate Impact Indicator
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6. Results: Wheat

Figure 6.1. Summary of Wheat Efficiency Indicators

6.1. U.S. Wheat Supply and Demand

U.S. wheat acreage has generally declined over the past 20 years due to acreage competition 

from other crops, primarily corn and soybeans. Minimal growth in yields has reduced wheat's 

competitiveness with alternative crops and has contributed to the acreage loss.    During the 

1990s, the impact of the low-carbohydrate diet caused consumption of bread, pasta, and other 

wheat based products to decline in absolute and per-capita terms. Only in the last couple years 

has there been an increase in domestic demand, albeit relatively small.  Export demand has been 

highly variable over the years with large swings often being the result of lower quality wheat 

being purchased as feed for livestock.   At present several crop supply disruptions have fueled 

dramatic commodity price increases and relatively strong international demand for U.S. wheat. 

High prices may encourage expansion in the U.S. and globally during subsequent growing 

seasons.
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6.2. Land Use

Wheat productivity (yield per acre) increased by 19 percent over the study period.  U.S. wheat 

land use decreased 24 percent over the past 20 years (Figure 6.2) while land use per bushel was 

variable, with an average overall decrease of 17 percent (Figure 6.3).  Wheat yields have 

increased very marginally over the period with the greatest productivity increases occurring in

the soft red winter varieties.  The much larger market segment, comprised of the hard red types, 

has seen very slow growth in yield and durum wheat has seen almost no productivity 

advancement over the period.  Much of the research on wheat seed has focused on quality 

considerations rather than yield or technology advancements. 

30

40

50

60

70

80

90

100

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

15

20

25

30

35

40

45

50

Planted Area (left axis)
Crop Yield (right axis)

Wheat Land Use and Yield per Acre

(Million acres) (Bushels)

Figure 6.2. Wheat Land Use Indicator
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6.3. Soil Loss

The indicator of soil loss for wheat made significant progress during the period 1987 through 

1997 as soil loss above T decreased from approximately four tons to two tons per acre; 

reductions in the soil lost per acre have been relatively modest from 1997 forward.  Over the 

twenty year study period, tons per acre decreased 39 percent (Figure 6.4). Similarly, soil loss 

efficiency improved dramatically, roughly 50 percent, with most improvements over the first 

half of the study period and more gradual improvements in the second half (Figure 6.5). A 

major source of soil lost in large wheat growing areas is wind erosion.
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6.4. Irrigation Water Applied

Water applied per acre of wheat increased 17 percent over the past 20 years from roughly 

420,000 gallons per acre to 490,000 gallons per acre (Figure 6.6).  The portion of total planted 

area that is irrigated has varied from 5.5 percent to nearly seven percent over the years.  

Irrigated wheat yields are nearly twice that of non-irrigated yields, a larger yield response than 

with many other crops.  The impact of marginal yield growth offsets the increase in application 

rates and the efficiency indicator trend is generally flat (Figure 6.7).
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Figure 6.6. Wheat Irrigation Water Use Indicator
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6.5. Energy Use

Increased applications of nitrogen over the study period, coupled with relatively limited yield 

response, resulted in fluctuation of wheat’s energy use per acre and per bushel of output, with an 

overall eight percent increase in energy per acre and a nine percent decrease in energy per 

bushel (Figures 6.8 and 6.9). 

1.5

2.0

2.5

3.0

3.5

4.0

4.5

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

15

20

25

30

35

40

45

50

Energy Use (left axis)
Crop Yield (right axis)

Wheat Energy Use per Acre and Yield per Acre
(Million BTU) (Bushels)

Figure 6.8. Wheat Energy Use Indicator

40

60

80

100

120

140

160

180

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

Year

E
ne

rg
y 

U
se

 In
di

ca
to

r 
(2

00
0=

10
0)

(Expressed as amount of energy (BTUs) required to produce one unit of output, indexed to 2000.)

Wheat Energy Use Efficiency Indicator

Figure 6.9. Wheat Energy Use Efficiency Indicator



Field to Market: Environmental Resource Indicators Report, First Report, January 2009            52

6.6. Climate Impact

The wheat climate indicator indicates increase in emissions per acre and per bushel of output 

over time, with the largest increases occurring in the last ten years, resulting in a 34 percent 

increase in emissions per acre and 15 percent increase in emissions per bushel between 1987 

and 2007 (Figures 6.10 and 6.11).  The primary factors affecting this indicator are increased 

nitrogen application with only a small increase in yields.  While no-till is being readily adopted 

by wheat farmers, given the assumption of only 10 percent being continuous no-till, the soil 

carbon sequestration is inadequate to offset the nitrogen use.
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7. Discussion and Conclusions

The findings in this report represent an initial but significant step toward evaluating agricultural 

sustainability and tracking progress over time. The members of this alliance expect the 

methodology to be modified and improved as research, time and better data allow. In this 

report, the sustainability index is applied to corn, cotton, soybeans, and wheat production at the 

national scale.  In theory, this methodology can also be applied to other crops and to regional, 

local, and farm-scales.  However, this theory must be tested through case studies, and the 

methods must be revised as necessary for other crops and scales.  We also recognize that our 

metrics fall into two categories: measures of the efficiency of the use (land use, irrigation water 

use, and energy use) of the resource as well as measures of the actual impact on the resource 

(soil loss and climate impact).  Table 7.1 conceptualizes our understanding of what each of our 

metrics does and does not do, the metrics’ potential scalability, and areas for future 

improvement.

Table 7.1. Evaluation of Environmental Resource Indicators and their effectiveness 
as metrics for environmental sustainability outcomes at various scales.  The five 
metrics presented here are believed to be relevant (assuming appropriate available data) at 
national, regional, and local scales.   Land Use, Water Use, and Energy Use indicators measure 
the efficiency of resource use, while soil loss and climate impact measure actual impact on the 
natural resource in question.  In most cases, the data utilized is not confounded by non-
agricultural sources of stressors.  Agricultural inputs such as nutrients and pesticides are 
accounted for in the Energy Use and Climate Impact indicators.  Examples of ideas for future 
areas of improvement are also provided. 

At this point, a benchmark level for sustainability by crop is not defined, and thus we cannot 

state whether we have achieved “sustainability” or, if not, how far we have to go.  However, these 
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indicators begin to provide tools by which to describe progress or lack of progress in making 

efficient use of resources and the environment. Our results demonstrate increasing efficiency 

over time in many of the indicator areas for each of the major crops, suggesting positive 

progress toward achieving meeting increasing agricultural demand while achieving lesser

environmental impacts per unit of output.  

It is too soon in this process to draw major conclusions about this data. This report marks our 

first step in establishing some benchmarks and baselines for overall performance. However, we 

can begin to see some positive trends emerge and also identify areas where we would like to see 

stronger trends and continuous improvement. Gains in productivity (yield per acre) over the 

past decade in most of the crops have generally improved overall efficiency of resource use.  Soil 

loss trends (both per acre and per unit of output) have improved significantly in all crops.  In 

addition, corn has seen modest to significant improvements in water use per acre and in water 

use, energy use, and carbon emissions per bushel.  Cotton and soybeans are making progress in 

reducing irrigated water use, energy use, and carbon emissions per acre and per unit of output.  

Wheat’s energy use per bushel has decreased, its water use per bushel has remained relatively 

flat, and its carbon emissions per acre and bushel have seen larger increases. In the future, we 

hope to better understand the relationship between outcomes trends and the practices and other 

factors that are driving them.   This understanding will enhance our ability to achieve improved 

outcomes performance.

We will also work to be more inclusive of other indices important to sustainability and 

agriculture.  We know that water quality and biodiversity are key areas of concern for 

agriculture, and developing metrics to measure trends over time for these crucial areas will be 

one of our immediate next steps.  Overall land use trends are important in determining the ways 

agriculture is contributing to open space and habitat, and whether intensification on existing 

acres in production is truly lessening pressures on other lands.  Tracking agricultural 

sustainability may also involve comparing the sustainability indices presented here against a 

world population growth and agricultural demand growth index.  The results of such a 

comparison would demonstrate whether agricultural efficiency – in terms of both 

environmental outcomes and yield – outpaces or lags behind global per capita demand.  Given 

that the U.S. is a significant producer of agricultural goods for consumers around the globe, such 

a comparison is worthwhile and may be appropriate.  This and other approaches will be 
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considered and attempted in the future.

Finally, the indicators reported here consider only one dimension of agricultural sustainability.  

In addition to environmental outcomes, human health and socio-economic outcomes are also 

key indicators of sustainability, and must be considered in the future.  In the meantime, this 

report provides an initial step toward defining and measuring sustainability and creating 

awareness of agricultural outcomes.  
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Overview  
 

Numerous entities have begun attempting to quantify sustainability. These include 
governmental agencies, international governmental bodies, non-governmental organizations and 
private corporations. These entities have come up with a number of methods to measure the 
sustainability of agriculture. This review summarizes the key methods and some of the entities 
using those methods.  

 
Sustainability has typically been measured using indices and the corresponding indicators 

or metrics that make up these indices. Metrics are measurable items or trend, while indices are 
aggregated metrics weighted to represent some aspect of sustainability. Metrics can be weighted 
to represent their importance of each metric to the entity measuring sustainability. Any weighting 
must be transparent for the metric to be validated. A sustainability index can either qualitatively 
combine multiple metrics (e.g. High, Medium, Low) or quantitatively add or multiply metrics 
(e.g. 1-10 score).  

 
Sustainability indicators can broadly be classified into two types: input-based and 

outcome-based. Input-based1 metrics use inputs into the system as a measurement; for example 
quantity of fertilizer or water per unit of area or per crop yield. These metrics may also include 
management strategies such as conventional versus no-till or conventional versus organic. Input-
based methods that use the ratio of all outputs to total inputs are known as Total Factor 
Productivity (TFP) models. These models can be applied easily at multiple scales. TFP models 
have been criticized because they do not include the environmental impact to the system, 
including the underlying natural productivity that may be obscured by capital inputs. 

 
Outcome-based2 metrics measure the impacts of the inputs and management on sustainability. 
The indicators may include such measurements as emissions of greenhouse gasses, nutrient and 
sediment loss from fields, and pesticide loads into ground and surface waters. Outcome-based 
metrics may also measure the state of the system with variables such as water, soil or habitat 
quality. Input-based metrics are typically less costly to measure than outcome-based measures, 

                                                
1 Input-based methods may also be called means-based or management-based depending upon the metrics used. 
2 Outcome-based methods may also be called effects-based. 
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and therefore more often used. However, outcome-based methods may be preferable because 
they provide a direct link to the effects of agriculture, whereas input-based methods provide only 
an indirect link.3 For example, excess nutrient loading on agricultural soils may have different 
impacts to water-quality in shallow sandy soils than in deep organic soils.  
 

Table 1 shows a list of the types of sustainability indicators in use and the attributes that 
may be included in the indicators. 
 
 
Table 1. Agricultural Sustainability Indices: Methods and Options 

Indicator 
Method 

Format of 
Output 

Weighting 
of Metrics 

Scope Scale Measurement 
Basis 

Units 

 
Input-Based 
Outcome-Base 
 
 

 
Scores 
Values 

 
Yes 
No 

 
Environment 
Economic 
Social 

 
Farm 
Local or Watershed 
Regional 
National or Global 
 

 
System-based 
Crop-based 

 
Per Crop 
Per Area 

 
Agricultural sustainability indices may focus solely on environmental factors, or may 

include the other two pillars of sustainability (social and economic factors). Table 2 shows some 
examples of environmental indicators by method. See Appendix Table A for a comparison 
indicators used by 16 indexes. 

 
Table 2. Examples of Environmental Indicators by method 
Index Method Indicators 
Input-Based 

Factor Productivity 
 
 
 
 
 
 
Management 

 
Energy or Fuel Use 
Pesticide Use 
Fertilizer Use 
Water Use 
Land Use 
Yield 
 
Organic or Conventional 
No-Till or Conventional 
GEO or non-GEO 
Pastured vs Confined 
Cover-Croping 
Rotational Planting 
Riparian Zone protection 

                                                
3 See van der Werf and Petit 2002 review of 12 indicator-based methods for evaluation of the environmental impact 
of agriculture. 
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Outcome-Based 
Emissions 
 
 
 
 
 
System State 

 

 
Greenhouse gas emission 
Ozone gas emission 
Nutrient loading to water bodies 
Soil loss and sediment loading 
Pesticide loading to water 
 
Landscape quality 
Stream and habitat quality 
Biodiversity 
Resilience 
Stability 
Self-reliance 
Reliability 
Equity 

 
Indicators and indices may be used solely for benchmarking and monitoring changes over 

time. However, in order to make management or policy decisions based on the indicators it is 
important to understand how changes in one indicator may impact other indicators. Pesticides 
and nutrients may have minimal impacts on water quality at very low concentrations, but may be 
toxic at higher concentrations, affecting social indicators. Therefore, it may be important to 
include threshold values or dose-response functions if indicators are to be used for policy 
decisions, rather than just for reporting. 

 
  The Driving Forces, Pressures, State, Impacts and Response (DPSIR4) model framework 
for understanding sustainable agriculture integrates both the inputs and outcomes to measure 
sustainability. This model is used by agencies such as the United Nations and the World Bank. 
This framework creates a causal chain (Error! Reference source not found.) whereby 
economic developments, such as agriculture, “are driving forces that create pressure on the 
environment, which lead to changes in the state of the environment. In turn, these changes lead 
to impacts on human health, ecosystems and materials that may elicit a societal response that 
feeds back on the driving forces, pressures, or on the state or impacts directly” (Niemeijer, 
2008). See Appendix Figure  for an example of DPSIR indicators. 
 
 A review from van der Werf and Petit (2003) of 12 indicator-based methods for the 
environmental impact of agriculture are summarized as follows: 
 

1) Indices should include multiple scales and multiple scopes so as not to inadvertently 
create new problems by solving single problems 

2) Outcome-based indicators, where feasible, are preferable to input-based methods 
because the link with the objective is more direct 

3) Indicators should use both impact per area and impact per unit product as they 
measure both land use and productivity 

4) Indicators in the form of values are preferable to scores 
5) Science-based threshold values should be defined where possible 
6) The method should be validated by evaluating the appropriateness of the objectives 

and by submitting the design to a panel of experts 
7) Identification of proper trade-off between simplicity and accuracy 

                                                
4 DPSIR was adapted from OECD’s PSR model, Pressure, State, Response. Other agencies using some form of the 
DPSIR method include FAO, European Environment Agency. 
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Figure 1. DPSIR Framework (from ISTAT) 

 
 

Driving forces of agriculture may have either a positive or negative impact on 
environmental quality, for example increased habitat, or increased nutrient runoff. A change in 
the state may have different impacts with respect to environmental quality, for example the level 
of greenhouse gasses may decrease water availability, but increase crop growth in certain 
regions. The impact may be short-term loss or gain in farm profitability. The response might be 
to convert to crops or varieties that require less water and thrive on higher CO2 concentrations. 

 
Numerous methods are based on this framework or one like it, although some do not 

necessarily explicitly mention this framework. See Appendix Figure B for a diagram of the 
DPSIR method from Hani (2003): Response-Induced Sustainability Evaluation (RISE). This 
spiderweb diagram expresses succinctly the multiple broad-level indicators, and how they would 
change under different responses. Neimeijer (2008) proposes moving beyond the causal chain 
framework of DPSIR to a causal network called enhanced DPSIR. This method would allow for 
the complexity of spatial and temporal interactions between indicators. He asserts this would 
lead to better management and policy decisions. It is not clear how the implementation differs 
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from the DPSIR framework, but it may be a sign of the direction that indicator methodology is 
moving.  Summaries of predominant indicators are provided in Appendix Table A-D. 
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Appendix 
Figure A. DPSIR approach from Rao and Rogers, 2003 

 
Figure B. Response-Inducing Sustainability Evaluation (from Hani, 2003)  
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Table A. Indicators and the Indices that use them 

 
  Indices†                

  OECD DEFRA 
U of 

Reading INEA FSI SEC EP LCAA AEI AESA OS MOP EMA SD LCAE IFS Total 
Farm Management and Environment                  
 Whole farm management x X x x             4 
 Nutrient Management x                1 
 Nutrient management plans x                1 
 Soil tests x                1 
 Pest Management x                1 
 Non-chemical pest control methods x                1 
 Use of integrated pest management x                1 
 Soil and land management x                1 
 Soil cover x                1 
 Land management practices x x               2 
 Irrigation and water management x                1 
Use of Farm Inputs and Natural Resources                 
 Nutrient Use x x  X x  x      x    6 

Nitrogen balance x  x              2 
Nitrogen efficiency x                1 
Phosporous balance   x              1 
Manure management   x              1 
Pesticide use x x x X  x     x  x    7 
Pesticide risk x                1 
Area treated with pesticides   x              1 

 Water Use x     x       x x  x 5 
 Water use intensity x  x x             3 
 Water use efficiency x x  x             3 
 Non-renewable energy use  x x   x  x x    x x x x 9 
 Indirect energy inputs   x              1 
 Land use      x  x  x     x  4 
 Waste  x    x         x  3 
Environmental Impacts of Agriculture                  

Emissions                  
 Risk of soil erosion x     x x       x   4 
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 Accumulation of heavy metals in soil   x              1 
Water quality risk indicator x x               2 
Water quality state indicator x x               2 
Pollution incidents  x               1 
Pesticides in rivers and groundwater   x   x           2 
Nutrients in rivers and groundwater    x  x  x       x  4 
Off-farm sediment flow x                1 

 Air Quality/ Emissions         x   x    x 3 
 Greenhouse Gases x x x x  x  x       x  7 
 Ammonia emissions   x x             2 
 Ozone depleting emissions      x         x  2 
 Acidifying gases      x  x       x  3 

System State                  
 Soil Quality x x x      x   x x x  x 8 
 Water Quality x        x   x  x  x 5 
 Land conservation x                1 

Water retaining capacity x                1 
 Biodiversity x x               2 
 Crop genetic diversity x x     x  x x    x  x 7 
 Farmland birds  x x              2 
 Species diversity x x  x             3 
 Wild species x                1 
 Non-native species x x               2 
 Ecosystem diversity x     x   x   x x x  x 7 
 Wildlife Habitats x x               2 

 
Intensively-farmed agricultural 
habitats x                1 

 Semi-natural agricultural habitats x  x              2 
 Conservation area x  x x             3 
 Habitat matrix x                1 
 Landscape x                1 
 Structure of landscapes x     x x  x   x  x  x 7 

 
Environmental features and land use 
patterns x  x              2 

 Man-made objects (cultural features) x   x             2 
 Landscape management x                1 
 Landscape costs and benefits x                1 
 Access to countryside  x               1 
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 Afforestation    x             1 
 Intensification    x             1 
 Concentration    x             1 
 Food Health and Quality            x     1 
 Pesticide residues in food   x              1 
General Ag Indicators including Economic and Social                

 Agricultural GDP x                1 
 Agricultural Output x                1 
 Agricultural balance sheet   x              1 
 Farm land ownership (tenanted)   x              1 
 Farm Employment x   x             2 
 Farmer age/gender distribution x  x x             3 
 Farmer education x   x             2 
 Number of farms x                1 
 Agricultural support x  x              2 
 Stock of agricultural land x  x              2 
 Change in agricultural land x  x              2 
 Agricultural land use x                1 
 Non-food crops   x              1 

 Rural economy  x  x             2 
 Countryside visit expenditure  x               1 
 Diversification  x  x             2 
 Farm income x x x x             4 
 Farm worker income   x              1 
 Farm Viability    x             1 
 Value-added activities  x  x             2 
 Collaboration  x               1 
 Commodity Yield/ Productivity  x x x             3 
 Demonstration farms  x               1 
 Farm assurance schemes  x               1 
 Organic Farming x x x x             4 
 Skills and training  x               1 
 Financial risks  x               1 
 Farmings response to climate change  x               1 
 Knowledge of codes of practice   x              1 
 Animal  welfare             x    1 
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†Summary of Indicators for Table A. 
 
OECD – Organisation for Economic Cooperation and Development -Environmental Indicators for Agriculture 
DEFRA – Department for Environment, Food andRural Affairs (UK) - Sustainable Farm and Food Strategy Indicators 
University of Reading (UK)- Sustainable Agriculture Indicators 
INEA – Italian National Institute of Agricultural Economics – Indicators for Italian Agriculture 
FSI5 – Farmer Sustainability Index 
SEC* – Sustainability of energy crops 
EP* – Ecopoints 
LCAA* – Life Cycle Assessment for Agriculture 
AEI* – Agro-ecological indicators 
AESA* - Agro-ecological system attributes 
OS* – Operationalising sustainability 
MOP* – Multi-objective parameters 
EMA* – Environmental management for agriculture 
SD* – Solagro diagnosis 
LCAE* – Life Cycle Assessment for environmental farm management 
IFS* – Indicators of farm sustainability 

                                                
5 See van der Werf for details and full citations 
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Table B. Characteristics of indicator-based evaluation methods (From van der Werf, 2003) 

 
Note: See journal article for more information on the 12 indicators listed 
 
Table C OECD Agri-Environmental Indicators (2001) 

 I. AGRICULTURE IN THE BROADER ECONOMIC, SOCIAL AND ENVIRONMENTAL CONTEXT 
 1 Contextual Information and Indicators 2 Farm Financial Resources 

 Farm income   Agricultural GDP  
 Agricultural output 
 Farm employment 
 Farmer age/gender 

distribution 
 Farmer education 
 Number of farms 
 Agricultural support 

 Land use  

o Stock of agricultural land  
o Change in agricultural land  
o Agricultural land use  

 Agri-environmental expenditure  

o Public and private agri-
environmental expenditure  

o Expenditure on agri-environmental 
research  

 II. FARM MANAGEMENT AND THE ENVIRONMENT 
 Farm Management 

 Whole farm management  

o Environmental whole 

 Nutrient management  

o Nutrient management plans  

 Soil and land management  

o Soil cover  
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o Soil tests  o Land management practices  farm management plans  
o Organic farming  

 Pest management  

o Use of non-chemical pest control 
methods  

o Use of integrated pest 
management  

 Irrigation and water management  

o Irrigation technology  

 III. USE OF FARM INPUTS AND NATURAL RESOURCES 
 1 Nutrient Use  2 Pesticide Use and Risks  3 Water Use 

 Pesticide use   Water use intensity  

 Water use efficiency  

o Water use technical efficiency  
o Water use economic efficiency  

 Nitrogen balance  
 Nitrogen efficiency  

 Pesticide risk  

 Water stress  

 IV. ENVIRONMENTAL IMPACTS OF AGRICULTURE 
 1 Soil Quality  3 Land Conservation  4 Greenhouse Gases 

 Water retaining capacity   Risk of soil erosion by 
water 

 Risk of soil erosion by 
wind  

 2 Water Quality 
 Water quality risk 

indicator  

 Water quality state 
indicator  

 Off-farm sediment flow  
(soil retaining capacity)  

 Gross agricultural greenhouse gas 
emissions  

 5 Biodiversity  6 Wildlife Habitats  7 Landscape 

 Genetic diversity   Intensively-farmed agricultural 
habitats  

 Semi-natural agricultural habitats  

 Uncultivated natural  

 Species diversity  

o Wild species  
o Non-native species  

 Structure of landscapes  

o Environmental features and land use 
patterns  

o Man-made objects (cultural 
features)  

 Landscape management   Eco-system diversity  

(see Wildlife Habitats) 

 Habitat matrix  

 Landscape costs and benefits  
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Figure 2. Attributes proposed for evaluation of sustainability (from Rao and Rogers) 
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Table D. DEFRA Indicators 
Economic Indicators Headline Indicators Core Indicators 
Outcome 1: Market focussed 
farming 

 H1 Farming Productivity  1.01 Farm Incomes 
 1.02 Value Added Activities 
 1.03 Collaboration 
 1.04 Commodity Yields 
 1.05 Demonstration farms 
 1.06 Benchmarking 
 1.07 Farm Assurance schemes 
 1.08 Organic Farming 
 1.09 Skills & training 
 1.10 Financial Risks 
 1.11 Farmings response to climate change  
 1.12 Cost to farming of regulation 

Outcome 2: Competitiveness 
of the food chain 

 H2 Food chain productivity  2.01 Capital investment 
 2.02 Investment in research & development 
 2.03 Food Chain Centre Website 
 2.04 Skills and training  

Outcome 3: Burden on the 
taxpayer 

 H3 Cost of production linked 
support 

 3.01 Costs and cost sharing of animal disease  
 3.02 Value of direct farm CAP payments  

Environmental Indicators Headline Indicators Core Indicators 
Outcome 4: Environmental 
cost of the food chain 

 H4a River water quality: nitrate 
and phosphate levels in rivers  
 H4b Greenhouse gas 
emissions 

 4.01 Fertiliser use 
 4.02 River water quality 
 4.03 Pesticide use 
 4.04 Pollution incidents 
 4.05 Waste 
 4.06 Good agricultural and environmental condition 
 4.07 Energy use 
 4.08 Whole Farm Approach 
 4.09 Entry Level Stewardship  
 4.10 Food transport 

Outcome 5: Better use of 
natural resources 

 H5 Soil Quality: soil organic 
matter 

 5.01 Soil Quality  
 5.02 Water use for irrigation 
 5.03 Non-Food Crops 

Outcome 6: Landscape & 
biodiversity 

 H6a Condition of important 
wildlife sites (SSSIs)  
 H6b Farmland birds 

 6.01 Species & biodiversity 
 6.02 Habitats 
 6.03 Landscape value 
 6.04 Access to the countryside 
 6.05 Higher Level Stewardship 
 6.06 Genetic diversity in livestock and crops  
 6.07 Invasive species  

Social Indicators Headline Indicators Core Indicators 
Outcome 7: Public health  H7 Fruit & vegetable 

consumption 
 7.01 Obesity  
 7.02 Dietary health 
 7.03 Foodborne illness  
 7.04 Farmer suicide rates 
 7.05 Workplace safety 

Outcome 8: Animal health & 
welfare 

 H8 Animal welfare - index of 
animal welfare  

 8.01 Farm health plans  
 8.02 Skills and training  

Outcome 9: Rural 
Productivity 

H9 Reduce the gap in 
productivity 

 9.01 Rural economy 
 9.02 Countryside visit expenditure  
 9.03 Diversification  
 9.04 Labour 
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APPENDIX B 
Field to Market 

The Keystone Alliance for Sustainable Agriculture 
Environmental Resource Indicators Report  

 
Summary of Expert Feedback and Initiative Responses 

 
July 2008 

 
INTRODUCTION 
 
Field to Market is a collaborative stakeholder group involving producers, agribusinesses, food and retail 
companies, and conservation organizations. Convened and facilitated by The Keystone Center, a neutral, 
non-profit organization specializing in collaborative decision-making processes for environment, energy, 
and health policy issues, the group strives to develop a supply-chain system for agricultural sustainability. 
As part of this process, the group is developing a Sustainability Index to measure environmental, social, 
economic, and health outcomes of production agriculture.   
 
In early May 2008, the group conducted a peer review of its draft environmental resource indicators for 
on-farm U.S. production of corn, cotton, soy, and wheat. 17 experts from academia, government agencies, 
and firms focused on agricultural sustainability reviewed the indicators and provided feedback to the 
group.  The initiative is grateful to its peer reviewers for taking the time to provide thoughtful and 
constructive comments, and will utilize this feedback to clarify and improve its methodology both now 
and in the future. In response to peer review feedback (and in some cases, in accordance with our original 
goals for future modifications and tasks), we plan to take the following actions: 
 

Immediate Clarifications and Modifications 
 We will refer to the indicators presented to date as “Environmental Resource Indicators” that 

represent a subset of the complete Sustainability Index that we will continue to develop.   
 We will present information and graphics for not only indexed resource efficiency (unit of 

output) measures, but also for absolute natural resource outcomes per acre and absolute 
productivity levels. 

 We will NOT weight separate indicators and combine them into a single index at this time. 
 We will provide more information on the process, participants, goals, values, and 

assumptions of the Creating Sustainable Outcomes for Agriculture initiative. 
 We will provide background on the context, purpose, and use of the index as conceptualized 

by our group members.  
 We will provide a literature review of the information used to develop our methods, a review 

of other existing approaches to measuring agricultural sustainability and a comparison of how 
our approach differs, improved citations throughout the paper, and further explanation of 
limitations and assumptions in our methodology and data. 

 We will continue to work with NRI to ensure the best approach to determining soil loss and 
the best use of their data. We will NOT use state-averaged values of T and instead will use 
field-based values for T. 

 For the irrigation water indicator, we will clarify our methodology and its limitations. 
 We will hold the water quality indicator from Version 1 of the report and work to develop a 

better metric for Version 2. In the meantime, in the current report, we will clarify what we 
have attempted to date and its advantages and limitations.    
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 For the energy use indicator, we will provide more information about available literature and 
methodologies, will better explain the methodology we chose and why, and will explain how 
different practices can or cannot be adequately considered in the calculations. 

 For the climate indicator, we will clarify that our focus was on N2O, not NO2 and all 
emissions were reported as carbon equivalents. We will clarify our understanding of the 
limitations for calculating carbon sequestration values for tillage practices.  

 
Future Modifications and Tasks 
 We will work to apply our metrics to smaller scales. 
 We will work to develop measures for human health, safety, social, and economic concerns, 

providing that we can find appropriate methodologies and data. 
 We will work to apply our metrics to other crops and production technologies. 
 We will work to develop land use metrics that account for biodiversity, crop rotation, and 

shifting land uses. 
 Data allowing, we will attempt to incorporate soil organic matter into the soil loss and/or 

climate indicators. 
 We will look into conducting smaller case studies to better understand relationships among 

irrigation, precipitation, and water management, and will consider developing metrics for 
precipitation and flow. 

 We will work to develop a water quality metric that may include aquatic benchmarks, 
groundwater detections, and issues related to hydrology and flow. 

 We will update our metrics as better data becomes available. 
 
A list of the participating reviewers, a summary of their comments, and the initiative members’ responses 
are provided below.   
 
PEER REVIEWERS 
 
Molly Anderson, Principal, Food Systems Integrity 
Ross Braun, Natural Resources Specialist, USDA Natural Resources Conservation Service 
Jed Colquhoun, Associate Professor, Department of Horticulture, University of Wisconsin-Madison 
Jeff Dlott, President and CEO, SureHarvest 
Jonathan Foley, Professor, Director of the Center for Sustainability and the Global Environment, 

University of Wisconsin 
J. Jeffery Goebel, Sr Statistician and Leader for Survey Methods and Statistical Analysis, USDA Natural 

Resources Conservation Service 
Jerry Hatfield, Laboratory Director, National Soil Tilth Laboratory 
W. Cully Hession, Associate Professor, Biological Systems Engineering, Virginia Tech 
Doug Johnson, President, Environmental Intelligence 
David Jones, Professor, Biological Systems Engineering, University of Nebraska-Lincoln 
Daniel Kaiser, Agribusiness Liaison, US Environmental Protection Agency 
Roberta Parry, Agriculture Policy Specialist, US Environmental Protection Agency 
Harold Reetz, Director of External Support and FAR, International Plant Nutrition Institute 
Glen Rains, Associate Professor, Biological Systems Engineering, University of Georgia 
Karen Scanlon, Executive Director, Conservation Technology Information Center 
Steve Ventura, Chair, Department of Soil Science; Professor, Environmental Studies and Soil Science; 

Director, Land Information and Computer Graphics Facility University of Wisconsin-Madison 
Jerry Whittaker, Research Hydrologist, USDA Agricultural Research Service 
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SUMMARY OF EXPERT FEEDBACK and INITIATIVE RESPONSES 
 
I. Overall Methodology and Data 
(Please see Section III for comments and responses regarding individual indicators) 
 
1. General. Many peer reviewers commented that the indicators presented in the draft Sustainability 
Index represent a good first step that will need more refinement.  Some reviewers commented that the 
purpose and functionality of the index need to be clearer. There was a range of attitudes regarding the 
transparency of the methodology, with some reviewers commenting that they would like to see more data 
and/or would like better clarification of the methodology.  There was also a range of attitudes regarding 
the logic of the methodology.  There was concern with the broad-brush approach taken by the group, and 
some reviewers saw this approach as so broad and/or oversimplified that it was meaningless.  There was 
concern over reliance on assumptions – for example, about trends in world food demand, the role of 
production agriculture, and market signals – with which not everyone would agree.  There was also 
concern over scientific assumptions, extrapolation, interpolation, and estimation that propagate error 
throughout the methodology; one reviewer suggested performing an error analysis or uncertainty analysis 
for the methodology.  Reviewers also commented on a lack of thorough use of peer-reviewed literature as 
a basis for designing the indicators and index.  Some reviewers support data choices because most of the 
data is publicly available and was seen as robust, credible, reliable, and/or representative of the best 
alternative at the national scale.  However, in some cases, there was concern that the data have been 
selectively drawn and/or poorly chosen, self-reported, and generalized. Multiple reviewers commented 
that there is finer scale regional- and farm-level data that could be used and would be preferable to 
national data, and that independent data may be needed to verify or validate the model outcomes.  Finally, 
some reviewers commented that there can be more discussion of limitations of datasets.   
 

Initiative Response: We appreciate reviewers’ general concerns with our methodology and 
datasets. In our revisions, we will clarify the context under which we have developed the 
indicators as well as our own awareness of the approach’s strengths and limitations.  We view 
this work as a first step toward developing a complete Sustainability Index that considers 
environmental, socio-economic, and health outcomes for agriculture on national, regional, and 
local scales. To better clarify and explain this perspective, we will provide more information on 
the process, participants, goals, values, and assumptions of the Creating Sustainable Outcomes 
for Agriculture initiative; background on the context, purpose, and use of the index as 
conceptualized by our group members; and background on our choice to emphasize outcomes, 
rather than practices and policies, as a starting point. We will also provide a literature review of 
the information used to develop our methods, a review of other existing approaches to measuring 
agricultural sustainability and a comparison of how our approach differs, and better citations 
throughout the paper. We attempted to use the best available peer-reviewed data and 
methodology applicable to the national scale, yet we also recognize that incomplete or imperfect 
data, scientific assumptions, extrapolation, interpolation, and estimation, especially at the 
national level, can result in error.  In our revisions, we will further highlight uncertainties and 
limitations in our methodology and datasets.(Please see our responses to comments on specific 
indicators for further information on how we will modify and/or clarify methods for each 
indicator).   

 
2. Scalability. Reviewers saw the issue of scalability as more complex and difficult than how it is 
presented in the paper. There is concern that these national aggregates should not substitute for actual 
observation of local conditions. There is concern over scaling from state and regional data to the national 
scale and then back down to the farm or watershed level.  Many reviewers see challenges in scaling down 
to the farm level in a manner that will meet the initiative’s criteria of measuring outcomes within a 
grower’s control. Reviewers commented that problems of scale, in addition to the complex and nonlinear 
relationships between management practices, policies (i.e. subsidies), and outcomes, will make it difficult 
for farmers to use the index. Many reviewers commented that further steps to make the indicators more 
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scalable and more tied to actual practices will make it more useful.  Finally, a reviewer suggested that 
these indices could be looked at in a spatial context.  
 

Initiative Response: We recognize the importance of regional and local contexts, and do not 
suggest that these national indicators take the place of locally relevant information. We believe 
that national level environmental indicators can provide perspective and prompt industry-wide 
dialogue that is ultimately relevant to more localized investigations and efforts.  As a next step, 
we are working to determine how best to apply these indicators at farm and regional levels.  
These applications may further inform our approach at the national level as we move forward. In 
our revisions to the index, we will clarify our vision for the process that we will use to get there. 

 
3. Missing Indicators and Information. Many reviewers suggested the inclusion of additional indicators 
and information into our Sustainability Index.  Suggestions for additional environmental indicators 
included: wetland acres per watershed, acres of tile drained lands, vegetative buffers on all waterbodies, 
annual precipitation amounts, groundwater, soil organic matter, transportation costs (energy), planted 
acres (vs. harvested acres), a comparison of stock vs. flow, biocapacity, and biodiversity.  In our 
questionnaire, we asked reviewers specifically about biodiversity and asked for ideas about how to 
measure it.  Some reviewers commented on the difficulty of measuring biodiversity or finding a 
surrogate.  Suggested surrogates included field size and/or connectivity among fields. One reviewer 
suggested looking at the relationships between subsidies, monoculture, and GMOs that may create pest 
resistance over time. Other reviewers suggested that biodiversity does not have to be measured by an 
indicator; there may be other/better ways of gauging it, for example, by involving non-government 
organizations in assessing and tracking biodiversity on farmland. Finally, one reviewer suggested that 
life-cycle analysis of environmental indicators should be performed beyond the farm-gate. 
 

Initiative Response: We intend to include an indicator for biodiversity in the future, to the extent 
that we can develop and agree on an overall methodology for doing so. The focus of this future 
indicator will be on outcomes rather than practices or policies, and may include outcomes such 
as wetland acres, Conservation Reserve Program acres and critical lands listed through the 
Environmental Benefits Index. We will also further investigate the inclusion of outcome 
indicators for precipitation, flow, and soil organic matter, providing that we can provide 
appropriate methodologies and data. The index does use a lifecycle approach for on-farm 
indicators.  While we do not look “beyond the farmgate,” we are working with stakeholders 
beyond the farmgate to ensure that the metrics we are using can be incorporated into broader 
analyses.   

 
Many reviewers also expressed concern that the index does not consider human health, social, or 
economic indicators.  Reviewers offered many specific examples, including conversion of land to non-
agricultural land uses, the societal value of rural living, labor, the private enterprise model of farm 
production and free market economics, government subsidies, the voice of the customer, consumer 
demand for specific production technologies (i.e. organic), the economics of diversity of cropping 
systems, and human health factors for different types of production (i.e. grass fed v. grain fed steaks). 
 

Initiative Response: We view this work as a first step toward developing a complete 
Sustainability Index that considers environmental, socio-economic, and health outcomes for 
agriculture on national, regional, and local scales. We intend to include indicators in these areas 
in the future, as we can develop and agree on an overall methodology for doing so. We recognize 
that other stakeholders may need to be engaged to develop these indicators.  The focus of these 
future indicators will also be on outcomes rather than practices, policies, or technologies. 

 
Reviewers commented that the index does not consider many alternative agricultural products and 
technologies, including animal production, fruit and vegetable production, shifting crop patterns, crop 
rotation, the environmental costs across all crops and all land, crop production for biofuels energy, and 
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alternative farming technologies and worldviews (e.g., organic). One reviewer was concerned that the 
approach’s focus on conventional agriculture creates further polarization between conventional and 
organic farming. Some reviewers commented that this approach will not apply easily to non-commodity 
crops.  
 

Initiative Response: As a first step, our goal was to focus on the major commodities in the U.S. 
without precluding the application of our metrics to other crops and technologies. Our goal is to 
develop indicators that are applicable across a full range of crops and practices. To the extent we 
include these areas in the future, we will work with stakeholders and experts in those areas to 
ensure these methods are applied in an effective and meaningful manner. Regarding biofuels, our 
focus is on sustainable production, and not on specific end uses.  Our hope is that this approach 
will inform better practices regardless of end use. 

 
 
II. Results Presentation and Interpretation 
 
1. Unit of Output Presentation. Many reviewers commented that because this index is presented in 
terms of unit of output, it is an efficiency measure rather than a sustainability index.  Many reviewers 
recommend that this approach is flawed and should be abandoned. There is concern that measuring by 
unit of output misses total environmental costs. Many reviewers cite the Gulf of Mexico and the 
Chesapeake Bay as examples of places where total environmental cost is increasing despite increases in 
efficiency.      
 

Initiative Response: We appreciate concerns over presenting results in terms of unit of output.  
We see value in comparing changes in environmental outcomes with changes in productivity, and 
will continue to provide this resource efficiency information.  However, in response to feedback, 
we will also provide additional information and graphics about absolute natural resource 
indicator values per acre and absolute productivity values.  This information will allow readers 
to understand the drivers behind the benchmarked efficiency values (resource outcome/unit of 
output). 

 
2. Benchmarking. Many reviewers commented that setting a baseline for the results is a good idea.  
Many reviewers commented that selecting the year 2000 as this baseline is fine. However, some 
reviewers commented that the year 2000 benchmark allows comparison of trends over time, but does not 
provide any information about what is sustainable. Some reviewers suggested using 1990 as the 
benchmark in order to correlate with the goals set by the Kyoto Protocols or to try benchmarking at a 
variety of years for comparison.  
 

Initiative Response: We will keep the year 2000 as our benchmark. We agree that the year 2000 
benchmark should not be interpreted as a threshold for sustainability.   

 
3. Weighting. The final index was calculated by equally weighting the five main indicator categories.  
Some reviewers felt that equal weighting is a fine approach for now.  However, many reviewers 
commented that equal weighting is arbitrary, dangerous, incorrect, and/or ad hoc. Some reviewers 
suggested peer-reviewed sources for deciding how to create a weighted index. One reviewer suggested 
that a sensitivity analysis could be used to determine which indicators have higher impact on the final 
index. Many felt it would be better to present indicators separately.  
 

Initiative Response:  Our goal is to provide simple but accurate graphics that summarize our 
results and shows trends over time for each crop.  Due to the concerns expressed through the 
peer review, we will no longer roll up the indicators into a single weighted index at this point in 
time.  Instead, we will provide spider diagrams for each crop that summarize the results for each 
indicator but do not combine them into a single index.  As we are able to do so, we will continue 
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to investigate whether, at what scale, and with what methodology a single weighted index may be 
appropriate. 

 
4. Conclusions about Sustainability.  Reviewers commented that while the methods present 
performance metrics for showing trends over time, there is no connection between trends shown in the 
results and actual sustainability; there is a need for goals and quantitative definitions of sustainability. 
Reviewers also commented that more information on human health and safety, food demand, and social 
and economic indicators are necessary to create a true sustainability index; natural resource indicators 
alone are not sufficient. Furthermore, because natural resource indicators are presented in terms of unit of 
output, this is an efficiency index, not a sustainability index. Finally, there were concerns that both the 
complexity of the methodology as well as the national scale result in a lack of usefulness in 
communicating about and measuring sustainability. 
 

Initiative Response: We agree that the index shows trends in relative improvements over time but not 
absolute measures of sustainability. However, the group is not prepared to define a threshold for 
sustainability at this time.  This work can perhaps be used in the future to set goals and objectives for 
sustainability.  We agree that these natural resource indicators do not represent the full suite of 
indicators necessary to measure sustainability, and that other indicators, as described above, are 
necessary components.  As a result, we will refer to the indicators presented to date as 
“Environmental Resource Indicators” that represent a subset of the complete Sustainability Index 
that we will continue to develop.  We will distinguish between efficiency measures (reported in terms 
of units of output) and absolute measures.  As described above, we will also work toward applying 
our national metrics to smaller scales. Finally, we will work to better clarify and communicate about 
the methodology and its purpose. 

 
II. Individual Resource Indicators 

 
1. Land Use Indicator. The land use indicator received the fewest number of reviewer comments.  
Reviewers commented that the land use indicator is measuring productivity and not looking at other land 
uses. It does not capture crop rotation or shifting crop patterns or other land uses (i.e., grazing and urban 
development).  There was concern that this method is not predictive, and cannot be used to evaluate 
“what if” scenarios. One reviewer suggested the alternative method of creating a land use indicator based 
on USDA Land Capability Classes. 
  

Initiative Response: We recognize that crop rotation, shifting land use, and biodiversity are all 
important in assessing the land use outcomes for agriculture. We will continue to discuss and 
seek help with how to best account for these important factors.  

 
2. Soil Loss Indicator. The soil loss indicator received the second-highest number of reviewer comments. 
Reviewers were concerned that the erosion calculations do not consider crop rotation, tillage operations, 
and other conservation practices over time. Many reviewers commented that the NRI data applied in this 
indicator should be used at a finer level of analysis and that statewide values for erosion and T are not 
appropriate. A reviewer also commented that USLE and RUSLE measure potential soil movement, not 
soil loss, and that better alternatives include using the soil erosion rate calculated using RUSLE2 or 
creating an index based on production units and sheet & rill erosion prediction. Finally, some reviewers 
commented that soil organic matter should be included here or as a separate component. 
 

Initiative Response: We consider erosion as an outcome of cropping system, crop rotation, and 
soil organic matter and these factors are accounted for in the methodology; we will clarify this in 
the paper. We are continuing to work with NRI to ensure the best approach to determining soil 
loss and the best use of their data. NRI has agreed to provide data for soil loss by crop by state 
for each of their benchmark survey years based on field level data. This new data will replace the 
estimates that we have generated. The new data will include the impact of crop rotation, tillage 
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practice, soil organic matter, field slope and a host of other factors that influence soil loss. We 
will not use state-averaged values of T and we will attempt to show a range of values for soil loss 
by state rather than an average. We agree that soil organic matter is an important environmental 
outcome relevant to the soil loss indicator or the climate indicator. The Soil Conditioning Index 
may be useful if it can be appropriately scaled up to the national level.  Lack of adequate data to 
measure soil organic matter at a national level prevents us from including this measure at this 
time. 

 
3. Irrigation Water Indicator.  The irrigation water indicator received the second-fewest number of 
comments. There was concern that subtracting non-irrigated yield from irrigated yield is like comparing 
apples to oranges as the differences in yield cannot be attributed to irrigation alone, and regional and local 
factors are important. There was also concern that this indicator was based on four data points from the 
Farm and Ranch Irrigation survey; other dates are extrapolated and interpolated, but applied irrigation 
water varies greatly by year. One reviewer commented that irrigation water is not necessarily an 
environmental indicator because, for example, under western prior appropriation laws, any water “saved” 
by seniors will be used by juniors. Finally, some reviewers commented that total water (including 
precipitation) is important and that a precipitation index could be added. 
 

Initiative Response: Our approach does not compare irrigated to non-irrigated yields across 
different geographic areas and thus does take into account other factors that impact yield; we 
will clarify our approach in the paper.  We recognize that there may be correlations between 
irrigation, precipitation, and water management that we have not covered, and we will look into 
doing smaller case studies to better understand these relationships and to possibly develop 
metrics for precipitation and flow. We also recognize that our data is limited because there are 
only four national data points. These points are derived from state level data collected in a 
manner consistent with the agricultural census. These data were chosen because they include 
comparable data for irrigated acreage, water use, and both irrigated and non-irrigated yield.  
We will recognize the use of interpolation between data points  as a limitation in the paper. We 
recognize that this method does not consider the actions of non-agricultural water users and the 
relationships between conserved irrigation water and non-agricultural downstream uses. 

 
4. Water Quality Indicator. The water quality indicator received the highest number of reviewer 
comments.  Many reviewers commented that the explanation of the methodology was confusing and that 
some graphs and tables require better captions.  Reviewers commented that the use of human health 
benchmarks should be emphasized and clarified, and that aquatic life benchmarks should also be used. 
Also, there was concern that pesticides without an established benchmark should not be assigned arbitrary 
values. Reviewers were concerned that the national scale is not appropriate and that the methodology used 
here cannot be scaled to the farm level.  Reviewers also commented on sampling biases (i.e. variability of 
monitoring stations) and were concerned that linking the USGS gage data back to agriculture was 
inappropriate. There was also concern that aggregating N, P, crop protection chemicals, and sediments 
into one index is misleading and that they should thus be expressed individually. Factors such as crop 
rotation, soil type, and topography were cited as important influences on nutrient and crop protection 
detections.  Some reviewers commented that manure is not properly addressed and groundwater is not 
considered. Other reviewers suggested that State Impaired Water lists, the Biennial Report, and Total 
Maximum Daily Loads could all be useful resources for improving the methodology. 
 

Initiative Response: Due to the concerns of our reviewers as well as our committee members, 
we have chosen to remove the water quality indicator from Version 1 of the report.  As an 
immediate next step, we will work to develop an improved indicator that may include aquatic 
health benchmarks, groundwater detections, and issues of hydrology and flow.  We will also 
reexamine the appropriate scale for these indicators.  In the meantime, in Version 1 of the 
report, we will clarify what we have attempted in developing the water quality indicator date, and 
this method’s  advantages and disadvantages.  
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5. Energy Use Indicator. Reviewers commented that the choice of the two publications that form the 
basis of the energy use metrics should be better explained and compared to other existing literature, and 
that the methodology explanation should also be clarified. Reviewers also commented that it is not 
reasonable to assume that crop chemical energy for corn is similar to that for wheat, that the indicator 
should compare energy inputs of different practices, that transportation energy costs should be included, 
and that the index should be sensitive to the use/production of manure and leguminous crops.  
 

Initiative Response: We will provide more information about the literature and methodologies 
used, will better explain the methodology we chose and why, and will explain how different 
practices can or cannot be adequately considered in the calculations. We acknowledge that crop 
chemical energy assumptions may be problematic and will clarify this in the paper, but believe 
this is a relatively small issue. We acknowledge that transportation energy costs are important, 
but with the exception of transportation to on-farm storage, which we have accounted for, they do 
not fall within the scope of our on farm analysis. 

 
6. Climate Indicator. The climate indicator received the third-highest number of reviewer comments. 
Reviewers were concerned with the omission of N2O and NH3 from the index and indicated that the paper 
should clarify whether all emissions were converted to carbon dioxide equivalents.  Reviewers 
commented that the 3-crop rotation used in this metric is not typical. Many reviewers were concerned 
with assumptions for tillage, and commented that the actual ability of conservation tillage to sequester C 
is highly variable, that values should not be assumed the same for all crops and production regions 
(climate and soils), and that the statement that “No appreciable carbon sequestration occurs under a 
reduced tillage system” is disputable.  Reviewers commented that soil organic matter should be included 
in the metrics. One reviewer commented that the data are not really there to support this approach, and 
that the approach does not contribute to the overall index because the results are basically horizontal lines. 
One reviewer suggested that areas where no-till is not used should be given negative values. 
 

Initiative Response: Our focus was upon N2O, not NO2; this was an error in the text and we will 
correct it. Also, we will clarify that all emissions were reported as carbon equivalents. We will 
explain our use of the 3-crop rotation. We agree that the actual ability of conservation tillage to 
sequester carbon is highly variable. This is a highly evolving subject in the literature; there are 
many assumptions involved.  Our approach is to use the best available science and be 
conservative.  We will further clarify and cite the models used to include tillage practices and 
rotations. We do not assume that tillage is the same for all crops, and we will clarify this in the 
paper. We will attempt to find data for continuous no-till, and if we cannot, we will further clarify 
these data limitations. We agree that soil organic matter would be a good measure, but data is 
the issue, and we will attempt to develop a metric for this if the data becomes available.  
Assigning a negative value to conventional tillage would be appropriate if we could find soil 
organic matter data over time to support the assumption and the magnitude assumed. Given that 
soils that are being cultivated using conventional practices have likely been farmed in this 
manner for many years, we assume that the soil organic matter has declined to the equilibrium 
level for that set of practices and therefore we assume soil carbon is stable in this situation.   

 
IV. Peer Review Process. One reviewer emphasized the need to include in the review others involved in 
developing agricultural sustainability indicators. Another reviewer suggested that a preferable method for 
peer review would be to bring experts together in a meeting to go over the methods in detail.  It was also 
suggested that the length of the peer review should be extended to allow a more detailed examination. 
 

Initiative Response: We greatly appreciate the time and effort provided by our peer viewers and 
their thoughtful and constructive comments, especially given the relatively short time frame for 
response. We will consider feedback about the process when structuring future reviews.   
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APPENDIX C 

Field to Market 

The Keystone Alliance for Sustainable Agriculture 

Environmental Resource Indicators Report 

 

Total Impact Indicators Report 

 

1. Introduction 

Reviewers of our initial draft commented that our analysis did not include the total impacts of 

agriculture. While yield has generally increased over the past twenty years, and in many cases 

the level of inputs, such as energy, water, and land have decreased per unit of output, aggregate 

environmental impacts have not always followed the same trend. Many reviewers noted the 

hypoxic zone in the Gulf of Mexico and the eutrophication of Chesapeake Bay as examples of 

worsening cumulative impacts of runoff from agriculture and other land uses. 

 

In an attempt to capture some of the aggregate or total annual impacts of our four study crops, 

we calculated total impacts for each of the indicators discussed in the main document: land use; 

soil loss; water use; energy use; and climate impact. To calculate these total annual impact 

indicators, we multiplied the “resource indicator” by the total acres, on a national basis. For land 

use, we used the total acres planted. For each of the other indicators, we used the indicator 

multiplied by the total acres harvested (see Table C.1). 

 

Table C.1. Total Impacts Indicator Calculations 

 Indicator Calculation 
Land Use  Total Acres Planted 

Soil Loss Total Acres Harvested * Soil Loss Per Acre  

Water Use Total Acres Harvested * Water Use Per Acre 

Energy Use Total Acres Harvested * Energy Use Per Acre 

Climate Impact Total Acres Harvested * Climate Impact  Per Acre 

 

While acres planted but not harvested do contribute to the total impacts, they do so to a lesser 

extent than those fields that are cultivated and harvested. Including only acres harvested will 

underestimate the total value of resource use or impact, but should not affect the overall trend 
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as the percentage of acres not harvested remain fairly constant over time for each crop. Results 

are presented where values are relative to 2000 levels where the year 2000 = 1. 

 

Results:  

Corn Total Impact Indicators  

Acres planted of corn have increased significantly over the past twenty years, with a sharp 

increase in 2007 (see Figure 3.2 in the main report).  While corn has improved on a per-unit of 

output basis for all indicators, average trends show increases in total annual energy use (28 

percent), water use (17 percent), and greenhouse gas emissions (34 percent). Total annual soil 

loss has decreased 33 percent.1  

Figure C-1.1 Figure C-1.2 
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Cotton Total Impact Indicators  

Cotton acreage has increased steadily over the past twenty years with a significant drop in 

acreage in the year 2007 (see Figure 4.3 in the main report). Yield has increased dramatically 

over the past seven years (see Figure 4.3 in the main report). The total impact indicators for 

cotton show that its annual soil loss and climate impact in 2007 are similar to the impact in 

1987, with average trends over the study period remaining relatively flat.  Over this twenty year 

period, total annual energy use decreased 45 percent and total annual water use decreased 26 

percent.  2oo7 values however are influenced by the decrease in total production in that year. 

Impacts in 1997 are all higher than they were in 1987. 

Figure C-2.1 Figure C-2.2 
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Soybean Total Impact Indicators  

Planted acres of soybeans increased between 1987 and 2006, with a sharp decline in 2007 (see 

Figure 5.2 of the main report). Average trends over this time period indicate that total annual 

energy use decreased 29 percent, total annual soil loss decreased 11 percent, total annual 

irrigation water use increased 39 percent, and total annual climate impact increased 15 percent. 

Figure C-3.1 Figure C-3.2 
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Wheat Total Impact Indicators  

Wheat land use has decreased slightly over the past twenty years (see Figure 6.2 in the main 

report). Wheat’s total annual energy use and total irrigation water use were similar in 1987 and 

2007, with average trends over the twenty year study period showing an 18 percent decrease in 

total energy use and an 11 percent decrease in total water use.  Total annual soil loss has 

decreased 54 percent. Total annual climate impact has increased an average of 5 percent over 

the study period, with a more significant increase over the past decade. 

Figure C-4.2 Figure C-4.3 
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Figure C-4.4 Figure C-4.5 
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1 All percent changes were calculated using a 20-year least squares trend analysis. 
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